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ABSTRACT

We present deep ALMA dust continuum observations for a sample of luminous (Myy < —22)
star-forming galaxies at z ~ 7. We detect five of the six sources in the far-infrared (FIR),
providing key constraints on the obscured star-formation rate (SFR) and the infrared-excess-f3
(IRX-p) relation without the need for stacking. Despite the galaxies showing blue rest-frame
UV slopes (8 ~ —2) we find that 35-75 percent of the total SFR is obscured. We find the
IRX-p relation derived for these z ~ 7 sources is consistent with that found for local star-
burst galaxies. Using our relatively high-resolution (FWHM = (.7 arcsec) observations we
identify a diversity of dust morphologies in the sample. We find both compact emission that
appears offset relative to the unobscured components and extended dust emission that is co-
spatial with the rest-frame UV light. In the majority of the sources we detect strong rest-frame
UV colour gradients (with up to A ~ 0.7-1.4) as probed by the multi-band UltraVISTA
ground-based data. The observed redder colours are spatially correlated with the location of
the FIR detection. Our results show that even in bright Lyman-break galaxies at z ~ 7 the
peak of the star-formation is typically hosted by the fainter, redder, regions in the rest-frame
UV, which have an obscured fraction of funs > 0.8. As well as demonstrating the importance
of dust obscured star-formation within the Epoch of Reionization, these observations provide
an exciting taster of the rich spatially resolved datasets that will be obtained from JWST and
high-resolution ALMA follow-up at these redshifts.
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1 INTRODUCTION degree of attenuation of the star-light within galaxies is essential
to determine the total star-formation rate (SFR) of the source. In
particular, when only the rest-frame UV part of the spectral-energy
distribution (SED) is observed, a calibration is required to ascertain
how much dust obscured star-formation is present. In local star-burst
galaxies, a correlation between the rest-frame UV colour (encapsu-
lated in the rest-frame UV slope, B; f1 o A8) and the ratio of the FIR
to UV luminosity (a proxy for the ratio of the obscured to unobscured
SFR) has been found, demonstrating that, in general, redder galaxies
have a higher proportion of obscured star formation (e.g. Meurer
et al. 1999; Takeuchi et al. 2012). In the absence of data measuring
the FIR part of the SED, this local ‘infrared excess-8’ (IRX-S) rela-
tion has been assumed to hold to higher redshifts and into the Epoch
of Reionization (EoR) at z > 6.5. Given that the colours of galaxies
within this epoch appear predominantly blue (8 ~ —2; Dunlop et al.
2013; Rogers et al. 2013; Bouwens et al. 2014), this has led to the
conclusion that dust obscured star-formation was minimal within
the first billion years (Duncan et al. 2014; Bouwens et al. 2016b).

A complete understanding of galaxy evolution requires a mea-
surement of dust-obscured star formation across cosmic time
(e.g. Madau & Dickinson 2014; Hodge & da Cunha 2020). Within a
star-forming galaxy, the impact of interstellar dust can be observed
as areddening of the rest-frame UV to near-infrared (NIR) emission
from stars, as these photons are absorbed and the energy is reradi-
ated in the far-infrared (FIR). The detailed wavelength dependence
and magnitude of this reddening is parameterised as an attenuation
curve, which in addition to the extinction of photons due to the
dust absorption, also includes scattering into and out of the line-of-
sight. Fundamentally the attenuation curve depends on the physical
properties of the dust grains, in particular the composition and size
distribution (e.g. Draine 2003) as well as the dust-to-star geometry
(e.g. Calzetti 2001). On a practical level, an understanding of the
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Now, with increasingly large samples of high-redshift galaxies being
targeted with the unrivalled sensitivity and high spatial resolution
of the Atacama Large Millimeter/Sub-millimeter Array (ALMA), it
is possible to directly test these assumptions and robustly measure
the impact of obscured SF within the EoR for the first time.

Initially, measurements of the FIR dust continuum emission in
z > 6 galaxies were performed on individual sources or very small
samples, typically with the primary purpose of detecting the [OIII]
88 um or [CII] 158 um fine structure lines. These observations have
produced a variety of results on the detection of FIR continuum
flux, with some studies suggesting that dust obscuration is already
established at very high redshifts (Watson et al. 2015; Bowler et al.
2018; Tamura et al. 2019; Laporte et al. 2021), while other studies
reported non-detections (Ouchi et al. 2013; Capak et al. 2015). In
parallel to these targeted observations there have been several efforts
to create mosaics using ALMA, building upon deep extragalactic
fields where multi-wavelength datasets have already been secured:
for example, continuum imaging in Band 3 and 6 in the Hubble
Ultra-Deep Field (HUDF) as part of the ALMA deep field (Dun-
lop et al. 2017) and ALMA Spectroscopic Survey in the HUDF
(ASPECS; Gonzilez-Lopez et al. 2020). By providing a measure-
ment of the flux, or an upper limit, at the position of all galaxies
within the field, these mosaics have allowed the dust properties of
galaxies to be determined over a range of physical properties and
redshifts. These studies have demonstrated that stellar mass (M) is
the strongest predictor of whether a source will be detected in the
FIR, as the most massive sources also show the highest total SFR
and obscured SFR fraction (Dunlop et al. 2017; McLure et al. 2018;
Bouwens et al. 2020).

Due to the small field of view of ALMA however, these mosaics
have only captured a handful of the rare, massive and star-forming
end of the galaxy population at very high redshift (z > 6), as such
sources have surface densities of ~ 10 / degz. Inresponse, there have
been a succession of ALMA large programs undertaken to provide
targeted observations covering the first statistical samples of mas-
sive z 2 6 sources. The ALMA Large Program to Investigate C+ at
Early Times (ALPINE; Le Fevre et al. 2020; Bethermin et al. 2020;
Faisst et al. 2020) survey focused on detecting [CII] and also the dust
continuum in a sample of ~ 120 spectroscopically confirmed galax-
iesat4.4 < z < 5.8 with SFR = 10100 Mg /yr and My > 10° M.
At even higher redshifts, this work has been extended by the Reion-
ization Era Bright Emission Line Survey (REBELS; Bouwens et al.
2021) to include 40 galaxies with photometric redshifts in the range
Z = 6.4-9.5. Even within these impressive datasets, detections of the
dust continuum have proved elusive, with ALPINE only detecting 23
of the 120 targeted galaxies at > 3.5¢ significance (Fudamoto et al.
2020b) and a < 40 percent detection rate in REBELS (Bouwens
et al. 2021). This lack of direct constraints on the dust continuum
emission means that the calibration of the IRX-g relation has to
be based predominantly on stacking, which given the large errors
on the B-slope measurement, can lead to biases (e.g. McLure et al.
2018). Indeed, several recent stacking analyses have come to oppo-
site conclusions about the degree of dust-obscured star formation,
with some finding consistency with the local Meurer relation (Fu-
damoto et al. 2020a; McLure et al. 2018) and others finding a deficit
of FIR flux for a given UV colour (Bouwens et al. 2016a; Fudamoto
et al. 2020b; Schouws et al. 2021).

In the expectation of a relationship between the observed IRX
and the rest-frame UV slope there is the assumption that the stars
and dust are well mixed, which leads to the coupling of any observed
reddening in the UV to the FIR emission detected (e.g. Meurer et al.
1999; Charlot & Fall 2000; Calzetti 2001). If instead the galaxy

consists of regions of significantly different obscuration, then the
relationship will break down for the galaxy as a whole. Indeed,
geometric effects have been put forward as an explanation of the
discrepant results at z > 5 (Faisst et al. 2017; Popping et al. 2017).
In local starburst galaxies, the existence of an IRX—£ relation and
a clear morphological similarity, indicates that the rest-frame UV
emission from young stars is being attenuated from dust that is
tracing broadly the same star-forming regions of the galaxy (e.g. in
the spiral arms; Kennicutt et al. 2003; Gil de Paz et al. 2007). In
the high-redshift Universe however, where galaxies become more
turbulent and irregular (e.g. Forster Schreiber et al. 2011; Buitrago
et al. 2013; Guo et al. 2015) the expected morphology of the dust
relative to the observed UV emission is not clear. Evidence for offset
dust continuum emission relative to the rest-UV has been identified
in several high-redshift LBGs (Koprowski et al. 2016; Laporte et al.
2017, Faisst et al. 2017; Bowler et al. 2018), and similar trends
have been found when comparing the [CII] FIR line and the rest-
UV continuum (e.g. Maiolino et al. 2015; Carniani et al. 2017).
Although some of these offsets have been attributed to astrometric
systematics (e.g. Dunlop et al. 2017) there is a growing consensus
that FIR continuum and line emission are frequently physically
offset as compared to the observed rest-UV emission (see Carniani
et al. 2018). Whether high-redshift galaxies show large and distinct
regions of obscured and unobscured star-formation has implications
for the use of the IRX-g relation in deriving the cosmic SFR density
(e.g. Bouwens et al. 2016b), as the assumed energy balance will
break down (Buat et al. 2019) and the global 8 measurement will
not be representative of the full source.

A key challenge in identifying offsets between the rest-frame
UV and FIR emission at high redshift is that the majority of studies
to-date have been primarily detection experiments, which has led
to the spatial resolution of the data being fairly low (full-width at
half-maximum, FWHM 2 1 arcsec). Furthermore, ‘typical’ L ~ L*
galaxies (with luminosities around the characteristic luminosity or
knee in the luminosity function, L*) at z > 6 are known to be ex-
tremely compact in the rest-frame UV. Studies of the size-magnitude
relation have shown that even the brightest sources found within
the Hubble Space Telescope (HST) Cosmic Assembly Near-infrared
Deep Extragalactic Survey (CANDELS; Grogin et al. 2011; Koeke-
moer et al. 2011) are barely resolved with the Wide Field Camera 3
(WFC3), with half-light radii of < 0.2 arcsec or 1 kpc (Grazian et al.
2012; Curtis-Lake et al. 2016). These small sizes preclude any de-
tailed analysis of the galaxy geometry with respect to the dust, colour
gradients or possible ‘HST-dark’ components (e.g. Fudamoto et al.
2021). Gravitationally lensed sources can offer one solution, how-
ever uncertain source-plane reconstruction and the low detection
rates of dust from these lower-metallicity sources have made this
challenging (e.g. Laporte et al. 2021). An alternative method is to
observe extremely luminous and hence highly star-forming sources,
which are by their nature more efficient to follow-up than ‘typical’
galaxies at these redshifts (e.g. Capak et al. 2015; Bowler et al.
2018). Crucially, L >> L* galaxies have been shown to be highly
extended in the rest-frame UV, showing multiple clumps of star-
formation (Bowler et al. 2017), as well as being detected more
frequently in the FIR with ALMA (Bowler et al. 2018; Schouws
etal. 2021).

In this study we present new deep (120 minutes; ~ 10uly
RMS) and relatively high-resolution (FWHM = 0.7 arcsec) follow-
up ALMA observations of the dust continuum emission in five
UV-bright z = 7 galaxies. Including archival observations for an
additional source leads to a final sample size of six z ~ 7 LBGs with
Myy < —22.4. These observations allow us to detect the majority of
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the sources in the FIR, providing a highly complete (5/6) view of the
dust continuum with which to fully understand the obscured fraction
of star-formation within this population. In addition, the spatial
resolution of our data allows us to identify a dust morphologies and
offsets with respect to the rest-frame UV emission. The structure
of this paper is as follows. In Section 2 we describe our sample
selection and present the new ALMA observations in addition to
the archival data that we use. We present the methods and results
in Sections 3 and 4, respectively. We end with a discussion of the
impact of our results in Section 5 and we present our conclusions
in Section 6. Throughout this work we quote magnitudes in the AB
system (Oke 1974; Oke & Gunn 1983). The standard concordance
cosmology is assumed, with Hy = 70 km 51 Mpc_l, Qmn =0.3and
Qp =0.7. At z = [6.5,7.2] this results in 1 arcsec corresponding
to a physical distance of [5.46,5.14] kpc.

2 DATA AND SAMPLE

The six galaxies that are considered in this study were initially
selected as part of a search for bright z ~ 7 galaxies from ground-
based survey data. Specifically, we utilized an area of ~ 2 deg2 cov-
ered by deep optical and near-infrared imaging in the well-studied
Cosmological Evolution Survey (COSMOS; Scoville et al. 2007)
and UK Infrared Telescope Infrared Deep Sky Survey (UKIDSS)
Ultra Deep Survey (UDS; Lawrence et al. 2007) fields. The re-
sult of this search, presented in Bowler et al. (2012, 2014), was
a sample of ~ 30 galaxies with rest-frame UV absolute magni-
tudes of —23.1 < Myy < —21.5 and photometric redshifts in the
range 6.5 < z < 7.2. Of this sample, the six brightest sources
(Myy < —22.4) were observed using ALMA in Cycle 3 (PID:
2015.1.00540.S) with 10 minutes of follow-up per source in Band
6. The result of these observations, presented in Bowler et al.
(2018), was the detection of source ID65666 at 5o significance
and the derivation of upper limits on the other five sources of
< 92-139 (207) pdy. A tentative detection from a stacking analy-
sis indicated that the average flux of the undetected sources was
100 + 50 uly.

In this work we build upon these previous results using signifi-
cantly deeper observations of all six sources. The source coordinates
and redshifts are shown in Table 1. For the five previously unde-
tected objects, we obtained additional follow-up observations with
ALMA in Cycle 6 from the C graded proposal PID: 2018.1.00933.S
(PI Bowler). Each target was observed for a total of 2 hours on
source in Band 6, centred on 233 GHz, to provide a measurement
of the rest-frame FIR continuum emission (dpest ~ 170um). We
requested a depth of RMS = 10 uJy (previous Cycle 3 data re-
quested RMS = 50 uJy), however the program was only partially
observed. The data were taken in 12 executions between 20-Mar-
2019 and 09-Apr-2019. A total of between 46 and 50 antennas were
used in each observation block, with a minimum baseline of 15m
and a maximum of between 360m and 500m. The calibrated data
provided by ALMA were used for this analysis. These data were
reduced using the CASA ALMA calibration pipeline (Pipeline ver-
sion 'Pipeline-CASAS54-P1-B’). Imaging was conducted in CASA
version 5.6 (McMullin et al. 2007) using the CASA task tclean.
The pixel RMS for each dataset was determined in the central region
within an annulus of radius of [1.0,4.0] arcsec. For the naturally
weighted data from our new Cycle 6 program we derived an RMS
of 13 + 1 uJy for each galaxy/pointing, which is to be expected
given that we received approximately 2/3 of the requested integra-
tion time. The new Cycle 6 data has the requested higher resolution
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Table 1. The sample of six z = 7 star-forming galaxies studied in this work.
The first column presents the ID number as defined from previous studies
of these galaxies (Bowler et al. 2014, 2017, 2018). We then present the R.A.
and Dec. derived from the SEXTRACTOR centroid in the J + H UltraVISTA
DR4 imaging. Five of the sources have spectroscopic redshifts obtained
by Hashimoto et al. (2019), Schouws et al. (2021), Bouwens et al. (2021)
and Schouws et al. in preparation. In Column 4 we present these redshifts
in addition to the best-fit photometric redshift for object ID279127. The
alternative ID numbers for each source, as defined by the spectroscopic
follow-up studies, are shown in the final column. The sources are ordered in
decreasing redshift, and we present the sources in this order in later figures
and tables.

D R.A. Dec. z Alt. ID

65666 10:01:40.69
304416 10:00:43.37

+01:54:52.49 7.152 B14-65666
+02:37:51.66 7.0611 Z-001

238225 10:01:5230  +02:25:42.32 6984  REBELS-30
304384  10:01:36.85  +02:37:49.22  6.686  REBELS-29
169850  10:02:06.47  +02:13:24.09  6.633  REBELS-34
279127 10:01:58.48 ~ +02:33:0848  6.56*007  REBELS-31

leading to a beam size of 0.79 X 0.62 arcsec. This is to be compared
to the original Cycle 3 data, which had a beam of 1.36x 1.04 arcsec.

In addition to these new data we also include archival obser-
vations for object ID65666. We include the original Cycle 3 data
where this source was originally detected in the dust continuum, and
the deeper and higher resolution Band 6 data obtained from pro-
gram 2016.1.00954.S in Cycle 4 (PI Inoue). In Table 2 we present
a summary of the different ALMA observing programs that we uti-
lize in this work. Note that four of the sources are also included
in the REBELS large program (see Table 1), however with a vari-
able integration time as part of the search for [CII] (Bouwens et al.
2021). Furthermore, object ID304416 was included in the study
by Schouws et al. (2021), with 78 minutes of integration in Band 6
with a derived beam of 1.47 X 1.21 arcsec. We do not include these
data in this work due to the relatively poor spatial resolution.

We performed uv-tapering of the datasets to investigate flux
on wider spatial scales and to allow a closer comparison between
different observing programs. The beam size and depths calculated
for the different datasets are presented in Table 2. The different
tapers can be split into a ‘high-resolution’ dataset used primarily to
investigate the morphology and offsets where spatial resolution is
key, and a ‘low-resolution’ dataset that was used to define whether
or not a source was detected. To create this lower resolution imaging
we tapered the new Cycle 6 data using a scale of 0.5 arcsec to provide
images of the same resolution as the Cycle 3 imaging from Bowler
et al. (2018). For the higher resolution dataset we tapered the Cycle
4 data for ID65666 (naturally weighted beam of 0.29 x 0.23 arcsec)
to a resolution comparable to the five other sources. For this data we
excluded the channels effected by the [CII] emission (Hashimoto
et al. 2018). The wuv-tapering was performed using the tclean
task in CASA, by iteratively identifying and masking flux from the
central and serendipitous sources (Bowler et al. 2018). For the Cycle
4 data for object ID65666 we used CASA version 4.7, while for our
data we used version 5.6.

2.1 Photometric and spectroscopic redshifts

A total of five of the six brightest z =~ 7 sources identified in Bowler
etal. (2012, 2014) are now spectroscopically confirmed via the de-
tection of one or more FIR lines with ALMA. The spectroscopic
redshifts are shown in Table 1. The first of the six sources to be
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spectroscopically confirmed was ID65666. A detection of [CII] and
[OIII] was presented in Hashimoto et al. (2018), leading to a spec-
troscopic redshift of z = 7.152. Recently, ID304416 has also been
confirmed via [CII] emission at a redshift of z = 7.06 by Schouws
et al. (2021). The remaining four sources were targeted as part of
the REBELS survey (Bouwens et al. 2021), which included spec-
tral line scans for [CII] and provides robust spectroscopic redshift
measurements for an additional three objects (Schouws et al. in
preparation). Fudamoto et al. (2021) presented a detailed analysis
of ID304384/REBELS-29, where they also identified a ‘UV-dark’
companion galaxy at the same redshift, as derived from [CII] emis-
sion. For all sources the spectroscopic redshift was consistent with
the previously derived photometric redshift utilised in Bowler et al.
(2018). We recalculated the absolute magnitudes of galaxies us-
ing the new redshifts if available. For object 279127 no spectro-
scopic redshift has been derived, despite spectral scans as part of
REBELS, and so for ID279127 we instead use the photometric
redshift throughout.

2.2 Near-infrared imaging from VISTA and HST

In this work we also incorporate near-infrared imaging of the
sources. The near-infrared probes the rest-frame UV emission
of the galaxies at z ~ 7, and hence is used to define the rest-
frame UV slope, 8. We utilized both the ground-based UltraVISTA
dataset (McCracken et al. 2013) in the YJHKj filters and single
band Jy49 data from HST/WFC3. The HST data was obtained as
follow-up and is described in detail in Bowler et al. (2017). We used
the most recent UltraVISTA data release 4 (DR4) imaging over the
COSMOS field, which reaches 5o depths of 26.2 (Y-band) to 25.3
(Ks-band) in a 1.8 arcsec diameter circular aperture in the ultra-
deep region, where all six sources reside. The imaging was used as
provided with a pixel scale of 0. 15 arcsec/pix and point-spread func-
tions (PSFs) were obtained from the software PSFEx (Bertin 2013).
For obtaining PSF homogenised imaging we created convolution
kernels based on these output PSFs for each band and smoothed
all images to the poorest resolution (Y-band). All six sources were
imaged with a single orbit of HST/WFC3, which reaches depths
of 26.9 in a 0.6 arcsec circular aperture (Bowler et al. 2017). We
re-reduced the J149 data to take into account the change in astromet-
ric solution between the UltraVISTA DR2 and the DR4 data (see
next Subsection). We combined the calibrated, flat-fielded, individ-
ual exposure files (FLT) from the archive using the ASTRODRIZZLE
pipeline and a pixfrac of 0.8. The HST/WFC3 imaging hasa FWHM
of 0.2 arcsec.

2.3 Astrometry

For our sample the dominant astrometric error in the ALMA data
is due to the relatively low signal-to-noise ratio (SNR) of the detec-
tions, coupled with the size of the beam. Assuming the beam size
of our naturally weighted data (Table 2), with the approximation of
the astrometric accuracy given by o~ = 0.6 x FWHM/SNR! leads to
predicted positional errors of [0.14, 0.08] arcsec for SNR = [3, 5].
In the near-infrared, the UltraVISTA DR4 data has been astrometri-
cally matched to the Gaia DR2 release?, leading to expected errors
that are sub-pixel and of the order of ~ 0.05 arcsec with no offsets

1 ALMA  Technical Handbook:https://almascience.eso.org/
documents-and-tools/cycle6/alma-technical-handbook
2 http://ultravista.org/release4/dr4_release.pdf

Table 2. A summary of the Band 6 ALMA data utilized in this study to
investigate the dust continuum properties of bright z ~ 7 LBGs. The upper
part of the table presents the ‘high-resolution’ dataset while the lower part
presents the ‘low-resolution” dataset used to define if a source is detected.
Column 1 lists the ALMA observing cycle in which the data was taken.
Columns 2 and 3 give the integration time and the RMS found for that data,
respectively. The fourth column presents the beam size, which depends on
whether a taper has been applied. The taper scale is presented in Column 5,
where ‘nat’ corresponds to the naturally weighted data where no taper has
been applied.

Cycle tint RMS beam taper Sample
/min  /uJy/beam /Jarcsec Jarcsec
6 119 13 0.79 X 0.62 nat Excl. 65666
4 113 19 0.73 x 0.66 0.75 65666
6 119 9 1.36 x 1.04 0.50 Excl. 65666
3 10 27 1.42 % 1.08 nat 65666

found between the different filters. For the follow-up HST/WFC3
imaging, the absolute astrometric solution provided is poor due
to the lack of precision in the pointing of the telescope. Hence
as part of the combination of the FLT files using ASTRODRIZZLE,
we match the HST/WFC3 astrometry to Gaia DR2. The reference
epoch of the Gaia stars is set to 2016, which is the same year as
the HST data was obtained, and we therefore do not consider any
proper motion. As the field of view of HST is very small, only 4-5
stars are matched directly between this data and the Gaia catalogue.
Hence in practice we match the astrometry to the UltraVISTA J-
band image, which in turn has been tied to Gaia over a significantly
larger area. The resulting astrometric accuracy between the F140W
imaging and UltraVISTA (and hence Gaia) is sub-pixel with ob-
served offsets in the range 0.01-0.03 arcsec with an RMS scatter
of around one HST/WFC3 pixel, or 0.06 arcsec. We also visually
inspected the offsets to identify any trends that might be obscured
when measuring the average, however we find no evidence for any
simple astrometric transformation such as a rotation. Finally, we
also compared Very Large Array (VLA) positions of ALMA de-
tected serendipitous sources in the field. When matching to VLA
catalogues that have a comparable beam size to our ALMA datasets
we find no evidence for systematic errors, with an agreement within
0.05 arcsec. The results of these checks indicate that our astrometric
accuracy is very good, to within less than one HST/WFC3 pixel, and
we use this information to give confidence to the observed offsets
and colour gradients that we discuss in the next sections.

3 METHODS

In this section we describe the methods used to extract information
from our ALMA, HST and VISTA datasets for our sample of six
UV-bright z =~ 7 star-forming galaxies.

3.1 Measurement of the FIR dust continuum emission

We used the Python Blob Detector and Source Finder
(PYBDSF; Mohan et al. 2015) software package for source ex-
traction in the ALMA Band 6 data. We used a detection threshold
of 30 and retained sources found within a radius of 1 arcsec from
the UltraVISTA J + H centroid of each LBG in our sample. We
measured both the peak flux and the flux derived from a Gaussian
fit to the data. For the five previously undetected sources we define
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whether the galaxy is significantly detected or not in the ALMA
data based ‘low-resolution’ (tapered) dataset, to ensure we are sen-
sitive to any extended emission. From our single data point in the
rest-frame FIR we estimated the total IR luminosity by assuming
an SED shape and integrating over the rest-frame wavelength range
of 8—1000 um. To provide a simple comparison to previous studies,
our fiducial measurement was made assuming a modified black-
body (or greybody) fit which has two free parameters, the SED dust
temperature (Tg,s) and the dust emissivity (Bqyst)- The lack of ob-
servational constraints on these two parameters at z > 6 provides
one of the biggest uncertainties in the Lig measurement. We fix
Bdust = 1.6, corresponding to that found for IR luminous galaxies
as presented in Casey (2012). Recent results have demonstrated a
large spread in Ty, = 35 to 80K for individual sources (Knudsen
et al. 2017; Bakx et al. 2020, 2021; Sugahara et al. 2021; Som-
movigo et al. 2021). We choose a dust temperature of 50K in this
work, which is consistent with that predicted by the evolution model
of Béthermin et al. (2015) and measurements of similarly luminous
z =~ 5 sources (Faisst et al. 2020). Choosing this value also allows
a straightforward comparisons to other studies (e.g. Schouws et al.
2021). We note the deviation caused by an increase or decrease
in dust temperature where appropriate. In Bowler et al. (2018) we
found that assuming a different dust SED, such as one with a mid-IR
component or an empirical template led to an increase in the de-
rived LR by at most a factor of two. The obscured SFR was derived
from the Lig using the calibration from Kennicutt & Evans (2012),
where we have converted to a Chabrier (2003) initial mass function
(IMF).

3.2 Search for [CII] line emission

The main goal of the new Cycle 6 ALMA observations we present
here was to detect or obtain limits on the dust continuum emission
of these high-redshifts sources. However, as ALMA provides the
full spectral data-cube prior to the creation of a continuum image,
we are also able to search for the [CII] emission line in the frequency
range covered. To search for potential emission lines we extracted
both the peak flux and that in an elliptical aperture corresponding to
the beam FWHM. We then binned the data to provide a frequency
resolution of 40 km/s. We tested that our method was able to detect
the lines identified in Smit et al. (2018) from their archival data.
Estimating the expected position of the lines from the photometric
redshift, only object ID238225 had an expected [CII] frequency that
overlapped with our Cycle 6 ALMA observations. For this object
and for the other sources we found no evidence for [CII] emission
at a significance of > 20 in the cubes. Schouws et al. (2021) and
the REBELS collaboration (Bouwens et al. 2021; Schouws et al.
in preparation) subsequently observed the same five sources as our
Cycle 6 data. Using spectral line scans they were able to detect
[CII] emission in four of these objects, confirming that this line was
outside the spectral windows utilised in our observing program. The
spectroscopic redshifts derived from [CII] for five of the six sources
in our sample are shown in Table 1.

3.3 Measurement of the rest-frame UV slope and Myy

We extracted the global photometry for each galaxy from the UltraV-
ISTA YJHK imaging with SEXTRACTOR using 1.8 arcsec diameter
circular apertures. Photometric errors were determined locally using
blank aperture measurements and taking the median absolute devia-
tion from the closest 200 apertures to each source. We measured the
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rest-frame UV slope, 3, from the best fitting SED model to the YJH
photometry. The K band was excluded as it probes the near-UV
wavelengths beyond the typical window used to estimate S defined
in Calzetti et al. (1994) to be Arest = 1268-2580A. A power-law
was fitted to the model in the standard Calzetti et al. (1994) re-
gions to avoid significant emission and absorption features. For the
SED fitting we used Bruzual & Charlot (2003) models with expo-
nentially declining star-formation histories, and a Chabrier (2003)
initial mass function. A single metallicity of 1/5Zy was used. The
dust attenuation law was taken from Calzetti et al. (2000) and the
magnitude of the attenuation in the rest-frame V-band was allowed
to vary in the range of Ay = 0-6. We fixed the redshift to the
spectroscopic redshift if available, or the best-fit photometric red-
shift from the full fitting (including the optical bands; Bowler et al.
2014). We also experimented with including the K band in the
derivation of B, which led to consistent values within the errors,
however we identified a bias to redder colours with this method.
Due to the detection of spatially separated emission between the
near (Y, J) and far-UV (K) bands (see Section 4), we caution that
this redder g slope could be artificial and due to the combination of
physically distinct regions within the galaxy. The absolute UV mag-
nitude, Myy, was determined by integrating the best-fitting SED
model with a top-hat function centred on Apegt = 1500 A with a
width of 100A. The observed unobscured SFR was estimated from
My using the Madau et al. (1998) prescription, again corrected to
a Chabrier (2003) IMF.

3.4 Deconfusion of the ground-based VISTA data

The LBGs we study in this work show highly extended and clumpy
rest-frame UV emission (Bowler et al. 2017), which leads to them
being resolved not only with HST but also in the multi-band ground-
based VISTA imaging. We therefore attempted a deconfusion anal-
ysis to extract the fluxes of different rest-frame UV components of
the galaxy in the UltraVISTA YJHKj filters. The software pack-
age TPHOT was used for this analysis (Merlin et al. 2015), with
the high-resolution image provided by the single band HST/WFC3
J140 data. As discussed in Section 2.3, we have confidence that our
astrometric accuracy between these low and high resolution data
are consistent to within ~ 0.05 arcsec, which corresponds to one
pixel in the WFC3 data and 1/3 of a pixel in the UltraVISTA data.
To define the separate J149 components we used SEXTRACTOR with
a minimum detection area of 10 pixels above 20 significance. This
process ensured that the sources were split into at most two compo-
nents. Some sources show detail on smaller scales (e.g. ID169850),
however these components are too faint and close to the peak of
emission to extract robust multi-band constraints. To measure the
flux from each component we subtracted all neighbours using the
TPHOT modelling and then used a 1.8 arcsec diameter circular
aperture at the HST centroid. The results using this aperture were
found to be consistent with those obtained with a smaller aperture
of 1.0 arcsec in diameter.

4 RESULTS

InFig. 1 we present the result of our new, deeper, dust continuum ob-
servations in comparison to the HST/WFC3 imaging for the sample.
To determine the total flux and the proportion of sources with a de-
tection in the FIR, we first focus on the ‘low-resolution’ tapered data,
to ensure we are measuring the full flux from the object regardless of
morphology/spatial scales of the emission. For the five previously
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Figure 1. The ALMA data probing the FIR dust continuum emission for our
sample of z ~ 7 UV-bright galaxies. The contours, representing the ALMA
Band 6 data, are shown at 1o intervals with positive (negative) signal
shown as the solid (dashed) lines. Here we present the ‘low-resolution’
tapered dataset, which has a resolution of 1.4 x 1.1 arcseconds. The data
for ID65666 is as shown in Bowler et al. (2018). The background image
is the HST/WFC3 data in the Jy40-band, which probes the rest-frame UV
emission at the redshift of these LBGs. Each image is 10 arcsec on a side,
with North to the top and East to the left. We have scaled the HST J140 band
imaging from [1, 5] o in flux space. The ID number is listed in the upper
left of each stamp, and the beam is illustrated with the grey ellipse in the
lower right hand corner.

undetected sources we now detect four objects at > 30 significance
in our deeper Cycle 6 data. Three of the sources are confidently
detected at > 40, while one source, ID238225 (REBELS-30), is
marginally detected at ~ 30. The galaxy ID279127 (REBELS-31)
is undetected with a 20~ upper limit of < 21.5 uJy. The measured
fluxes and derived properties are presented in Table 3. The fluxes
measured for the detected sources are on average ~ 40 uJy for the
peak flux, or slightly higher at ~ 60 uJy for the Gaussian fit. This
is somewhat lower than the estimate for these sources determined
from the stacking analysis in Bowler et al. (2018), where we de-
tected a signal of ~ 100 + 50 uJy, however it is consistent within the
(large) errors. In Fig. 1 we also show the previous data for ID65666
as initially presented in Bowler et al. (2018) as these Cycle 3 obser-
vations have a comparable SNR and resolution. Combined with this
previous data, we now detect five of the six brightest LBGs from
the Bowler et al. (2014) sample at z =~ 7 in the dust continuum,

ID65666

ID30438270

,

Figure 2. The ‘high-resolution” ALMA dataset (white contours) shown in
comparison to the HST/WFC3 imaging for our sample. The stamps are
3arcsec on a side and the background Jj49 imaging has been scaled in
magnitude space between the peak surface brightness and 26 mag/arcsec?.
The beam and contour levels are as described in the caption of Fig. 1. A
scale bar in physical kpc is shown in the lower left of each plot. Three
of the sources with significant dust detections show evidence for offsets
between the centroid of the rest-frame UV emission and the ALMA contours
(ID65666, ID304416 and ID304384).

allowing us to investigate the average dust obscured SFR without
the need for stacking (see Section 5).

4.1 Dust continuum morphology and spatial offsets

The key advantage of our new ALMA observations is that they
were obtained at relatively high spatial resolution, in comparison
to previous studies of z =~ 7 samples (e.g. Bowler et al. 2018;
Schouws et al. 2021). In Fig. 2 we present the ‘high-resolution’
dataset that includes the naturally weighted imaging from our Cy-
cle 6 observing program, which has a beam FWHM =~ 0.7 arcsec
(see Table 2). We include the data from Hashimoto et al. (2019)
for source ID65666, tapered to the same resolution to allow a di-
rect comparison>. We find a variety of dust morphologies within
our sample of LBGs. The two highest redshift detections (ID65666

3 Note that this data does not have the same centroid as the Bowler et al.
(2018) detection shown in Fig. 1, and the potential explanations for this (in-
cluding dust emission on different spatial scales) are discussed in Hashimoto
et al. (2019).
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and ID304416; top rows of Fig. 1 and 2) show compact emission
that appears offset from the peak of the rest-frame UV emission as
probed by the HST/WFC3 imaging. In the case of ID65666 the dust
continuum emission appears to sit between the two clumps seen in
the rest-frame UV, however for object ID304416 the dust detection
appears offset from both the observed HST clumps. The emission
from object ID304384 also appears offset from the HST centroid,
which in this case is a single compact source (with a half-light radius
of r1p = 1.3 £ 0.2kpc; Bowler et al. 2017). To quantify the sig-
nificance of the offsets we considered both the possible astrometric
systematic and random errors for the different datasets. As discussed
in Section 2.3, we are confident in our astrometric solution for the
near-infrared data to the order of one HST pixel. The dominant po-
sitional error comes from the low SNR of the ALMA detections,
hence we use the estimated Band 6 error, taking into account the an-
gle of the separation relative to the position angle (PA) of the beam,
to determine an offset significance for each source. In comparison
to the previous data presented in Bowler et al. (2018), where the
error in the offset was ~ 0.2 arcsec, our new data leads to estimated
positional errors of < 0.1 arcsec. For ID304416 the derived offset
between the ALMA detection and the closest rest-frame UV clump
is 0.41 + 0.09 arcsec, or a 4.6 sigma detection excluding any error
in the HST position. If the light weighted centroid in the J4¢9-band
is used instead, the separation increases to 0.62 + 0.09 arcsec or
6.80. For ID304384 we find a smaller separation of 0.29 + 0.09,
corresponding to a significance of 3.10.

In addition to apparently compact and potentially offset com-
ponents we find evidence for extended rest-frame FIR emission as
shown for object ID169850 and ID304384 (bottom-left and middle-
right stamps respectively in Fig. 1 and 2). Most strikingly, the flux
for ID169850 appears to split into two components (of 2.6 and 3.10
significance) that are oriented in the same direction as the extended
rest-frame UV emission. Calculating the error in the ALMA posi-
tions for the two components as above, we find that it is coincident
with the rest-frame UV emission to less than 0.1 arcsec, or much
less than 10 in this case. Hence from our data we find that the FIR
emission appears co-incident with the rest-frame UV clumps, al-
though the positional error in the ALMA measurement is increased
due to the low SNR of each component. Object ID304384 (middle-
right in Fig. 1 and 2) in also shows a possible extension with a PA of
=~ 45 degrees on the sky. The detection of this extension is apparent
in the 2 and 30 contours. This source appears as a single compact
component in the HST/WFC3 imaging, with no evidence for clumps
or elongation in the rest-frame UV to the currently available depth
and resolution.

The weakest ALMA detection in our data was for object
1D238225, which was found to have a significance of 3.1¢ in the
tapered data shown in Fig 1 (middle left). In the naturally weighted
imaging we do not recover a detection at > 3o significance. The
initial detection in the tapered data shows evidence for being ex-
tended both visually and in the observed difference between the
peak flux and that obtained from a Gaussian fit. Hence it is possible
that we are unable to detect the flux at higher resolution because
of the reduced surface brightness limit of this data (e.g. as found
for [CII] emission in Carniani et al. 2020). We find several peaks
of 20 significance within 1 arcsec of the rest-frame UV position,
however deeper data is required to understand any possible extended
or multi-component dust continuum emission further.
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4.1.1 The size of the dust continuum emission

We investigated measuring the sizes of the FIR emitting regions
from our ALMA data. As part of the source selection we ob-
tained size estimates from PYBDSF. In the tapered data, three of
the sources (ID65666, ID304416 and ID304384) show measured
FWHM values that are consistent with being unresolved in our
‘high-resolution’ dataset. This is consistent with the fact that the de-
rived peak fluxes are comparable to that derived from the Gaussian
fit, although the large errors on the Gaussian parameters limit this
comparison somewhat. Objects ID238225 and ID169850 show evi-
dence for extended emission as derived from the measured PYBDSF
sizes being larger than the beam size. In addition they show the
largest difference between the peak and Gaussian fit derived fluxes,
which is consistent with some extended emission. As discussed pre-
viously, object ID238225 shows no significant > 30~ peaks within
the naturally weighted data. However, the difference between the
peak and Gaussian flux in addition to a resolved size measurement
both point to the source showing an extended region of dust contin-
uum emission surrounding the observed rest-frame UV emission.
For ID169850 the ALMA flux extension is confirmed in the natu-
rally weighted data, where we observe two distinct clumps separated
by ~ 1 arcsec. As a final test for whether the single component dust
detections are resolved in our highest resolution images we man-
ually subtracted the synthesised beam from our observations, and
then searched for any significant residuals that would indicate an
extended or multi-component source (following e.g. Hodge et al.
2016). The result of this test revealed no evidence for resolved
or extended flux in sources ID304416 and ID65666 in the ‘high-
resolution’ dataset we present in Fig. 2. For object ID304284 we
confirm the presence of the visually identified extended tail to be
significant at > 20" once the beam is subtracted. This is separated
from the brightest peak of the ALMA emission by around 0.6 arcsec.

4.2 Resolved rest-frame UV colours

As the HST imaging covering these sources is only available in a
single band (J14¢), the UltraVISTA YJHK data provides the only
insight we have into the rest-frame UV colour of the galaxies. The
fact that the bright z ~ 7 galaxies we present in this work are ex-
tended on scales of > 1 arcsec in the rest-frame UV means that we
can resolve them not only with the HST/WFC3 imaging, but also in
the ground-based UltraVISTA data. The seeing of the UltraVISTA
data is in the range ~ 0.7-0.9 arcsec from the K to the Y-band,
allowing us to extract resolved colours for the sample. In Fig. 3 we
present the multi-band UltraVISTA near-infrared data in compari-
son to the ALMA Band 6 data and the high resolution HST/WFC3
J140 imaging. We show the Y and K data as contours in surface
brightness, scaled from the brightest pixel to a surface brightness
limit corresponding to 100 in that band. The K band has the highest
spatial resolution and we compare this to the Y-band to provide the
longest possible wavelength baseline with which to identify colour
gradients. Note that there could be Lyman-a emission situated in the
Y-band, which could have a greater spatial extent in comparison to
the stellar continuum (e.g. Steidel et al. 2011). We verified that the
ground-based J-band contours and the J140 imaging were co-spatial,
as expected from our astrometric checks. In Fig. 3 the most striking
observation is that the Ks-band data, our highest resolution ground-
based band, shows multiple components for several of the sources
where such components are also seen in the HST/WFC3 J49-band.
This observation clearly demonstrates the unique properties of the
sample amongst known z = 7 sources, where the brightness and
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Figure 3. The resolved rest-frame UV colours for the bright z ~ 7 galaxies studied in this work. In the left and middle plot for each source we show the
ground-based Y and K-band imaging as the blue and red contours respectively. The contours represent the surface brightness (SB) in steps of 0.15 mag
between the peak SB and a level defined as 100~ per pixel. The background image for the left plot shows the naturally weighted ALMA Band 6 data, scaled to
between [1, 5] o per pixel, probing the rest-frame FIR dust continuum emission of the galaxies. In the central plot the background image shows the rest-frame
far-UV emission as measured by the HST/WFC3 data in the Jy49-band. The HST data is scaled as in Fig. 2. The title and caption of the central figure show the
rest-frame wavelengths probed by each NIR filter. The right-hand plot shows the resolved J — K colour measured from the PSF homogenised ground-based
imaging with the colour corresponding to the measured magnitude shown in the scale on the far right. The blue contours in this plot show the Jy4¢ data to aid
in identifying which clumps correspond to different regions in the extended ground-based data.

extent means that they can be resolved into multiple components
from the ground. For ID169850 and ID304416 these components
correspond to the Ji49 clumps observed with HST/WFC3. In the
case of ID65666, the K clumps appear somewhat offset and in
a different orientation to the Jy49 imaging. For the ¥ and J-band
ground-based imaging we are limited by the poorer spatial resolu-
tion of these bands, which leads to the J14¢ identified clumps being
indistinguishable and merging into a single broad component.

From the qualitative comparison of the contours in the UltraV-
ISTA data there is evidence for colours gradients within the sources,
with the centroids of the Y, J140 and K-band differing in all sources.
To assess the robustness of these colour gradients and to quantify the
rest-frame UV slope of each clump, we proceed to analyse this data
using two methods; first, by making a map of the J — K colour and
second, by undergoing a deconfusion analysis to extract the colours
for separate HST components. To create a colour map we used
the PSF homogenised images and computed a J — K colour (note
that the two left-hand panels of Fig. 3 are not PSF homogenised).
We excluded the Y band for this measurement, as for three of the
sources this band contains the Lyman-break, which could influence
the measured continuum colour. We only calculate the colour on
pixels which have a detection in a J + K stack at 20" significance.
For all sources we observe colour gradients in the ground-based
data. Where there are multiple components, in our three brightest
sources (ID65666, ID304416 and ID169850), the gradients appear
to be associated with the different clumps as observed in the HST
J140 data. Even in apparently single component sources we see a
gradient with the centroid of the ¥ and K-band images being offset
from each other by 0.18 and 0.14 arcsec for ID304384 and ID238225

respectively, which is in most cases greater than any expected astro-
metric error. The corresponding offsets between the J and K-band
were 0.15 and 0.05 arcsec for [D304384 and ID238225 respectively.

To quantity the colour gradients further we used a deconfusion
analysis to extract the photometry in the different components of
the multi-component sources. We show the photometry extracted
for the two brightest clumps in ID65666, ID304416 and ID169850
in Fig. 4. The results of this analysis confirm that the clumps show
different colours as observed visually in Fig. 3. For ID304416 and
ID65666 the colours are clearly different, with one component being
particularly blue (J — Ky ~ —0.4 mag) and the other red (J — K ~
0.4 mag). For ID169850 one of the components is significantly
fainter than the other, and the colour difference is not as evident
due to the larger errors on the photometry. We verified that the sum
of the two components in each source was consistent with the full
1.8 arcsec photometry, showing that we are not missing significant
flux from these sources beyond these two main components.

How do these gradients in the rest-frame UV relate to the dust
continuum emission? In objects ID65666 and 1D304416 (top row
of Fig. 3) we see that the gradient across the multiple components
is such that the reddest clump in the rest-frame UV is closest to
the observed dust continuum emission. This is also the case in
1D169850, although we also see some ALMA flux at the position of
the bluest component (as there are two faint ALMA components in
this source). Source ID304384 is the only source with a significant
ALMA detection that is not resolved into multiple components
in the HST/WFC3 data. Interestingly, we observe a strong colour
gradient in this source in the ground-based data, with the reddest
side located on top of the elongated ALMA emission. The galaxy
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1D238225 also shows a tentative gradient, however as we have no
dust emission at > 30 and as the rest-frame UV emission is a
single clump in Jy49 we cannot comment further on the colour
gradient with respect to the dust emission. Finally, object ID279127
shows an unusual morphology in the ground-based data, with the
K-band emission appearing between the two bluer clumps that are
detected in the Ji49 imaging. Both of the two blue components
are best-fit as high-redshift galaxies (with photometric redshifts of
z =~ 6.6+0.1), and hence it is possible that these components are the
UV-bright clumps within an extended (and redder) disk. Another
possibility is that it is a strongly lensed system, where the central red
source is a low redshift lensing galaxy. Further follow-up to obtain
spectroscopic redshifts of the clumps is required to understand this
source further.

5 DISCUSSION

In this work we have presented deep ALMA observations targeting
the rest-frame FIR of six UV bright z ~ 7 LBGs. We detect five of
these galaxies in the FIR at > 30 confidence (one source was previ-
ously detected in Bowler et al. 2018), allowing us to provide some of
the most complete constraints on the dust properties of star-forming
galaxies within the EoR. Furthermore, because of the relatively high
spatial resolution of this data we can compare the rest-frame FIR
sizes and morphologies of these sources to that observed in the rest-
frame UV. As shown in Table 3, the FIR luminosities of these galax-
iesare around Lig = 2-6x10!1 Lg (assuming a greybody SED with
Tyust = S0K). While the sample represents some of the most highly
star-forming LBGs known at z > 6, their measured FIR luminosities
and total SFRs are at least an order of magnitude below those found
for the highly dust obscured SMGs (which have Lig > 1012 L;
e.g. Hodge et al. 2016). Thus they represent an interesting transi-
tion between SMGs and the typical high-redshift LBG population,
which has previously shown evidence for being dust poor (e.g. Ca-
pak et al. 2015; Bouwens et al. 2016a). In comparison to previous
studies of SMGs and lower redshift LBGs the galaxies in our sample
have lower stellar masses, with logo(Mx/Me) = 9 — 9.5 (Bowler
et al. 2018). Combined with the derived total SFRs (Table 3), we
derived high sSFRs (~ 100 /Gyr) for the galaxies, consistent with
being in a starburst phase (e.g. as compared to L ~ L* galaxies
with sSFR ~ 10 /Gyr; Stark et al. 2013). The clumpy morphology
observed in the rest-frame UV for the sources in our sample, cou-
pled with the observed compact dust emission suggests, that this
elevated sSFR may have been triggered by a merger. Similar argu-
ments have been made for SMGs (e.g. Chen et al. 2015), although
there is disagreement over whether SMGs are starbursts or simply
high-mass main-sequence galaxies (Michatowski et al. 2017). Our
sample therefore provides a unique insight into the distribution of
young unobscured stars and dust within galaxies with stellar masses
of logo(Mx/Mg) = 9-9.5 at high redshift with which to compare
to other dusty star-forming galaxies and fainter/less massive LBGs
at the same epoch.

5.1 IRX-g relation for bright z ~ 7 LBGs

By combining our rest-frame UV colour and luminosity with our
new FIR detections we can now plot our sample on the IRX-f3 re-
lation without the need for stacking (as was performed previously
for the same galaxies in Bowler et al. 2018). In Fig. 5 we present
the global IRX—p relation for our sample, where we take a single
value of the IRX and S to be representative of the full galaxy. We
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compare our results with the local relation for starburst galaxies,
as defined by a Calzetti-like dust attenuation law (Calzetti et al.
2000), in addition to that predicted using a steeper dust law based
on the SMC extinction curve. What is striking from Fig. 5 is that
the full sample is very blue, with 8 < —2. From the extrapolation of
the colour magnitude relation found at z ~ 7 from Bouwens et al.
(2014) we would expect these bright sources with Myy < -22.4
to have 8 ~ —1.5. As we discuss further in Section 5.3, we do
find components of the galaxies that are redder (as well as bluer)
than 8 = -2, however the global 8 measurement provides an aver-
age colour that is weighted in favour of the brightest (and bluest)
rest-frame UV clumps. Our measured global IRX-f results agree
with the Calzetti-like relation, under the assumption that a dust SED
with Tgys = S0K is reasonable. ID65666 appears somewhat above
the relation, with a bluer than expected rest-frame UV slope given
the measured IRX. This region of the diagram has previously been
found to be populated by IR-luminous dusty star-forming galaxies
(DSFGs) at z < 3 (e.g. Casey et al. 2014; Clark et al. 2015; Dunne
et al. 2018), where it has been postulated that an inhomogeneous
dust distribution leads to bluer colours than expected. ID65666 has
a clumpy and irregular rest-frame UV and FIR morphology (also
see Hashimoto et al. 2019) in parallel with these DSFGs. Further-
more Casey et al. (2014) found that the deviation blue-ward from the
canonical IRX-g relation was a function of Ljg, and we note that
ID65666 is the most IR luminous source in our sample, as well as
showing the highest total SFR and sSFR (Bowler et al. 2018). Hence
the offset above the Calzetti-like IRX—£ relation of this source could
indicate that the same trend with Lig found for DSFGs is present
in z =~ 7 LBGs, indicating that extreme bursts of star-formation can
cause the observed offset in IRX—3, however clearly larger samples
are required to confirm this observation.

We do not observe the same spread in S-slopes to red values
as found by Capak et al. (2015) and Barisi¢ et al. (2017). This
could be due to differing selection functions, as the latter studies
were based on spectroscopically confirmed LBG candidates. We
find good agreement with an extrapolation of the z =~ 5 results
of Koprowski et al. (2018) and Fudamoto et al. (2020b), although
we note that these studies diverge at redder 8 values not probed by
our sample. In comparison to the recent study of Schouws et al.
(2021), our results for individual sources agree within the errors on
the IRX-4 plane, however they conclude that their results are most
consistent with an attenuation curve between an SMC and Calzetti-
like shape. The IRX values we measure are also a proxy for the
fraction of obscured star-formation. In Table 3 we present the unob-
scured SFRyy derived from the measured Myy, and the obscured
SFRyR derived from our computed Lig. The obscured fractions for
our sample where we have a detection are in the range of 0.35-0.75,
with an average of f,ps = 0.54. These values, which are consistent
with those found for similar luminosity sources by Schouws et al.
(2021), demonstrate that dust obscured star-formation is significant
in the brightest LBGs at z ~ 7.

We note that the derived Lir values are highly dependent on
the assumed dust temperature. In Fig. 5 we show the effect of chang-
ing the dust temperature with a vertical arrow to illustrate changes
of the order of ATy, = £20 K, which is comparable to the expected
range from previous studies. In the case of a higher dust tempera-
ture, our results would sit somewhat above the Calzetti-like relation,
in aregion of the IRX—f3 diagram that is predicted theoretically to be
due to clumpy, irregular, obscured sources where the global S value
is dominated by unobscured regions of the source (e.g. Popping
et al. 2017; Liang et al. 2021). In the converse situation, where the
dust temperature is closer to 30 K, we would still find consistency
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Figure 4. The ground-based UltraVISTA Y J H K¢ photometry extracted for each clump in the three multi-component sources in our sample. The open circles
show the results derived from TPHOT for each component (two components for each galaxy). The best-fitting SED template is shown as the solid lines for the
bluer and redder components. Reassuringly, the sum of the deconfused photometry (purple filled circles) agrees well with the total photometry measurement
on the original data (black squares). The grey line shows the best-fit SED model to this total photometry, with the grey open circles representing the synthesised
photometry from this model.

Table 3. The measured flux and derived rest-frame UV and IR luminosities for the sample. In the upper section of the table we present the global properties
of the sources, while in the lower section we present the resolved measurements for the three sources (65666, 169850 and 304416) in which we observe
multi-component emission. In Column 1 we show the ID number (see Table 1 for alternative IDs) followed by the absolute UV magnitude in Column 2.
The measured ALMA Band 6 flux is shown in Column 2 and 3 for the peak and Gaussian fit results respectively. For the peak flux column we show the
signal-to-noise ratio of any detection in brackets. The IR luminosity is shown in Column 5, where we assume a greybody SED with Ty, = S0 K, followed by
the derived IRX in Column 6. The SFR derived from the UV and the FIR via the scaling relations described in Section 3 are shown in Columns 7 and 8. From
these SFRs we derive an obscured SFR fraction which is shown in Column 9. Finally in Column 10 we present the measured rest-frame UV slope, 3.

ID Muyv Jpeak JGauss Lir log;o(IRX)  SFRyy  SFRpRr Jobs B
/mag /mly [mly /10" Lo /Mofyr  /Mo/yr

0.08 0.16 3 30 0.18
65666 -22.524008  124.5+28.0(4.4) 156.4+53.4 6.4x22 0479010 314 89*30  0.74£0.26 -2.21%0-18
0.05 0.17 3 11 0.21
304416 -23.15%00°  422+8.6(4.9)  48.1+£19.6 20+08 028017 5573 28t 0342014 2321020
0.10 0.25 3 29 0.22
238225 -22.35%000 32.3+9.5(3.4)  81.7£486 3.6+21 029903 2673 49*2% 0.65+0.39  —2.01*922
304384 -22.31%000  52.4+89(59)  50.0+150 2.1+0.6  0.0891 2573 29%% 0.54£0.17  -1.90%0%
0.06 0.23 2 20 0.15
169850 —22.78*0:06  38.1+8.5(4.5)  53.2+325 23x14 -0.07703 394 3320 0.45+0.28 -1.95%013
279127 22,5710 <21.5(0.5) -- <0.9 <-0.38 32+ <13 <029 23593
0.21 0.19 3 10 0.28
65666 B —-21.43*032L  90.9+17.8(5.1) - 3.7+0.7  0.67491% 1+ 52410 0.82+0.24 -1.78*038
65666 W —21.870-14 <53.8 - <22 <0.27 173 <3l <0.64  -2.53*0.23

304416 E < -20.98 58.6 + 13.2 (4.4) - 2506  0.68%0:09 <7 34+8 > 0.82 -
304416 NE  —22.03*0-12 <23.6 -- <10 <-0.16 2013 <13 <0.41 -1.3870-19
304416 SW  —22.14%0-11 <23.6 - <10 <-0.20 22%3 <13 <038  -2.81%0:27
0.25 0.27 3 8 0.44
169850 W —21.04*02 42,6+ 13.6 (3.1) - 1.9£0.6  0.53%02% 8+ 264 0.77£0.33  -1.74%04
169850 E  —22.12*0:%8 347+ 13.6(2.6) - 1.5£0.6  0.01%918 21+ 21% 0.50+0.20 -1.88%0:23

with the Calzetti-like relation due to the blue rest-frame UV slopes
of our sources. As is evident in this Figure, we do not have the
dynamic range to set strong constraints on the underlying dust at-
tenuation laws, as the typically assumed parameterisations of SMC
and Calzetti-like dust asymptote to the same value corresponding
to an intrinsic B-slope around where our measured galaxies lie.
Larger samples of sources at z ~ 7, such as those being observed
with the REBELS survey, are clearly required to fully constrain the
IRX-g relationship within the EoR.

5.2 The morphology of dust continuum emission

Within our sample we find a diversity of dust continuum mor-
phologies, with compact emission offset from the rest-frame UV in
addition to extended and multi-component emission (Fig. 2). Sim-

ilar features have been found within previous studies of sources at
z = 5.5 from the sample of Capak et al. (2015); Barisic¢ et al. (2017)
and the larger ALPINE survey (Le Fevre et al. 2020). Schouws et al.
(2021) also find evidence for compact and offset dust emission in
their brightest FIR source Y-003 at z = 7.3. These results indicate
that complex dust continuum morphologies may be common at high
redshifts. To understand these results further it is instructive to look
at studies of z ~ 1-3 sources that have gained comparable or better
spatial resolution in the rest-frame FIR. As an example, Rujopakarn
et al. (2019) observed three ‘typical’ main-sequence star-forming
galaxies with My ~ 1010-5-1L.0 M at 7 = 3 with deep 200pc res-
olution ALMA follow-up. In their sample the clumpy UV emission
was observed to be offset by around 2—10 kpc from the bulk of the
star-formation pinpointed by the FIR detection. Offset UV and FIR
emission and redder components hosting the bulk of the SFR of
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Figure 5. The IRX—( values derived for the six bright z =~ 7 LBGs in our
sample in comparison to previous results. We plot each galaxy individually
using open symbols in blue. The Meurer relation for Calzetti-like dust is
shown as the black solid line, while the relation derived from assuming the
SMC extinction curve is shown as the dashed line. Previous results at > 4
are shown from Koprowski et al. (2018), Fudamoto et al. (2020b) and Bar-
i8i¢ et al. (2017) with red squares, purple diamonds and grey diamonds,
respectively. We assume a dust temperature of 50 K. The mean impact of
changing the dust temperature by +20K is illustrated by the arrows in the
lower right. The right-hand axis illustrates the expected dust attenuation at
1600A corresponding to that IRX value, according to the relation found for
z ~ 3 sources in McLure et al. (2018) (which is comparable to the Meurer
relation).

the galaxy appear to be common features found in samples of both
lower-redshift LBGs and SMGs at high redshifts (e.g. Rivera et al.
2018; Chen et al. 2017; Hodge et al. 2019; Chen et al. 2020; Cheng
et al. 2020; Cochrane et al. 2021). Our results for UV bright LBGs
at z =~ 7 therefore fit into a common morphological class found
in luminous star-forming galaxies. Whether the observed clumps
and irregularity is evidence for major mergers in these sources is
still an open question. Deeper observations to redder wavelengths
have revealed disks underlying the clumpy rest-frame UV emission,
which is not representative of the full galaxy extent/morphology
(e.g. Wuyts et al. 2012; Targett et al. 2013). Using a kinematic anal-
ysis of the FIR [CII] line allows come constraints on whether the
components are merging (e.g. Hashimoto et al. 2019) or in a rotat-
ing disk (e.g. Smit et al. 2018), however it is still challenging with
current data to distinguish between these two scenarios in typical
LBGs. Observations with the James Webb Space Telescope (JWST)
will be crucial to understand the context of the rest-frame UV and
FIR components observed in this study, with the NIRCam/NIRSpec
instruments able to probe the rest-frame optical wavelengths (and
emission lines) for the first time in a resolved sense. Such observa-
tions will be able to ascertain the morphology of the stellar mass
distribution, as well as producing a map of the dust attenuation from
spatially resolved measurements of the Balmer decrement.

5.2.1 Compact dust emission in comparison to the UV?

Another common observation in lower redshift studies is that the
FIR dust continuum emission is more compact than the rest-frame
UV/optical, typically by a factor of 2 (e.g. Fujimoto et al. 2017;
Chen et al. 2017; Tadaki et al. 2020). The sizes of the FIR clumps in
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these studies appear to occupy a broad range from ry /5 =~ 0.5-5kpc
(see Tadaki et al. 2020; Cheng et al. 2020). Although we cannot ro-
bustly measure the sizes of our sources in the FIR, we can comment
on the fact that they appear unresolved in our data and compare this
to what is expected from these lower-redshift studies. As the beam
of our naturally weighted ALMA observations is approximately
FWHM = 0.7 arcsec (corresponding to a physical size of ~ 4 kpc),
we would expect to resolve the FIR detections if the galaxies were
as large as ry/p ~ Skpc. The sizes of our sample as derived from
the rest-frame UV were presented in Bowler et al. (2017), where the
average half-light radius of a stacked profile of bright sources was
found to be 1/ = 2.30ﬁ%’%2 kpc. This stacked size does not fully
account for the large separation in different components found in the
images, which are of the order of 5 kpc. If the rest-frame UV clumps
are embedded in a larger disk, then the clump separation would be
a more reasonable size estimate. Hence for the brightest, multi-
component sources in our sample (ID65666, ID304416) we can
tentatively conclude that our FIR sizes are more compact than the
observed UV sizes, consistent with that found at lower redshift. This
is not the case for all galaxies in our sample however, as two sources
show evidence for extended/multi-component FIR emission of a
comparable extent to the rest-frame UV size. It may be the case that
in lower mass, less extreme, star-forming galaxies the dust emission
is more homogeneously distributed throughout the galaxy. Larger
samples of galaxies observed with high spatial resolution, for exam-
ple like that upcoming with the ALMA large program ‘CRISTAL’
(2021.1.00280.L; PI: Rodrigo Herrera-Camus), will further reveal
the diversity of dust morphologies relative to the rest-frame UV
emission within high-redshift LBGs.

5.3 Rest-frame UV colour gradients and resolving IRX-f

As part of our analysis of the morphology and colours of our sam-
ple we have identified colour gradients in the rest-frame UV light
seen across the spatial extent of the bright z ~ 7 galaxies. In the
case where we observe bright and well separated clumps in the HST
imaging, the colour gradients are very clear (e.g. ID304416), how-
ever we also find evidence for gradients even in the sources which
appear to only have one UV component under HST resolution. The
observed gradients appear to be aligned such that the reddest re-
gions are located closest to the FIR dust continuum detection. This
observation strongly suggests that the colour gradients are due to in-
creasing dust obscuration, rather than other effects that could cause
differential reddening such as a gradient in stellar age or metallicity
(although these parameters will also be correlated with the exis-
tence of dust). These results show that the UV brightest component
is not necessarily the position with the highest SFR. As an example,
for ID304416 it is in-fact the ‘HST-dark’ East clump that shows
the highest total SFR of the three well defined components in this
galaxy.

In Table 3 we present the rest-frame UV colours, IRX and SFRs
for each component of the three multi-component sources. A decon-
fusion analysis of these objects demonstrated clear colour gradients
between the observed clumps in the UV (see Fig. 4). To investigate
the fraction of obscured star-formation across the resolved galaxies
we associate each FIR dust detection with the closest rest-frame UV
component if the separation was less than 30-, where o~ was taken as
the error in the ALMA position calculated from the SNR and beam
size (see Section 2.3). For ID65666 we associated the dust detection
with the faintest UV clump, while for ID304416 the FIR detection
is sufficiently offset from the two clear UV components to not be
associated with either. We therefore list the obscured component,
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1D304416 E, separately, with upper limits on the Myy determined
from aperture photometry on the Jj49 image at that position. For
ID169850 we associate the two faint ALMA detections with the
two main clumps in the Jy49 image. With these resolved measure-
ments we are able to plot the IRX—f3 relation for each individual
clump. Note that typically the IRX—f diagram is created for global
galaxy photometry, not for individual regions, and hence we caution
that these results are not necessarily comparable to lower-redshift
compendiums. We nevertheless present our resolved IRX—f values
in Fig. 6 to provide a visual representation of the different rest-
frame UV colours and obscured star-formation fractions across the
face of each of the galaxies. For the two highest redshift sources
in our sample we find a striking colour gradient between the two
well separated rest-frame UV components. This is also visible in
the colour maps shown in Fig. 3. For galaxy ID304416 we measure
AB = 1.43 + 0.35, while for ID65666 we measure 0.75 + 0.44. A
similar colour gradient has been found in the zspec = 7.03 source
‘DP7’ as presented in Pelliccia et al. (2021). They found a AS = 1.3
between the two HST components of a 0.3 L* source, indicating that
dichromatic sources such as those found in this work are present in
both bright and faint LBGs at z = 7. We find evidence for particularly
blue components in both of these sources, showing 8 < —2.5, indi-
cating dust-free components with young ages and low-metallicities
(e.g Cullen et al. 2017). For galaxy ID169850, the other object for
which we can obtained resolved colours, we find that the two main
components have consistent colours with AS = 0.14 + 0.54. This
source also shows extended FIR emission that is co-incident with
the HST/WFC3 emission. Combined with the lack of a strong rest-
frame UV colour gradient, this observation could suggest that the
galaxy has a more uniform dust distribution than the other resolved
sources in our sample.

In Fig. 6 we also highlight the component of each galaxy that
has the highest total SFR. We find that for 2/3 of these multi-
component sources, the peak SFR in the galaxy corresponds to the
reddest component, with the peak in the SFR of object ID304416
being undetected in our HST/WFC3 imaging. For this ID304416 E
component we cannot measure a rest-frame UV slope with current
data, hence we plot the 8 value as a horizontal line in this figure. The
obscured fractions calculated for the regions of peak SFR in galax-
ies ID65666 and ID304416 are f,p,s = 0.80, demonstrating clearly
that a view of these LBGs based entirely on rest-frame UV data is
insufficient. These obscured components are comparable to the two
‘HST-dark’ galaxies found by Fudamoto et al. (2021), which were
found to have an estimated fu,s > 0.75(0.97) at z = 7.35(6.68). In
fact, the most obscured component found by Fudamoto et al. (2021),
galaxy REBELS-29-2, was found only 40 physical kpc from one
of our targets (ID304384/REBELS-29). The dust continuum detec-
tion for REBELS-29-2 is recovered in our dataset. These results
show that the unobscured rest-frame UV emission found within the
target LBG (that motivated the observations of both this program
and REBELS) is actually only revealing a small part of the total
star-formation in the region, which is predominantly obscured. The
resolved measurements are roughly consistent with the Calzetti-like
IRX-g relation found for local starburst galaxies. For one compo-
nent of ID304416 we measure red colours but no appreciable FIR
detection, leading to a derived IRX that is well below even the SMC-
like extinction curve. Spatially this component sits between the FIR
bright, obscured component and a very blue unobscured compo-
nent, and it is challenging with current data to determine how much
UV and FIR flux to associate with each clump. Theoretical works
have attempted to provide a physical interpretation of why galaxies
lie in different regions of the IRX— diagram. The diagram is a sum-

mation of several interconnected factors, such as the dust geometry,
stellar age and intrinsic 8-slope (e.g. Popping et al. 2017; Liang et al.
2021). We speculate that within young, irregular galaxies within the
EoR that a multitude of these astrophysical effects may be occurring
within single sources (for example an evolved dust-free component
next to a clump of young dusty star-formation), and as we start to
collect spatially resolved data for z > 6 objects we will begin to
populate many regions of the IRX-g relation even within the same
galaxy (see also Koprowski et al. 2016).

5.4 Future observations to redder wavelengths

The data we have presented for the rest-frame UV and FIR emission
from our sample of bright z ~ 7 galaxies represents some of the
first spatially resolved observations of galaxies within the EoR. They
represent an exciting taste of future spatially resolved observations,
such as higher resolution data with ALMA and deep JWST imaging
and spectroscopy. What do we expect to see in deeper observa-
tions that go to redder wavelengths (e.g. with the JWST NIRCam)?
Building upon previous results at z ~ 3 (Targett et al. 2013; Cheng
et al. 2020; Cochrane et al. 2021) and theoretical works such as
the resolved predictions of Cochrane et al. (2019); Popping et al.
(2021), it is likely that the observed rest-frame UV morphology
is not representative of the galaxy as a whole. This is confirmed
by our observations that show that the peak of the star-formation
in our LBGs are often associated with the faintest, and reddest,
components found in the rest-frame UV. We would expect redder
wavelength observations to probe older stellar populations, and be
less affected by dust attenuation, and thus potentially be smoother
than the observed rest-frame UV emission. In comparison to previ-
ous resolved datasets for lower redshift LBGs and SMGs, it is likely
that longer wavelength observations will progressively fill in the full
underlying galaxy, of which the unobscured clumps observed in the
UV are only pinpointing small disconnected regions (Cheng et al.
2020). The predicted morphology to redder wavelengths changes if
the sources presented in this work are merging galaxies, where we
might expect the underlying stellar mass distribution to break into
multiple-components in a similar way to the rest-frame UV.

6 CONCLUSIONS

In this work we present deep (fin; =~ 120 min per source) ALMA
Band 6 imaging of six luminous z =~ 7 galaxies with Myy < —22.4.
In total we detect five of the six sources at > 3¢ significance,
providing one of the most complete samples of ALMA-detected
LBGs at z > 5. The IR luminosities of the sources were found to
be Lig = 2-6 x 1011 Lg (assuming a greybody dust SED with
Taust = S0K), placing them at least an order magnitude below the
IR luminosities of SMGs. We find that the fraction of obscured star-
formation in our sample is in the range fps = 0.35-0.75, indicating
that on average more than half of the total SFR within bright LBGs
is obscured. Despite this observation, the sample shows particularly
blue rest-frame UV colours, with 8 < —2. When placed on the IRX—
B diagram, our sources are in good agreement with the relation found
for local starburst galaxies with Calzetti-like dust, with no evidence
for a steeper dust attenuation law such as the SMC-like relation
found in other studies at z > 5.

Using our relatively high resolution (FWHM =~ 0.7 arcsec)
data we are able to investigate the dust morphologies of our sample
and compare this to the resolved rest-frame UV light. We find both
compact dust emission that is offset from the observed rest-frame
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Figure 6. The resolved IRX-3 values derived for the individual decon-
fused components of the three sources in our sample that show multiple-
components in the rest-frame UV. Object ID304416 has been split into three
clumps, one of which is undetected in the NIR and hence we plot the uncon-
strained S of this source as a dotted horizontal line. The other objects split
into two components. We have highlighted the region with the highest total
SFR as a solid symbol. Further details of the figure are as described in the
caption of Fig. 5.

UV clumps, in addition to extended dust emission, either in the
form of two similar components separated by ~ 1 arcsec or in the
detection of an elongated tail. Through an analysis of the multi-
band ground-based NIR data available for the sample we identify
rest-frame UV colour gradients in the majority of the galaxies. For
the three most extended and multi-component sources we extracted
resolved colours in the rest-frame UV using a deconfusion analysis.
We found a dramatic change in UV-slope across these sources with
up to AS =~ 0.7-1.4. The redder regions of each source were found
to be located closest to the peak of FIR emission as probed by
ALMA, indicating that the galaxy is being progressively obscured
in that direction. Our results show that the brightest UV clumps
in z ~ 7 galaxies are not necessarily representative of the true
centroid of star-formation even in apparently blue LBGs. We find
that the fainter, redder, regions are typically hosting the peak of the
SFR, with these components showing high obscured fractions of
Jobs = 0.80. The spatially resolved data we have presented for the
rest-frame UV and FIR emission for bright z ~ 7 galaxies clearly
demonstrates that there is a diversity of dust morphologies present
in these sources, and that a homogeneous dust distribution cannot be
assumed. These observations give an exciting preview of upcoming
resolved observations with JWST and ALMA that will further reveal
the detailed structure of galaxies within the EoR.
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