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ABSTRACT
We present the catalogue and basic properties of sources in AS2UDS, an 870-µm continuum survey
with the Atacama Large Millimetre/sub-millimetre Array (ALMA) of 716 single-dish sub-millimetre
sources detected in the UKIDSS/UDS field by the SCUBA-2 Cosmology Legacy Survey. In our
sensitive ALMA follow-up observations we detect 708 sub-millimetre galaxies (SMGs) at > 4.3σ
significance across the ∼ 1-degree diameter field. We combine our precise ALMA positions with the
extensive multi-wavelength coverage in the UDS field which yields spectral energy distributions
for our SMGs and a median redshift of zphot = 2.61±0.09. This large sample reveals a statistically
significant trend of increasing sub-millimetre flux with redshift suggestive of galaxy downsizing.
101 ALMA maps do not show a > 4.3σ SMG, but we demonstrate from stacking Herschel SPIRE
observations at these positions, that the vast majority of these blank maps correspond to real single-
dish sub-millimetre sources. We further show that these blank maps contain an excess of galaxies at
zphot = 1.5–4 compared to random fields, similar to the redshift range of the ALMA-detected SMGs.
In addition, we combine X-ray and mid-infrared active galaxy nuclei activity (AGN) indicators to
yield a likely range for the AGN fraction of 8–28 % in our sample. Finally, we compare the redshifts of
this population of high-redshift, strongly star-forming galaxies with the inferred formation redshifts
of massive, passive galaxies being found out to z ∼ 2, finding reasonable agreement – in support of
an evolutionary connection between these two classes of massive galaxy.
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1 INTRODUCTION

Over twenty years ago the first, deep, sub-millimetre wave-
length surveys taken at the James Clerk Maxwell Telescope
(JCMT) uncovered a population of sub-millimetre bright
galaxies (SMGs – e.g. Smail et al. 1997; Hughes et al. 1998;
Barger et al. 1998), which were interpreted as showing some
of highest rates of star formation observed in galaxies across
the whole history of the Universe. Their sub-millimetre emis-
sion originates from the reprocessed ultra-violet starlight
that has been absorbed by dust and re-emitted in the rest-
frame far-infrared. This population of highly obscured galax-
ies are most easily selected at sub-millimetre wavelengths
and so are termed ’sub-millimetre galaxies’ (SMGs).

The selection of these star-forming galaxies at sub-
millimetre wavelengths has both advantages and disad-
vantages. A major advantage is the strongly negative K-
correction at sub-millimetre wavelengths arising from the
slope of the Rayleigh-Jeans tail of their far-infrared/sub-
millimetre spectral energy distributions (SED). As a result
of this negative K-correction, a flux limited sub-millimetre
survey provides a uniform selection in terms of far-infrared
luminosity (at a fixed dust temperature) for sources across a
redshift range of z = 1–6 (figure 4: Blain et al. 2002). Thus
sub-millimetre observations are a very effective means to sur-
vey for the most strongly star-forming galaxies in the high
redshift Universe. However, a major disadvantage of current
single dish observatories operating at sub-millimetre wave-
lengths is their modest angular resolution, 15–30′′ FWHM,
which is too coarse to allow the counterpart to the sub-
millimetre emission to be easily identified at shorter wave-
lengths, as several candidate galaxies can be encompassed by
the single-dish beam. Hence early attempts to pinpoint the
location of SMGs to sub-arcsecond resolutions exploited the
FIR–radio correlation (e.g. Ivison et al. 1998; Barger et al.
2000; Ivison et al. 2002; Chapman et al. 2005) to match the
sub-millimetre sources to their radio bright counterparts.
The limitation of such radio identifications is that the ra-
dio waveband does not benefit from a strong negative K-
correction, so there is a bias against identifying the highest
redshift (z > 2.5–3) SMGs in the radio images. The difficul-
ties with reliably identifying sub-millimetre source counter-
parts contributed in part to the slow advance in our under-
standing of these galaxies in the years following their dis-
covery.

Not withstanding the challenges described above,
the first large-scale spectroscopic redshift surveys of
radio-identified SMGs (Chapman et al. 2005), and
later sub/millimetre interferometrically-selected sam-
ples (Smolčić et al. 2012; Danielson et al. 2017), found
that these galaxies are typically located at redshifts
of z ∼ 2.5. At these redshifts, the sub-millimetre flux
of the sources corresponds to far-infrared luminosities
> 1012–1013 L� , i.e. Ultra-Luminous InfraRed Galaxies
(ULIRGs). However, SMGs have volume densities three
orders of magnitude greater than comparably luminous
local ULIRGs (Chapman et al. 2005). Such high infrared
luminosities indicate star-formation rates (SFR) of the order
100–1000 M� yr−1 (Magnelli et al. 2012; Swinbank et al.
2014), a star-formation rate high enough that within a few
dynamical times (a hundred million years) the SMG could
form the stellar mass of a massive galaxy M∗ & 1011 M� .

Indeed, constraints on the stellar masses of SMGs have
found M∗ ∼ 1011–1012 M� (Borys et al. 2005; Hainline et al.
2011; Micha lowski et al. 2014) making SMGs some of the
most massive galaxies at z ∼ 2. The space density of these
sources and their prodigious star-formation rates means
that SMGs contribute ∼ 20% of the Universal star-formation
density between z = 1–4 (Casey et al. 2013; Swinbank et al.
2014). Being both massive and strongly star-forming
galaxies in the early Universe, SMGs have been proposed
as the progenitors of massive local spheroidal galaxies (e.g.
Genzel et al. 2003; Blain et al. 2004; Cimatti et al. 2008;
Simpson et al. 2014; Toft et al. 2014; Koprowski et al. 2014;
Simpson et al. 2017), potentially following an evolutionary
path where, following their ultra-luminous infrared phase,
the SMG descendants would display both star-formation
and obscured AGN activity, and then appears as a quasi-
stellar object (QSO), until the system completely exhausts
its supply of gas (Coppin et al. 2008; Simpson et al. 2012).

The major advance in studies of SMGs came with
the development of sensitive sub-millimetre interferometers:
initially the Sub-Millimeter Array (SMA) (Younger et al.
2008; Wang et al. 2011; Smolčić et al. 2012) and more re-
cently the Atacama Large Millimetre/sub-millimeter Ar-
ray (ALMA) (Hodge et al. 2013; Simpson et al. 2015a;
Hatsukade et al. 2016; Walter et al. 2016; Franco et al.
2018; Hatsukade et al. 2018; Cowie et al. 2018). Interfero-
metric observations, in particular with ALMA, allow us to
observe SMGs in the sub-millimetre at spatial resolutions
more than an order of magnitude finer than achievable in
single-dish surveys and free from confusion – enabling de-
tections of sources to flux densities more than an order of
magnitude fainter than the single-dish limits.

Deep, blank-field surveys utilising these interferome-
ters have successfully recovered faint, serendipitously de-
tected sources across arcmin2 regions such as in the Hubble
Ultra-Deep Field and GOODS-South (Aravena et al. 2016;
Walter et al. 2016; Dunlop et al. 2017; Franco et al. 2018;
Hatsukade et al. 2018). These are effective surveys for de-
tecting the fainter examples of the SMG population free from
the potential biases from clustering of sources around bright
detections. However, the modest field of view of interferome-
ters means that such surveys can only cover small areas and
as a result have so far yielded relatively few (10’s) of detected
sources, with only very few of the brightest examples having
S870 � 1 mJy. To obtain statistically robust samples of the
brighter SMGs (S870 >∼ 1–10 mJy), whose properties may be
the most distinct from ’normal’ star-forming galaxies, we re-
quire a hybrid approach – where we exploit the fast mapping
speed of single-dish telescopes to identify numbers of these
relatively rare sources over the large fields needed to yield
large samples – combined with interferometric observations
in the same sub-millimetre waveband to allow us to pre-
cisely locate the counterparts to the single-dish sources. We
first employed this dual-survey approach with the ALMA
LABOCA Extended Chandra Deep Field South survey
(ALESS) (Hodge et al. 2013; Karim et al. 2013). This was
an ALMA Cycle 0 survey of the 122 sub-millimetre sources
detected in the LABOCA/APEX single-dish survey of the
Extended Chandra Deep Field South (LESS: Weiß et al.
2009) and yielded detections of 126 single-dish sources with
deboosted 870 µm fluxes S870 > 3.6 mJy. This survey sug-
gested that some previous single-dish detections were in
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reality multiple galaxies blended by the coarse resolution
of the single-dish telescope (Karim et al. 2013) and pre-
vious multiwavelength methods of identification of SMGs,
were failing to correctly locate the counterpart to the sub-
millimetre emission almost half of the time (Hodge et al.
2013; Simpson et al. 2015a,b).

These initial ALMA studies of flux-limited samples have
begun to illuminate the range of characteristics of bright
sub-millimetre galaxies, free from the selection biases which
influenced earlier radio and mid-infrared based studies. In
particular they have highlighted the ∼ 10–20% of the popu-
lation which are effectively undetectable in even the deep-
est optical/near-infrared (Simpson et al. 2014), which rep-
resent either the highest redshift, the least massive or the
most obscured examples of this population. However, the
first ALMA surveys lacked the sample size to identify sta-
tistically significant subsets of the rarest classes of SMGs.
For example there are only two z ∼ 4.4 [Cii]-selected sources
in the ALESS survey (Swinbank et al. 2012; Gullberg et al.
2018), which provide an insight into the properties of the
more distant examples of sub-millimetre galaxies. Similarly,
ALESS yielded just ten X-ray detected AGN–SMG systems,
which can be used to probe the co-evolution of super-massive
black holes in strongly star-forming galaxies (Wang et al.
2013). To improve the statistical strength of the conclu-
sions about these rarer subclasses of sub-millimetre galaxies,
larger surveys are needed in extragalactic survey fields with
the deepest supporting data necessary to detect the faintest
examples of this population.

Driven by this need, we have just completed a larger
study, nearly an order-of-magnitude larger than ALESS,
which exploits the wide-field sub-millimetre mapping of key
extragalactic survey fields undertaken by the SCUBA-2 Cos-
mology Legacy Survey (S2CLS: Geach et al. 2017). We focus
in this project on the S2CLS 850-µm map of the ∼ 1 degree
diameter UKIDSS Ultra Deep Survey (UDS) Field, which
was the largest, uniform area mapped by S2CLS. The S2CLS
UDS map has a median sensitivity of σ850 = 0.9 mJy over
an area of 0.96 degrees2, with 716 sources catalogued above
a 4-σ detection limit (corresponding to a 2 % false posi-
tive rate) of S850 ∼ 3.5 mJy. We began our investigation of
this sample with a pilot ALMA study of a subset of thirty
bright SCUBA-2 detected sources in Cycle 1 (Simpson et al.
2015a,b, 2017). We then expanded the study during Cy-
cles 3, 4, and 5 to complete the ALMA 870-µm observa-
tions of all 716 > 4σ sources. This yields AS2UDS – the
ALMA SCUBA-2 UDS survey – the largest, homogeneously
selected, sample of SMGs to date with 708 detections, a five-
fold increase over the previous largest similarly robust sam-
ple. The first results from this survey have already been pre-
sented: number counts and rates of multiplicity (Stach et al.
2018), the serendipitous detection of high redshift [Cii] emit-
ters (Cooke et al. 2018), and the use of this survey as a
training set for machine learning algorithms to identify the
multiwavelength counterparts to single-dish submillimetre
sources (An et al. 2018). We present a full analysis of the
multiwavelength properties of this sample in Dudzevičiūtė
et al. (in prep.) and in Gullberg et al. (in prep.) we discuss
the information available on the sizes and morphologies of
the dust continuum in these sources from our highest reso-
lution ALMA observations.

In this paper we present the final catalogue for the

AS2UDS survey1. In our analysis we compare results
from our new large sample to previous studies. To sim-
plify these comparisons we have limited them in general
to flux-limited samples from: 1. larger unbiased blank-
field surveys at 850 µm (as there is evidence of differ-
ences compared to populations selected in the far-infrared
and millimetre, e.g. Smolčić et al. 2012; Koprowski et al.
2014; Scudder et al. 2016; Ikarashi et al. 2017); 2. with deep
(< 1 mJy rms) interferometric identifications in the same
waveband as any initial single-dish selection, if appropri-
ate (c.f. Barger et al. 2014; Umehata et al. 2014; Hill et al.
2018); 3. and which are not explicitly lensed, owing to the
potential selection effects and variable flux limits as well
as uncertainties from cluster lenses and especially galaxy-
scale lensed samples (e.g. Weiß et al. 2013; Fujimoto et al.
2016; Arancibia et al. 2018). Thus most of our comparisons
are made to the ALESS survey (Hodge et al. 2013), Super-
GOODS (Cowie et al. 2018) and the various ALMA sur-
veys in GOODS-S (Walter et al. 2016; Dunlop et al. 2017;
Franco et al. 2018; Hatsukade et al. 2018).

In §2 we describe the target selection for our ALMA
survey and data reduction across the different ALMA Cycles
and the wealth of multi-wavelength archival data available
in this field, most notably from the UKIDSS UDS DR11 cat-
alogue (O. Almaini et al. in prep.). §3 describes the source
detection algorithm, the simulated maps used for estimating
completeness and flux boosting derivations. In §4 we present
the first results from our magphys SED fitting (Dudze-
vičiūtė et al. in prep.): the photometric redshift distribu-
tion of our sample and comparisons with previous surveys.
In addition we present the selection of active galactic nu-
clei (AGNs) from our catalogue through archival X-ray ob-
servations of the field and IRAC colour-colour selection. §5
presents our main conclusions. We assume a cosmology with
Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1. All magni-
tudes are in the AB system and errors are calculated from
bootstrap analysis unless otherwise stated.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Sample Selection

AS2UDS is a high-resolution, sub-millimetre interferomet-
ric follow-up survey of the SCUBA-2 850 µm sources se-
lected from the S2CLS map of the UDS field (Figure 1).
The parent single-dish survey covers an area of 0.96 deg2,
with noise levels below 1.3 mJy and a median depth of
σ850 = 0.88 mJy beam−1 with 80% of sources identified
in regions of the map with σ850 = 0.86–1.02 mJy beam−1

(Geach et al. 2017). Across four ALMA cycles (1, 3, 4, and 5)
we observed all 716 > 4σ sources from the SCUBA-2 S2CLS
map, corresponding to observed flux densities S850 ≥ 3.4 mJy
(see: Figure 1).

In Cycle 1 (Project ID: 2012.1.00090.S), 30 of the
brightest sources from an early version of the SCUBA-
2 UDS map (data taken before 2013 February) were ob-
served in ALMA Band 7 (Simpson et al. 2015a,b, 2017).
This early version of the SCUBA-2 map had a depth of
only σ850 ∼ 2.0 mJy −1 and subsequent integration time in

1 Catalogue can be found at http://astro.dur.ac.uk/AS2UDS
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4 Stach et al.

Figure 1. A sample of the multi-wavelength coverage of the AS2UDS sample which motivates this extra-galactic field being chosen
for high resolution ALMA follow-up. The background shows the S2CLS 850 µm UDS map from which the parent sample is extracted

(Geach et al. 2017). The red circles are the primary beams for AS2UDS targetting the 4σ detections in the S2CLS map. The black outline

shows the K -band coverage that forms the footprint for the UKIDSS UDS catalogue (O. Almaini et al. in prep.). The Spitzer/IRAC
CH1/3 and CH2/4 coverage is shown in blue/purple respectively, the HST CANDELS F160W in white, VLA 1.4 GHz in grey, and the

X-UDS Chandra coverage in yellow (Kocevski et al. 2018).

the S2CLS survey scattered three of these sources below our
final sample selection criteria (> 4σ), leaving 27 of these orig-
inal single-dish detected sources in our final sample. The re-
maining 689 single-dish sources in the final S2CLS catalogue
were observed across ALMA cycles 3 and 4 (Project ID:
2015.1.01528.S and 2016.1.00434.S, respectively). To cross
calibrate the data, a fraction of these sources were observed
twice, once in Cycle 3 and 4. In addition, in Cycle 5 ten of
the brightest SCUBA-2 sources which returned ‘blank’ maps
from the Cycle 3 and 4 ALMA observations were re-observed
at greater depth (Project ID: 2017.1.01492.S), these maps
will be discussed further in §4.3.

2.2 Data Reduction

Our ALMA targets were all observed in Band 7 (central
frequency 344 GHz ∼ 870 µm). At this frequency the FWHM
of the ALMA primary beam (17.′′3) covers the FWHM of the
SCUBA-2 beam (14.′′7). Cycle 1 observations were carried
out on 2013 November 1 (Simpson et al. 2015a), Cycle 3
between 2016 July 23 and August 11, Cycle 4 between 2016
November 9 and 17 and 2017 May 6, and Cycle 5 on 2018
August 24.

These ALMA Band 7 continuum observations were
150 second integrations in Cycle 1 using 26 dishes, 40 second
integrations in Cycle 3 and 4 (with 45–50 dishes), and
285 second integrations using 44 dishes in Cycle 5, with the
7.5 GHz bandwidth of the four spectral windows centred at
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344.00 GHz in all cases. The array configurations for Cy-
cle 1 observations yielded a median synthesised beam size
of 0.′′35×0.′′25. With Cycle 3 and 4 observations we aimed
to match this resolution, however our Cycle 3 observations
were taken with a more extended array configurations result-
ing in median synthesised beam sizes of 0.′′19×0.′′18 (‘nat-
ural’ weighting). Our Cycle 5 observations were intended
to test whether the lack of detected counterparts in the
ALMA observations of ten SCUBA-2 sources observed in
previous cycles was not a result of flux being resolved out,
and therefore were taken with a median synthesised beam
size of 0.′′81×0.′′54.

Phase centres for each observation were set to the
SCUBA-2 positions of the S2CLS catalogue at the time of
ALMA proposal submissions. For the 689 SCUBA-2 sources
followed up in Cycle 3, 4, and 5 this results in phase cen-
tres coincident to the SCUBA-2 positions from the S2CLS
DR1 sub-millimetre source catalogue (Geach et al. 2017),
however for Cycle 1 the 27 SCUBA-2 source positions were
not corrected for a systematic astrometric offset in the in-
terim map and an offset exists between the final S2CLS DR1
source position and ALMA phase centres, with a median off-
set of 3.2+0.1

−0.6 arcsec. The ALMA primary beam size is large
enough that this offset still results in the majority (∼ 95%)
of the SCUBA-2 beam falling within the primary beam of in
our 30 Cycle 1 observations and, as discussed below, these
are observations which were targeting the brighter SCUBA-
2 sources and thus we expect detections closer to the offset
phase centres and thus still well within the ALMA primary
beams.

The Common Astronomy Software Application
(CASA McMullin et al. 2007) v4.1, v4.5.3, v4.7.2, v5.3.0
were used to calibrate the datasets from Cycle 1, 3, 4
and 5 respectively using the standard ALMA calibration
scripts. For the bandpass and phase calibration observations
of J0006−0623, J0423−0120, J0238+1636, J0241−0815, and
J0006−0623 were used across the four cycles and for the ab-
solute flux scaling: J0217−0820 and J0238+1636.

For the imaging CASA v 4.7.2 was used, with the con-
cat task to combine the visibilities of the 125 maps that
were observed in both Cycle 3 and Cycle 4. To create the
continuum maps we used the clean task in multi-frequency
synthesis mode. Previous studies on the sizes of sub-
millimetre galaxies suggests their sub-millimetre intrinsic
sizes are 0.′′3±0.′′1 (e.g. Simpson et al. 2015b; Hodge et al.
2016; Ikarashi et al. 2017) therefore we expect the majority
of our detections to be marginally resolved. To ensure we are
not biased against selecting extended sources, by remaining
sensitive to extended flux from our SMGs, we employed a
0.′′5 FWHM Gaussian taper in the uv -plane using the uvta-
per parameter in clean for the Cycle 1, 3 and 4 data. This
effectively down-weights the visibilities from the longer base-
lines thus enhancing the sensitivity to extended emission
at the expense of overall reduced sensitivity in the maps.
Combined with natural weighting this resulted in ‘detection’
maps with median synthesized beam sizes of 0.′′73 × 0.′′59 for
Cycle 1, 0.′′56 × 0.′′50 for Cycle 3 and 0.′′58 × 0.′′55 for Cycle
4 (the untapered Cycle 5 maps has beam sizes 0.′′79 × 0.′′52).

For the ALMA map cleaning, the first step was
creating ‘dirty’ maps, 512×512 pixels in size with a pixel
scale of 0.′′06 (30.′′7 square), by combining the spectral
windows with no cleaning cycles applied. We calculated

Figure 2. The distribution of the rms noise estimates from the
0.′′5 uv-tapered detection maps for the different cycles used in

AS2UDS. Adopting similar reconstructed beam sizes across all

our maps results in the final rms noise varying inversely with
their original observed resolution, with the exception of the pur-

posefully much deeper ‘blank’ field repeat observations in Cycle

5. Deviations in rms across the same cycle are a result of different
observing conditions. Overlaid is the cumulative distribution of

the rms which shows after tapering the median rms of the full

survey is 0.3+0.1
−0.2 mJy beam−1.

the average root mean square (rms) flux density for each
of these ‘dirty’ maps by first removing pixels associated
with potential sources in the maps by applying an iterative
sigma-clipping routine to the map, and then finding the
root mean square value of the unclipped values (σ). Each
map was then initially cleaned to 3σ, and islands of pixels
with flux densities above 4σ were convolved with the
reconstructed beam to create cleaning masks. If no islands
were detected then the initially-cleaned map was taken
as the final map however if any sources were detected
then the clean mask was applied and sources cleaned
to 1.5σ. This resulted in final cleaned ‘detection’ maps
which have mean depths of σ870 = 0.25 mJy beam−1

for Cycle 1, σ870 = 0.34 mJy beam−1 for Cy-
cle 3, σ870 = 0.23 mJy beam−1 for Cycle 4, and
σ870 = 0.085 mJy beam−1 for Cycle 5. Figure 2 shows
the histogram of the depths for each of the 716 images with
the median depth across the survey of 0.3+0.1

−0.2 mJy beam−1,
which is ∼ 3× deeper than the original single-dish SCUBA-2
survey but with a beam ∼ 600× smaller in area – allowing
us to precisely locate the source(s) of the sub-millimetre
emission seen by SCUBA-2.

2.3 Additional Multiwavelength Observations

In this paper we present some of the basic properties of
our sub-millimetre catalogue, using redshifts derived from
spectral energy distribution (SED) fitting with Multi-
wavelength Analysis of Galaxy Physical Properties
(magphys) (Da Cunha et al. 2008). This analysis exploits
the wealth of deep, multi-wavelength observations available
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6 Stach et al.

in this field (e.g. Figure 1). In this section we describe the
multi-wavelength observations used in the magphys analy-
sis, however the full description of the magphys SED fitting,
including testing, and the resulting constraints on the source
properties (e.g. photometric redshifts and associated uncer-
tainties) are given in Dudzevičiūtė et al. (in prep.).

The basis of our multi-wavelength analysis is taken
from the UKIRT Infrared Deep Sky Survey (UKIDSS) Ul-
tra Deep Survey data release 11 catalogue (O. Almaini et
al. in prep.). This survey contains 296,007 K-band detected
sources, extracted with 2′′diameter apertures corrected to
total galaxy magnitudes, detected with sextractor with
photometry retrieved from J and H maps using sextrac-
tor dual-image mode. These J,H, and K-band images were
observed through a mosaic of four observations, covering a
total survey area of 0.77 deg2, with the Wide-Field Camera
at UKIRT (Casali et al. 2007), which covers 643 of the 716
pointings of AS2UDS, or ∼ 90%. The DR11 maps achieve a
2′′ aperture 3-σ median depth of J = 26.2, H = 25.7, and
K = 25.9 mag making this one of the deepest near-infrared
surveys on degree scales. The DR11 UDS K-band selected
catalogue has been matched with a number of other sur-
veys to broaden the wavelength coverage, with the match-
ing and photometry measurements described in Hartley et
al. (in prep.). We use a 0.′′6 matching radius to cross-match
the DR11 UDS catalogue to our AS2UDS sub-millimetre
galaxy catalogue. This matching radius provides a low false
match ratio (∼ 3.5 %) when matching the two catalogues
(see: An et al. 2018).

Complementary optical data comes from
the Subaru/XMM-Newton Deep Survey (SXDS)
(Furusawa et al. 2008), this is a survey with B, V , Rc ,
i′ and z′-band magnitudes with 2′′ aperture 3-σ depths of
B = 28.4, V = 27.8, Rc = 27.7, i′ = 27.7 and z′ = 26.6 mag.
Additionally there is Y -band data with a 3-σ depth of
25.3 mag supplied from the Visible and Infrared Survey
Telescope for Astronomy (VISTA) Deep Extra-galactic
Observations (VIDEO) survey (Jarvis et al. 2012).

We include observations in the near-infrared from the
Spitzer UKIDSS Ultra Deep Survey (SpUDS; PI: J. Dun-
lop), a ∼ 1 deg2 IRAC (at 3.6, 4.5, 5.8, and 8.0 µm – cor-
responding to channels: Ch1, 2, 3, and 4 respectively) sur-
vey of the UDS field with 3-σ limiting depths of 23.5, 23.3,
22.3, and 22.4 mag in Ch1–4 respectively. The astrometry of
the IRAC images was corrected by stacking the IRAC im-
ages on the DR11 UDS K-band locations and corrections of
+0.′′00 R.A. and +0.′′15 Dec. were applied to the Ch1 im-
age, +0.′′075 R.A. and +0.′′12 Dec. to Ch2, +0.′′075 R.A.
and +0.′′0 Dec. to Ch3, and +0.′′6 R.A. −0.′′075 Dec. to
Ch4. At each of the AS2UDS galaxy locations 2.′′0 aper-
ture corrected magnitudes were measured, in order to be
consistent with the other optical photometric bands. We
checked the quality of our photometry by comparing our
Ch1 and Ch2 aperture corrected magnitudes to those given
in the UKIDSS DR11 catalogue (Ch3 and Ch4 are not sup-
plied in the DR11 catalogue). All sources with a neighbour
within 2.′′5 were checked for possible contamination. Con-
servatively, we calculated how K-band aperture corrected
magnitudes (or in some cases K-band magnitude limits) of
the AS2UDS sources and the near-by sources would change
if observed at the resolution of the IRAC Ch1 data. If the
flux from a nearby source – as measured in a 2.′′0 aperture at

the position of AS2UDS source – resulted in contamination
of over 50 %, then IRAC magnitudes were set to limits. This
reduced the number of detection in each IRAC band by 111.

2.3.1 Herschel Far-Infrared

We include photometry at 100, 160, 250, 350 and 500 µm,
where available, from the Herschel Multi-tiered Extragalac-
tic Survey (HerMES; Oliver et al. 2012). To correct the as-
trometry of the SPIRE images the same shifts of < 1.′′5,
found in the AS2UDS pilot sample of Simpson et al. (2017),
were applied to the Herschel/SPIRE and PACS images. This
shift was derived from re-centering SPIRE stacked images
using VLA radio source positions (see § 2.3.3). We have con-
firmed that the radio astrometry aligns with ALMA to < 0.′′1
in both R.A. and Dec. and so no additional correction to
the SPIRE astrometry is required. SPIRE has comparatively
low angular resolution with 18, 25, and 35′′ FWHM at 250,
350 and 500 µm respectively and therefore to deblend the
low resolution images we apply the technique described in
Swinbank et al. (2014). The flux errors, and the detection
limits of 5.2, 12.1, 9.2, 10.6, and 12.2 mJy at 100, 160, 250,
350 and 500 µm respectively are derived from simulations
(see: Swinbank et al. 2014).

2.3.2 Hubble Space Telescope Optical/Near-Infrared

A 201.7 arcmin2 region of the UDS field (shown in Figure
1) was covered by the Hubble Space Telescope (HST ) in the
Cosmic Assembly Near-infrared Deep Extragalactic Legacy
Survey (CANDELS: Galametz et al. 2013). This provides a
WFC3 F160W (H160) selected catalogue of sources with a
5-σ limiting magnitude of 27.45 mag for a point source, with
sextractor dual-mode source extraction in the F814W
(I814), and F125W (J125) bands. In total 47 of our SMGs
are covered in the CANDELS region, and we show these in
Figure 3.

2.3.3 VLA Radio

Imaging at 1.4 GHz from VLA is supplied from part of
the UDS20 survey (V. Arumugam et al. in prep.) which
covers ∼ 1.3 deg2, and as can be seen in Figure 1 this mo-
saic covers the near entirety of the pointings in AS2UDS
(714/716 sources). The radio map averages a 1-σ depth of
10 µJy beam−1 with the deepest regions of the map reaching
7 µJy beam−1 with a synthesised beam size of ∼ 1.′′8 FWHM.
We employ a 1.′′6 matching radius from the AS2UDS sources
to the VLA 4-σ catalogue given by Arumuham et al. (in
prep.) as this is the radius at which the cumulative number
of VLA detections asymptotes, which yields a false match-
ing rate of 1 %. For our 708 SMGs, 706 are covered by the
UDS20 survey. Of those, 273 have a radio counterpart within
1.′′6 (29 %) however this includes close pairs in the AS2UDS
catalogue which match to a single radio source therefore
only 264 unique radio sources are matched to the AS2UDS
catalogue.
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AS2UDS: Source catalogue and properties 7

Figure 3. HST I814J125H160-band colour images (5.′′4 square) of the 47 ALMA SMGs in our sample that lie in the CANDELS region.

Contours are taken from the tapered ALMA maps, and denote the 870 µm emission, and start at 3σ and are incremented by 3σ. The
870 µm flux (in mJy) is given in the lower left corner. The HST morphologies of the ALMA SMGs display a range of morphologies,

although the majority are morphologically complex, suggestive of disturbance or mergers. In general the sub-mm emission also appears
more compact than the rest-frame optical emission (e.g. Simpson et al. 2015b).

2.3.4 Chandra X-ray

Deep Chandra observations of part of the UDS field
have been obtained by the X-UDS survey (Kocevski et al.
2018). This survey covers 0.33 deg2 centred around the
HST/CANDELS survey region (Figure 1). This coverage
comprises a deep centre and shallower coverage over a wider
area. In the central ∼ 100 arcmin2 of this region, the survey
has an average exposure time per pixel of 600 ks and outside
of this area the survey has an exposure of 200 ks. In total
the X-UDS catalogue has 868 X-ray point sources above a

flux limit of 4.4 × 10−16 ergs s−1 cm−2 in the full band (0.5–
10 keV).

We match the X-UDS catalogue to the AS2UDS cat-
alogue using matching radii based on the positional errors
radii in the X-UDS survey (median positional error of 0.′′96).
Over the full X-UDS coverage we have 274 SMGs falling
within the Chandra footprint, of which 23 are matched to
X-ray counterparts. Within the CANDELS HST area, where
the Chandra coverage is deepest, we have 47 SMGs, but only
three of these match to X-UDS sources (AS2UDS0173.0,
AS2UDS0287.1 and AS2UDS0292.0 in Figure 3). We also
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8 Stach et al.

perform a stacking analysis to derive average X-ray fluxes
for samples of individually undetected SMGs. This analysis
uses the X-UDS Chandra soft (0.5–2 keV) and hard (2–8
keV) band observations and the cstack stacking software
developed by T. Miyaji. For samples of SMGs we use cstack
to determine the mean stacked, background subtracted,
count-rates and uncertainties from which fluxes were de-
rived using the count rate to flux conversion factors given in
Kocevski et al. (2018). These fluxes are then converted into
X-ray luminosities by assuming a power-law X-ray spectrum
with photon index Γ = 1.7, consistent with the SED shape
assumed for the X-ray detections in Kocevski et al. (2018),
and the photometric redshifts estimated below.

2.4 Photometric Redshifts

With the final AS2UDS catalogue matched to the exten-
sive multiwavelength coverage in the UDS field we derive
the multiwavelength properties for our SMGs from SED fit-
ting from a maximum of 22 filters (U,B,V,R, I, z,Y, J,H,K,
IRAC 3.6, 4.5, 5.8, and 8.0 µm, MIPS 24 µm, PACS 100,
and 160 µm, SPIRE 250, 350, and 500 µm, ALMA 870 µm,
and VLA 1.4 GHz) using magphys (Da Cunha et al. 2008).
magphys employs the stellar population synthesis models of
Bruzual & Charlot (2003) with a Chabrier (2003), combined
with a two-component description of the dust attenuation
in the ISM and stellar birth clouds Charlot & Fall (2000)
in an energy-balance model to ensure consistency between
the mid- to far-infrared emission from dust re-processing
of the stellar emission and the integrated (dust-attenuated)
stellar emission of the galaxy (details in: Da Cunha et al.
2008). da Cunha et al. (2015) extended this method to in-
clude the computation of photometric redshifts simultane-
ously with the constraints on other physical parameters
when fitting the SEDs of dusty star-forming galaxies. We
use that version of the code in this paper (for a full de-
scription of magphys-photoz and code release see also Bat-
tisti et al, (in prep). To test the reliability of the predicted
photometric redshifts, magphys was fitted to 14 photomet-
ric bands of 7316 spectroscopic sources from the UKIDSS
UDS DR11 photometric catalogue. The median relative dif-
ference, ∆z = (zspec − zmagphys)/(1 + zspec), was found to be
−0.0056 with a standard deviation of 0.30. Similarly, for the
44 AS2UDS SMGs with spectroscopic redshifts we find a
median ∆z = −0.02 with a standard deviation of 0.25. The
complete description of our magphys SED fitting and the
resulting multiwavelength properties is described in Dudze-
vičiūtė et al. (in prep.).

3 ANALYSIS

For each ALMA map, 0.′′5 diameter aperture noise levels are
derived from randomly placing 50 apertures within the area
of the primary beam and calculating the standard deviation
of the resulting aperture fluxes. This aperture size roughly
matches the uv-taper size, however, being slightly smaller in
area than the resulting ALMA restoring beam sizes, results
in 0.′′5 aperture depths approximately a factor of two deeper
than the noise per beams quoted above. We extract sources
by initially using sextractor to find > 2σ peaks in the
‘detection’ maps. At each of these detections a 0.′′5 diameter

aperture flux was measured and, from the aperture noise
levels, signal-to-noise ratio (SNR) values calculated for each
source.

The AS2UDS catalogue comprises the 708 sources
which have 0.′′5-diameter aperture SNR ≥ 4.3. This thresh-
old, as well as the 0.′′5 aperture size were chosen to maximise
the number of sources detected whilst not exceeding a 2 %
contamination rate. This is based on the ratio of ‘negative’
sources found in the inverted ALMA maps (i.e. multiply
pixel values by −1) compared to the total number of sources
detected from both the inverted and regular maps as a func-
tion of the signal-to-noise threshold.

To measure the flux density of our sources, 1.′′0 diame-
ter aperture fluxes were extracted for the 708 sources from
the primary beam corrected maps. A 20 % aperture cor-
rection is applied to the fluxes. This correction is derived
from aperture fluxes taken from the flux calibrator maps
imaged in the same manner as the science targets. We note
that this aperture correction is most appropriate for point
sources, however for the more extended sources this choice
of a fixed aperture correction application can result in flux
density under-estimations of ∼10 %, comparable to the sys-
tematic calibration uncertainty for ALMA. We discuss the
information available on the sizes and morphologies of the
AS2UDS SMGs from the untapered higher-resolution obser-
vations in Gullberg et al. (in prep.) however for our typical
sources we do not expect them to be well-resolved in these
0.′′5-tapered maps.

3.1 Completeness and Flux Deboosting

The completeness of the AS2UDS catalogue and flux de-
boosting factors were estimated from a suite of 60,000 sim-
ulated ALMA maps, as described in Stach et al. (2018).
Briefly, the background noise for these maps were taken
by selecting ten AS2UDS maps that sampled the σ870 dis-
tribution for the complete survey. The residual maps (the
observed ALMA maps minus the flux from any detected
sources) for these ten maps were extracted from casa. One
simulated source was then injected into each of these noise
maps, to avoid the possibility of multiple injected sources be-
ing injected into the same beam location. Following the ap-
proach in previous work (Karim et al. 2013; Simpson et al.
2015b) the fluxes for these sources were randomly sampled
from a steeply declining power-law distribution with an in-
dex of −2. The FWHM sizes of the sources were randomly se-
lected from a uniform (and hence conservative) distribution
between point sources and 0.′′9 FWHM extended sources.
These intrinsic sources were then convolved with the ALMA
synthesised beam corresponding to the original residual map
the simulated source was allocated to, in a random loca-
tion within the ALMA primary beam. The above described
source extraction method was applied to each of the simu-
lated maps and a successful recovery logged when a detection
was found within one synthesised beam FWHM, or 0.′′6 of
the injected source position.

The intrinsic sizes of the injected sources has a notice-
able effect on the recovered completeness fractions, partic-
ularly at lower signal-to-noise (see also: Franco et al. 2018).
In Figure 4 we compare the completeness fractions for the
recovered sources in Cycle 3, Cycle 4, and Cycle 3+4 for the
complete simulated sample and the completeness fractions
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when cutting simulated sources with intrinsic FWHM < 0.′′6.
At the highest signal-to-noise, and at the original SCUBA-2
flux limit of S850 ≥ 3.6 mJy, AS2UDS is 98± 1 % complete for
all simulated sources with only the most extended sources
suffering some incompleteness (see: Stach et al. 2018). The
difference in completeness ratios at the fainter end however
becomes more pronounced with a 1.5 mJy source having a
median 52±4% chance of detection with an intrinsic source
size < 0.′′3, 25±2% for sizes 0.′′3–0.′′6, and just 7±1% for sizes
> 0.′′6.

Next, we estimate the effect of flux boosting. The flux
boosting is a consequence of the tendency of low signal-to-
noise ratio sources to have their measured fluxes preferen-
tially increased by noise fluctuations in the maps. We es-
timate the magnitude of this effect by taking the median
ratios of the recovered flux density for each of the detected
simulated sources with the known input flux density as a
function of the signal-to-noise ratio as shown in Figure 4. As
with the completeness calculations, we show that the intrin-
sic source size distribution can have a noticeable effect on the
flux deboosting. In Figure 4 we show the flux recovery as a
function of intrinsic source FWHM which indicates that the
recovered flux of extended sources is systematically low, this
therefore brings the flux deboosting values down. As pre-
vious studies suggest median sub-millimetre emission sizes
of ∼ 0.′′3 (Tacconi et al. 2006; Simpson et al. 2015a) we fol-
low Simpson et al. (2015a) and limit our simulated sources
to FWHM < 0.′′6. This results in flux deboosting factors of
32 % for sources at our 4.3σ detection threshold, reducing to
10 % at 7.8σ and ∼ 0 % at 12σ. A running median is calcu-
lated from this ratio as a function of SNR in a 0.′′5 diameter
aperture, shown in Figure. 4, and this median value is used
to correct the boosted fluxes to derive our final aperture
corrected, flux deboosted, flux densities.

3.2 Flux Recovery

To determine the reliability of our flux measurements we
next compare the total flux recovered from all sources de-
tected in an ALMA map against the corresponding SCUBA-
2 flux. To do this we correct the SCUBA-2 850 µm fluxes
to the ALMA wavelength using a S870/S850 = 0.95 fac-
tor derived from the ALESS survey composite spectral en-
ergy distribution (SED) (Swinbank et al. 2014) redshifted
to z = 2.5 (Figure 5). For SCUBA-2 sources brighter than
S850 ≥ 4 mJy beam−1 we have a median recovery rate of
97+1
−2 % of the flux in the ALMA pointings, which is well

within the systematic flux uncertainties for both SCUBA-
2 (∼8 %, Dempsey et al. 2013) and ALMA. Therefore we
can be confident that all significant contributors to the
sub-millimetre fluxes are successfully recovered in this flux
regime. However the binned median flux recovery is 87+5

−8 %

for S850 = 2.9–3.1 mJy beam−1 and 71±6 % at S850 = 2.5–
2.9 mJy beam−1. These medians are biased low by the
blank maps with no detected ALMA sources. If we ex-
clude those maps, this results in an 88±6 % flux recovery
at 2.5≤ S850 ≤ 2.9 mJy beam−1 and 112±6 % flux recovery at
2.9≤ S850 ≤ 3.1 mJy beam−1. Therefore only at the faintest
SCUBA-2 fluxes do we see the suggestion of decline in the
recovered fraction of the SCUBA-2 flux, and in Section 4.3
we show that for the majority of cases this is likely due to

faint sub-millimetre galaxies just below our 4.3σ threshold
being present in the ALMA maps.

3.3 SCUBA-2 Positional Offsets

Surveys such as AS2UDS and ALESS (Hodge et al. 2013)
have been motivated by the need to identify large sam-
ples of sub-millimetre galaxies to bright single-dish sub-
millimetre sources. In the absence of sub-millimetre inter-
ferometry, this requires statistical associations between the
single-dish sources and sources identified in higher-resolution
multiwavelength observations. These statistical associations
are complicated by the significant uncertainties in the single-
dish source positions. It is expected that these positional
uncertainties are dependent on the SNR of the single-dish
detection and in Ivison et al. (2007) the ideal theoretical ex-
pression for this dependence was given as:

∆α = ∆δ = 0.6[(SNR)2 − (2β + 4)]−1/2FWHM, (1)

where ∆α and ∆δ are the rms positional errors in R.A. and
Dec., SNR is the signal to noise ratio of the SCUBA-2 detec-
tion, FWHM is the full-width-half-maximum of the single-
dish beam, and β is the slope of the power law number
counts which is required to correct for the Malmquist bias
(β ∼ −2).

With our ALMA survey we can empirically test this
relation by checking the positional offsets of the AS2UDS
sources relative to their corresponding SCUBA-2 source po-
sition. We check for a systematic astrometric offset be-
tween the parent SCUBA-2 S2CLS position and the de-
tected ALMA sources (the offset corrections from the in-
creased SCUBA-2 integration time for the Cycle 1 sources,
mentioned in §2.2, were pre-applied) by calculating median
offsets in Right Ascension and Declination. We find a signif-
icant median offset of −1.′′6± 0.′′1 in R.A. and −0.′′6± 0.′′1 in
Dec., a result of a rounding error in the assigning of phase
centres to ALMA and we subsequently apply these correc-
tions to the ALMA phase centres when calculating the radial
separations between SCUBA-2 positions and ALMA source
detections. We note that this error in phase centre pointings
could result in a modest reduction in the number of ALMA
counterparts detected at the very edge of the ALMA pri-
mary beam, as a shift of this magnitude results in a region
with an area corresponding to 12 % of the primary beam
∼ 8′′ from the intended phase centre falling outside the ac-
tual primary beam. We estimate a total of ∼ 11 potentially
missed galaxies due to this offset, calculated by assuming a
rotationally symmetric distribution of galaxies around the
phase centres and counting the number of galaxies in our
catalogue detected at the very edges of our primary beams.

In Figure 5 we show the radial offsets as a function
of the SNR of the parent single-dish source and overlay
the predicted uncertainties on the single-dish positions from
Ivison et al. (2007). In agreement with the predicted uncer-
tainties, 63± 3 % of the brightest detected sources are within
the 1-σ uncertainty and 92± 4 % within the 2-σ uncertainty.
As the actual functional form of the uncertainty in position
with signal-to-noise ratio has previously been used to de-
termine the search radius for counterparts (e.g. Biggs et al.
2011) we look in more detail at how the trend of median off-
sets varies as a function of signal-to-noise in Figure 5. The
median offsets shows a much flatter trend in comparison
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Figure 4. Left: Completeness fractions as a function of the input total flux for each simulated galaxy estimated from 60,000 simulated

ALMA observations. As described in Stach et al. (2018) our catalogue is complete for sources above S850 ≥ 4 mJy. However, below this

flux limit the completeness declines, reaching 50 % at 1.3 mJy for the ALMA maps that were observed twice. The solid lines show the
completeness fractions for simulated sources with intrinsic FWHM <0.′′6 whilst the dashed line shows a more conservative estimate

including all simulated sources (with sizes up to 0.′′9). Right: The ratio of the recovered to injected fluxes for our simulated galaxies

showing the influence of flux boosting, where the lower signal-to-noise sources have measured fluxes boosted relatively higher by noise
fluctuations. To correct for this we calculate the median boosting (dashed line) with the shaded region showing the 1σ bootstrap error.

Using the power-law distribution of simulated sources we find a boosting factor of 32 % for sources at our 4.3σ threshold. The colour

coding of the points is based on the intrinsic FWHM size of the simulated sources using the colour bar on the right (scale in arcseconds).
As the extended sources have systematically lower recovered fluxes this tends to reduce the flux deboosting factors.

to the theoretical expectation, with the median offsets for
the faintest SCUBA-2 sources (SNR < 5) lying significantly
below the 1-σ theoretical prediction of Ivison et al. (2007),
whilst the median for the brighter (SNR > 6) sources lies
above. This trend suggests that altering the search radius to
identify counterparts based on signal-to-noise could result
in a failure to correctly identify the correct counterparts in
high significance SCUBA-2 detections. This failure to follow
the expected behaviour is likely due to the presence of more
than one sub-millimetre galaxy in a map of a single-dish
source, which is not accounted for by the model, such ‘mul-
tiplicity’ is particularly prevalent in brighter sources (e.g.
Stach et al. 2018).

4 RESULTS AND DISCUSSION

In this section we first catalogue the detected sources in
the ALMA maps and discuss the trends with redshifts in
our sample and the potential causes for maps which lack
detected sources. We also study the properties of those in
the sample hosting actively accreting super-massive black
holes (SMBHs) and the connection of these galaxies to the
formation of massive, passive galaxies at high redshifts.

4.1 AS2UDS Catalogue

The complete AS2UDS catalogue identifies 708 sub-
millimetre galaxies brighter than S870 = 0.58 mJy from the
original 716 SCUBA-2 sub-millimetre sources, roughly five
times larger than the Miettinen et al. (2017) study in COS-
MOS or ALESS (Hodge et al. 2013). In Table 1 we present
the AS2UDS catalogue.

From the 716 ALMA maps: one contains four SMG de-
tections, six have three SMG detections, 78 include two, and
530 detect just a single SMG above 4.3σ. The majority
of the maps containing multiple SMGs correspond to the
brighter SCUBA-2 sources, so as Stach et al. (2018) showed
the rate of occurrence of multiple counterparts is 26± 2 %
in SCUBA-2 sources with fluxes brighter than S850 ≥ 5 mJy
and 44± 16 % at S850 ≥ 9 mJy.

The presence of these multiple strongly star-forming
galaxies in close proximity may be hinting at a role for ma-
jor mergers in driving the enhanced star-formation rates in
some of these systems. Indeed, the small subset of AS2UDS
covered by the high-resolution HST imaging (see Figure 3)
indicates that many of the SMGs are morphologically com-
plex, with close companions and/or structured dust obscura-
tion, consistent with the HST imaging for the ALESS survey
(Chen et al. 2015). From visual inspection, independently
carried out by two of the authors, the CANDELS coverage
suggests 50±10 % of our SMGs are either clear mergers or are
disks with likely companions with similar colours on <20 kpc
scales, and we group these two visual classifications as ‘likely
interacting’. The median redshifts for the ‘likely interacting’
SMGs is zphot = 2.2±0.1, significantly lower than the median
redshift for the whole SMG sample (see §4.2). We suggest
this is potentially due to the difficulty of detecting faint com-
panions to the highest redshift SMGs. Indeed, if we cut our
sample to SMGs at redshifts zphot < 2.75, the redshift range
at which we could reasonably expect to detect interactions in
the CANDELS imaging then this ‘likely interacting’ classifi-
cation increases to 17/21 or ∼80 % of our SMGs, again this is
consistent with Chen et al. (2015). This small subset in the
CANDELS imaging strongly hints that mergers are play-
ing a role in driving the enhanced star-formation rates that
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Figure 5. Left: The offsets between the field centres (corrected for the astrometric offsets and the brightest sub-millimetre detected

galaxies in the AS2UDS catalogue. As shown by Simpson et al. (2015b) based on our ALMA Cycle 1 pilot programme, these separations
are consistent with the predicted uncertainties in source positions for SCUBA-2 detections from Ivison et al. (2007) overlaid as the dashed

lines. We also plot the median offsets in bins of equal number of brightest sources which show a mostly flat distribution suggesting a

fixed search radius for counterparts as opposed to a SNR dependent one would likely be equally effective, most likely due to the influence
of secondary components in the maps. Right: The recovered flux fraction as a function of original SCUBA-2 flux. Each point is the

integrated flux for all sources detected in a field within the primary beam centred on the original S2CLS position. Points above zero

indicate maps where we recover a greater flux than the original S2CLS detection, a result of either noise boosting or sources being
detected near the edge of the map thus are primary beam corrected to higher fluxes, and points below zero are maps where we failed to

recover all the flux from the parent single-dish source. Overlaid is the median in bins of equal number of ALMA maps that show that
for SCUBA-2 sources above S850 ∼ 3.5 mJy we on average recover all the single-dish flux in our ALMA maps.

result in our galaxies being selected in the sub-millimetre
maps.

In Figure 6 we show the apparent magnitude/flux den-
sity distributions for the AS2UDS SMGs in V , K , m3.6,
S870, and 1.4 GHz bands and for comparison the correspond-
ing distributions of the ALESS SMGs (Hodge et al. 2013;
Simpson et al. 2014). The median ALMA flux density for
the AS2UDS SMGs is S870 = 3.73+0.03

−0.10 mJy, very similar
to the S870 = 3.5± 0.3 mJy for ALESS. Of the 708 SMGs,
529 (75%) have K-band counterparts in the UKIDSS-UDS
DR11 catalogue to K ≤ 25.9 mag. However, excluding ALMA
SMGs which fall either outside the DR11 WFCAM K-band
image or in regions which are flagged as being shallower,
the detection rate corresponds to 84± 4 % (484/577). The
median apparent magnitudes for these AS2UDS SMGs are
V = 26.1± 0.1, K = 22.8± 0.1, m3.6 = 21.65+0.06

−0.03 (see ap-
pendix A). These values are all in good agreement with
the equivalent measurements for the ALESS sample of
V = 26.1+0.2

−0.1, K = 23.0+0.3
−0.1, and m3.6 = 21.8±0.2. Hence we

conclude that these two ALMA follow-up surveys of single-
dish detections find SMGs with multi-wavelength magni-
tude distributions in excellent agreement with each other.
These photometric properties demonstrate the dusty na-
ture of the target populations with an increasing number
of non-detections towards the bluer optical wavebands, e.g.
only 64± 2 % of K-band detected SMGs are detected in
the V -band brighter than V < 27.8. We note that, unlike
in the pilot AS2UDS sample (Simpson et al. 2015b), in the
full sample there is no evidence that a lack of a K-band
detection is a function of the S870, with a median ALMA
flux of S870 = 3.65+0.12

−0.08 mJy for the K-detected SMGs and

S870 = 3.5+0.2
−0.1 mJy for the K-undetected SMGs, the same

trend was found in Cowie et al. (2018).

4.2 Redshift Distribution and Trends

The photometric redshift distribution for all 708 SMGs
(derived in Dudzevičiūtė et al. in prep) is shown in Fig-
ure 7. We derive a median redshift of zphot = 2.61± 0.09

and a tail at higher redshifts, with 33+3
−2 % of galaxies at

zphot > 3. This median redshift is consistent with the Cy-
cle 1 pilot sample of bright SMGs from Simpson et al.
(2015b) of zphot = 2.65± 0.13 (or zphot = 2.9± 0.2 includ-
ing optically faint SMGs without precise photometric red-
shifts). The more direct comparison to our sample are
the magphys-derived redshift distribution for ALESS from
da Cunha et al. (2015) who found a median redshift of
z = 2.7± 0.1 with a similar fraction of galaxies in the zphot > 3

tail of 38+7
−6%.

We next compare our photometric redshift distribu-
tion with previous spectroscopic redshift surveys selected
at 850 µm SMGs. Chapman et al. (2005) found a median
redshift for their 73 radio-detected SMGs of z = 2.2± 0.1
(z = 2.3± 0.2 after statistically correcting for the radio bias
in their sample selection). The slightly lower median red-
shift is unsurprising given the lack of a negative K-correction
at radio wavelengths. We can confirm this by looking at
the AS2UDS SMGs with radio bright counterparts where
we find a median redshift of z = 2.4+0.3

−0.9, which is in rea-
sonable agreement with the Chapman et al. (2005) sample.
The spectroscopic sample of Danielson et al. (2017), which
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12 Stach et al.

Table 1. The AS2UDS Catalogue. The ID comprises a 4-digit numbers giving the source identifier from the parent S2CLS survey and
a final digit which identifies the individual galaxies detected with ALMA in each S2CLS source with ascending numbers for descending

flux. ‘MS’ is the identifier for which measurement set the ALMA pointing belongs to and thus which Cycle it was observed. Field R.A.

and Dec. give the location of the ALMA phase centres which are the locations of the parent S2CLS source (except for Cycle 1 targets as
explained in the text). The S2CLS Flux column lists the observed 850 µm flux from Geach et al. (2017). Field RMS is the sigma-clipped

rms across the entire map and are plotted in Figure 2. ‘Beam’ is the ALMA restoring beam shape for the uv-tapered detection maps.

‘Ra’ and ‘Dec’ are the ALMA detection centroids of the sources from sextractor from the uv-tapered detection maps. ‘PB’ is the
primary beam correction factor at each source location, a higher number indicating galaxies further away from the ALMA phase centre.

ALMA Flux is the 1.′′0 diameter aperture flux of the galaxy with the primary beam, aperture, and flux boosting corrections applied.
The full catalogue is available online.

ID MS Field R.A. Field Dec. S2CLS Flux Field RMS Beam R.A. Dec. PB ALMA Flux

(J2000) (J2000) (mJy beam−1) (mJy beam−1) (′′) (J2000) (J2000) (mJy beam−1)

AS2UDS0001.0 X41c 34.62821 −5.52522 52.7±0.9 0.39 0.56×0.51 34.62778 −5.52545 1.02 30.3±0.9

AS2UDS0001.1 X41c 34.62821 −5.52522 52.7±0.9 0.39 0.56×0.51 34.62727 −5.52308 1.92 5.2±1.2

AS2UDS0002.0 Cyc1 34.60096 −5.38150 16.7±0.9 0.33 0.75×0.60 34.60057 −5.38203 1.04 7.7±0.5

AS2UDS0002.1 Cyc1 34.60096 −5.38150 16.7±0.9 0.33 0.75×0.60 34.60102 −5.38248 1.10 7.4±0.5

AS2UDS0003.0 Cyc1 34.83821 −4.94633 13.0±0.9 0.24 0.72×0.59 34.83811 −4.94759 1.19 7.9±0.4

AS2UDS0003.1 Cyc1 34.83821 −4.94633 13.0±0.9 0.24 0.72×0.59 34.83698 −4.94805 1.68 4.4±0.5

AS2UDS0003.2 Cyc1 34.83821 −4.94633 13.0±0.9 0.24 0.72×0.59 34.83920 −4.94695 1.15 1.1±0.3

AS2UDS0004.0 Cyc1 34.20008 −5.02431 11.5±0.9 0.24 0.72×0.59 34.19969 −5.02493 1.05 7.7±0.4

AS2UDS0005.0 Cyc1 34.35733 −5.42681 11.4±0.9 0.28 0.76×0.60 34.35678 −5.42602 1.11 4.4±0.4

AS2UDS0005.1 Cyc1 34.35733 −5.42681 11.4±0.9 0.28 0.76×0.60 34.35719 −5.42812 1.21 4.0±0.5

... ... ... ... ... ... ... ... ... ... ...

Figure 6. Apparent magnitude distributions in the V , K and 3.6 µm wavebands and the flux densities in 870 µm and 1.4 GHz for
AS2UDS. For comparison we show the same distributions for the earlier ALESS survey, and in both cases the hatched regions showing

the non-detections. The median magnitudes/fluxes for AS2UDS are V = 26.1± 0.1, K = 22.8± 0.1, m3.6 = 21.65+0.06
−0.03, S870 = 3.73+0.03

−0.10 mJy,

and S1.4 GHz = 86+2
−5 µJy, with the estimates for the smaller ALESS survey in good agreement. These illustrate that typical SMGs have

red optical-near infrared colours and so are very faint in the optical with a large fraction of the population undetected in the bluest

wavebands. In contrast, most of the SMGs are detected at 3.6 µm brighter than m3.6 ' 24.

consisted of 52 ALMA-confirmed SMGs detected in the
ALESS catalogue found a median redshift of z = 2.40± 0.10,
in rough agreement with the photometric redshift distribu-
tion of AS2UDS, however as with Chapman et al. (2005),
this spectroscopic redshift sample is biased to optically and
near-infrared bright counterparts.

There have also been wide-field single-dish surveys at
longer wavelengths, ∼ 1–1.2 mm, which are now being simi-
larly followed up with sub/millimetre interferometers (e.g.
Smolčić et al. 2012; Miettinen et al. 2017). In particular,
Brisbin et al. (2017) obtained ALMA interferometric obser-
vations of 129 1.25 mm sources in COSMOS and determined
a median redshift (from a heterogeneous mix of spectro-
scopic, photometric and colour-based estimates or limits)
of z ∼ 2.48± 0.05 for a sample with an equivalent 870-µm
flux of S870 & 6 mJy. This is a marginally lower redshift
than our sample. However, as we will show below, for the
equivalent flux cut (S870 & 6 mJy) of their sample we also
find a significantly higher median redshift for our SMGs of
zphot = 3.1 ± 0.1 which is unexpected as we would naively
expect from a longer wavelength selection a higher median
redshift (see: Béthermin et al. 2015).

We can also compare our median redshift with those de-

rived for the typically fainter samples of SMGs from ‘blank
field’ ALMA (e.g. Walter et al. 2016; Dunlop et al. 2017).
The ALMA ‘blank field’ surveys are usually undertaken at
longer wavelengths than our 870-µm observations, normally
in Band 6 at ∼ 1.1–1.3 mm, to exploit the larger ALMA pri-
mary beam to increase the area coverage. Three ALMA
surveys of blank fields have reported median redshifts for
their samples, although we caution that these all study
fields in the GOODS-South area and so are not truly in-
dependent. Aravena et al. (2016) report a median redshift
of z = 1.7± 0.4 for a sample of nine galaxies with an 870-
µm equivalent flux limit of S870 >∼ 0.1 mJy, Dunlop et al.
(2017) report z = 2.0± 0.3 for 16 sources with optical/near-
infrared counterparts and S870 >∼ 0.3 mJy and Franco et al.
(2018) find z = 2.9± 0.2 for a sample of 20 galaxies with
S870 >∼ 1.1 mJy. These studies are challenging and the results
from all of them are currently limited by sample size, but
there is a hint that the deeper surveys are finding lower me-
dian redshifts than from our bright sample, in the same sense
as the trend we discuss below.

We next study the variation in median redshift with
870-µm flux density within AS2UDS. It has long been
claimed that there is variation in redshift with sub-
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Figure 7. The photometric redshift distribution for the AS2UDS
SMGs based on magphys analysis from Dudzevičiūtė et al. (in

prep). We determine a median redshift of zphot = 2.61± 0.09,

consistent with the ALESS photometric redshift distribution
(da Cunha et al. 2015), which has a median zphot = 2.7± 0.1. The

ALESS distributions also display a fraction of sources at zphot > 3
galaxies, 38+7

−6%, that agrees with that derived here for our large

AS2UDS sample, 33+3
−2 %. To illustrate the influence of the asym-

metric redshift uncertainties we also overlay the stacked proba-
bility distributions for the photometric redshifts of all AS2UDS

SMGs from magphys. This closely resembles the median pho-

tometric redshift distribution, suggesting that the full combined
photometric redshift is not sensitive to any secondary redshift

solutions in individual sources.

millimetre flux, in the sense that the more luminous sub-
millimetre sources typically lie at higher redshifts. This be-
haviour was first seen in powerful high-redshift radio galax-
ies (Archibald et al. 2001), but the existence of a simi-
lar trend has been claimed for sub-millimetre galaxies, al-
though these claims have typically suffered from incomplete,
heterogeneous or highly uncertain redshift estimates (e.g.
Ivison et al. 2002; Pope et al. 2005; Younger et al. 2007;
Smolčić et al. 2012; Koprowski et al. 2014; Brisbin et al.
2017). The initial search for a z–S870 trend in the ALESS
sample (Simpson et al. 2014) and in the initial bright pilot
for AS2UDS (Simpson et al. 2015b) both found weak trends.
However, these were based on relatively small and incom-
plete samples owing to the reliance on optical-near-infrared
photometric redshifts. When allowance was made for this
incompleteness, the trends were not statistically significant.

One benefit of using magphys for our photometric red-
shift analysis is that we can obtain more complete and ho-
mogeneous redshifts estimates, not only for those sources de-
tected in the optical to near-infrared bands, but also where
only longer wavelength constraints are available. So, we be-
gin by determining if the SMGs which are undetected in
the K-band are at higher redshift than those which have a
K-band counterpart, as would be required for their to be
a trend of z–S870. For galaxies with K-band counterparts
we find a median zphot = 2.6± 0.1 and for the K-band non-
detections we find a median zphot = 3.0± 0.1, suggesting that
indeed the population of K-faint SMGs, whilst not deviating

Figure 8. The trend between photometric redshifts and ALMA
870 µm flux density for AS2UDS SMGs. We bin the galaxies by

ALMA 870 µm flux density with bins of equal galaxy numbers

and find that the median redshift and flux of each bin. These
show a significant trend of increasing redshift with increase flux.

The linear fit to this trend has a gradient of 0.09± 0.02 mJy−1

and we plot this as the solid line and the 3-σ errors for this fit
as the dashed lines. In addition to the medians of the bins, the

greyscale background shows the stacks of the redshift probability
density functions for each bin, which also display the same flux

density evolution.

dramatically in distribution of S870 as mentioned above, do
represent a higher redshift subset of SMGs.

In Figure 8 we show the photometric redshifts as a
function of the ALMA 870 µm flux density for AS2UDS us-
ing our complete magphys-derived photometric redshifts.
We over plot a linear fit to the median redshifts in bins
of equal number of galaxies. This fit shows a trend of me-
dian redshift with 870 µm flux density with a highly signif-
icant gradient of 0.09± 0.02 mJy−1 (full linear fit of < z >=
(2.35 ± 0.09) + (0.09 ± 0.02) × S870). The significance of this
result is perhaps surprising given the absence of a strong
trend in either ALESS (Simpson et al. 2014) or our Cycle 1
pilot programme (Simpson et al. 2015b). However, the most
likely explanation is simply the much smaller sample sizes
(n < 100) in those studies. To test this we randomly draw
samples of 100 galaxies from the complete AS2UDS cata-
logue 500 times and repeat the same fitting procedure. In
this case we recover an average gradient of 0.08± 0.06 mJy−1

confirming that the smaller samples employed in all previous
tests mean that it would be impossible to reliably recover the
trend we see at better than ∼ 1.5σ significance. In addition,
to confirm that our detection incompleteness isn’t driving
this trend we perform the same trend fitting to the galaxies
with fluxes S870 > 4 mJy, again finding a similar gradient of
0.08± 0.03 mJy−1.

What is the physical process responsible for the z–S870
trend we see in AS2UDS? Due to the negative K-correction
of the dust SEDs in typical SMGs, across the redshift range
(z ∼ 1.5–5) where we measure this trend, the population have
a roughly constant observed flux density at a fixed luminos-
ity (and temperature). Hence the brighter galaxies found
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at the higher redshifts are intrinsically more luminous. The
trend we see then suggests there is a strong luminosity evolu-
tion for our SMGs out past z > 3, with the most far-infrared
luminous galaxies being found in greater numbers in the
early Universe. This could be symptomatic of galaxy ‘down-
sizing’ (Cowie et al. 1996), i.e. the more massive galaxies are
forming at higher redshifts. We will return to the issue of po-
tential evidence of ‘downsizing’ in a forthcoming paper on
the clustering of the AS2UDS SMGs in the UDS field (Stach
et al. in prep.).

Finally, to attempt to model the variation in median
redshifts, we employ the Béthermin et al. (2015) models of
SMG number counts and redshift distributions to model the
median redshifts of surveys from two variables; the wave-
length of selection of the SMGs and the flux density depth
of the survey. The Béthermin et al. (2015) model suggests
that surveys at longer wavelengths will recover a higher me-
dian redshift and that, due to the luminosity evolution, the
fainter sources found in deeper surveys will predominantly
lie at lower redshifts. Whilst this phenomenological model
reproduces the broad trend we see in AS2UDS, as well as the
comparatively low median redshifts of Aravena et al. (2016)
and Dunlop et al. (2017) due to their fainter flux limits, it
does under-predict the median redshift for our survey. For a
S870 > 4 mJy flux limited sample the model predicts z ∼ 2.6
compared to our z = 2.8± 0.1, and this ∆z ∼ −0.2 offset be-
tween the model and our survey roughly persists across any
choice of faint flux limit in our catalogue, indicating that fur-
ther tuning of this phenomonological model may be needed.

4.3 Blank Maps

There are 101 ALMA maps of SCUBA-2 sources in which
we find no ALMA detected source above our 4.3σ detection
threshold, these are termed ‘blank’ maps. This rate of non-
detection is considerably higher than the expected 2 % false-
positive rate predicted from Geach et al. (2017) for the ini-
tial SCUBA-2 catalogue. Whilst these ‘blank’ maps typically
correspond to the fainter single-dish sources: the median
SCUBA-2 flux of the ‘blank’ maps is S850 = 4.0± 0.1 mJy,
compared to S850 = 4.5± 0.1 mJy for the whole sample, the
SCUBA-2 noise properties of the ‘blank’ maps are consis-
tent with those of the maps with detections. To confirm that
these are not dominated by false positive detections in the
parent SCUBA-2 catalogue we stack the Herschel/SPIRE
and SCUBA-2 maps at the locations of the 101 ‘blank’ map
sources ranked in four bins of their SCUBA-2 flux and fur-
ther sub-dividing the faintest quartile in SCUBA-2 flux into
two independent halves, shown in Figure 9.

For each subsample we detect emission in the Her-
schel/SPIRE stacks at 250 and 350 µm and even when fur-
ther sub-diving the faintest subsample into two there is
still emission detected at 250 µm, strongly suggesting these
ALMA-blank maps are not just the result of spurious single-
dish sources. To compare the 850 µm fluxes implied by
these SPIRE detections with the original SCUBA-2 mea-
surements, we predict 850 µm flux from the SPIRE stacks
by fitting a modified blackbody SED with z = 2.5, a dust
temperature Td = 35 K, and emissivity β = 1.5 to each of
the 250/350/500 µm stacked fluxes. In Figure 10 we show
the predicted 850 µm flux from these SED fits against the
original detected 850 µm emission from SCUBA-2. Whilst

there is significant scatter in these estimates, the 850-µm
fluxes predicted from the extrapolation of the stacked Her-
schel fluxes is consistent with that observed by SCUBA-2.
We view this as a strong confirmation that the majority of
these SCUBA-2 sources with ALMA ‘blank’ maps are not
spurious detections in the original S2CLS catalogue.

We conclude that spurious single-dish detections are not
the dominant cause for ‘blank’ maps, therefore, we next ex-
amine possibilities for missing ALMA counterparts in our
ALMA maps of these sources. An alternative possibility
is multiplicity (e.g. Karim et al. 2013), where a single-dish
source splits into more than one, fainter galaxies. The com-
bined flux from these galaxies would recover the single-
dish flux, but individually each galaxy is below our detec-
tion threshold. To check if this is a possibility we look for
over-densities of candidate K-band detected galaxies in our
ALMA blank maps in comparison to a ‘random’ location
within the UKIDSS UDS coverage. In Figure 10 we show
the magphys photometric redshift distributions for both
the K-band detected sources within the primary beams of
all 101 ‘blank’ maps and for a ‘random’ sample covering
the same area as the 101 ALMA primary beams, but ran-
domly distributed across the UDS field. We can see an ex-
cess of K-selected galaxies in the ALMA-blank maps. The
majority of this excess arises from galaxies at redshifts of
z ∼ 1.5–4, corresponding to the redshift range where our de-
tected SMG population peaks (Figure 7), with 153 excess
galaxies in this redshift range in the ‘blank’ map regions
compared to the ‘random’ area (a factor of 1.36+0.13

−0.12 in-
crease). This over-density comprises an average excess in
a ‘blank’ map of 1.5±0.5 K-band sources (within the ex-
pected sub-millimetre galaxy redshift range). Stacking the
ALMA emission of all of the galaxies at z = 1.5–4 in these
‘blank’ maps (typically '2 galaxies) recovers an average flux
of S870 = 0.7± 0.1 mJy to be split between the ∼ 1.5 excess
sub-millimetre-bright galaxies in these regions, suggesting
a typical flux of S870 ∼ 0.5 mJy. This excess of sources and
detected sub-millimetre flux is consistent with the interpre-
tation of the ‘blank’ maps as resulting from the single-dish
source comprising flux more than one, faint, sub-millimetre
galaxy below our detection threshold.

To test this, in Cycle 5 we re-observed ten of the bright-
est S2CLS sources which returned no ALMA detections in
our Cycle 3 and 4 maps. To both test for the presence of
multiple faint SMGs in these fields and to eliminate the pos-
sibility of non-detection due to source flux being resolved out
in the interferometric images, these observations were much
deeper (σ870 = 0.085 mJy beam−1) and at much lower resolu-
tion than the original maps (synthesised beam: 0.′′81×0.′′54).
From the ten single-dish sources we detect 16 > 4.3σ SMGs.
We find four SMGs in the ALMA map of a single SCUBA-2
source which had previously had a ‘blank’ map, two SMGs
in each of a further four maps, four SCUBA-2 sources which
have only a single corresponding SMG and just one ALMA
‘blank’ map which remains blank in these deeper observa-
tions (UDS0101, which may be a true false-positive in the
S2CLS catalogue). These deeper observations thus confirm
that multiplicity is a significant driver of the ‘blank’ maps
and that it remains an issue even for faint SCUBA-2 sources.

The ALMA galaxies in these re-observed ‘blank’ maps,
as expected, are amongst the faintest in the catalogue, with
a median deboosted flux of 1.13+0.44

−0.16 mJy. Even at the ∼ 4×
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Figure 9. Herschel/SPIRE and SCUBA-2 stacks on the 101 ALMA ‘blank’ maps in four bins of SCUBA-2 flux. Even in the faintest

SCUBA-2 bin we detect emission in the stacks at 250 µm and 350 µm. Further splitting the faintest bin into two results in detected
emission strongly suggesting these ‘blank’ maps are not typically the result of spurious single-dish SCUBA-2 detections. Each map is

120′′ square and is centred on the SCUBA-2 source position.

depth of these observations, and with the high detection
rate of SMG counterparts, we still only recover an average of
52+5
−3 % of the S2CLS source flux due to flux boosting. Whilst

these SMGs are faint, we do not see any evidence from their
beam-deconvolved continuum sizes that their 870-µm emis-
sion is more spatially extended than the galaxies detected in
the higher resolution maps. This suggests that the missing
flux, at least in these ten maps, is not a result of flux being
resolved out in either our original higher-resolution imaging
or the new deeper and lower resolution observations.

4.4 AGN Fraction

SMGs have been proposed as the progenitors for the massive
spheroid galaxies seen in the local Universe (Lilly et al. 1999;
Smail et al. 2004; Simpson et al. 2014). Locally such galax-
ies exhibit a strong correlation between the mass of their cen-
tral super-massive black holes (SMBH) and the stellar mass
of the host galaxy (Magorrian et al. 1998; Gebhardt et al.
2000; Ferrarese & Merritt 2000; Gültekin et al. 2009). The
existence of this correlation has been used to argue that
there is some form of co-evolutionary growth of the SMBH
and the surrounding host. This suggestion is supported by
observations of the star-formation history and AGN activ-
ity of the Universe, which both peak at similar redshifts
z ∼ 2 (Connolly et al. 1997; Merloni 2004; Hopkins et al.

2007; Cucciati et al. 2012; Kulkarni et al. 2018). Support
also comes from simulations of galaxy mergers and AGN ac-
tivity, which predict that galaxy mergers trigger star forma-
tion and then the subsequent fueling of the SMBH creates an
AGN which quenches the star formation through feedback
winds (Hopkins et al. 2008; Narayanan et al. 2010), consis-
tent with the proposed evolutionary path of Sanders et al.
(1988). Hence surveying the AGN activity in the SMG pop-
ulation not only provides insights into SMBH growth, but
also potentially the evolutionary cycle of SMGs.

4.4.1 X-ray-selected AGN

The most reliable method to identify AGNs in galaxies
is through the detection of luminous X-ray counterparts.
As noted earlier, part of the UDS field has been ob-
served in the X-ray band with Chandra by the X-UDS
survey (Kocevski et al. 2018). X-UDS mapped a total area
of 0.33 deg2, of which the central ∼ 100 arcmin2 (coinciding
with the CANDELS footprint) is three times deeper than the
remainder. A total of 274 SMGs from AS2UDS are covered
by the X-UDS observations, with 47 of these lying in the
deeper CANDELS region. Considering the high far-infrared
luminosities of our SMGs, which is indicative of high star-
formation rates (which contributes to the X-ray emission),
we adopt a conservative full-band X-ray luminosity limit of
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Figure 10. Left: Predicted 850 µm flux from fitting SEDs to the stacked Herschel/SPIRE fluxes of sub-samples of SCUBA-2 sources,

ranked in terms of SCUBA-2 850 µm flux, where our ALMA observations detected no SMGs. These are compared to the observed
SCUBA-2 850 µm flux for the equivalent sub-sample. On average we recover the predicted SCUBA-2 fluxes from the SED fitting which

strongly suggests that the majority of these SCUBA-2 sources are real, rather than spurious detections in the parent catalogue. Right:

The magphys photometric redshift distribution of the K -band DR11 UKIDSS UDS sources within the primary beam of the ALMA
‘blank’ maps. This is compared to an identical sized area randomly distributed across the UDS field (’random’). We see a significant

excess of galaxies in the ‘blank’ map regions compared to a random field, corresponding to an excess of 153 galaxies at zphot = 1.5–4.
This suggests that these apparently ‘blank’ maps might each contain 1–2 faint SMGs lying at redshifts similar to the distribution of the

brighter, detected, SMGs which is also shown.

LX ≥ 1043 erg s−1 for classification as an AGN, consistent
with Franco et al. (2018). For consistency, we transform the
reported LX from the redshifts quoted in the X-UDS cat-
alogue to those derived from our magphys analysis, where
necessary, although this does not significantly change our
conclusions.

Of the 274 SMGs covered by the X-ray observations,
just 23 (8± 2 %) are matched to X-ray counterparts in the
X-UDS catalogue based on the positional errors quoted for
the X-UDS sources. Within one sigma errors all of these are
classed as AGNs with LX ≥ 1043 erg s−1. Of the 47 sources
lying within the CANDELS field, only two are matched to
X-UDS X-ray sources: AS2UDS0173.0 and AS2UDS0292.0.

The Chandra coverage in the UDS field is relatively
shallow for identifying AGN at very high redshifts (c.f.
200–600 ks in UDS, versus 7 Ms in CDF-S). Hence, we also
stacked the X-UDS Chandra soft (0.5–2 keV) and hard
(2–8 keV) bands at the positions of the AS2UDS sources
which are individually undetected in X-UDS. To perform
this stacking we use the cstack stacking software2. We ex-
cluded the 23 SMGs with X-UDS catalogue matches and
stacked the remaining 251 SMGs which are individually
undetected from the AS2UDS catalogue in three bins of
L8−1000 µm (derived from magphys), with the bins chosen
to give roughly equal number of sources.

We plot the X-ray and far-infrared luminosities of
the 23 individually X-ray detected SMGs and the three
composite stacked subsamples in Figure 11. We follow
Alexander et al. (2005a) by adopting a dividing line between

2 Developed by T. Miyaji. The UDS implementation of cstack
will be made public a year after the publication of Kocevski et al.

(2018)

AGN-dominated and star-formation-dominated galaxies at
LX ∼ 0.004 LFIR (although we note that the population
does not show a sharp division). As expected from the
Sanders et al. (1988) model of SMG evolution, the SMGs
with X-UDS matches cover the entire range of LX/ LFIR from
nearly star-formation dominated to the region associated
with the AGN-dominated quasars. Nevertheless, the major-
ity of our individually X-ray–detected SMG show LFIR/LX
ratios consistent with AGN dominated systems, as expected
from their median LX ∼ 1044 erg s−1. However, the three
stacked subsamples of individually X-ray-undetected SMGs
all exhibit ratios of LX = ( 5±2 )× 10−5 LFIR, more consistent
with that expected for star-formation-dominated systems.
This indicates that on-average the X-ray-undetected SMGs
are likely to be star-formation dominated and hence the bulk
of the SMG population is unlikely to host luminous AGN.
The stacks however do show an X-ray excess in comparison
to a purely star-formation origin suggesting a number of ob-
scured AGNs still present in these stacked samples. Previous
X-ray studies of SMGs have found similar X-ray excesses
in the X-ray undetected SMGs (Alexander et al. 2005b;
Laird et al. 2010; Georgantopoulos et al. 2011; Wang et al.
2013), with the radio-detected SMG samples (with claimed
higher AGN fractions Wang et al. 2013) showing a par-
ticularly significant excess. This highlights the crude-
ness of the Alexander et al. (2005b) LX ∼ 0.004 LFIR star-
formation/AGN dominated separation, as SMGs can host
intrinsically luminous AGNs which are obscured at X-ray
wavelengths and thus are detected at significantly fainter
fluxes. Therefore for a more complete census of the AGN-
dominated population of our SMGs we employ mid-infrared
photometry to try to identify these obscured or X-ray faint
AGN (§ 4.4.2).
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We estimate the black hole mass accretion rates (ṀBH
acc )

for our SMGs by assuming a LX to Lbol bolometric correction
factor of 15 (Lusso et al. 2012), an efficiency factor (ε) of 0.1
and using Equation 2

Lbol = ε ṀBH
acc c2. (2)

For our X-ray detected SMGs which we classify as
‘AGN dominated’ this results in ṀBH

acc in the range of 0.1–
1.4 M� yr−1. For galaxies to evolve along the local relation
of spheroid mass-black hole mass, then the ratio of this ac-
cretion rate to the star-formation rate must be ∼ 2 × 10−3

(Magorrian et al. 1998; Drouart et al. 2014). Taking the
magphys derived star-formation rates from Dudzevičiūtė et
al. (in prep.), for our AGN dominated SMGs we find a me-
dian ṀBH

acc /SFR ratio of (1.2±0.5)×10−3. This is slightly be-
low the expected ratio, which may indicate that these AGN-
hosting, but strongly star-forming, SMGs are in a phase
where their star-formation rate is exceeding the correspond-
ing SMBH mass growth rate. However, the difference is not
statistically significant and moreover, there are significant
uncertainties; if the efficiency factor was 0.06 (within the
acceptable range of ε , e.g. Davis & Laor 2011) then these
systems would comfortably lie on the co-evolutionary track
of stellar and black hole mass.

More critically is the relative SMBH and stellar mass
growth in the minority of SMGs which show AGN sig-
natures. For the bulk of star-formation-dominated SMGs
(which lie within the X-UDS coverage) we find ṀBH

acc /SFR
ratios of only ∼ 0.1 × 10−5 which is significantly lower than
that required for co-evolutionary growth to the local rela-
tion. Adopting physically plausible values for the bolometric
correction or efficiency factor cannot change this conclusion.
Therefore, for the bulk of our SMGs to ultimately follow the
local relation in spheroid-black hole mass then there must
be some subsequent (-or prior) phase of significant growth
of the SMBH with comparatively little star formation, e.g. a
phase as a high redshift quasars with their SMBH accretion
rates of ∼ 1–100 M� yr−1 (Hao et al. 2008).

4.4.2 Colour-selected AGN

In addition to our X-UDS matching and stacking we also
supplement our search for AGN activity in the SMG
sample by employing IRAC colour-colour selections (e.g.
Donley et al. 2012). These use the IRAC bands to identify
galaxies with strong power-law emission in the restframe
near-infrared, particularly beyond 2 µm, which is a good in-
dication of the presence of an AGN, even if it is dust ob-
scured.

Across the whole of the UDS there are 383/708 SMGs
with coverage in all four IRAC channels (and with pho-
tometry that does not suffer from significant contamina-
tion from neighbours, see: §2.3, Appendix A and Dudze-
vičiūtė et al. in prep.), necessary to apply the colour selection
from Donley et al. (2012). We show the distribution of these
galaxies in Figure 12, but first check that the heavily dust-
obscured nature of these sources won’t lead to them being
misclassified in this colour-colour space. We therefore plot on
Figure 12 the track of the colours expected from the compos-
ite SED for ALESS SMGs from Swinbank et al. (2014). This
shows that at the highest redshifts, z > 3, the typical colours

Figure 11. We show the relationship between restframe far-

infrared (8–1 000 µm) luminosity for the X-ray detected AS2UDS
SMGs versus their rest-frame 0.5–8.0 keV absorption-corrected

luminosities. The 23 galaxies with individual X-UDS matches

from our catalogue (red points) all lie at Lx >∼ 0.004 LFIR, the
approximate dividing line between starburst and AGN domi-

nated galaxies. We have derived mean X-ray fluxes by stack-

ing, using CSTACK, three sub-samples of individually-X-ray-
undetected SMGs – where the sub-samples are ranked on LFIR
– these are plotted as open symbols with error bars. These three

samples lie on the star-formation side of the line dividing star-
burst and AGN dominated emission. The filled diamond is the

results of the stacking of the galaxies outside of the Donley et al.
(2012) selection which show, on average, they are star-formation

dominated galaxies whereas the the IRAC selected AGNs in the

unfilled diamond appear to be, on average, close to the dividing
line between star-formation and AGN dominated. We conclude

that the vast majority of the SMG population, >∼ 90%, do not

host luminous AGN. Galaxies from the literature are plotted as
blue crosses (Wang et al. 2013), cyan diamonds (Alexander et al.

2005b), and black squares for galaxies from the literature com-

piled by Alexander et al. (2005b). Starburst dominated galaxies
are denoted by a circle. The white dashed line and grey shaded

region are the median luminosity ratio and standard deviation for

the quasars from Elvis et al. (1994).

of SMGs will mimic that of an AGN, while at z .3 the
colours of these obscured and actively star-forming galaxies
will fall outside the region populated by AGN. For this rea-
son we apply the additional selection cut from Donley et al.
(2012) to AS2UDS SMGs in independent redshift slices and
we also identify the star-formation dominated high-redshift
SMGs which display IRAC colours consistent with a red-
shifted 1.6 µm stellar ‘bump’ and 8.0/3.6 µm flux ratios con-
sistent with the local (Ultra)-luminous infrared galaxies SED
templates of Rieke et al. (2009).

We also test the efficacy of the Donley et al. (2012) se-
lection by employing cstack to derive the average X-ray flux
of the 25 SMGs with zphot < 3 that are within both the IRAC
AGN selection and X-UDS coverage and are not close to an-
other bright X-ray source, and a control sample of 131 SMGs
outside of the colour selection region but lying in the X-ray
coverage. We show these in Figure 11 and see that the 131
colour-selected SMGs lying outside the Donley et al. (2012)
selection do indeed have a LX/ LFIR ratio consistent with
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Figure 12. We use the IRAC colour–colour selection described in Donley et al. (2012) to select candidate AGN from the AS2UDS SMG
sample, shown here in three redshift slices. We overlay the predicted colours for the ALESS composite SED (Swinbank et al. 2014) as

a function of redshift, colour coded in blue for z = 1–2, green for z = 2–3, and red for z > 3. The track illustrates how above z & 3 the

AGN colour selection will potentially be contaminated by star-forming galaxies. The final selection of AGNs based on the ‘wedge’ and
the star-formation dominated cut are circled in their respective redshift colours. In total the IRAC-colour selection finds 125 potential

AGN candidates across the entire AS2UDS coverage. However, the most reliable estimate of the AGN fraction comes from the sample

lying within the X-UDS region and with redshifts of z < 3, which yields 37 candidates. The 23 X-UDS X-ray-detected SMGs hosting
AGN are marked as squares.

those expected from star formation. However, the stacked
X-ray properties of the 25 SMGs at z < 3 which fall within
the Donley et al. (2012) selection provide a more ambiguous
LX/ LFIR ratio, with these sources lying close to our adopted
threshold for classification as an AGN (Figure 11). For this
reason we choose to view the IRAC-colour selected samples,
even at z < 3, as providing an upper limit on the potential
AGN fraction in SMGs.

4.4.3 AGN fraction in SMGs

Due to the limiting flux for the X-UDS survey estimated
in Kocevski et al. (2018) of 4.4×10−16 erg cm−2 s−1 for the
Full-Band (0.5-10 keV) we expect to be incomplete for even
1043 erg s−1 X-ray bright AGN in the outer X-UDS survey
region. Due to this we derive a lower limit on the X-ray
detected AGN fraction from SMGs lying with the X-UDS
coverage of 23/274 (8± 2 %). To estimate an upper limit on
the AGN fraction we include the IRAC-colour-selected AGN
within this region but employ a z < 3 cut off for reasons dis-
cussed above. With the IRAC-selected AGN and the redshift
cut we estimate an upper limit of 45/162 (28± 4 %) AGN in
the AS2UDS population.

The range of potential AGN fraction for our flux-limited
sample lies inbetween results from earlier work in the litera-
ture, e.g. 38+12

−10 % in Alexander et al. (2005b), (20–29)± 7 %
in Laird et al. (2010), 18±7 % in Georgantopoulos et al.
(2011) and ∼ 28 % in Johnson et al. (2013), as well as the
ALMA-based estimate from ALESS: 17+16

−6 % in Wang et al.
(2013).

Recently, working with a 1.1-mm selected ALMA sam-
ple of SMGs in the GOODS-South field, Franco et al. (2018)
reported a high AGN fraction, ∼ 40± 14 %. Their SMG sam-
ple has an 870-µm equivalent flux range of S870 ∼ 0.8–

3.9 mJy. To match to this Franco et al. (2018) selection, we
also estimate the AGN fraction for our fainter S870 < 4.0 mJy
SMGs and combine the number of our IRAC-selected candi-
dates at z < 3 with the confirmed X-ray bright SMGs from
the X-UDS matching to find an upper limit on the AGN
fraction of 26± 5 % (28/109) within the X-UDS coverage,
consistent with our whole sample. This is lower than the
estimate from GOODS-South, but given the significant un-
certainty on the latter, we do not give too much weight to
this disagreement.

4.5 Passive Galaxy Progenitors

SMGs, with their extreme star-formation rates and im-
plied high molecular gas content, could form significant stel-
lar masses (M∗) of 1010–1011 M� on a timescale of just
∼ 100 Myrs. This rapid formation of a massive system at high
redshifts has led to them being proposed as the progenitors
of high-redshift compact quiescent galaxies (Simpson et al.
2014; Toft et al. 2014; Ikarashi et al. 2015), which subse-
quently evolve into local spheroidal galaxies. Observational
support for this evolutionary relation has been claimed from
comparisons of the stellar masses of SMGs (Swinbank et al.
2006; Hainline et al. 2011; Toft et al. 2014), the spatial clus-
tering of relative to that of local ellipticals (e.g. Hickox et al.
2012; Chen et al. 2016; Wilkinson et al. 2017) and the com-
pact rest-frame far-infrared sizes of SMGs (Hodge et al.
2016; Simpson et al. 2017), as well as from theoretical mod-
elling of SMGs and their descendants (González et al. 2011;
McAlpine et al. 2019).

Using our new large sample we can revisit these
claimed connections, especially in light of recent advances
in the studies of high-redshift passive galaxies. For ex-
ample Estrada-Carpenter et al. (2019), using HST grism
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spectroscopy, have constrained the formation redshift and
metallicities for a sample of 32 spectroscopically-classified
quiescent galaxies at z = 1–1.8, which are believed to be
massive, M∗ > 1010 M� . They find that, nearly indepen-
dent of the observed redshift of the quiescent galaxies,
their formation redshift (the epoch where & 70 % of the
stellar mass has already formed) is zform > 2–3, with a
third of their sample having zform > 3. Constraints on their
metallicities suggesting that these star-forming progenitors
must have already enriched to approximately Solar metal-
licities (which is consistent with the high dust masses of
the SMGs as well as the crude estimates of their metal-
licities from Swinbank et al. (2004); Takata et al. (2006)).
Morishita et al. (2018), likewise, looked at the mass accu-
mulation and metallicity history for a sample of 24 appar-
ently massive galaxies (M∗ > 1011 M�) at z = 1.6–2.5 via
SED modelling and inferred that the majority of their sam-
ple had formed > 50 % of their mass around ∼ 1.5 Gyr prior
to their observed redshifts, yielding formation ages similar
to Estrada-Carpenter et al. (2019).

In Figure 13 we plot the age distribution for mas-
sive AS2UDS SMGs from Dudzevičiūtė et al. (in prep.)
and the combined Estrada-Carpenter et al. (2019) and
Morishita et al. (2018) formation redshifts for their sam-
ples of quiescent galaxies. We adopt a mass limit of
M∗ > 109.85 M� , from our magphys estimated stellar masses
to match the passive galaxy samples, this accounts for
some continuing star-formation activity and associated stel-
lar mass growth in these systems, although our conclusions
are not sensitive to this assumption. For a more accurate
comparison of ‘formation’ ages we derive the mean offset
from the observed redshift of our SMGs to the ‘age’ of their
mass-weighted stellar population. This offset is calculated
from the inferred gas masses, star-formation rates, and stel-
lar masses from magphys for the AS2UDS sample (Dudze-
vičiūtė et al. in prep.). We estimate (and apply) a typical
+200 Myr offset to our observed redshifts to correct to a
mass-weighted stellar population age which is more repre-
sentative of the period in which the galaxy was forming the
majority of its stellar mass.

Figure 13 shows that the AS2UDS age distribution is
comparable to the formation ages which are inferred for mas-
sive, quiescent galaxies at z ∼ 1–2.5: both distributions peak
at lookback times of 11.5–12.5 Gyr, median ages for the dis-
tributions are in agreement with 11.4+0.1

−0.2 Gyr for AS2UDS
and 11.5± 0.3 Gyr for the high-redshift passive sample, and
both populations show a younger stellar population < 11 Gyr
tail containing ∼ 30 % of their respective distributions. This
provides further support for the claims that the SMG and
high-redshift massive quiescent galaxy populations may have
an evolutionary link.

We can also ask if the number density of the SMGs
and high-redshift passive galaxies are consistent with any
likely evolutionary cycle. We can derive a co-moving num-
ber densities for the subset of the quiescent population
from Estrada-Carpenter et al. (2019) with formation red-
shifts zform = 2–3 (the population where number densities
are available), which is nqg ∼ 2.5×10−4 Mpc−3. This com-

pares to a number density of nSMG = ( 2.8+0.2
−0.1)× 10−5 Mpc−3

for the SMGs in the same redshift range after applying
the M∗ > 109.85 M� mass cut. The SMG number density
is 11+3

−2 % of the quiescent galaxy number density estimated

Figure 13. The inferred mass-weighted ages of the AS2UDS
SMGs compared to the formation redshift for z ∼ 1–

2.5 passive galaxies from Estrada-Carpenter et al. (2019) and

Morishita et al. (2018). The high-redshift quiescent galaxy popu-
lation across this broad redshift range are found to have similar

formation redshifts, which in turn broadly match the redshift dis-

tributions for the formation of the SMG galaxy population. This
is consistent with the interpretation of the SMGs as likely pro-

genitors for the spectroscopically confirmed quiescent galaxies at

z ∼ 1–2.5.

by Estrada-Carpenter et al. (2019). However, we also need
to correct the apparent SMG number density for a duty cy-
cle as they are thought to attain a high star-formation rate
for a comparatively short duration, compared to the redshift
range being considered.

The lifetime of the high-SFR phase of SMGs is depen-
dent on either a simple gas depletion timescale, or through
some star formation quenching mechanism e.g. active galac-
tic nuclei feedback. Previous estimates of the lifetimes of
the SMG-phase based on gas depletion timescales or clus-
tering analysis have suggested durations of ∼ 40–200 Myr
(Tacconi et al. 2006; Swinbank et al. 2006; Riechers et al.
2011; Hickox et al. 2012; Bothwell et al. 2013). We can esti-
mate this average duty cycle duration using a simple model
of the SMG evolution by making the following assumptions:
(i) the z = 2–3, M∗ > 109.85 M� AS2UDS SMGs are progeni-
tors of the z = 1–1.8 quiescent galaxies and likewise all z = 1–
1.8 quiescent galaxies are the descendants of these SMGs, (ii)
each SMG has a single burst of intense star formation. With
these assumptions the burst duration can be estimated by

tburst = tobs ×
( nSMG

nqg

)
, (3)

where tburst is the burst duration, tobs is the duration of
the epoch we calculated the SMG comoving density (z = 2–
3), and nSMG/nqg are the co-moving number densities for
the SMGs and quiescent galaxies respectively. For our mea-
sured number density we find a burst duration of 190+50

−40 Myr
which is consistent with the other estimates derived from
observed gas masses and star-formation rates of SMGs
and clustering within this redshift range in the literature
(Hickox et al. 2012; Bothwell et al. 2013). Therefore we con-
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clude that the space-density of dusty star-forming galaxies
at z = 2–3 that form the bulk of the AS2UDS sample, are
consistent with that required for them to comprise the pro-
genitors of quiescent galaxy population seen at z = 1–1.8.

5 CONCLUSIONS

We have presented the catalogue for the largest
homogeneously-selected sample of sub-millimetre galaxies
to date, an ALMA 870 µm continuum follow-up survey of
716, > 4σ single-dish sub-millimetre sources selected from
the SCUBA-2 Cosmology Legacy Survey 850-µm map of
the UKIDSS UDS field. Our deep, high-resolution ALMA
observations identified 708 > 4.3σ sources which account
for the majority of the flux detected in the parent SCUBA-2
map. The main conclusions of this study are:

• Utilising the extensive multi-wavelength coverage of the
UDS field we employ SED fits for our galaxies from mag-
phys to derive a median photometric redshift for our galax-
ies of zphot = 2.61± 0.09 with a high-redshift tail comprising

33+3
−2 % of SMGs with zphot > 3.
• From the subset of SMGs with CANDELS HST imag-

ing we find that 50±10 % show either clear merger morpholo-
gies or have likely companions, displaying similar colours, on
< 20 kpc scales. These likely interacting systems have a me-
dian redshift at zphot = 2.2 ± 0.1, which is significantly lower
than the median photometric redshift of the whole sample.
When we select SMGs with redshifts zphot < 2.75, to account
for the redshift at which we reasonably expect to reliable de-
tect interactions in the CANDELS imaging, then this ‘likely
interacting’ fraction accounts for ∼80 % of SMGs. This sug-
gests that the elevated star-formation rates in these systems
are driven by mergers.
• With our large sample size we see convincing evidence

for evolution in the S870 flux density of SMGs with redshift
with a best fit trend gradient of 0.09± 0.02 mJy−1. This evo-
lution was not robustly identified in previous smaller surveys
due to their limited statistics and we show how reducing our
sample size down to ∼ 100 galaxies results in a statistically
insignificant result. The consequence of this trend is that
on average our most luminous galaxies are found at higher
redshifts in comparison to less active galaxies, a strong in-
dication of galaxy downsizing.
• Through stacking Herschel observations at the posi-

tions of the 101 SCUBA-2 sources for our ALMA maps
produced no > 4.3-σ detections, we show that these sources
are not dominated by false-positive detections in the par-
ent S2CLS catalogue. We find an overdensity of, on average,
∼ 1.5 K-band sources at the locations of these ‘blank’ ALMA
maps at redshifts z = 1.5–4 which, combined with the strong
evidence from SPIRE-stacking that the original SCUBA-2
flux is real, suggests that the lack of ALMA counterparts is
a result of blending of the sub-millimetre emission from >∼ 1–2
faint galaxies at these positions. We confirm that this is the
case with deeper repeat Cycle 5 observations of ten examples
of these ‘blank’ maps which yield 16 new ALMA detected
SMGs below our previous flux limit. This has significant con-
sequences for the faint-end number counts of sub-millimetre
galaxies.
• We identify AGNs associated with our SMG sample by

both matching our catalogue to the X-UDS Chandra X-
ray coverage of the field and also by applying an IRAC
colour-colour selection. We estimate a lower limit on our
AGN fraction from the X-ray detections of 8± 2 % and an
upper limit by including our IRAC-colour selected AGNs
of 28± 4 %. This range is consistent with previous results,
although somewhat lower than the most recent results re-
ported for a small sample in the GOODS-S field. We con-
clude that most sub-millimetre bright galaxies do not host
an unobscured or moderately obscured luminous AGN.
• Looking to the most likely candidate descendants for

our SMGs we compare the constraints on their redshift and
number density (as well as stellar mass and metallicity) to
those expected for the progenitors of z = 1–2.5 quiescent
galaxies predicted by Estrada-Carpenter et al. (2019) and
Morishita et al. (2018). We find that the properties of the
AS2UDS SMG population are consistent with these con-
straints, with median mass-weighted ages for the SMGs of
11.4+0.1

−0.2 Gyr, in good agreement with the median formation
ages for the quiescent galaxies of 11.5±0.3 Gyr. The number
density of the SMGs and Estrada-Carpenter et al. (2019)
populations are also consistent with this evolutionary link
if the typical star-formation burst duration of the SMGs is
∼ 190+50

−40 Myr, which is similar to previous independent esti-
mates.
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AS2UDS: Source catalogue and properties 23

Table A1. AS2UDS Multiwavelength Photometry. The V and K band aperture corrected 2.′′ aperture AB magnitudes from the UKIDSS

UDS survey (Almaini et al. in prep.). The DR11 Flag is a Boolean identifier which flags the unmasked, ‘good’, galaxies from UKIDSS
DR11 catalogue with reliable photometry. The IRAC magnitudes described in §2.3 and Dudzevičiūtė et al. (in prep.), the VLA 1.4 GHz

fluxes from the UDS20 survey (Arumugan et al. in prep.) and the X-UDS IDs (Kocevski et al. 2018) for the 23 matches with our SMGs.

Non-detections are assigned ‘99’ and galaxies not covered by observations in the respective bands are assigned −99. The full table is
available online.

ID Vmag Kmag DR11 Flag m3.6 m4.5 m5.8 m8.0 VLA 1.4 GHz XUDS ID

(µJy)

AS2UDS0001.0 26.0±0.1 20.64±0.01 1 19.85 −99 19.29 −99 270±30

AS2UDS0001.1 99 99 0 99 −99 99 −99 99

AS2UDS0002.0 25.8±0.1 23.26±0.04 1 22.37 21.89 21.49 20.96 140±40
AS2UDS0002.1 26.9±0.3 24.3±0.1 1 22.47 22.09 21.54 20.92 140±40

AS2UDS0003.0 99 99 0 21.79 21.6 21.21 20.94 70±20

AS2UDS0003.1 29.7±1.7 24.7±0.1 1 99 99 99 22.05 99
AS2UDS0003.2 26.7±0.2 24.3±0.1 1 23.3 23.01 99 21.82 99

AS2UDS0004.0 27.3±0.3 22.25±0.02 1 21.13 20.62 20.27 20.05 70±20

AS2UDS0005.0 99 24.08±0.08 1 22.66 22.46 99 21.81 99
AS2UDS0005.1 99 99 0 19.99 19.96 20.05 19.48 100±20

... ... ... ... ... ... ... ...
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