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ABSTRACT

The Herschel-SPIRE Dark Field (SDF), originally observed for calibration of the SPIRE instrument, is the deepest far-
infrared field to date (equivalent exposure time of ~ 700 h deg™!) at wavelengths 250-500 um, probing below the SPIRE
confusion limit. We present SCUBA-2 850 um observations covering the central Deep Region, detecting 36 sources
with number counts consistent with previous surveys at this wavelength. Cross-identification with multiwavelength
catalogues reveals 20 SPIRE-dropouts, whose stacked SPIRE fluxes suggest a photometric redshift of z ~ 4. Photo-z
estimates from the MAGPHYS, BAGPIPES, and MMPZ tools are consistent within the uncertainties for 3 sources (z ~ 1-
2), while 13 are inconsistent, and 20 lack sufficient data due to counterpart ambiguity or non-detections. We flag a
total of 9 sources as potentially lensed and 15 as potential multiples. Spectral energy distribution fitting yields average
properties for SPIRE-detected sources of logo(Lrr/Lg) = 13.6 £ 0.1, 1og10(Maust/Me ) = 8.1 £ 0.1, and SFRypsc = 7000 £
1900 Mg, yr~!. The stacked dropouts yield logio(Lrr/Lo) = 12.8793[12.570¢], logio(Maust/Mo) = 6.52103[6.717029], and

—0.41 —0.23

SFRbse = 7001 320°[3501520] M yr ! ata derived z = 6.773¢ (ata fixed z = 4.07)}) contributing ~ 15 (~ 2) per cent of the

cosmic star formation rate density (SFRD) at that epoch. We find an excess at z ~ 1 in the SFRD of SPIRE-detected sources,
consistent with the sub-mJy bump in SPIRE number counts previously identified in this field, possibly tracing large-scale

structure.
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1 INTRODUCTION

The cosmic infrared background contains the integrated history
of obscured star formation (SF) and observations have shown that
its total energy density is comparable to the Cosmic Optical Back-
ground (J. L. Puget et al. 1996; H. Dole et al. 2006; M. J. Devlin
et al. 2009). The implications of this are significant; optical obser-
vations alone account for only about half of the total star forma-
tion rate (SFR) over the entire history of the Universe. With the
arrival of large-scale submillimetre (submm) surveys, the discov-
ery of a significant number of optically obscured galaxies [dusty
star-forming galaxies (DSFGs)] challenged our understanding of
galaxy formation and evolution (I. Smail, R. J. Ivison & A. W.
Blain 1997; A. J. Barger et al. 1998; D. H. Hughes et al. 1998).
This problem persists because current models and simulations
are unable to reproduce the high-redshift (z > 4) population (C.
D. Dowell et al. 2014; V. Asboth et al. 2016; R. Ivison et al. 2016),
confirming that a notable component of the SFR density at high z
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is absent in ultraviolet-/optical-based studies. While several high-
Z DSFGs have been discovered (e.g. K. Coppin et al. 2006; E. Daddi
et al. 2009; D. A. Riechers et al. 2010, 2013, 2021; P. L. Capak
et al. 2011; F. Walter et al. 2012; C. D. Dowell et al. 2014; V.
Asboth et al. 2016; Y. Fudamoto et al. 2017; J. Greenslade et al.
2019; J. Alvarez-Marquez et al. 2023), uncertainty still remains
about their true contribution to the SFR density at z > 3 (V. As-
both et al. 2016). The fainter DSFG population, corresponding to
intermediate or lower redshifts (z < 2), are key contributors to
the dusty star-formation history at these lower redshifts but have
proven difficult to study in large samples. The poor resolution of
single-dish telescopes prevents the fainter population from being
detected.

The most successful method to date for identifying high-z
DSFGs has been the use of Herschel-SPIRE colours to identify
sources that have spectral energy distributions (SEDs) that are
still rising at 500 pwm, (Ssp0 > S3s0 > Sa50), due to the large neg-
ative K-corrections at these wavelengths. These so-called 500 um
risers (C. D. Dowell et al. 2014) were inferred, and later confirmed
to be, at high-z (z > 4), with the peak of their SEDs redshifted
into submm wavelengths. Following this idea, a source with an
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SED still rising at longer wavelengths of 850 um could reside at
an even higher redshift, defined as an 850 wm riser (Sgso > Sso0)
(D. A. Riechers et al. 2017, 2021). However, the rarity of these
850 um risers makes high-z DSFGs selection difficult.

Surveys of limited field size and depth have narrowed the
search for candidate high-z sources to methods such as 500 pm
riser selection, searching for lensed sources, or simply fortuitous
discoveries. But with the arrival of larger area surveys at longer
submm wavelengths (e.g. surveys such as the S2CLS; J. E. Geach
et al. 2017 and S2-COSMOS; J. Simpson et al. 2019), new colour
selection methods have opened up the search for even higher
redshift DSFGs. Analysis of these source catalogues has revealed
bright 850 pm sources that are undetected at both optical/NIR
wavelengths and in any of the Herschel-SPIRE bands, sugges-
tive of a high-z with a median redshift higher than the 500 um
riser population (e.g. J. Greenslade et al. 2019). An alternative
explanation for a source to lack a SPIRE counterpart is that they
represent a population of cooler sources that remain undiscov-
ered at z > 4. Very few of these so-called ‘SPIRE dropouts’ have
been studied in detail and the nature of this intriguing population
remains uncertain. SPIRE-dropouts are suggested to account for
~ 20 per cent of all 850 pm sources (with signal-to-noise ratio,
SNR > 5)in SCUBA-2 surveys (J. Greenslade et al. 2019). This im-
plies that this high-z population is important for understanding
the stellar mass build-up at earlier epochs, and confirming more
high-z galaxies will allow us to determine to what extent this is
the case.

The Herschel Space Observatory (G. L. Pilbratt et al. 2010)
has completed a number of surveys using its onboard SPIRE
instrument (M. J. Griffin et al. 2010), observing simultaneously
at 250, 350, and 500 um. At these wavelengths, however, SPIRE
observations suffer from confusion due to the relatively low res-
olution and high number density of far-infrared (FIR) sources.
Throughout its mission, Herschel regularly observed a dark patch
of the sky for calibration purposes. Combining these observa-
tions together results in the Herschel-SPIRE Dark Field (SDF), the
deepest FIR field available for the foreseeable future. C. Pearson
et al. (2025) extracted SPIRE number counts for this field using
two different source extraction techniques: SUSSEXtractor (R. S.
Savage & S. Oliver 2007) and XID (P. Hurley et al. 2017). They
found the SPIRE number counts to be in good agreement with
the literature (e.g. S. J. Oliver et al. 2010, D. L. Clements et al.
2010, C. Pearson et al. 2017), with XID counts probing to fluxes a
factor of 2 fainter than SUSSEXtractor. However, to probe even
fainter fluxes (< 1mlJy), well below the confusion limit, statis-
tical methods such as Probability of Deflection (P(D)) are re-
quired. T. Varnish et al. (2025) presented P(D) analysis of the SDF,
which revealed a secondary peak in the SPIRE number counts
at the faint-flux end. With current models unable to explain this
secondary peak it became clear that further multiwavelength
data, particularly sensitive submm observations, are required to
probe both the resolved and unresolved DSFG population in
this field.

In this paper, we present archival JCMT SCUBA-2 data at 850
and 450 pm, which overlap with the SDF, to study the submm
regime and search for SPIRE counterparts. In Section 2, we de-
scribe the SCUBA-2 observations and data reduction process. In
Section 3, we present our SCUBA-2 number counts, FIR/submm
colour analysis, and compare photometric redshift estimates. We
extract physical properties for our sample through FIR SED fitting
and discuss the implications of our results in Section 4. We state
our conclusions in Section 5.
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2 OBSERVATIONS AND DATA REDUCTION

The SDF consists of overlapping wide and deep areas, located
near the North Ecliptic Pole at RA = 17 P 40™ 125, Dec. = +69
° 00’ 00" (C. Pearson et al. 2025). The entire SDF field spans a
diameter of ~ 30 arcmin. It was observed regularly throughout
the Herschel mission lifetime for calibration purposes, resulting
in an extremely deep survey field. Within the SDF, a smaller 12
arcmin diameter region at the centre of the field is defined as the
Deep Region where the P(D) analysis in T. Varnish et al. (2025) is
performed. The Deep Region reaches an exposure time per square
degree of at least 50 per cent deeper than the Herschel GOODS
fields combined (I. Oteo et al. 2018). This makes the central region
of SDF the deepest FIR field available for the foreseeable future.

In this paper, we work with two sets of archival SCUBA-2 ob-
servations:! Project ID M18AP049 (PI: J. Huang) and M20AP045
(PI: C. Cheng). Both data sets consist of 850 and 450 wm observa-
tions of the Spitzer IRAC Dark Field (J. Krick et al. 2009), which
encompasses the entire Deep Region.

2.1 SCUBA-2 observations

‘We manually reduce the data following the procedure described
in T. Cheng et al. (2019). This process is used for both 450
and 850 um data, unless explicitly stated otherwise. Using the
SCUBA-2 pipeline SMURF (E. L. Chapin et al. 2013), we use the
MAKEMAP command on the individual scans from both obser-
vations for one wavelength. Within this command, the default
ITERATE method is used to fit a number of models for noise and
instrumental behaviour. The individual scans are then co-added
using the PICARD recipe MOSAIC JCMT_ IMAGES to create a
single map, as well as removing contaminant signals such as
cosmic rays. In the next step, we crop the co-added maps using
CROP_SCUBA2_ IMAGES to a diameter of 16 arcmin. This re-
moves the outer edge of each map where the noise dominates but
still encompasses the entire Deep Region (central ~ 12 arcmin
region).

Since we assume the SCUBA-2 sources to be unresolved
point sources within the 850 um beam [full width at half-
maximum (FWHM) = 14.6 arcsec], we use the PICARD recipe
SCUBA2_ MATCHED FILTER on the cropped maps in order to
enhance the point sources. This recipe first smooths the in-
put map and its generated point spread function (PSF) with a
30 arcsec FWHM Gaussian kernel and these smoothed maps
are subtracted from the unsmoothed maps. These background-
subtracted signal maps are then convolved with the PSF to pro-
duce the match-filtered signal maps. In parallel, the noise maps
are also convolved with the PSF to produce the variance map.
The match-filtered signal maps are in units of pW, and have to
be calibrated using a flux correction factor (FCF) via PICARD’S
CALIBRATE SCUBA2_ DATA recipe. We use the standard FCF
value, as stated on the SCUBA-2/JCMT website,? of 537 4 43
Jy beam™ pW™! for the 850 um map and 491 4- 88 Jy beam™*
pW~! for the 450 um map. We note the 8 and 18 per cent FCF
error of the 850 and 450 um sources, respectively. Finally, we
produce SNR maps from the calibrated maps using the KAPPA
command, MAKESNR. Fig. 1 shows the fully reduced SCUBA-2

Thttps://www.cadc-ccda.hia-iha.nrc-cnre.ge.ca/en/search/
Zhttps://www.eaobservatory.org/jcmt/instrumentation/continuum/
scuba-2/calibration/
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Figure 1. Fully reduced SCUBA-2 maps of the SDF at 850and 450 pm.
Each map is 16 arcmin in diameter and encompasses the entirety of the
Deep Region (central 12 arcmin diameter).

850 and 450 pm flux density maps. For the purpose of this paper,
we focus on analysing only the 850 pm data.

2.2 Source extraction

To extract our 850 um sources, we utilize the 850 um SNR map
and apply a simple peak-finding algorithm using the find_peaks
function in the astropyphotutils package. With our input
threshold SNR value of 40, local peaks are detected in the SNR
map where a minimum separation of 4 pixels (= 850 pm FWHM)
is required between detected peaks. SCUBA-2 850 um photome-
try has to be corrected for flux boosting, as investigated in J. E.
Geach et al. (2017). They explore the effects of flux boosting in
the SCUBA-2 Cosmology Legacy Survey (S2CLS) and find that
the level of flux boosting is consistent across the whole survey
area and can be well described by the following power law:

S SNR\ *?
L‘“=1+0.2(T) , 1)

Strue
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where SNR is the observed signal-to-noise ratio. To estimate the
errors on our 850 pum flux density measurements, we use the 1o
measurement from the SNR map at the position of the peaks and
add it in quadrature with the 850 um FCF error stated earlier
to get the total flux error. Once the total 850 um flux error has
been calculated for each source, we use equation (1) to deboost
all our measured 850 pum fluxes and errors. To extract the 450 pm
sources, we extract the 450 pm peak fluxes at the positions of
the 850 um detected peaks and use these sources as the initial
450 um sample. Errors for the 450 um fluxes are calculated sim-
ilarly to the 850 um flux errors. With this method, our initial
sample consists of 36 detected 850 um sources detected at > 40,
each with a 450 um flux constraint, however we note that there
are no > 30 450 pm counterparts.

2.2.1 Reliability and completeness

We study the reliability of our SCUBA-2 detected sources using
two methods. First, we invert the flux density maps and use the
same source detection method as earlier, which will find negative
sources due to negative peaks. Assuming there are a similar num-
ber of spurious sources in the original map due to positive peaks,
we calculate the ratio of the expected number of spurious sources
to the number of detected positive sources to find the reliability.
We find a reliability of 81.25 per cent at 40 for 850 um and 61 per
cent at 3.50 for 450 um, corresponding to a flux limit of 3.3 and
12 mJy at 850 and 450 um, respectively.

For our second method we create jackknife maps, where a
random 50 per cent of the individual scans are inverted and co-
added to the remaining individual scans; this produces maps that
are effectively showing pure noise. Applying our source detection
method to these maps, we find a reliability of 87.5 per cent at 40
for 850 um and a reliability of 78 per cent at 3.5¢ for 450 um.

To test how different SNR thresholds affect the reliability, we
perform SNR cuts from 3-8¢ and 2-8c for 850 and 450 pm, re-
spectively. Fig. 2 confirms that our initial 40 detection threshold
for 850 um sources is suitable, and all sources with > 50 detec-
tions have 100 per cent reliability. We also find that there are no
detected peaks above 40 in the 450 pm map - hence the reliability
is shown to fall to zero after this point (see Fig. 2) — and sources
with detections between 3.50 < SNR < 40 are the most reliable.

To evaluate the completeness of the sources, we insert a fixed
number of fake sources ranging from 1 to 10 mJy into the 850 pm
jackknife map and calculate the fraction that are recovered using
the same source detection algorithm described above. We repeat
this process 500 times for each flux bin. Following T. Cheng et al.
(2019), the shape of our fake sources are circular 2D Gaussians,
with a standard deviation equal to half of the SCUBA-2 FWHM at
the wavelength being considered; FWHM at 850 pum is 14.6 arc-
sec. In Fig. 3 we show the estimated completeness of the 850 um
map as a function of the input flux density. The 850 um map
reaches a completeness of 50 per cent and 80 per cent at flux
densities of Sgso ~ 4.32 mJy and Sgsp ~ 5.38 mJy, respectively.

2.3 Ancillary data

Along with the SCUBA-2 observations, the SDF also overlaps
with the IRAC Dark Field used for calibration purposes of the
InfraRed Array Camera (IRAC; G. Fazio et al. 2004) on the Spitzer
Space Telescope (M. W. Werner et al. 2004). This ~ 20 arcmin
diameter area provides four-band NIR (3.6, 4.5, 5.8, and 8 um)

MNRAS 548, 1-28 (2026)



4  A. Parmar et al.

850pm Reliability

1100

[ Source counts
1 Inverse counts - 80
XA Jackknife counts ]|
Inverse Method
— -~ Jackknife MethodT

o

-
o

Reliability [%]

Number of sources (> SNR)

450um Reliability
1 100
2 1 Source counts |
c% 102 [ Inverse counts = 80
%y A Jackknife counts ]| <
3 Inverse Method =
= — -+ Jackknife Method] 60 2
o =
% ] &
° 10 la0 2
) ] ~
©
E o
= ]
Z 120
10° } 2% . 1,
6 8

Figure 2. Reliability at 850 and 450 um by comparing the number of sources in the science maps to the number of spurious detections above an
increasing SNR threshold in the jackknife and inverted map. Results from both our methods are shown for comparison. 850 um sources detected at 4o
and greater are the most reliable, with reliability rising to 100 per cent at 5o. At 450 um, the reliability of sources is highest at 3.50, after which the

reliability falls to zero since no sources are detected at > 4o.
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Figure 3. The 850 um completeness for our Deep Region sample. Un-
certainties are plotted but are very small. The 850 um map reaches a
completeness of 50 and 80 per cent at flux densities of Sgso ~ 4.32 mly
and Sgsp ~ 5.38 mlJy, respectively.

observations of the SDF. Optical to mid-IR observations of the
concurrent IRAC Dark Field, detailed further in J. Krick et al.
(2009), are also available; AKARI (11, 15, 18 um; H. Murakami
et al. 2007; T. Onaka et al. 2007), Spitzer-MIPS (24, 70 um; G.
Rieke et al. 2004), Palomar Hale LFC (u/, g, ¥, Z’; R. Simcoe et al.
2000), and WIRC (J, H, Ks; J. C. Wilson et al. 2003), and Hubble
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Space Telescope (HST) ACS-WFC (F814W; H. C. Ford et al. 1998).
A small rectangular region of the SDF has also been observed
recently by James Webb Space Telescope (JWST) as part of the
PEARLS programme (R. A. Windhorst et al. 2022), providing
high-resolution NIR images at 1.5, 2.0, 3.56, and 4.44 um. Cross-
identification with this overlapping JWST data will be explored
in future studies.

3 RESULTS

3.1 SCUBA-2 number counts

To investigate the source abundance in the Deep Region of the
SDF, we calculate the integral and differential counts of the
850 um detected sources. We sort the sources from brightest to
faintest flux and count the cumulative number of sources at each
1mly step. To allow a comparison between the Deep Region
and other literature data and models, we divide the number of
sources by the area of our SCUBA-2 field (~ 0.06 deg?) to obtain
the number counts per square degree. Our results are stated in
Table 1. Fig. 4 shows the cumulative integral counts and differ-
ential counts of the SPIRE Deep Region, compared with counts
from previous works. Our 850 pm counts have been corrected for
completeness, flux boosting, and reliability. We see that our Deep
Region cumulative counts are largely consistent with the litera-
ture. In the faintest differential counts bin (3 < S,[mJy] < 4, first
boxed point in Fig. 4) the completeness falls to ~ 20 per cent (see
Fig. 3), which is reflected by the downturn in the number counts
at the faint end, making this faint flux bin unreliable. At fluxes
S, > 4 mly, the completeness of the SDF sources is > 50 per cent
and we see that the counts at the bright flux end (except at
S, = 6.5mlJy) agree within their uncertainties with the majority
of the literature differential counts shown. We also see a dip in



Table 1. Corrected 850 um number counts measured in the SPIRE Deep
Region. Flux bins, AS are 1 mlJy wide. The flux density, S, is the flux
at the centre of each bin and S = S — 0.5AS. Uncertainties shown are
Poissonian.

s N(> §) dN/ds
[mly] [deg2] [deg™? mJy~']
3.5 766.21 + 117.0 182.63 4 57.1
45 583.58 + 102.1 202.75 + 60.2
5.5 380.83 + 82.5 190.93 + 58.4
6.5 189.91 + 58.2 21.68+19.7
7.5 168.23 + 54.8 95.52 +41.3
8.5 72.7 + 36.03 7221 + 36.03

the counts at ~ 6.5 mJy (second boxed point in the plot) as only
one source falls into that flux bin causing the differential counts
to fall significantly below the literature counts at this flux. For the
remaining (unboxed) points our differential counts are consistent
(to 10) with the C.-C. Chen et al. (2013) and L.-Y. Hsu et al.
(2016) models, and the K. Coppin et al. (2006) and C. M. Casey
et al. (2013) results, all of which are also derived from SCUBA-2-
selected 850 um sources. Our counts and majority of the other
literature counts lie modestly above those of J. E. Geach et al.
(2017) in the intermediate flux bins. Given the consistent flux
deboosting and completeness methodology between the works,
the substantially smaller survey area of the SDF and the other
literature works (on the order of arcmin?) compared to the survey
area of J. E. Geach et al. (2017) (~ 5 deg?) is the most likely ex-
planation for this discrepancy as field-to-field (cosmic) variance
is expected to be much more significant for a smaller area.
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3.2 SCUBA-2 - Herschel cross-identification

We explore whether our 850 um sources have multiwavelength
counterparts by cross-matching the detected sources with the
XID catalogue generated by C. Pearson et al. (2025), which uses
MIPS 24 um positions as priors to extract SPIRE fluxes from
the SPIRE maps. Before our search, we estimate SPIRE fluxes
for each of our 850 pm sources by extracting the 250, 350, and
500 pm flux densities from the SPIRE maps at the position of
the 850 um source. The flux density errors are the 1o confusion
noise of the SPIRE instrument in each band (5.8, 6.3, 6.8 mJy
at 250, 350, 500 um). Then, we conduct a search for all possible
matches between the 850 um and C. Pearson et al. (2025) XID
source positions, with a search diameter equal to the FWHM at
850 um (14.6 arcsec). With this initial search, we find one or
more XID sources located within the 850 um beam centred on
each source. To determine whether any of these XID sources
are robust matches, we visually inspect the 850 pm map along
with the SPIRE, 24 pm and IRAC 3.6 um maps at the position of
each 850 um source and compare the XID position to the other
wavelengths.We define two conditions that need to be satisfied
for an XID source to be assigned as the ‘correct’ counterpart to an
850 pum source. The first condition requires the XID coordinates
to coincide with the 250 wm SPIRE and 850 um SCUBA-2 source
on the map. To help make this determination, we also use the
IRAC 3.6 um map, which provides a higher resolution image of
the XID source. The second condition requires our SPIRE flux
estimates from the map to be comparable with the SPIRE XID
fluxes. If both these conditions are met, we identify that XID
source as the 24 um counterpart to the 850 um source. See the
cut-outs of Sources 4, 14, and 29 in Fig. 5 for some examples of
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Figure 4. Number counts of the 850 um detected sources. The left panel shows the cumulative number counts and the right panel shows the
Euclidianized differential number counts. The 850 pm counts have been corrected for completeness, reliability, and flux-boosting. Both panels also
show a selection of data (various coloured symbols) and two models (dashed and dotted lines) from the literature. The two boxed points in the right
panel highlight specific bins in the differential counts that are discussed further in the text.
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HST 0.84pm IRAC 3.6pm MIPS 24pm SPIRE 250um  SPIRE 350um  SPIRE 500pm SCUBA2 450um SCUBA2 850um

Source_0*

Source_1*

Source_2*

Source_3*

Source_4

Source_5*

Source_6

Source_7*

Source_8

Source_9*

Figure 5. Multiwavelength 20 arcsec x 20 arcsec cut-outs of our 36 SCUBA-2 850 um-detected sources. Images are shown from shortest to longest
wavelength for the following bands; HST 0.84 um, IRAC 3.6 um, MIPS 24 pm, the three Herschel-SPIRE bands (250, 350, 500 um) and the two SCUBA-
2 bands (450, 850 pm). The dashed red circles signify the 850 um FWHM (14.6 arcsec). The solid black contours signify the 850 yum 4-80 contours
in steps of 20. 1-5¢0 contours for each SPIRE band are shown on their respective images in solid white. The 250 pum contours are also overplotted on
the HST, IRAC, MIPS, and SCUBA-2 images. In the cases where the white contours are not visible, the SPIRE source is < 1o. Any HST and/or IRAC
counterparts used in the photo-z analysis are marked with a pink crosshairs for the relevant sources. Sources marked with an asterisk next to their name
are the sources we have categorized as SPIRE-dropouts. Note for Source_35, the position of the 850 um source falls outside the dimensions of the HST
image so the HST cut-out is left blank.
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Figure 5. - Continued
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good matches between the XID 24 um and the 850 pm source.
For any 850 wm sources where the first condition is not met, we
assign these sources with our map-extracted SPIRE fluxes; these
sources do not have an XID MIPS counterpart. See the cut-outs
of Sources 19, 26, and 32 in Fig. 5 for some examples where the
24 pum source does not coincide with the 250 um source.

As mentioned earlier, the J. Krick et al. (2009) catalogue pro-
vides optical-NIR coverage of the SDF as well as MIPS 24 um
data. MIPS sources that appear both in the J. Krick et al. (2009)
catalogue and the C. Pearson et al. (2025) XID catalogue share the
same ID. For sources for which we have identified a 24 um XID
counterpart, we extract the corresponding available optical-NIR
photometry from the J. Krick et al. (2009) catalogue. In each case,
we inspect the images to verify whether the NIR IRAC source
from the catalogue corresponds to the 850 um source position.
For the sources where an XID MIPS counterpart was not identi-
fied in the previous steps, we cross-match the 850 pm source po-
sitions directly with the J. Krick et al. (2009) catalogue positions to
identify any optical/NIR counterparts. Note that if an optical/NIR
counterpart is identified, it does not correspond to a source in
the XID catalogue and therefore these sources do not have an
MIPS counterpart. In some cases there is a clear IRAC source that
coincides directly with the 850 um (and MIPS, if relevant) source.
For example, see cut-outs of Sources 10, 20, 25 in Fig. 5. A few
cases show multiple IRAC sources in and around the MIPS po-
sition making it difficult to identify a specific IRAC counterpart.
For example, see cut-outs of Sources 14, 18, and 28. We discuss
the sources with ambiguous IRAC counterparts in more detail
in Section 3.4. Once we have extracted any available optical/NIR
photometry, we discard any fluxes that are < 50 (i.e. any non-
detections), to ensure the counterparts can be considered robust.
These discarded optical/NIR fluxes, unless specified otherwise,
are not included in the photo-z analysis in Section 3.4.

We next look for candidate SPIRE-dropouts in our sample by
examining the 850 pm and SPIRE maps with their respective

contours at the position of each 850 um source. Those sources
lacking a > 3o detection in SPIRE, we categorize as a SPIRE-
dropout. For these dropouts, we update their SPIRE photometry
to ensure they are assigned map-extracted SPIRE constraints;
these are not flux measurements. These constraints can be treated
as upper limits in subsequent analyses. We note that some of the
sources we classify here as SPIRE-dropouts initially had assigned
SPIRE fluxes from the XID catalogue as a result of the initial
positional matching method described earlier. However, we find
that for the SPIRE-dropouts with an identified XID counterpart,
the XID SPIRE fluxes are comparable to the map-extracted SPIRE
constraints and therefore remain undetected in SPIRE given the
30 SPIRE confusion noise. There are some cases where the cut-
outs show a > 30 SPIRE source within the 850 pm beam while
the SPIRE map constraints suggest that the source is a SPIRE-
dropout. The sources in question are Source 17, 20, 21, and 24,
whose multiwavelength cut-outs are shown in Fig. 5, along with
the cut-outs for the rest of our sample. This inconsistency in flux
could be explained by the fact that the SPIRE constraints were
extracted from the maps at the exact position of the SCUBA-2
source, which is not necessarily the brightest SPIRE pixel within
the 850 pm beam. However, comparing the IRAC cut-outs to the
rest of the wavelengths reveals more information about these
sources. For Source_17 and Source_24 the IRAC bands show
a source on the edge of the 850 um contour, which seems to
correspond to the position of the SPIRE detection (and also to
a > lo 450 um source for Source_17) but does not correspond
to the position of the 850 um source. For Source_21, there are
three potential IRAC counterparts (one bright and two faint) to
the SPIRE source so we cannot say for certain which is the correct
match and whether or not it corresponds to the 850 um source.
Closer inspection of Source_20 shows only one IRAC source
within the 850 pm beam, which corresponds to the position of
the MIPS, SPIRE, 450 um, and 850 um source. Based on these
inspections, we decide to categorize Source_17,21, and 24 as
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Figure 6. Left: S»s50/Sss0 versus Ssoo/Ssso colours of our SCUBA-2 sample with sources split into three different categories. The SPIRE-dropouts (i.e.
lacking a SPIRE detection in any SPIRE band) are plotted as purple arrows, emphasizing that they are limits. The ratios for the SPIRE-dropouts are
calculated using the flux constraints extracted from the SPIRE maps at the position of the SCUBA-2 source, hence we get some negative fluxes. The
SPIRE-detected sources make up the remaing two categories; sources detected at 250 um SPIRE are plotted as teal stars, while those sources that are
non-detections at 250 pm but are detected at 350/500 pm are plotted as orange arrows. The colour-track of the average ALESS SED is overlaid for different
redshifts. The SPIRE-dropouts tend to lie towards the bottom left corner of the plot, corresponding to higher redshifts. The average colour ratios of each
group are also plotted. Right: We take the six orange sources in the left diagram and plot their S3s50/Sss0 versus Ssoo/Ssso colours, shown here as orange
circles. These sources have non-detections at 250 pum but are detected at 350/500 pm. The ALESS SED colour-track is overlaid here as well. We also plot
the S350/Sss0 versus Ssoo/Sgso colours of the sources that are detected in all SPIRE bands, shown in the teal stars. The average colour ratios of each group
are also plotted, labelled as ‘Stacked’. The yellow star in both panels corresponds to the SPIRE-detected Source_29, which we associate with a stellar object.

SPIRE-dropouts and we keep Source_20 categorized as a SPIRE-
detected source.

After our categorization, we find a total of 20 SPIRE-dropouts
in our SCUBA-2 sample - some of which have an identified
optical/NIR counterpart - meaning > 50 per cent of our sample
are SPIRE-dropouts. All SPIRE-dropout sources mentioned from
here onwards will be marked with an asterisk (x) next to their
name. These SPIRE-dropouts are candidate high-z galaxies that
are suggested to account for ~ 20 per cent of all 850 um sources
(with SNR > 5) in SCUBA-2 surveys (J. Greenslade et al. 2019).
The implication is that this high-z population is important for
understanding the stellar mass build-up at earlier epochs. An
alternative explanation for a source to lack a SPIRE counterpart
is that it is instead a low-z non-thermal source. However, we
can discount this possibility given that all of our SPIRE-dropout
candidates lack a > 3o radio counterpart in the 144 MHz LOFAR
data available for this field (obtained through private commu-
nication; depth of ~ 100 pJy), confirming they cannot be low-z
non-thermal sources and reinforcing the idea that they are good
high-z candidates. The remaining 16 sources include those with
an XID and/or optical/NIR counterpart, and those without an
identified counterpart. The multiwavelength cut-outs for each
source are shown in Fig. 5.

In our 850 um sample, we associate one source with a stellar
object. The cut-outs of Source_29 show a bright source visible at
all wavelengths (except 450 um), but it becomes more obvious
from the diffraction spikes seen in the HST cut-out that the ob-
ject is stellar. We confirm the stellar classification of this source
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through a Gaia archive search.®> From the Gaia archive, we also
obtain a range of properties including effective temperature (~
4440 K), distance (~ 1kpc), parallax, and proper motion. This
star poses an interesting question; is the star simply a very close
chance alignment with the FIR source or could the star be asso-
ciated with the FIR emission. We discuss this source further in
Section 3.5.

3.3 Colour-colour diagrams

We use the SPIRE and SCUBA-2 fluxes of our sources to exam-
ine the FIR/submm colours of our sample. This method is often
used as a rough redshift indicator for FIR/submm sources (e.g. D.
Clements et al. 2014; C. D. Dowell et al. 2014; R. Ivison et al. 2016;
J. Greenslade et al. 2018). Generally, a source with a rising SED
in the FIR/submm regime will tend to lie at higher redshifts (C.
M. Casey, D. Narayanan & A. Cooray 2014).

In the left panel of Fig. 6, we plot Sys0/Ssso versus Ssoo/Ssso for
our whole sample. In this panel, we split our sample into three
different categories. The SPIRE-dropouts (i.e. lacking a SPIRE
detection in any SPIRE band) are plotted as purple arrows, em-
phasizing that they are limits. As mentioned in Section 3.2, the
SPIRE ‘fluxes’ of our SPIRE-dropouts are actually flux constraints
that are extracted by reading off the flux from the SPIRE maps

3https://gea.esac.esa.int/archive/


https://gea.esac.esa.int/archive/

at the position of the SCUBA-2 source. Since they are SPIRE-
dropouts, some of the sources have unphysical negative fluxes.
The SPIRE-detected sources make up the remaing two categories:
sources detected at 250 um (as well as 350/500 pwm) are plotted as
teal stars, while those sources that are non-detections at 250 pm
but are detected at 350/500 pm are plotted as orange arrows since
their Sys0/Sgs0 versus Ssop/Sgso colours will be inaccurate due to
their non-detection at 250 wm. We also overlay the colour-track of
the ALESS average SED (E. Cunha et al. 2015) at various redshifts
for reference, originating from ALMA follow-up observations (J.
Hodge et al. 2013; A. Karim et al. 2013) of the LABOCA ECDFS
Submillimeter Survey (LESS; A. Weif} et al. 2009; J. L. Wardlow
et al. 2011; R. C. Hickox et al. 2012). In this plot, the SPIRE-
dropout candidates largely lie towards the higher redshift end
(bottom left corner), with a handful of dropouts in the z > 5
region, confirming their initial high-z categorization. The sources
with SPIRE detections largely lie at z < 3. The orange sources
plotted in the right panel in Fig. 6 correspond to the same or-
ange sources plotted in the left panel. Since these sources lack
a 250 um detection, we analyse their S3s0/Ssso versus Ssoo/Ssso
colours to get a better indication of their redshift. An ALESS
average SED colour-track is also overlaid. Comparing the orange
points in the left and right panels, we see that the Sss5/Ssso versus
Ss00/Ssso colours have an overall lower redshift estimate than the
S250/Sss0 Versus Ssop/Ssso colours. We also plot S3so/Ssso versus
Ss00/Ssso for the SPIRE-detected sources, also shown here as teal
stars. These also largely lie at z < 3, in agreement with their
S250/Sss0 Versus Ssoo/Ssso colours.

Using the colour ratios of individual sources, we calculate the
average colours of each category, shown by the ‘Stacked’ points
in Fig. 6. Studying the SPIRE-dropouts, we find that the upper
limit of the average S,s0/Ssso versus Ssoo/Ssso ratio favours redder
colours. For the same ratio, the SCUBA-2 sources with SPIRE
detections favour bluer colours, highlighting the clear difference
between the higher and lower z nature of SPIRE-dropouts and
SPIRE-detections, respectively. In-between these two categories
we find the average S»so/Ssso Versus Ssoo/Ssso ratio for 250 pm
non-detections, albeit located closer to the bluer end of the
colour-colour diagram; a trend that is also seen in the S3s0/Sss0
versus Ssoo/Ssso plot.

3.4 Photometric redshifts

We find no spectroscopic redshifts for any sources in our SDF
sample so we use the range of available multiwavelength data
to estimate photometric redshifts for our SCUBA-2 sources. We
first use the MAGPHYS + PHOTO-Z (Multi-wavelength Analysis
of Galaxy Physical Properties + Photometric redshift; A. Bat-
tisti et al. 2019) tool to estimate a photometric redshift for all
sources that have an identified optical/NIR counterpart. For these
MAGPHYS runs we use the full optical/NIR-submm photometry.
Our results our stated in Table 4 under MAGPHYS (Z.1). This
value reflects the median of the best-fitting model’s probability
density function (PDF), with uncertainties reflecting the 16-84"
percentile; we use this MAGPHYS redshift in the following com-
parison. The bracketed MAGPHYS value reflects the redshift of the
best-fitting MAGPHYS model. Our second tool is the latest version
of the code BAGPIPES (Bayesian Analysis of Galaxies for Physi-
cal Inference and Parameter EStimation; A. Carnall et al. 2018),
with our input parameters for the code listed in Table 2, and the
redshift fixed to the MAGPHYS estimate. We perform two sets of
BAGPIPES runs for sources with an identified shorter wavelength
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Table 2. List of input parameters for our BAGPIPES runs.

BAGPIPES
Global Delayed SFH Dust Nebular
0<z<10 0l<t D. Calzettietal. —4 <log;o(U) <
[Gyr] < 10 (2000) -2

0.01 < @ < 1000
0.01 < B < 1000
0<Zy <25

0<A, <8

counterpart. The first run uses only the optical-NIR photometry
of the identified counterpart (BAGPIPES Zop/nir in Table 4), while
the second run uses the full optical/NIR-submm photometry
(BAGPIPES Zz) in Table 4). For both BAGPIPES runs we state the
median value and error, reflecting the 16-84th percentiles of the
BAGPIPES posterior.

We had previously discarded any optical/NIR photometry
that were non-detections (i.e. < 50); however, there are certain
sources where the non-detections are included in the photo-z
estimations and this is explicitly stated for each relevant case.
Since MAGPHYS does take upper limits into account, we set the
flux of these non-detections to zero and set the uncertainty as the
30 upper limit. BAGPIPES does not take upper limits into account
so for the non-detections we simply input the flux constraint and
corresponding error. See Appendix A for the final catalogue of
fluxes used to calculate the photo-z estimates. Although we do
not show the cut-outs of all the optical/NIR bands in the final
catalogue, photometry from all detected bands are included in the
photo-z estimation.

Finally, we use MMPZ (The millimeter photometric redshift
tool; C. M. Casey 2020) to constrain the photometric redshifts of
all our sources using only their FIR/submm fluxes. We note that
since the SPIRE flux-constraints are used for the MMPZ redshift
estimates of the SPIRE-dropout sources (marked with an asterisk
in Table 4), these estimates are shown as lower limits. The rest of
the MMPZ results reflect the mode of the P(z) distribution and the
upper/lower bound of the 68 per cent minimum credible interval.
In Fig. 7 we show the best-fitting SED from MAGPHYS and the two
BAGPIPES runs, stating the best-fitting redshift for each source.
Corresponding PDFs from MAGPHYS, BAGPIPES and MMPZ are
also shown. We verified that all redshift probability distributions
were normalized such that f P(z)dz = 1; when necessary, distri-
butions were renormalized before further analysis.

To compare the photometric redshift estimates of the sources
with an identified counterpart, we consider a source as having a
‘Consistent photo-z’ if all four of its redshift estimates are consis-
tent within the respective uncertainties. If all four redshift esti-
mates are not consistent within the uncertainties, we group them
under ‘Inconsistent photo-z’. Note that for the SPIRE-dropouts,
we compare the MMPZ lower limit to the remaining three red-
shifts. A caveat to our chosen criteria is that if a source is grouped
as consistent, it means that the optical and FIR regimes agree
therefore the optical source is suggestive of being the correct
counterpart to the FIR source and so there is no strong evi-
dence of it being a lens. However, this does not mean that the
estimated redshift is robust and reliable. Rather, our aim is to
identify sources that are definitely inconsistent and therefore are
likely to be lenses. For the remaining sources that do not have
an optical/NIR counterpart or if the ability to make a cross-ID is
hindered by source-blending or multiple candidate IDs, we clas-
sify under ‘Insufficient Data’. Fig. 5 shows the multiwavelength
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cut-outs that we use to obtain our cross-IDs. Below, we discuss
the photo-z results from our various methods for each source.
For the relevant sources with an identified shorter wavelength
counterpart, the HST and/or IRAC counterpart used in the photo-
z calculation is marked with a pink crosshairs in the Fig. 5 cut-
outs. Source names that are marked with an asterisk are our
candidate SPIRE-dropouts. Our photo-z results are tabulated in
Table 4. best-fitting SEDs and redshift PDFs for each source are
shown in Fig. 7.

3.4.1 Consistent photo-z:

Source_14: A bright SPIRE-detected source with a clear counter-
part in MIPS. The MIPS source could be a blend of three IRAC
sources, all of which are clearly distinct in HST. Positionally,
the MIPS source coincides with the central IRAC source and
the MAGPHYS photo-z estimate for this cross-ID is z = 0.9 701
Both BAGPIPES runs, Zopynik = 1.0 703 and z; = 0.9 701, and the
MMPZ run, z = 1.4 02, all agree with MAGPHYS. To investigate
the possible multiplicity of this source, we estimate the opti-
cal/NIR BAGPIPES photo-z of the surrounding two IRAC sources.
The upper and lower IRAC sources have BAGPIPES estimates of
z=147"}2 and 1.3 %22, which is consistent within uncertain-
ties with the photo-z estimates of Source_14 stated in Table 4,
suggesting that the IRAC sources may be physically associated.
We cannot be certain that the surrounding IRAC sources do not
contribute to the FIR flux of the 850 um source as well and so we
classify this source as a potential multiple. Spectroscopic obser-
vations will be needed to confirm this.

Source_16: This source has a visible IRAC and HST counterpart
located 1.4 arcsec away from the 850 um position, but no MIPS
counterpart. MAGPHYS estimates a photo-z of z = 2.2 732, Both
BAGPIPES runs, Zopynir = 1.9 752 and zy = 2.0 702, are in agree-
ment with MAGPHYS, as is the MMPZ estimate of z = 1.8 TJ3. Al-
though these photo-z estimates are deemed consistent, the offset
between the optical/NIR source and the 850 um source position
could suggest lensing. However, higher resolution submm/mm
data are required to confirm this. We classify this source as po-
tentially lensed.

Source_30: An HST source is visible within the 850 um con-
tour, which also has an IRAC counterpart in the catalogue. With
this counterpart, MAGPHYS estimates z = 1.4 *{-3. BAGPIPES esti-
mates Zopynr = 1.2 703 and zay = 1.2 03, while MMPZ estimates
z =2.371% All estimates are consistent with each other within
the uncertainties. We note that the HST source used here is 3.8
arcsec away from the 850 um position, so lensing could be a pos-
sibility; however, higher resolution data are needed to confirm

this. We classify this source as likely lensed.

3.4.2 Inconsistent photo-z:

Source_Ix: A SPIRE-dropout with two potential IRAC
counterparts, each with its own optical counterpart. The
position of the brighter, central IRAC source is consistent with
the 850 um source position. For this counterpart, we include
the HST constraint (< 50) in our fits since we clearly see the
HST source in the cut-outs. MAGPHYS estimates z = 3.2 7%,
With BAGPIPES we get Zopynk = 3.070% and za = 2.5707.
These estimates are not consistent with the MMPZz lower limit
of z > 4.5. The second, fainter IRAC source is 2.5 arcsec from
the 850 um position and has a BAGPIPES photo-z estimate of

z=4.8"}7, which is consistent with the estimate of the bright
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IRAC source and the MMPZ limit. Hence, there is a possibility
that the two IRAC sources are physically associated, but we
require higher resolution long wavelength data to confirm this.
We classify this source as a potential multiple.

Source_4: A bright SPIRE-detected source with a clear coun-
terpart in MIPS and IRAC. The HST catalogue counterpart to
the IRAC source is < 50 and since there are two HST sources
visible within the 850 um contour in the cut-outs, we exclude
the HST flux from our estimates. The estimate from MAGPHYS

: .1 .
is z =3.4%)7, and from BAGPIPES we get Zopynr = 3.1 703 and

Zan = 2.3 102, MMPZ estimates z = 2.3 0. Within the uncertain-

ties, these estimates are not all consistent with each other. We
note that the SPIRE contours are offset from the 850 pm contours,
and the cut-outs suggest that this SPIRE source corresponds to a
different NIR source located to the right of the 850 pm counter-
part. For this second IRAC source, BAGPIPES estimates a photo-
zof z = 2.77%7, suggesting that the two IRAC sources could be
physically associated and that it is likely they both contribute to
the SPIRE/850 um flux. Without higher resolution data, we can-
not say for certain. This source is classified as a potential multiple.

Source_7x: A SPIRE-dropout with an IRAC and HST counter-
part but no MIPS counterpart. We include the < 50 optical fluxes
since we can clearly see the optical source in the HST cut-out.
We get a MAGPHYS estimate of z = 3.6 723, Although this agrees
with the BAGPIPES estimates, Zopynir = 5.3 102 and zuy = 5.3 702,
all these estimates are inconsistent with the MMPZ lower limit of
Z > 6.5.

Source_10+: A SPIRE-dropout that appears to have MIPS,
IRAC, and HST counterparts. With MAGPHYS we estimate 7 =
1.8 %02, and with BAGPIPES we estimate Zopynw = 1.6 704 and
Zan = 1.1 733 These estimates are all inconsistent with the MMPZ
lower limit of z > 2.7. There is a 1.7 arcsec offset between the op-
tical source position and the 850 um source position, suggestive
of lensing. With no other clear evidence of lensing in the cut-outs,
higher resolution data are needed to determine the true nature of
this source. We classify this source as potentially lensed.

Source_13: A bright SPIRE-detected source with no counter-
part in MIPS but has a faint IRAC and a clear HST counterpart.
The optical fluxes are < 50 but we include them - except the
u-band flux, which is ~ 0.10 - in our MAGPHYS runs since the
IRAC source is a robust detection and we see the HST source
clearly in the cut-outs. MAGPHYS estimates a photometric redshift
of z =2.7"57. Holding this as a fixed redshift for the two BAG-
PIPES runs, we find that only the latter of the following estimates,

ZopyNik = 0.8 703 and z,n = 1.5 70, are consistent with MAGPHYS

within the uncertainties. The MMPZ estimate of z = 2.3 1% is
consistent with the other methods but since the four estimates are
not all consistent within the uncertainties, we group this source
as inconsistent.

Source_15+: A SPIRE-dropout with a faint counterpart visible
in the IRAC and HST bands. MAGPHYS estimates a photo-z of
Z = 3.6709. This is inconsistent with the following two BAGPIPES
estimates of ZopyNir = 5.6 753 and za = 5.5 702 MMPZ estimates
a lower limit of z > 3.3.

Source_17+: A SPIRE-dropout with a clear IRAC and faint
MIPS counterpart. This source is not detected (above 50) in HST.
With IRAC and MIPS fluxes, MAGPHYS estimates z = 3.2703.
BAGPIPES estimates Zopynr = 3.0 703 and za = 2.4 1)3. MmPz
estimates a lower limit of z > 2.8. The BAGPIPES Z,; estimate is
not consistent with MAGPHYS or MMPZ.

Source_20: A SPIRE-detected source with a strong detection in

the MIPS and IRAC bands. Although the HST flux is < 5o, since



we can see that it coincides with the position of the NIR and FIR
source in the cut-outs, we choose to include the HST flux in our
runs. We get a MAGPHYS photo-z estimate of z = 1.9 ¥J1. With
BAGPIPES we estimate Zop vk = 1.8 103 and zay = 1.7 702. These
estimates are inconsistent with the MMPZ estimate of z = 2.7 702,
The position of the optical/NIR counterpart is 3.9 arcsec from the
850 um source position, which is suggestive of lensing. Higher
resolution sub-mm/mm observations are needed to confirm. We
classify this source as potentially lensed.

Source_21x: A SPIRE-dropout with a counterpart in MIPS and
IRAC. MAGPHYS estimates a photo-z of z = 2.41)2. BAGPIPES
estimates Zopy/Nir = 2.2 753 and z, = 1.3 703, MMPZ estimates a
lower limit of z > 2.4. The BAGPIPES z,; estimate does not agree
with the rest of the photo-z estimates, so this source is catego-
rized as having an inconsistent photo-z. There is a ~ 3.4 arcsec
offset between the IRAC/MIPS source position and the 850 um
source position, which could suggest lensing. Higher resolution
sub-mm/mm observations are needed to confirm whether or not
lensing is taking place; meanwhile, we classify this source as
potentially lensed.

Source_24x: A SPIRE-dropout with a counterpart in the op-
tical/NIR bands whose position is ~ 1 arcsec from the 850 um
source position. The HST flux for this source is < 50 but we
include it since the HST source is clearly visible. MAGPHYS es-
timates a photo-z of z = 3.2 %02, BAGPIPES estimates Zopynr =
3.0102 and zy = 2.8 102, MMPZ estimates a lower limit of z >
3.1. The BAGPIPES Z,; photo-z estimate is inconsistent with the
MMPzZ estimate. The offset between the optical/NIR counterpart
and the 850 um source may hint at a lensing situation. We label
this source as a potential lens.

Source_25x: A SPIRE-dropout with a clear MIPS and IRAC
counterpart. The IRAC source breaks into multiple HST sources,
so a robust optical cross-ID is not possible. With the NIR cross-1D,
MAGPHYS estimates a photo-z of z = 2.7 *)-2. From BAGPIPES, we
get Zopynir = 2.4 104 and zy = 2.0 703, MMPZ estimates a lower
limit of z > 3.3 meaning that the estimates are inconsistent. The
four HST sources closest to the 850 um contour have estimated
optical photo-z’s ranging z ~ 0.5-1.2, which is inconsistent with
the above photo-z estimates. This source is unlikely to be a multi-
ple, but we need spectroscopic observations to confirm this either
way. We therefore classify this source as a potential multiple.

Source_26x: A SPIRE-dropout with a potential HST counter-
part located within the 850 pum cut-outs but ~ 2 arcsec from the
850 pm source position. Although the HST flux is < 50, we in-
clude it in our runs. This HST source has a faint IRAC coun-
terpart matched via the catalogue. With MAGPHYS we estimate
a photo-z of z = 3.5727. BAGPIPES estimates Zopynir = 6.7 705
and zai = 6.8 702, while MMPZ estimates a lower limit of z > 2.7.
The BAGPIPES Z,; estimate is inconsistent with MAGPHYS. The
offset between the HST source and the 850 um position could
suggest lensing, but higher resolution sub-mm/mm observations
are needed to confirm this either way. We classify this source as
potentially lensed.

Source_33: A bright SPIRE-detected source with a MIPS, IRAC,
and HST counterpart. MAGPHYS estimates a photo-z of z =
0.4 01, Although this agrees with the BAGPIPES estimates of
ZopyNik = 05707 and za = 0.3 103, it is inconsistent with the
MMPZ estimate of z = 1.9 4. We note that the MIPS source may
be a blend of multiple IRAC sources, leading to the inconsistency
between the photo-z estimates. For the IRAC sources above and
below the 850 um IRAC counterpart, we get a BAGPIPES photo-z
of z ~ 0.4and z ~ 3.1, respectively. This suggests that some IRAC
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sources may be physically associated. We classify this source as a
potential multiple.

3.4.3 Insufficient data

Source_0x: A source that is undetected in all SPIRE bands, mak-
ing it a SPIRE-dropout. Despite the > 40 detection at 850 um,
this source has no counterparts at optical or NIR wavelengths.
There are two faint sources visible within the 850 um contour
in the HST image, but with no other optical/NIR counterparts
available, there are insufficient data to make photo-z estimates.
MMPZ estimates a photo-z of z ~ 11.4 but given that this source
has unphysical negative SPIRE flux constraints, the MMPZ is un-
reliable. We try MMPZ again using the SPIRE confusion noise
to calculate the 30 SPIRE upper limits, and obtain a photo-g
estimate of z = 2.8 0%, suggesting an intermediate redshift.

Source_2x: A SPIRE-dropout with no MIPS counterpart, but
which potentially has two faint IRAC counterparts located within
the 850 um contour, which are not clearly visible in the cut-outs.
The IRAC sources are located within 1.5 arcsec of each other,
and each also has a HST flux associated with it. The BAGPIPES
estimates for these IRAC sources arez = 1.2 *27 and z = 1.2 707,
suggesting they are physically associated. The 850 um is likely a
blend of these two IRAC sources but without a robust match, this
source is categorized as having insufficient data. We also classify
this source as a potential multiple in IRAC bands; spectroscopic
data are required to confirm this. MMPZ estimates a photo-z of
z = 3.1 %3} which, we note, is consistent with the BAGPIPES esti-
mates of the two IRAC sources. However, we reiterate that we do
not have a singular, robust optical/NIR counterpart.

Source_3%: A SPIRE-dropout with a faint MIPS counterpart.
In the IRAC bands, at least three sources are visible within the
850 um beam, all of which have one or more HST counterparts.
With BAGPIPES, we estimate the photo-z’s for the three IRAC
sources within the 850 um beam (starting with the bottom source
and going clockwise) of z = 1.0 7% 0.8 702, and 0.7 103, respec-
tively. These IRAC sources may be a physically associated multi-
ple, blended together in MIPS but identifying any singular IRAC
source as the sole contributor to the FIR source is not possible
without precise coordinates from higher resolution data. With
only the MIPS source as a definite cross-ID, we cannot make
any robust optical/NIR photo-z estimates. Therefore, this source
is classified as having insufficient data and as being a potential
multiple. MMPZ estimates a photo-z of z = 5.5 1.

Source_5%: A SPIRE-dropout with a faint MIPS counterpart.
In the IRAC bands, three sources are visible within the 850 um
beam, some of which are made up of multiple HST sources. The
three IRAC sources (starting with the top-most source and going

clockwise) have BAGPIPES estimates of z = 2.9 733, 1.5 2%, and
1.9 fg:g, respectively, suggesting the latter two may be physically

associated. Without precise coordinates, we cannot identify the
assumed singular IRAC match. With only a MIPS flux available,
we cannot make any robust photo-z estimates with BAGPIPES. We
classify this source as a likely multiple. MMPZ estimates a photo-z
of z = 3.3 %37 which is consistent with the estimates of the IRAC
sources, but we cannot be certain, without spectroscopic data,
which, if any, is the correct counterpart.

Source_6: While having a detection with SPIRE, we find no
clear counterpart at shorter wavelengths. The nearest MIPS
source to the 850 um position has a clear IRAC counterpart that
de-blends into multiple potential counterparts in HST. However,
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this MIPS source is offset from the 850 um position and con-
tours by > 7 arcsec, making it an unlikely cross-ID. Therefore,
the 850 um source has no counterparts in the optical/NIR. With
MMPZ, we estimate a redshift based on FIR photometry of z =
2.2 22 but with no shorter wavelength photometry available, this
source remains essentially unconstrained.

Source_8: A SPIRE-detected source with a faint MIPS counter-
part that corresponds to a blend of IRAC and HST sources. The
MIPS source appears to be a blend of at least three HST sources
that lie at an estimated photo-z of z = 2.9798, z =2.0%39, and
z=14 fé:g, respectively, starting with the top-most HST source
to the bottom-most source within the central 850 um contour.
Without a clear IRAC/HST match to the MIPS source, we cannot
make any further optical/NIR photo-z estimates. Spectroscopic
observations are needed to confirm whether the optical sources
are physically associated. We class this as a potential multiple
source. MMPZ estimates a photo-z of z = 3.2 7] 1.

Source_9x: A SPIRE-dropout with no MIPS counterpart or
IRAC counterpart. There is another bright IRAC source, with an
MIPS counterpart, just outside the 850 um contours. There are
also two faint IRAC sources nearby but still outside the 850 pm
contours. None of these sources correspond clearly to the 850 pm
source so it is difficult to make a robust cross-ID. MMPZ estimates
a photo-z of z = 6.8 715, using the negative SPIRE constraints.
With the 30 SPIRE upper limits, MMPZ estimates z = 2.2703,
which suggests an intermediate redshift compared to the initial
high-z estimate. Without a robust counterpart match, we cannot
make further constraints to the redshift.

Source_11: No clear MIPS or IRAC catalogue match. The
850 um source position is in the middle of multiple optical/NIR
sources, one of which corresponds to the SPIRE contours, which
appear to be offset from the 850 um source by ~ 6 arcsec. With
this large offset, it is unclear whether this particular MIPS
source is the counterpart to the 850 pm source. The three IRAC
sources visible within the 850 pm beam have optical/NIR photo-
z estimates of z = 1.0709, z=1.2702, and z = 0.6 7%, respec-
tively, starting with the top-right IRAC source (corresponding to
the SPIRE contour) and going clockwise, suggesting that these
sources may be physically associated. The multiple IRAC/HST
sources add to the difficulty of identifying a robust counterpart
and spectroscopic data are required to confirm whether they
are physically associated. We classify this source as ‘Insufficient
Data’ and as a likely multiple. MMPZ estimates a photo-z of z =
24723

Source_12: Multiple candidate shorter wavelength counter-
parts. There is only one MIPS source within the 850 um beam,
but multiple IRAC/HST sources. The two brighter IRAC sources
(right and left) within the 850 um contour are estimated to reside
atz = 22729 and z = 0.9 10, respectively, suggesting that they
are unlikely to be physically associated. The IRAC sources them-
selves appear to be blends of multiple HST sources, but without a
specific IRAC counterpart, we do not have enough photometry
data to estimate their photo-z. We class this source as having
insufficient data and as a potential multiple at optical/NIR bands.
MMPZ estimates a photo-z of z = 3.3 707,

Source_18+: A SPIRE-dropout with multiple IRAC and HST
sources visible within the 850 um beam but none corresponding
to the 850 um position. The three bright IRAC sources within
the 850 um beam have optical/NIR photo-z estimates of z =
0.8704,1.1752, and 0.9 739, respectively, starting with the top
source and going clockwise. Without a clear counterpart, this
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source is classified as having insufficient data. We additionally
class this source as a potential multiple, but spectroscopic data are
required to confirm this. MMPZ estimates a photo-z of z = 4.2 73,

Source_19: While this 850 um source has a clear detection in
the SPIRE bands, the FIR source is resolved into at least two
MIPS sources, which themselves are resolved into multiple IRAC
sources. The two MIPS sources (top right and bottom left) have
optical/NIR photo-z estimates of z = 0.6 70 and z = 1.8 70, re-
spectively. Although they may not be physically associated, they
make it difficult to accurately identify the optical/NIR counter-
part of the FIR source. Without a robust optical counterpart avail-
able, there is not enough data to constrain the photo-z. Spec-
troscopic data are needed to determine the true redshifts of the
multiple sources. MMPZ estimates a photo-z of z = 2.3 706,

Source_22x: A SPIRE-dropout with multiple MIPS/IRAC
sources visible within the 850 um beam. Without a clear opti-
cal/NIR counterpart, there are not enough data to constrain the
photo-z. Of the various HST sources visible within the 850 pm
contour, we identify six of them in the IRAC catalogue and esti-
mate photo-z’s ranging z ~ 0.6-1.5, suggesting that some of these
sources may be physically associated. This source therefore has a
potentially high multiplicity, but we need spec-z to confirm this.
MMPZ estimates a photo-z of z = 4.4 732,

Source_23: This source may have a bright IRAC counterpart;
however, this IRAC source, located on the edge of the 850 pm
contour, is resolved into multiple HST sources that are all lo-
cated outside of the 850 um contour. No other optical sources
coincide with the 850 um position. MMPZ estimates a photo-z of
z=2.075%.

Source_27x: A SPIRE-dropout with no counterpart in MIPS.
Multiple IRAC/HST sources visible within the 850 um beam, but
no obvious match. Seven IRAC catalogue sources are located
within the 850 um beam but are undetected in many of the opti-
cal/NIR bands. These sources reside at photo-z’s ranging 1 < z <
2.4. Without a robust cross-ID we cannot make any further photo-
z estimates. We classify this source as a potential multiple; several
of these optical sources may be physically associated, and we need
spec-z to confirm this. MMPZ estimates a photo-z of z = 3 fig.

Source_28: Has a clear MIPS counterpart that resolves into two
IRAC sources within the 850 wm contour, both of which are in the
IRAC catalogue. For these two sources, BAGPIPES estimates an
optical/NIR photo-z of z ~ 2.3 and 0.9, respectively, for the upper
and lower source. These sources do not appear to be physically
associated but their close proximity in the cut-outs makes an
accurate IRAC/HST cross-ID difficult. We classify this source as
‘Insufficient Data’. MMPZ estimates a photo-z of z = 3.3 107,

Source_29: We identify the optical object as a star, with confir-
mation from the Gaia archive. Using the available parameters of
the star, we conclude that it is unlikely to be physically associated
with the FIR source and is most likely a chance alignment (see
Section 3.5). As such, we are left with only the FIR/submm fluxes,
leaving the available photometry of this source insufficient for a
robust photo-z estimate.

Source_31x: A faint HST source is visible 0.5 arcsec from the
850 um position. The closest catalogue match to this source is
0.1 arcsec from the HST source in the image. However, the three
IRAC band fluxes that are available in the catalogue are < 50,
which we classify as non-detections, leaving only the faint HST
flux in the optical/NIR regime. Without more optical data avail-
able, there are insufficient data to constrain this source. The small
offset of the faint HST source could be suggest lensing, but we



require higher resolution submm/mm data to confirm this. We
classify this as potentially lensed. MMPZ estimates a photo-z of
z=3.871%

Source_32x: There are four faint IRAC sources, with a maxi-
mum distance of 4 arcsec, around the 850 um position. All but
one of these IRAC sources have an HST counterpart, with esti-
mated photo-z’s ranging z ~ 1.2-2.5. With no MIPS counterpart
and multiple IRAC candidates, we are unable to make a robust
optical/NIR photo-z estimate. This source is a potential multiple.
MMPZ estimates a photo-z of z = 2.8 (7.

Source_34: No clear IRAC or MIPS counterpart. There are
two faint HST sources visible within the 850 um contour, one of
which appears in the IRAC catalogue, but neither has a visible
IRAC counterpart in the cut-outs. The catalogue source has no
optical detections. With detections in only two IRAC bands, there
is not enough data to constrain this source. MMPZ estimates a
photo-z of z = 2.7 138,

Source_35x: A SPIRE-dropout with no counterpart in MIPS.
The 850 wm coordinates of this source are outside the dimensions
of our HST image. The IRAC cut-out shows a bright object spread-
ing over almost the entire 850 um beam, which corresponds to at
least three IRAC catalogue sources. This bright object in IRAC is
an offset bright source leaking onto the 850 pm position. MMPZ
estimates a photo-z of z ~ 11.4, but this is unreliable since the
SPIRE constraints for this source are all negative. Using the 3o
SPIRE upper limits, MMPZ estimates z = 2.7 117, which suggests
an intermediate/high redshift. Without any other optical/NIR
data available, we cannot reliably determine a counterpart to the
850 wm source or further constrain the redshift of this source.

Out of a total of 36 Deep Region sources, three sources are
classified as having a consistent photo-z, 13 are classified as hav-
ing an inconsistent photo-z between the various methods, and
the remaining 20 are classified as having insufficient data. More
than 50 per cent of the sources in the ‘Inconsistent photo-z’ and
‘Insufficient Data’ groups are SPIRE-dropouts, highlighting the
difficulty in constraining this type of source. Without a SPIRE
detection, identifying optical/NIR counterparts is difficult when
any optical/NIR sources that may be visible within the 850 um
beam are blended together at submm wavelengths; for example,
see Fig. 5 for cut-outs of Sources 3*, 5%, 25*, and 33. Even with the
850 um position, a robust cross-ID is not possible. In other cases,
the high-redshift nature of the SPIRE-dropouts may mean that
sometimes an optical/NIR source is not present, leading to insuf-
ficient data available to make a photo-z estimate; for example, see
Fig. 5 for cut-outs of Sources 0*, 6, and 34.

Despite the difficulties in making a cross-ID, we are able to
obtain consistent photo-z estimates for three of our sources; see
Fig. 5 for cut-outs of Sources 14, 16, and 30. For these consis-
tent sources, there is usually one clearly visible counterpart that
coincides with both the 850 um source and the SPIRE source.
The consistent photo-z between MAGPHYS, BAGPIPES, and MMPZ
is another indication that the cross-ID is likely to be correct, as
the optical/NIR source and the FIR source are suggested to be
physically associated.

When assigning counterparts to our SDF sources, we also de-
termine whether there is a possibility of multiplicity or lensing.
We classify nine sources from our sample as potentially lensed
due to an offset between the optical/NIR source and 850 um
source position (marked with ‘PL’ in Table 4). We do not find
any evidence of lensing in the images; hence, we require higher
resolution submm/mm data to accurately identify any true cases
of lensing, which would affect the estimated physical properties
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Table 3. Stacked SPIRE and SCUBA-2 fluxes of the 20 SPIRE-dropout
sources along with the corresponding standard error.

SPIRE band Stacked flux [mJy]
250 pm 56+14
350 um 7.9+1.6
500 pm 85+1.6
850 pm 4.6 £0.2

that we calculate in Section 4. A total of 15 sources are classi-
fied as potential multiples (marked with ‘PM’ in Table 4). We
classify these sources as multiple in terms of the contribution of
optical/NIR sources to the SPIRE/850 um flux.

We also take advantage of the higher than expected fraction
of SPIRE-dropouts in our sample and calculate their stacked FIR
fluxes. Stacking is a commonly used technique that allows one to
statistically detect the average signal of a population of sources
that are individually too faint to be detected above the noise
in a given data set (e.g. H. Dole et al. 2006; M. P. Viero et al.
2013). This method is particularly powerful in confusion-limited
regimes such as FIR and submm wavelengths. In this work, we
perform stacking of the Herschel-SPIRE and SCUBA-2 850 pm
fluxes of our SPIRE-dropouts, which are individually undetected
in SPIRE, to estimate their average FIR/submm fluxes. We use
the SPIRE and 850 um flux densities and errors of each SPIRE-
dropout as listed in Table 4. The SPIRE fluxes in each band
are simply averaged to calculate the stacked mean flux, and the
stacked error is calculated using equation (2).

)

where N is the number of SPIRE-dropouts, S is the average flux
for a SPIRE band, and S; is the flux of the ith source.

For the 850 um stacked flux, since we are taking the individual
errors of each dropout into account, we use an inverse-variance
weighted method as shown in equation (3).

SN wiS; 1 1
Sstack = %7 ow= |=N > Wi= 3 3)
D im Wi Dim Wi 9

where o; is the 850 um flux error of the ith source, w; is the weight
of the ith source, S; is the 850 um flux density of the ith source,
Sstack 1S the stacked 850 um flux, and o, is the associated 850 um
stacked flux error.

Table 3 shows the stacked fluxes for the SPIRE-dropouts in the
SPIRE and SCUBA-2 850 pm bands, along with the correspond-
ing standard error. These represent the average FIR fluxes of the
SPIRE-dropouts in the Deep Region and show that the average
fluxes are detected in all bands. MMPZ estimates a photo-z of
z = 4.0 7)1 with these stacked fluxes.

3.5 Source_29

We briefly discuss the SCUBA-2 850 pm-detected Source_29 that
is spatially coincident with a stellar object visible in optical imag-
ing. To investigate the nature of this optical counterpart, we
searched archival data sets and found a match in the WISE cat-
alogue (R. M. Cutri et al. 2013) within ~ 1 arcsec of the 850 um
source position. This source is also cross-identified in SDSS and
2MASS, and appears in the GAIA DR3 catalogue (Gaia Collab-
oration et al. 2023), which provides parallax, proper motion, and
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astrophysical parameters. The object has an effective temperature
of T = 4439 K, consistent with a K-type main-sequence star
located at a distance of ~ 1 kpc. Our own optical spectroscopy,
obtained with the Liverpool Telescope (Project ID PQ24B03; PI:
D. L. Clements), supports this stellar classification.

Using the FIR photometry (SPIRE and SCUBA-2), we estimate
a photometric redshift of z =~ 3.0 for Source_29 with MMPZ. No
archival spectroscopic redshift is available for the FIR source. The
coincidence of the FIR and optical positions raises the question of
whether the FIR emission is physically associated with the star, or
whether this is simply a chance alignment between a foreground
stellar object and a background dusty galaxy.

The simplest and most probable explanation is a chance align-
ment, in which the optical star lies along the line of sight to a
high-z FIR source. This is supported by the high photo-z estimate
and the lack of any evident connection between the stellar prop-
erties and the submm emission. However, if the FIR emission
were associated with the star, it could imply the presence of a
substantial circumstellar dust reservoir, such as a debris disc, or
a more exotic stellar environment.

The FIR and optical positions agree to within ~ 1 arcsec, com-
parable to the positional uncertainties of the SPIRE and SCUBA-
2 instruments, meaning that this spatial alignment is not con-
clusive. To resolve the ambiguity, high-resolution interferomet-
ric observations are required. Ongoing SMA observations will
provide sub-arcsecond astrometry of the FIR source. If the FIR
emission is spatially offset from the star, this would confirm its
extragalactic origin. Conversely, if the FIR emission is co-spatial
with the star, it would mark the object as a highly unusual and
potentially important case for further investigation. Using the
parameters from Gaia, we estimate the stellar luminosity of the
optical source associated with Source_29 to be L, ~ 0.17 L, con-
sistent with expectations for a K-type main-sequence star (e.g.
T. S. Boyajian et al. 2012). We then compare this to the infrared
luminosity (integrated over 8-1000 pm) of the FIR source, de-
rived from SPIRE and SCUBA-2 photometry and SED fitting,
and assuming it is physically associated with the optical star,
which yields Lir & 67 L. This results in an infrared excess ratio
of Lig /L, ~ 392, many orders of magnitude higher than what is
physically plausible for any known stellar object, including stars
with debris discs or circumstellar dust envelopes. For compari-
son, typical IR excesses for stars with circumstellar material lie
in the range Lig /L, ~ 107°-1072 L, (e.g. M. C. Wyatt 2008). This
extremely high excess therefore provides compelling evidence
that the FIR emission is not associated with the stellar source,
but rather originates from a background DSFG at high-z, as also
supported by the FIR-derived photo-z estimate of z ~ 3. We thus
conclude that this is most likely a chance line-of-sight alignment
between a foreground star and a high-z extragalactic FIR source.

3.6 Redshift distribution

Using the photo-z estimates from Section 3.4, we investigate the
redshift distribution of our SDF sources and compare with vari-
ous results from the literature. For this analysis, we plot the dis-
tributions of the SPIRE detected sources and the SPIRE-dropouts
separately. To construct our redshift distribtuion, for the SPIRE-
detected sources with a consistent photo-z, we use their BAGPIPES
opt/NIR photo-z estimate as stated in Table 4. For the SPIRE-
detected sources with inconsistent photo-z or with insufficient
data, we use their MMPZ estimate from Table 4. For the SPIRE-
dropouts (sources marked with an asterisk next to their name in
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Table 4), we use their MMPZ estimate. Fig. 8 shows the redshift
distribution of these two source populations.

The redshift distributions of sources from the literature have
median photo-z’s ranging from z ~ 1.7-3.1 with a possible tail
extending out to z ~ 6. Our SPIRE-detected sample has a median
photo-z of 2.3 with an interquartile range of 0.8, in agreement
with the quoted literature range. We also see a high-z tail at
z > 5, which represents the estimated photo-z of the dropouts.
While these redshift estimates are not confirmed, the distribution
visually highlights the high-z nature of the dropouts compared to
the SPIRE-detected sample.

4 PHYSICAL PROPERTIES OF SDF GALAXIES

4.1 FIR SED fitting

To extract physical properties for our SDF sources, we take the
SPIRE and SCUBA-2 850 um photometry, and, following the liter-
ature convention (C. M. Casey et al. 2012, 2014; B. Magnelli et al.
2012; J. Greenslade et al. 2020), fit them to a single temperature
modified blackbody function of the form

Sy o< [1 — exp(—1,)]B,(T), “4)

where S, is the observed flux density in mJy at frequency v (such
that v = vos(1 4 z)) and t, is the optical depth of the dust defined
ast, = (v/ vo)fj , Where vy is the frequency at which 7, = 1, and 8
is the dust emissivity index. B, (T) is the Planck function for a
given temperature T, defined as

hv3 1
c? h '\ _ 1 ’
exp (2

To perform our fit, we use the emcee * package (D. Foreman-
Mackey et al. 2013), a python-based Affine Invariant Markov
Chain Monte Carlo (MCMC) Ensemble Sampler. Since we are
only fitting four photometric points, we reduce the number of
degrees of freedom by fixing ¢/vy = 200 pm following A. Conley
et al. (2011) and C. M. Casey et al. (2012). First, we consider the
case of the SPIRE-detected sample. The redshifts used for the SED
fitting of these sources are taken from Table 4. We fix the redshift
for each source to the BAGPIPES opt/NIR estimate if the source is
grouped under ‘Consistent photo-z’, and to the MMPZ estimate if
the source is grouped under ‘Inconsistent/Insufficient photo-z.
Table 5 states the final redshift used for the SED fitting of each
SPIRE-detected source. We are then left with three parameters
for our fit: the dust temperature Ty, the dust emissivity index 8,
and the normalization factor A. We use the SPIRE and SCUBA-2
fluxes as stated in Table 4, but for all sources, we use the SPIRE
confusion noise as the SPIRE flux errors (i.e. 5.8, 6.3, 6.8 mly
at 250, 350, 500 um, respectively) since this is the dominant
source of noise. We use the emcee Ensemble Sampler with
the following uninformative priors for our parameters: 10K
< Taust < 80K, 1< B <3, and —20 < log,,(4) < —10. We
estimate initial best-fitting parameters for each source through a
maximum likelihood estimation, which we then visually inspect
to ensure a reasonable fit. We then initialize 250 walkers in a
small Gaussian ball around our initial best-fitting parameters and
allow 50000 steps in our MCMC chains. Following the emcee
documentation and D. Foreman-Mackey et al. (2013), we use the

B(T) =2 )

“https://emcee.readthedocs.io/en/stable/
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Figure 8. Redshift distribution of SPIRE detected sources and SPIRE-dropouts in our SDF sample. The SPIRE detected sample has a median photo-z of
2.3 with an interquartile range of 0.8. The SPIRE-dropouts have a median photo-z of 3.3 with an interquartile range of 1.8. Literature results are shown
from the following: C. M. Casey et al. 2013; S. C. Chapman et al. 2005; Aravena et al. 2016; SmolCi¢ et al. 2012; Simpson et al. 2014; J. Dunlop et al. 2017,
Hyun et al. 2023.

Table 5. Characteristic dust temperatures values, along with derived dust masses, FIR luminosities and corresponding SFRs based on the integrated
FIR/submm photometry for our SPIRE-detected Deep Region sources. The corresponding redshift chosen to be used in the fit of each source is also
shown. Source marked with a star (x) are grouped under ‘Inconsistent photo-z’, while sources marked with a dagger (1) are grouped under ‘Insufficient
Data’. For these two source categories, we use their MMPZ redshift estimate in the FIR SED fitting procedure. The rest of the sources have a ‘Consistent
photo-z’ so we use their BAGPIPES (opt/NIR) estimate. The last two rows show the average properties of the stacked SPIRE-dropouts; z is a free parameter
(Zfree) for the first row of SPIRE-dropout results and is fixed for the second row (zg,). PM = Potentially multiple. PL = Potentially lensed.

ID Taust logio(Maust/Mo) logio(LFir/Lo) SFRgbsc z Notes
(K] Mo yr]
Source_4* 39.71° 8.43101% 144102 27000 +33000 23103 PM
Source_6 29.9%9 8.03%0% 13.4%7 2400 9500 22132 —
Source_8" 31.87] 741703 12.8 408 670 12400 3.2112 PM
Source_117 29.27%% 7.947933 132407 1700 +9399 24733 PM
T +6 +0.12 +0.4 +17000 +0.7
Source_12 36.075 8.44 7012 141104 12000 T2 33797 PM
Source_13* 26.215 8.151018 13.179¢ 1400 3800 23118 —
Source_14 31.57] 8.591017 143704 21000 +37000 Lo*53 PM
+13 +0.21 +0.7 +60000 +0.5
Source_16 35575 8.31 102 141107 13000 *$9950 19702 PL
Source_197 31378 8.13 521 13.610:¢ 3900 +19000 2.310¢ —
Source_20* 35513 7.80 7938 135407 3400 33000 27794 PL
T +10 +0.22 +0.7 +20000 +0.4
Source_23 31.7%] 8.17 1022 137407 4900 +2000 2.0104 —
Source_28" 39.41H1 8.08 1039 14.073¢ 9200 23000 3.3107 —
Source_29" 33.618 8.13 7014 13.8103 6000 13000 3.0107 —
Source_30 25218 8.19 104 13.379¢ 2000 3500 12793 PL
Source_33* 29.0 13 8.06 7518 134793 2500 75300 19794 PM
Source_34" 30471 7.70 102 13.1737 1100 4350 2.7108 —
SPIRE-dropouts 57.1+1¢ 6.527933 12.8 403 700 1500 6.77%5 Zfree
38.312 6.711023 12.5754 350 7520 40104 Zfix

integrated autocorrelation time () to evaluate the robustness of
our MCMC analysis, where chain lengths of > 507 should result
in convergence. We calculate a typical integrated autocorrelation
time of T ~ 100 steps, meaning our MCMC chains should obtain
convergence. We discard the first 5000 steps, which is referred to
as the ‘burn-in’ phase.

For the SPIRE-dropouts, we use the stacked SPIRE and
SCUBA-2 fluxes stated in Table 3 to fit an average FIR SED for

the SPIRE-dropout sample. We perform two sets of fits for the
dropouts. For the first fit with the Ensemble Sampler, we use the
same uninformative priors for Ty,s, B, and log;o(A) as before, but
now add redshift as a free parameter with the following unin-
formative prior: 0 < z < 12. The remaining steps are performed
as before. In the second fit, we keep Tgust, 8, and log;p(A) as
free parameters, but hold the redshift fixed to the MMPZ stacked
photo-z estimate of z = 4.

MNRAS 548, 1-28 (2026)
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In Fig. 9, we show the SEDs of 100 random samples for each
SPIRE-detected source and for both stacked SPIRE-dropout runs,
along with the best-fitting SED model.

4.2 Dust mass, FIR luminosity, and SFR

With the best-fitting SEDs in hand, we then estimate the dust
mass (Mgyst), FIR luminosity (Lgr ), and associated dust-obscured
SFR for each SPIRE-detected source. We also calculate estimates
for the stacked SPIRE-dropout sample. We estimate the dust mass
using the following equation from D. A. Riechers et al. (2013):

Mdust = SUDLZ[(l + Z)Kva(T)]ilrv[l - exp(_tv)]ilv (6)

where S, is the flux density at rest-frame 125 um, Dy is the lu-
minosity distance, «, is the dust opacity coefficient, which is
assumed to be 2.46 m?*kg~! at 125 um (L. Dunne, S. A. Eales & M.
G. Edmunds 2003; D. A. Riechers et al. 2013; J. Greenslade et al.
2020), and the redshift used for each source is stated in Table 5.
The FIR luminosity is defined as the integrated luminosity from
42.5-122.5 um (J. Greenslade et al. 2020). Using this FIR lumi-
nosity we finally calculate the dust-obscured SFR based on the
conversion factor from D. A. Riechers et al. (2013), assuming a
Chabrier IMF (G. Chabrier 2003).

In Table 5, we present the estimates for the characteristic dust
temperature, dust mass, FIR luminosity and the corresponding
dust-obscured SFR. These estimates are based on the 16th, 50th,
and 84th percentiles of samples in the marginalized distribu-
tions. The estimates for the stacked SPIRE-dropouts represent the
average physical properties of the total stacked SPIRE-dropout
sample.

Based on our extracted results, we find that our SPIRE-
detected sources have a mean FIR luminosity of log;o(Lrr /Lo) =
13.6 £ 0.1 and a mean dust mass of log;o(Mgust/Mg) = 8.1+
0.1, where the uncertainty reflects the standard error on the
mean of the SPIRE-detected sample. This identifies ~ 94 per cent
of our SPIRE-detected sources as Hyper-Luminous IR galaxies
(HyLIRGs; Lpr > 10'3 L), with corresponding dust-obscured
SFRs on the order of thousands of solar masses per year
(mean SFR = 7000 4= 1900 Mgyr—'). Our FIR luminosity esti-
mates probe higher luminosities compared to literature Lig re-
sults (e.g. S. C. Chapman et al. 2005; C. M. Casey et al. 2012,
2013). However, our results agree well with the Lgr estimates of
J. Greenslade et al. (2020) who find a median of Lgg ~ 103 Ly,
albeit our dust masses are on average an order of magnitude
lower than their average of log;o(Maust/Mg) = 9.1. Compared to
J. Cairns (2023), PhD Thesis,” we find a higher average Lgr but a
lower average dust mass by an order of magnitude. In comparison
to both J. Greenslade et al. (2020) and J. Cairns (2023), the Lpr
range of our sample extends to much brighter sources (Lpr >
10" L) and hence probes higher average dust-obscured SFRs.
The dust temperature of the SPIRE-detected sources lie between
20 and 40 K, which is encapsulated by the dust temperature range
of the 850 um-selected SMGs in S. C. Chapman et al. (2005).

Although the majority of sources in Table 5 are classified
as HyLIRGs and therefore are expected to have high obscured
SFRs, there are some sources that have excessively high SFRs
(> 10000 Moyr'), namely Sources 4, 12, 14, and 16. Of these

>https://spiral.imperial.ac.uk/entities/publication/ffacffda-b6cb-4{85-
bab3-0c53893e2dd5
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four, Source_4, Source_12, and Source_14 have been classified
as potentially having multiplicity in optical/NIR bands. If these
optical/NIR sources are indeed physically associated, the FIR
source may be a blend of multiple shorter wavelength sources,
and their high SFRs (and high FIR luminosities, Lgg > 10 L)
may be a sign of interacting galaxies, or they may be groups or
clusters of galaxies going through starbursts simultaneously (e.g.
J. Greenslade et al. 2018; 1. Oteo et al. 2018.) In particular, the
HST cut-out of Source_12 reveals multiple sources located in a
relatively compact region, which may suggest the presence of a
galaxy group or cluster. Due to the multiple sources visible within
the 850 um beam for these sources, we cannot robustly identify a
singular optical/NIR counterpart. In fact, if a cluster is present,
the resulting dust-obscured SFR would be too high to assign to a
singular source, but should be divided among multiple sources (I.
Oteo et al. 2018).

Source 16, 20, and 30 are marked as potentially lensed, with
the former having an estimated SFR > 10 000 Myr~!, while the
latter two do not have an unusually high SFR but could still be
weakly lensed. Source_16 is categorized as having a consistent
photo-z but the extracted Ly is suggestive of a lensing candidate,
with lng(LFIR/L@) =14.1.

Our stacked SPIRE-dropout population has a derived aver-
age redshift of z = 6.7 %%, which is consistent within 1o of

_30’
the MMPz redshift of the stacked fluxes, z = 4.01%l. How-

—0.6°
ever, the large error bars on the Emcee-derived redshift sug-
gests there may be degeneracies or unexplored biases in the
FIR SED fitting. At z=6.7, we derive average properties
of log,,(Lrr / Lo) = 12.8 732, 10g, o (Mgust / Mo ) = 6.52 1033, and
SFRybse = 700 1290 Myr~1. Using a fixed z = 4, we derive aver-
age properties of log,,(Lrr / Lo) = 12.5 704, 1og,; (Maus: / Mo) =
6.71 7022, and SFRgpse = 350 1320 Myr . The physical properties
from the fixed and free z runs are all consistent within 1o. We
note that with a fixed z =4, we derive a lower dust tempera-
ture and higher dust mass than at z = 6.7, due to the redshift-
temperature degeneracy and the relation between dust tempera-
ture and dust mass. Our SFR and Lpr result at z = 6.7 is com-
parable to that obtained by J. Greenslade et al. (2019) for their
singular SPIRE-dropout source estimated to be at a similar red-
shift (SFR ~ 500 Mgyr—! and Lgg ~ 10'27 L, at z ~ 7) however,
our dust mass estimate falls ~ 2 orders of magnitude below their
estimated range. Our Lgg and SFR estimates from both SPIRE-
dropout fits are consistent with the estimates of the extremely
red SMGs (z > 4) studied in S. Ikarashi et al. (2017) that are also
undetected with SPIRE. Our SFR values are almost an order of
magnitude lower than almost all non-lensed z > 4 DSFGs in Y.
Fudamoto et al. (2017) (see their table 7), which have an average
SFR ~ 3500 Mgyr~!. Notably, the only SPIRE-dropout included
in their comparison, HDF 850.1 (F. Walter et al. 2012), has a
lensing-corrected SFR of ~ 530 Mgyr—! using the magnification
from R. Neri et al. (2014), consistent with our estimates. This sup-
ports the idea, also suggested by J. Greenslade et al. (2019), that
SPIRE-dropouts may represent a more typical, fainter population
of DSFGs at z > 4. Comparing our results with the properties
of DSFGs listed in table 6 of Y. Fudamoto et al. (2017), our av-
erage SPIRE-dropout dust masses are ~ 2 orders of magnitude
lower than their estimates (average of logio(Maust/Mg) ~ 9). The
inferred dust mass is strongly dependent on the assumed dust
temperature due to the form of the modified blackbody equa-
tion. Specifically, for a fixed observed flux density, a higher dust
temperature leads to a higher Planck function value, and thus a
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Figure 9. Resulting SED fits to the FIR fluxes from the emcee ensemble sampler. SEDs are for the SPIRE-detected sources; the last two SEDs are for
the stacked SPIRE-dropout sample. The solid dark line in each plot shows the best fitting SED. The fainter, pink lines show 100 random samples. The
data points mark the observed flux densities at 250, 350, 500 and 850 um. Parameters (T, 8) of the best-fitting SED are stated, as well as the redshift.
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Table 6. Derived SFRD of our SPIRE-detected sample (all), consistent
photo-z SPIRE-detected sources and Stacked SPIRE-dropouts (with and
without a fixed z.

z SFRD SFRD iy SFRDpnax
[Meyr~'Mpc™]
SPIRE-detected sample
1-2 3.10 x 1071 2,12 x 1071 4.68 x 107!
2-3 4.35x 107! 2.42 x 1071 8.49 x 1071
3-4 6.00 x 1072 4.07 x 1072 9.07 x 1072
Consistent SPIRE-detected sample
1-2 3.03 x 1071 2.08 x 1071 4.66 x 107!
Stacked SPIRE-dropouts (free z)
6-7 1.43 x 1073 1.14 x 1073 2.94 x 1073
Stacked SPIRE-dropouts (fixed z)
4-5 5.58 x 1074 1.56 x 1074 2.86 x 1074

lower dust mass is required to reproduce the observed emission.
For our sample of stacked SPIRE-dropouts, we find a best-fitting
dust temperature of Tyus = 57.1735 K at z = 6.7 from which we
derive a dust mass of log;o(Mgust/Mg) = 6.52. Propagating only
the temperature uncertainties while keeping other parameters
fixed, we find that increasing the temperature to 73.1 K lowers the
dust mass to logo(Maust/Me ) = 6.2, whereas decreasing the tem-
perature to 35.1 K raises the dust mass to logio(Mqust/Mg) = 7.1.
This inverse relation reflects the increased luminosity of warmer
dust. Our median dust temperature is relatively high compared
to other high-z dropout samples (e.g. Y. Fudamoto et al. 2017),
which often assume or derive cooler dust. This may explain why
our dust masses appear systematically lower. We note that, given
the broad uncertainty on Ty, at Z = 6.7, the dust mass is still at
the lower end/falls below previous results. With a fixed z = 4, we
derive Tyus = 38.33 K and dust mass of log;p(Maust/Mg) = 6.71,
the latter of which is higher than the z = 6.7 estimate but still falls
below the literature results. To improve the dust temperature con-
straints for the dropouts, as well as for remaining SPIRE-detected
SDF sources in general, we need extra data at high frequencies.
In particular, the PRobe far-Infrared Mission for Astrophysics
(PRIMA; A. Moullet et al. 2023) would be an ideal instrument to
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provide extra photometry at ~ 235 um and shorter wavelengths
with the Photometric Performance Indicator (PPI) bands to better
constrain the peak and Wein side of the SED, and thus their dust
properties. Six of the SPIRE-dropouts in our sample are flagged
as potentially lensed (see Table 4). If confirmed, lensing would
significantly affect the interpretation of their physical properties.
Because lensing magnifies both flux and angular size, derived
quantities such as SFR and dust mass may be overestimated when
magnification is not taken into account. High-resolution imaging
would be essential to confirm lensing, allowing refined estimates
of their intrinsic properties.

4.3 Cosmic star formation rate density

We estimate the contribution of our SPIRE-detected sources and
the average SPIRE-dropout population to the cosmic SFR density
(SFRD) using the calculated SFRs in Table 5 and a 1/V},,x method
(M. Schmidt 1968). Our results are tabulated in Table 6 and shown
in Fig. 10.

We find that the SFRD values derived for the full SPIRE-
detected sample (purple squares), particularly between 1 <
z < 3, are systematically higher than estimates from previous
observational studies. Several factors likely contribute to this
discrepancy. First, uncertainties in photometric redshift esti-
mates, particularly for sources grouped with inconsistent photo-
z/insufficient data may incorrectly place bright sources at lower
redshifts, amplifying the derived SFRDs. To overcome this, we
recalculate the SFRD using only SPIRE-detected sources with a
consistent photo-z (teal circle) as defined in Table 4, which only
marginally lowers the SFRD estimate at 1.5 < z < 2.5, but we
note that this decrease is partly a result of a lower source density,
since without the inconsistent/insufficient sources, we are con-
sidering a smaller sample. Additionally, 88 per cent of the sources
labelled as PM or PL in Table 4 are categorized as inconsistent or
insufficient. Without confirmation of lensing or multiplicity for
these sources, the SFRs of the individual 850 um source is likely
being overestimated. Higher resolution observations, e.g. with
the SMA or NOEMA, will be crucial to refine the photometric
redshifts and confirm any cases of lensing or multiplicity, leading
to accurately characterized dust properties of our sample. Such
observations are already underway.
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Figure 10. Contribution of all our SPIRE-detected sources from Table 5 (purple squares) and the average SPIRE-dropout population (star for free z and
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with consistent photo-z from from Table 5 (teal circles). The solid red line shows the total SFRD from P. Madau & M. Dickinson (2014) and the orange
region shows the dust-obscured SFRD from J. A. Zavala et al. (2021). The following literature results are also shown: G. Rodighiero et al. (2010), J. Dunlop
et al. (2017), C. Gruppioni et al. (2020), C. M. Casey et al. (2021), J. A. Zavala et al. (2021), and L. Barrufet et al. (2023).

The presence of a local overdensity could also enhance the
observed number of FIR-bright galaxies, potentially leading to an
elevated SFRD relative to the cosmic average. The SPIRE number
counts in the SDF, calculated by T. Varnish et al. (2025) using P(D)
analysis, reveal a secondary bump at sub-mlJy flux densities —
approximately 0.5, 0.3, and 0.05 mlJy at 250, 350, and 500 pum,
respectively. The FIR colours of this bump suggest it originates
from a population at redshift z ~ 1. This coincides with the excess
seen in our SFRD, implying a potential physical association with
the source population responsible for the SPIRE bump. Taken
together, these results may point to the presence of a large-scale
structure at z ~ 1, such as a forming galaxy cluster, similar to
those reported in other studies that trace large-scale structure
through overdensities of FIR or sub-mm sources (e.g. R. J. Ivison
et al. 2013; D. Clements et al. 2014; E. E. Rigby et al. 2014).
Confirming the redshift of our sources with spectroscopic obser-
vations and expanding our SFRD analysis to the entire 30 arcmin
diameter SDF would confirm whether this potential physical as-
sociation is real.

Our derived SFRD for the stacked SPIRE-dropouts is
14.7 139 per cent of the total SFRD from P. Madau & M. Dickinson
(2014) at z = 6.7. This is in agreement with the range of obscured
SFRD predictions of J. A. Zavala et al. (2021) and L. Barrufet et al.
(2023). The J. A. Zavala et al. (2021) models predict that most of
the dust-obscured SF beyond z = 4 is due to ultra-luminous IR
galaxies (ULIRGS; Lrg > 10'% Ly), which is consistent with the
average luminosity of the stacked SPIRE-dropouts. Our SFRD
result is also comparable to DSFGs in the millimetre-selected
sample from C. M. Casey et al. (2012), who report a decline in the

obscured SFRD over 4 < z < 6. At a fixed redshift of z = 4, our
SFRD estimate from the second Emcee run falls ~ 70 below the
J. A. Zavala et al. (2021) results, suggesting a steeper decline in
the SFRD at z > 3. This corresponds to a contribution of 1.83ff:§
per cent to the total SFR density at z = 4. To precisely determine
the contribution of the SPIRE-dropouts to the dust-obscured
SFRD, we need a larger sample of SPIRE-dropouts to improve the
statistics of our result; our SCUBA-2 data cover 28 per cent of the
entire SDF. Given the unusually high fraction of SPIRE-dropouts
in the Deep Region, SCUBA-2 coverage of the entire SDF would
provide an improved sample of SPIRE-dropouts to study them
further.

5 CONCLUSIONS

We present SCUBA-2 850 pm observations covering the central
Deep Region of the Herschel-SPIRE Dark Field. We identify 36
sources of which 20 are categorized as SPIRE-dropouts; the re-
maining 16 make up our SPIRE-detected sample. We investigate
the nature, evolution, and main physical properties of our SPIRE-
detected and SPIRE-dropout samples. The main results of our
work can be summarized as follows.

(i) Our 850 um number counts are broadly consistent with ex-
isting literature, with minor deviations that are attributable to
incompleteness and small-number statistics.

(ii) We cross-ID the 850 um sources with multiwavelength data
where available, ranging from optical to FIR wavelengths. Us-
ing these cross-IDs we estimate photo-z’s for our sources using
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MAGPHYS, BAGPIPES, and MMPZ. We categorize our sample based
on whether all the estimates agree within the uncertainties (Con-
sistent photo-z), do not agree within the uncertainties (Incon-
sistent photo-z), or if there are not enough data (Insufficient
Data). We find that > 50 per cent of our SCUBA-2 sources lack
a robust optical/NIR counterpart primarily due to multiple can-
didate counterparts; these are grouped under ‘Insufficient Data’.
Three sources have consistent photo-z’s and 13 have inconsistent
photo-z’s.

(iii) We identify the 850 pm-detected Source_29 as being asso-
ciated with an optically-detected star. Using the Gaia parameters
we estimate the IR excess of the star to be unphysical. We deter-
mine that the optical star is most likely a chance alignment with
the FIR source. Ongoing submm observations will confirm this
either way.

(iv) We determine whether there is a possibility of lensing
based on an offset between the optical/NIR source and the FIR
source. We classify nine sources as potentially lensed, while 15
sources are classified as potentially having multiplicity at shorter
wavelengths. Higher resolution submm/mm data and spectro-
scopic observations would confirm our tentative classifications.

(v) Our photo-z analysis reveals the SPIRE-detected sample
to lie primarily at 2 < z < 3, while our SPIRE-dropouts favour
higher redshifts (z > 3). Both these results are consistent with our
analysis of their FIR/submm colours.

(vi) We extracted physical properties for our SPIRE-detected
sample and stacked SPIRE-dropouts via FIR SED fitting.
The SPIRE-detected sample yield average properties of
log,o(Ler / Lo) = 13.6 £ 0.1, log,,(Mausi / M) = 8.10 + 0.1,
and SFRyps. = 7000 £ 1900 Myr~!. This suggests that 94 per
cent of this sample are HyLIRGs. Our FIR luminosities generally
agree with literature values but tend to extend to brighter
luminosities and therefore higher SFRs. Our dust masses tend to
fall below the values in the literature.

(vii) The extracted properties for the stacked SPIRE-dropouts
yield log,o(Lrr / Lo) = 12.8 103, log,o(Maust / Mo) = 6.52 1033,
and SFRopsc = 700 10 Moyr~! at a derived redshift of z =
6.7 7%, With a fixed z = 4.0 701, we extract average properties
of log,y(Lrr / Lo) = 12.570%, log,o(Maus / M) = 6.71 7033, and
SFRybsc = 350 7320 Moyr~!. The redshift-dust temperature de-
generacy prevents us from robustly constraining either of these
parameters.

(viii) We estimate the contribution of the SPIRE-detected
sources and stacked SPIRE-dropouts to the cosmic SFRD. The
results of the SPIRE-detected sample show an excess from the
literature results, particularly at z ~ 1. We suggest that this is
associated with the secondary bump in the SPIRE number counts
of this field at sub-mJy, which is also estimated to be at a similar
redshift, hinting at the presence of a local overdensity in the SDF.

(ix) The stacked SPIRE-dropouts are estimated to account for
~ 15 per cent of the total SFRD atz = 6.7, in agreement with liter-
ature values, and supports the predicted decline in SFRD atz > 4.
If we assume the stacked photo-z of z = 4, the corresponding
SFRD suggests a steeper decline in SFRD at z > 3 than literature
results.

Overall, we conclude that while a fraction of our Deep
Region sources have been constrained, future high-resolution
submm/mm observations will be essential for resolving source
multiplicity, identifying lensing candidates, and refining our un-
derstanding of the dust-obscured star-forming galaxy popula-
tion at intermediate-high redshift. Recent high-resolution SMA
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observations at millimetre wavelengths for a subset of SDF
sources will be presented in future work. At FIR wavelengths,
future telescope concepts such as PRIMA will be ideal for probing
the peak of the SED where it can provide tighter constraints,
leading to improved estimates of physical properties.
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Table Al. A list of all the columns in our final cross-ID catalogue and a description of each one. All magnitudes are given in the AB magnitude system.
Any magnitudes or fluxes in the final catalogue preceded with a ‘>’ marks that magnitude/flux as a non-detection (i.e. has a < 50 significance). These
non-detections are not used to estimate the photo-z estimates of our sources in Section 3.4 unless specifically stated otherwise.

Column Name Description Units
Source name ID of source -
RA (deg) Right ascension of 850 um source degrees
Dec. (deg) Declination of 850 pum source degrees
IRAC_ID ID of counterpart from IRAC Dark Field Catalogue of J. Krick et al. (2009) -
u_mag Palomar Hale LFC u’-band magnitude mag
u_mag_err Palomar Hale LFC u’-band magnitude error mag
g_mag Palomar Hale LFC g-band magnitude mag
g mag_err Palomar Hale LFC g-band magnitude error mag
r_mag Palomar Hale LFC r’-band magnitude mag
r_mag_err Palomar Hale LFC r-band magnitude error mag
acs_mag HST ACS-WFC F814W magnitude mag
acs_mag_err HST ACS-WFC F814W magnitude error mag
Z_mag Palomar Hale LFC z-band magnitude mag
Z_mag_err Palomar Hale LFC z’-band magnitude error mag
iracl_flux_pJy Spitzer-IRAC 3.6 yum flux Wy
iracl_fluxerr_uJy Spitzer-IRAC 3.6 yum flux error Wy
irac2_flux_uJy Spitzer-IRAC 4.5 ym flux Wy
iracl_fluxerr_uJy Spitzer-IRAC 4.5 yum flux erro Wy
irac3_flux_pJy Spitzer-IRAC 5.8 ym flux Wy
irac3_fluxerr_uJy Spitzer-IRAC 5.8 yum flux error wy
irac4_flux_pJy Spitzer-IRAC 8 ym flux Wy
irac4_fluxerr_pJy Spitzer-IRAC 8 pum flux error Wy
Akarill_flux_pJy AKARI 11 pum flux Wy
Akarill_fluxerr_pJy AKARI 11 um flux error Wy
Akaril5_flux_pJy AKARI 15 pum flux Wy
Akaril5_fluxerr_pJy AKARI 15 um flux error wy
Akaril8_flux_uJy AKARI 18 pum flux Wy
Akaril8_fluxerr_pJy AKARI 18 um flux error Wy
XID_ID ID of counterpart from XID MIPS Dark Field Catalogue of C. Pearson et al. (2025) -
mips24_flux_pJy Spitzer-MIPS 24 ym flux Wy
mips24_fluxerr_pJy Spitzer-MIPS 24 ym flux error Wy
spire250_flux_mlJy Herschel-SPIRE 250 pm flux mly
spire250_fluxerr_mlJy Herschel-SPIRE 250 pum flux error mly
spire350_flux_mlJy Herschel-SPIRE 350 pum flux mly
spire350_fluxerr_mlJy Herschel-SPIRE 350 pum flux error mly
spire500_flux_mJy Herschel-SPIRE 500 pm flux mly
spire500_fluxerr_mlJy Herschel-SPIRE 500 pum flux error mly
scuba2_450_flux_mly SCUBA-2 450 um flux mly
scuba2_450_fluxerr_mlJy SCUBA-2 450 pum flux error mly
scuba2_850_flux_mly SCUBA-2 850 um flux mly
scuba2_850_fluxerr_mly SCUBA-2 850 um flux error mly
peak_snr_850 SCUBA-2 850 um SNR -
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