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ABSTRACT

Context. Dusty high-z galaxies are extreme objects with high star formation rates (SFRs) and luminosities. Characterising the proper-
ties of this population and analysing their evolution over cosmic time is key to understanding galaxy evolution in the early Universe.

Aims. We select a sample of high-z dusty star-forming galaxies (DSFGs) and evaluate their position on the main sequence (MS) of
star-forming galaxies, the well-known correlation between stellar mass and SFR. We aim to understand the causes of their high star
formation and quantify the percentage of DSFGs that lie above the MS.

Methods. We adopted a multi-wavelength approach with data from optical to submillimetre wavelengths from surveys at the North
Ecliptic Pole to study a submillimetre sample of high-redshift galaxies. Two submillimetre selection methods were used, including:
sources selected at 850 um with the Sub-millimetre Common-User Bolometer Array 2) SCUBA-2 instrument and Herschel-Spectral
and Photometric Imaging Receiver (SPIRE) selected sources (colour-colour diagrams and 500 um risers), finding that 185 have good
multi-wavelength coverage. The resulting sample of 185 high-z candidates was further studied by spectral energy distribution fitting
with the CIGALE fitting code. We derived photometric redshifts, stellar masses, SFRs, and additional physical parameters, such as
the infrared luminosity and active galactic nuclei (AGN) contribution.

Results. We find that the Herschel-SPIRE selected DSFGs generally have higher redshifts (z = 2.577)9%) than sources that are se-
lected solely by the SCUBA-2 method (z = 1.45*32}). We find moderate SFRs (7977108 M, yr™!), which are typically lower than those
found in other studies. We find that the different results in the literature are, only in part, due to selection effects, as even in the most
extreme cases, SFRs are still lower than a few thousand solar masses per year. The difference in measured SFRs affects the position
of DSFGs on the MS of galaxies; most of the DSFGs lie on the MS (60%). Finally, we find that the star formation efficiency (SFE)
depends on the epoch and intensity of the star formation burst in the galaxy; the later the burst, the more intense the star formation.
We discuss whether the higher SFEs in DSFGs could be due to mergers.

Key words. galaxies: evolution — galaxies: high-redshift — galaxies: starburst — submillimeter: galaxies

* A table of the multi-wavelength photometry is only available at the CDS via anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5)
or viahttp://cdsarc.u-strasbhg. fr/viz-bin/cat/]J/A+A/641/A129

Article published by EDP Sciences A129, page 1 of 16


https://doi.org/10.1051/0004-6361/202037838
https://www.aanda.org
http://cdsarc.u-strasbg.fr
ftp://130.79.128.5
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/641/A129
https://www.edpsciences.org

A&A 641, A129 (2020)

1. Introduction

Submillimetre galaxies (SMGs) are amongst the most luminous
dusty galaxies in the Universe (Wilkinson et al. 2017). The
discovery of this population of bright sources at submillimetre
wavelengths (flux densities Fgsg,m > 2—5mly), which is mostly
made up of high-z galaxies (z > 1), posed critical questions about
the evolution of galaxies in the early Universe (e.g. Barger et al.
1998; Smail et al. 1997; Hughes et al. 1998).

The launch of the Herschel Space Observatory (Pilbratt et al.
2010) and the observations with the Spectral and Photomet-
ric Imaging REceiver instrument (SPIRE; Griffin et al. 2010)
have enabled surveys over hundreds of square degrees, allowing
searches for rare, exotic objects. Galaxies detected by Herschel
tend to be dust rich and to show unusually high stellar masses
and star formation rates (SFRs). For this reason, they are usually
classified as dusty star-forming galaxies (DSFG, see Casey et al.
2014, for a review).

The definition of SMGs encompasses cosmological
sources selected across the submillimetre wavelength range
(250—1000 um; Geach et al. 2017) and is a subset of DSFGs
characterised through a broad range of physical properties
(Casey et al. 2014). Results have included the first DSFG at
z > 6 with an unexpected star formation rate of thousands of
solar masses per year (Riechers et al. 2013). These types of
discoveries have established the existence of large amounts of
dust in the early Universe, closer to the epoch of re-ionisation,
and set essential constraints on theories of galaxy evolution
and the cosmic star formation history (Casey et al. 2014). It is
unclear whether the star formation in DSFGs has been driven
by similar physical processes throughout the last 12.8 Gyrs or
whether the mechanisms regulating the star formation changed
or evolved over this time. Some studies have suggested that the
SFRs during this time may not have changed significantly and
always have had moderate star formation rates (Zavala et al.
2018). Therefore, it is important to investigate whether starburst
galaxies are typical in the high-z Universe, and if so, whether
this implies that major mergers dominated at early times.

Studies of SMGs have used different approaches; some stud-
ies emphasise accurate spectroscopic data of a few, sometimes
individual, sources such as Riechers et al. (2013) or Riechers
et al. (2017). Other studies rely on the selection of hundreds of
galaxies via photometric redshift in wide survey fields (Asboth
et al. 2016). Many of these approaches use only FIR and submil-
limetre data, which have recently been shown to overestimate
photometric redshifts (Ma et al. 2019). To correctly quantify the
stellar emission without any proxy and to accurately constrain
the full spectral energy distribution (SED), it is essential to com-
bine multi-wavelength measurements ranging from the ultravio-
let (UV) to the submillimetre (Buat et al. 2014).

The main sequence of star-forming galaxies (hereafter: MS)
is loosely defined as a correlation between the star formation
rate and stellar mass (SFR oc MY, Noeske et al. 2007). It has
been demonstrated, by using studies from z=0 to z=6, that the
MS is time-dependent (Speagle et al. 2014). While there is
a consensus on the idea that galaxies lying on the MS form
stars over long time-scales (1-2 Gyr), there are galaxies located
above the MS with much higher associated SFR. These galax-
ies are often referred to as starbursts and their gas consumption
is faster (0.01-0.1 Gyr) than those star-forming galaxies on the
MS (Elbaz et al. 2007). There is disagreement regarding the loca-
tion of SMGs on the MS: while some studies suggest that they
are characterised by particularly high levels of SFR, lying above
the MS of galaxies (Miettinen et al. 2017; da Cunha et al. 2015),
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other studies have found more moderate SFRs following a nor-
mal mode of star formation (e.g. Koprowski et al. 2016; Dunlop
et al. 2017). A possible explanation for these apparent inconsis-
tencies is suggested by the peculiar morphology of these sources,
indicating that mergers play a major role in the regulation of
the star-formation (Elbaz et al. 2018), enhancing the star forma-
tion during these phases (Riechers et al. 2017). It is not clear
if the nature of extreme galaxies such as HFLS3 (z = 6.3 with
SFR ~ 2900 Myyr~!, Riechers et al. 2013) is representative of
SMGs and their reasons for their high SFRs. There is also evi-
dence that starburst galaxies are more compact than MS galax-
ies and exhibit a polycyclic aromatic hydrocarbon (PAH) deficit
(Elbaz et al. 2011). Summarising, the mode of star formation in
SMGs is still unclear; determining their position on (or off) the
MS and the physical reasons behind their mode(s) of star forma-
tion is key to a better understanding of their nature.

In this paper we present a study of the high redshift dusty
population in a field around the North Ecliptic Pole (NEP) hav-
ing good multi-wavelength coverage. Thanks to the high visibil-
ity and relatively low cirrus emission, the NEP represents one
of the most important fields for studies at submillimetre wave-
lengths. We selected the high redshift galaxies using surveys at
submillimetre wavelengths from Herschel-SPIRE at 250, 350,
500 um and the Sub-millimetre Common-User Bolometer Array
2 (SCUBA-2) instrument on the James Clark Maxwell Tele-
scope (JCMT) at 850 um (Holland et al. 2003) combined with
multi-wavelength data from ultraviolet, optical and near-mid-far
infrared wavelengths.

In Sect. 2, we present and describe the multi-wavelength data
sets available in the field. In Sect. 3 we present the two methods
used to search for and identify possible high redshift candidates
which will allow us to compare “classical” SMGs selected at
850 um microns with a population of dusty galaxies selected by
their SPIRE colours. The resulting high-z cross-matched cata-
logue is presented in the same Sect. 3 while in Sect. 4 the SED
fitting methodology is explained. In Sect. 5 the results are pre-
sented including the physical properties of the high-z sample
concerning their location in the MS. The results are discussed
in Sect. 6 and the conclusions of this work are summarised in
Sect. 7.

Throughout this paper, J2000 coordinates and AB magni-
tudes are used. A standard concordance cosmology with Hy =
70kms~! Mpc™!, @, = 0.3 and Q4 = 0.7 and a Chabrier (2003)
initial mass function (IMF) is assumed.

2. Observations
2.1. The NEP Field

Due to its high visibility, the North Ecliptic Pole (NEP) is a nat-
ural cosmological deep field and has been observed by many
space telescopes and ground based facilities over a wide wave-
length range from radio (White et al. 2010) to X-ray wave-
lengths (Krumpe et al. 2015) and is summarised in Table 1
and Fig. 1. The field is included in the multi-wavelength cata-
logue from the Herschel Extragalactic Legacy project (Shirley
et al. 2019) and has also been selected as a site for the future
Euclid Deep Field (Serjeant et al. 2012). This legacy field is com-
prised of two distinct areas defined as the NEP-Deep field, cen-
tred at RA = 17h 55m 24s Dec = 66° 37" 32" (0.54 degz, circular
shape) and the NEP-Wide field, centred at RA = 18h 00m 00s
Dec = 66° 36" 00" (5.4 deg?, circular shape) (Matsuhara et al.
20006).
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Table 1. Overview of the observational data covering the NEP used in this work approximately ordered from long to short wavelengths.

Telescope Wavelength Area Beam size/PSF Depth
[Catalogue] [degz] [arcsec]
JCMT-SCUBA-2 850 [um] 0.6 15 1.2 mJy beam™!
(Geach et al. 2017) (lo)
Herschel-SPIRE 250-350-500 [um] 9 18-25-36 9.0-7.5-10.8 [mJy]
(Pearson et al. 2017/ Pearson et al., in prep.) Bo)
Herschel-PACS 100-160 [um] 0.69 7-12 4-8 mly
(Pearson et al. 2019) QBo)
Spitzer-MIPS 24 [um] 2 6 30 wly
(Shirley et al. 2019) QBo)
AKARI-IRC 2.4-3.2-4.1-7.0-9.0- 0.69 2.9-6.7 11-9-10-30-34
(Murata et al. 2013) 11-15-18-24 [um)] 57-87-93-256 ulJy (50)
AKARI-IRC 2.4-3.2-4.1-7.0-9.0- 54 2.9-6.7 15-13-13-57-69
(Kim et al. 2012) 11-15-18-24 [um)] 100-144-144-275 pJy (50)
Spitzer-IRAC 3.6-4.5 [um] 7.04 1.78 1.9-0.79 wly
(Nayyeri et al. 2018) (lo)
WIRCAM/CFHT Y-J-Ks 0.69 24-23-26 mag [AB]
SuprimeCam/SUBARU B,V,R i,z 0.3 0.6-1.2 ~25 mag [AB](50)
MegaCam/CFHT u—g-r—i—z 0.69 0.84-0.96 26-26-26-25-24 mag [AB] (50)
(Murata et al. 2013)
CHFT u—g—r—i—z 2 0.84-0.96 26-26-26-25-24
(Kim et al. 2012) mag [AB] (50)
SUBARU/HSC g-r-i-z—Y 5.4 0.6-1.2 27.18-26.71-26.10-25.26-24.78
(Oi et al., in prep.) mag [AB] (50)
GALEX NUV-FUV All sky 4.5-6 ~23

(Bianchi 2014)

mag [AB] (50)

Notes. The first column indicates the name of the telescope and the reference corresponding to the catalogue used. The second column indicates
the photometric bands considered and the third column shows the area covered. The fourth column corresponds to the beam size of the telescopes,
and the depth is shown in the fifth column. All of these catalogues have astrometric errors smaller than 2 arcsec.

This work uses the most recent data from ultraviolet (UV) to
submillimetre wavelengths, primarily concentrating on the sub-
millimetre observations from Herschel and SCUBA-2 described
in Sect. 2.2 to create a multi-wavelength catalogue of high-z can-
didates (described in Sect. 3). We summarise the data used in this
paper in the following sections. For all the catalogues described
below, we always considered either total fluxes or magnitudes.
Furthermore, where available, the consistency of the fluxes mea-
sured with different instruments (or different catalogues) in over-
lapping filters is confirmed, finding good agreement in all cases.
This confirms the validity of the cross matches performed. In
total, we considered 38 photometric bands with 30 of them being
non-overlapping bands (see Table 2 for details).

2.2. Submillimetre data

The Herschel Space Observatory (Pilbratt et al. 2010) observed
the entire NEP region as part of the Herschel Open Time Pro-
gram, with the SPIRE instrument (OT2sserje012; PI Serjeant).
The SPIRE observations cover an area (~9deg?) at 250 um,
350 um and 500 um. The SPIRE catalogue is described in
Pearson et al. (2017), and in prep., and contains 4820 sources,
extracted via an iterative source extraction procedure (see
Sect. 3.2) to optimise the detection of individual sources at 30
higher than the extragalactic confusion noise limits of 5.8, 6.3
and 6.8 mJy/beam (1o) at 250, 350 and 500 um respectively
(Nguyen et al. 2010).

Longer wavelength submillimetre data is also available
through the SCUBA-2 cosmology legacy survey (Geach et al.
2017) at 850um using the Sub-millimetre Common-User

Bolometer Array 2 (SCUBA-2) instrument, operating at the
James Clerk Maxwell Telescope (JCMT). This survey covered
the NEP-Deep area (see Fig. 1) area reaching a sensitivity of
2mJybeam™' (Geach et al. 2017). The SCUBA-2 catalogue at
the NEP contains 330 sources which have at least a 3.50 detec-
tion. In this study, we considered SCUBA-2 de-boosted fluxes,
which allow for a proper subtraction of the background and make
possible to obtain more precise estimates of the total fluxes (as
for the other catalogues used in this paper). These two data sets
will form the basis of our selection methods that will be used to
select high-z sources over the NEP area.

2.3. Far infrared data

The NEP-Deep region was also observed in the same Herschel
Open Time programme with the Photodetector Array Camera
and Spectrometer (PACS) instrument (Poglitsch et al. 2010) at
100 um and 160um. The survey area covered approximately
(~0.69 deg?) closely overlapping the region of the sky covered
with SCUBA-2 (see Fig. 1). The PACS source extraction and
catalogue is presented in Pearson et al. (2019) and contains 1385
and 630 sources to limiting fluxes of 4 and 8§ mJy at 100 um and
160 um respectively (see Table 1). The addition of the PACS data
into our data set is important to better constrain the far-infrared
(FIR) spectral peak.

2.4. Mid- and near-infrared data

The NEP field has been extensively observed by the AKARI
satellite (Murakami et al. 2007) as an AKARI legacy field
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Fig. 1. Primary surveys located over the NEP field are used in this study.
In the inner regions, the cyan circle and the green rectangle represent
the SCUBA-2 (Geach et al. 2017) and the PACS (Pearson et al. 2019)
observations respectively. The inner dark red rectangle shows the region
of the Spitzer/MIPS data, which has no homogeneous borders. The big
blue circle represents the area covered by AKARI, CFHT (Kim et al.
2012; Murata et al. 2013) and SUBARU (Oi et al., in prep.) observa-
tions. The red square corresponds to the area covered by the SPIRE
(Herschel) observations (Pearson et al. 2017, and in prep.). The big
magenta circle shows the coverage of GALEX data (Bianchi 2014).

(Matsuhara et al. 2006). The NEP was in the continuous viewing
zone of AKARI and was visible several times per day allow-
ing deep near-to mid-IR imaging of the region. The NEP was
observed in all nine bands of the AKARI IRC instrument (Onaka
etal. 2007): N2 (2.4 um), N3 (3.2 um), N4 (4.1 um), S7 (7.0 um),
SOW (9.0 um), S11 (11 um), L15 (15.0 um), L18W (18.0 um),
L24 (24 um). Dedicated surveys were made over both the NEP-
Deep and NEP-WIDE regions. The NEP-Deep catalogue of
Murata et al. (2013) includes 11349 sources over 0.5 deg? with
at least a detection in one of the AKARI bands. The use of a high
S/N cut (50°) allows for a low false detection rate (<0.3%). The
NEP-Wide catalogue (Kim et al. 2012) contains 114 974 infrared
sources over a larger area of (5.4 deg?) but to a shallower depth
than that of the Murata et al. (2013) NEP-Deep catalogue (see
Table 1 for comparison).

Spitzer-MIPS data at 24 um over a limited area of the NEP
region is available through the Herschel Extragalactic Legacy
Project (HELP)', an ongoing program aiming to produce a
multi-wavelength database sets for all Herschel extragalactic
surveys (Shirley et al. 2019). HELP uses the XID+ (Hurley et al.
2017) algorithm, a deblending prior-based source extraction tool
to perform photometry at the positions of known sources in
far-infrared confusion dominated maps from shorter wavelength
(MIPS 24 um). The algorithm based on a probabilistic Bayesian
framework which allows for the inclusion of prior information
(beyond source positions and fluxes) to obtain the full poste-
rior probability distribution on flux estimates rather than just

I http://herschel.sussex.ac.uk/
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the maximum likelihood. The availability of data with a higher
spatial resolution at shorter wavelengths (optical, radio and mid-
near-infra-red) enables the de-blending of Herschel maps. We
note that, although SPIRE data is also included in the HELP
catalogue, the photometric errors in the SPIRE band are large
(the relative error is near 40% on average in the SPIRE bands).
Moreover, the NEP region the MIPS observations cover about
~2 deg? for a total of 20 mosaics, which represent approximately
a quarter of the area covered by SPIRE in the NEP field. How-
ever, the HELP catalogue is extremely valuable and we exploit
this catalogue to check the reliability of the techniques that we
used to cross-match all the multi-wavelength observations (see
Sect. 3.2).

Observations of the NEP region at near-infrared wavelengths
were also made by Spitzer during its warm mission phase with
the IRAC instrument. The survey of Nayyeri et al. (2018) cover
an area of a total area of 7.04deg?, at 3.6um (IRAC1) and
4.5 ym (IRAC2). The final catalogue contains 380 858 sources
(Nayyeri et al. 2018). The band-pass of the IRAC1 and IRAC2
filters is similar to that of the AKARI N3 and N4 filters respec-
tively. However, the observations in the Spitzer-IRAC bands are
deeper (1.29 and 0.79 pJy than the corresponding AKARI bands
(~13 uJy for N3 and N4). The deeper IRAC observations allow
us to obtain additional information avoiding mismatches in our
high-z multi-wavelength catalogue (see Sect. 5). The IRAC cata-
logue of Nayyeri et al. (2018) includes aperture photometry con-
sidering three different apertures: automatic aperture (“AUTO”),
4 arcsec (“Aperture 17), 6 arcsec (“Aperture 2”). The fluxes
computed inside these three apertures were compared to those
reported for AKARI N3 and N4 in the catalogues (Murata et al.
2013; Kim et al. 2012). As a result of this comparison, we
obtained the best agreement when considering the automatic
apertures in Nayyeri et al. (2018), while an offset is measured
for all the fixed apertures. For these reasons in this study, only
the automatic aperture was considered (see our high-z DSFGs
cross-matched catalogue Sect. 3.2).

2.5. Optical data

Optical follow-up surveys have been made over both the NEP-
Deep and NEP-Wide survey areas. The AKARI catalogue of
Murata et al. (2013) accurate cross-matching of the IR detections
with their optical counterparts using B, V, R, i, z, NB711 from
SUBARU-SuprimeCam, u, g, r, i, z from MegaCam-CFHT and
Y, J, Ks from WIRCAM-CFHT data (see Murata et al. 2013 for
details). The NEP-Wide catalogue of Kim et al. (2012), besides
of the IR data, includes over ~ 110,000 crossed-matched sources
with u, g, r, i, and z band data from MegaCam-CFHT observa-
tions to a detection limit down to 26 mag (40-) covering ~2 deg?
of the central part of the NEP.

Additional optical data from Hyper Suprime camera (HSC)
on the SUBARU telescope (Oi et al., in prep.) were also included
in our multi-wavelength dataset. This data cover ~6 deg? in the
g, r, i, z, Y optical and near-IR bands. The final catalogue con-
tains over two million sources with a 5o~ limiting magnitudes of
27.18,26.71, 26.10, 25.26, and 24.78 mag [AB] in the five bands
respectively (Goto et al. 2019). The catalogue includes 89 178
AKARI-IRC infrared sources that are already cross-matched
with the observations in the optical bands.

In total, there is a broad coverage across the optical and near-
mid-IR part of the spectrum, covering 28 bands in the NEP-Deep
field and 14 in the NEP-Wide field. The main characteristics of
these catalogues are summarised in Table 1.
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2.6. Ultraviolet data

In the UV spectral range, the NEP field is covered by the
Galaxy Evolution Explorer (GALEX) space telescope (Martin
et al. 2005), at both far-ultraviolet (FUV) and near-ultraviolet
(NUV), and contains 36 263 sources as a part of the all-sky sur-
vey described in Bianchi (2014). The observations are relatively
shallow with a depth of 23 magnitude; consequently, a relatively
low number of matches are expected, since most of our sources
would be too faint to be detected by GALEX (see Sect. 3.2 for
more details).

2.7. Spectroscopic redshift catalogues

Very limited spectroscopic data is available in the NEP region,
mostly located in the NEP-Deep survey area. Some of this data
were collected in the HELP catalogue of Shirley et al. (2019) and
is summarised in Shim et al. (2013). The quality of the redshifts
in the HELP catalogues is defined by a flag assuming a value
ranging from 1 (unreliable) to 5 (high quality). There are ~1100
sources with spectroscopic redshifts in the NEP region, however,
the quality of these spectroscopic redshifts are all flagged as <3.

In addition to the HELP spectroscopic sub-sample, we con-
sidered the catalogue of Kim et al. (in prep.). However, the
majority (84%) of the sources reported in this catalogue are
located at z < 1.

We concluded that the number of sources with an available
reliable spectroscopic measurement is not sufficient to complete
a robust statistical analysis. For this reason, in this study we
relied on the photometric redshifts (see Sect. 5.1).

3. Selection of high-z candidates and
multi-wavelength catalogue

3.1. Selection of high-z candidates

In this work, the analysis focuses on two samples of high-z
galaxies selected using different methods. In the first sample,
high-z candidates were selected using SPIRE colour criteria,
while in another case, the selection was based on SCUBA-2
fluxes.

The peak of the far-IR emission due to dust, approximately
located at rest-frame A ~ 100 um, can be used as a rough red-
shift indicator. To this purpose, observed Herschel colours are
used to select potential high-z sources as these colours allow
sampling of the peak of the dust emission at different red-
shifts. Submillimetre-FIR colour-colour diagrams are commonly
used to find high-z candidates (e.g. Amblard et al. 2010; Ivison
2012). A similar concept is utilised by the 500 um risers method,
where sources exhibiting increasing SPIRE fluxes moving from
250 um to 350 um and then onwards to 500 um are more likely
to be located at very high redshift, since the dust emission peak
appears to be redshifted to A > 500um (z > 4). The 500 um
riser criterion is successful in selecting massive high-z sources
(Donevski et al. 2018). The use of submillimetre colours to
select high-z candidates relies on the redshifting of the source
SED through the observation bands, defining the colour-colour
parameter space where potential high-z sources will lie (see
Fig. 2). We therefore define a SPIRE colour criteria following
Amblard et al. (2010) of F35Q”m > 35 mJy and FSOOHm/F250Hm >
0.75 in order to select a total of 268 high-z candidates from our
SPIRE catalogue, these sources are expected to lie at z > 2. In
addition, the 500 qum riser colour (F5()0#m > F350Hm >F250#m) cri-
terion was applied to select 41 high-z candidates, 23 of which
not already included in the high-z sample.

101 —

i High-z candidates
° Arp220

o= M2

100 .

l()glo(FG(N);nn/FS.SO;m!)

107!

.
10°
]Oglo(FfSSl);Lm/FZS();Lm)

107"

Fig. 2. Colour—colour diagram of the SPIRE fluxes with the tracks of
the local starburst galaxies M82 (blue) and Arp220 (red) over-plotted.
The tracks represent the observed colours as expected from the same
SEDs observed at different redshifts from z = 0 to z = 6 with redshift
steps of Az = 0.1 The bold points are the high-z candidates which lie in
the same colour space than the evolved tracks at z > 2. The upper right
area of the plot shows the average error bar for the high-z candidates.
all these methods are based on MBB models, where the redshift evo-
lution of the SEDs is not included. Therefore, more sophisticated SED
templates should be used to investigate the correlation between redshift
and colours.

The previous criteria are based on modified black body
models. We added another criterion where the redshift evo-
lution of the SED taken intro account (Yuan et al. 2015).
We find 102 new sources that follow the colours Fsg,m/
F350#m >1.1- (FZSOHm/F35OHm) -0.15 (Yuan et al. 2015) This
use of several colour criteria allow us to obtain a high-z sam-
ple, not only with extreme sources at z > 4 (e.g. Asboth et al.
2016), to study the properties of DSFGs and their evolution over
redshift (see Sect. 5).

Our second high-z sample is constructed independently by
applying a threshold to the SCUBA-2 fluxes. In particular, we
selected only sources characterised by Fgsg,m > 3 mJy, from the
catalogue of Geach et al. (2017). In total, 422 sources comply
with this criterion which is most likely to select sources at z ~ 2
and less massive than those selected using the SPIRE colours
(Casey et al. 2014).

Using these two criteria; SPIRE colours and SCUBA-2 flux,
we selected a total of 291 high-z candidates using SPIRE colour
criteria (268 with Amblard criteria, 23 risers and 140 with Yuan
criteria) and 422 sources using the threshold applied to SCUBA-
2 fluxes. We refer them as SPIRE selected sources, and SCUBA-
2 selected sources, respectively. We noticed and expected that
the number of potential high-z sources is significantly reduced
when we cross-matched the submillimetre detections with the
rest of the multi-wavelength data after checking the fitted SEDs
for possible mismatches (see Sects. 3.2 and 4, respectively).

3.2. Multi-wavelength high-z catalogue

The high-z candidates selected were cross-matched with the
data available in the NEP region (see Sect. 2) associating every
detection in each band to the closest counterpart in the others.
The SPIRE maps suffer from lower resolution and photomet-
ric confusion leading to the blending of multiples sources due
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to the relatively large beam areas of Herschel-SPIRE, ranging
from 17.6-35.2 arcsec from 250-500 um respectively (Griffin
et al. 2013). To minimise these effects and to aid in our multi-
wavelength cross-matching, the SPIRE catalogue of Pearson
et al. (in prep.) was created via an iterative extraction proce-
dure to optimise the detection of individual sources. A simi-
lar approach has been used to successfully extract sources for
the Herschel HeViCS programme (Davies et al. 2010; Pap-
palardo et al. 2015), identifying bright peaks in the maps and
then fitting with the SPIRE 250 um PSF. In an iterative pro-
cess, the most luminous sources extracted are subtracted from
the original image, then, the source extraction is performed
on this new cleaned image, but this time considering a lower
detection threshold. The iteration is repeated until the extraction
threshold reaches the level of the noise. Photometry at 350 and
500 um is obtained considering the 250 ym prior positions. Sim-
ilar approaches have been adopted in other other large-area sur-
veys with Herschel (e.g. Clements et al. 2010; Rigby et al. 2011).

As stated above, the catalogues are matched by pairing the
closest counterparts in different photometric bands. To this pur-
pose, when matching two bands, we considered a search radius
corresponding to 0.5 =« FWHM of the band with the larger PSF.
A similar technique is successfully adopted in Baronchelli et al.
(2016, 2018).

3.2.1. SPIRE colour selected sample

The multi-wavelength catalogue for the high-z DSFGs selected
via SPIRE colours was made using the 250 um SPIRE position
(the highest resolution band) and their closest longest wave-
length band counterparts. Counterparts in the SCUBA-2 cata-
logue of Geach et al. (2017) were cross-matched with the 250 um
band using a search radius smaller than nine arc-seconds, (half of
the SPIRE beam FWHM at 250 um). Most of the SPIRE selected
high-z candidates (74%) have an 850 um counterpart following
the classical definition of a SMG (Fgsg > 3 umlJy).

PACS data was incorporated by producing the photometry
in the PACS maps at the SPIRE 250 um position of the high-
z candidate. The photometry was produced using an identical
procedure to that of Pearson et al. 2019 in both PACS maps at
100 um and 160 um. In this way, a PACS flux (or at least an upper
limit) can be recovered for all our high-z candidates. As a means
of validation of our PACS photometry, we compared the brighter
PACS fluxes to confirm that they have the same measured flux as
by cross-matching SPIRE candidates directly with the PACS cat-
alogue of Pearson et al. (2019). The addition of PACS photome-
try produces complete coverage of the FIR peak for the sources
located in the deep field.

Infrared counterparts in the NEP-Deep Murata et al. (2013)
and NEP-Wide Kim et al. (2012) catalogues (including their
optical counterparts in the catalogues) were cross-matched with
the high-z catalogue using a search radius is 9 arcseconds (half
of the SPIRE 250 um beam) considering the possible counter-
parts inside this search radius. For both catalogues, in order
to select the correct counterpart, the longest wavelength mid-
infrared 15 ym and 18 ym bands were used.

For the optical Subaru-HSC data, which covers both deep
and Wide field, the mid-infrared bands are used effectively as an
“IR-bridge” (Baronchelli et al. 2016), choosing the optical detec-
tion associated with the brighter IR detection. The two AKARI
catalogues and optical data overlapped, the associations were
compared band by band, finding a good agreement of fluxes
between them.
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The Spitzer-IRAC catalogue with 3.6 and 4.5 um bands
(Nayyeri et al. 2018) was cross-matched using a search radius
of 9 arcseconds with the 250 um SPIRE band, finding 261 iden-
tifications in at least one of the IRAC bands. We note the same
percentage of matches in the deep than in the wide field (80%)
although the SPIRE data is deeper in the NEP-Deep region.
These sources were analysed with CIGALE in Sect. 4. How-
ever, only the high-z candidates with more data than SPIRE and
IRAC detection were included in Sect. 5. Where sources had flux
detections in both the AKARI-IRAC and AKARI-IRC overlap-
ping bands, the source fluxes were verified to ensure that the
same source was associated in both cases.

As an additional level of validation, the HELP catalogue was
also used to check any miss-associations between IRAC and
SPIRE data, since the HELP catalogue contains SPIRE sources.
The HELP catalogue was cross-matched with our high-z cat-
alogue based on the 250 um positions using a 3 arcsec search
radius. We find that the associations between the two SPIRE
catalogues agree in flux, within the errors (see Appendix A
and Fig. A.1) and we find extremely few sources with double
counterparts. This flux agreement not only shows that we are
selecting the same sources but also emphasises that the source
identification and the extraction method used in Pearson et al., in
prep, which covers four times more area than in the HELP cat-
alogue (see Table 1) successfully deblends the SPIRE sources.
The HELP catalogue also includes Spitzer 24 um data and as
a result of this cross-match, ten identifications at 24 um were
incorporated into our multi-wavelength catalogue.

Finally, the UV GALEX catalogue was cross-matched with
the optical counterparts with a search radius smaller than 4 arc-
seconds (half of the beam radius). However, only 13 sources of
the final sample have a UV counterpart, due to the shallow cov-
erage of GALEX.

Summarising, the final high-z DSFG catalogue contains 25
high-z candidates with coverage over 38 photometric bands
approximately defined over the NEP-Deep area and 266 high-
z candidates with coverage over 26 bands in NEP-WIDE area.
In total, our high-z DSFG catalogue contains 291 (266+25)
sources.

The SPIRE and the AKARI-IRC catalogues are deeper in the
NEP-Deep region and, due to the differences in both the number
of photometric bands and depth, the analysis in Sect. 5 was pro-
duced separately for the Deep and the Wide fields.

3.2.2. SCUBA-2 selected sources

The 288 SCUBA-2 selected galaxies were cross-matched with
the rest of the data described in Sect. 2 using the original
SCUBA-2 positions as the reference. The SPIRE catalogue was
cross-matched by using a nine arc-second search radius. In
total, three double detections between the SPIRE and SCUBA-2
catalogues were found. In these cases, the closest counterpart
was selected. For the SCUBA-2 sources with no cross-match
in the SPIRE catalogue, the photometry was calculated using
the SCUBA-2 position in each of the SPIRE maps, in the case
of no detection, the upper limits for the 3 SPIRE bands were
incorporated.

The PACS data, at 100 and 160 um, were included by cross-
matching with the SCUBA-2 positions using a 7.5 arcsec search
radius finding identifications for 13% of the sources.

The SCUBA-2 survey lies within the Spitzer-MIPS 24 um
coverage (see Fig. 1), and all 288 SCUBA-2 sources were
cross-matched with 24 um HELP catalogue using a 7.5 arcsec.
search radius (half of the SCUBA-2 beam size). We find 123
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Table 2. Main modules and input parameters used in CIGALE for the analysis of the high-z sample.

CIGALE module

Main parameters

Description

SFH
two decreasing exponentials

fourst = 0.0,0.05,0.1,0.2,0.3,0.4,0.5
agey, = 10,30,50,70,100, 120, 150 [Myr]
age = 500, 1000, 2000,

3000, 4000, 5000 [Myr]

Tmain = 1000, 3000, 5000 [Myr]

Tourst = 3000, 9000 [Myr]

Mass fraction of the late burst population
Age of the late burst
Age of the main stellar population in the galaxy

e-folding time of the main population
e-folding time of the starburst

Single stellar population models  Zg Metallicity

(Bruzual & Charlot 2003) IMF = Chabrier (2003) Initial mass function

Nebular emission logU = -2 Ionisation parameter

(Inoue 2011)

Dust attenuation Av=0.73,2.3,3.8 V-band attenuation in the birth clouds
(Charlot & Fall 2000) slopegc = —0.7 Power law slope in the birth clouds

slopeism = —0.7

Power law slope in the

Dust emision models
(Draine et al. 2014)

Gpan = 1.12,2.50,3.9
Umin = 3, 10,25, 40,50

Mass fraction of PAHs
Minimum radiation field

AGN component

fracAGN =0, 0.05, 0.1, 0.15

AGN fraction: contribution of the AGN

0.2,0.3,0.4,0.6
(Fritz et al. 2006)

Tratio = 60

psy =0.001, 89.9

T97 = 10, 60ym

to the total Lig

Opening angle of the dust torus
Angle between AGN axis and line of sight
Optical depth at 9.7

Notes. The first column lists the CIGALE module, the second column shows the main parameters and the range of values selected. The third

column provides a brief description of each parameter.

SCUBA sources with a reliable detection, the rest (165 high-z
candidates) were not included in the analysis since they have
either an unreliable 24 ym flux or a lack of counterpart. Using
the 24 um source position, these data were taken as an “IR-
bridge” (Baronchelli et al. 2016) for incorporating the ancillary
data at shorter wavelengths. The AKARI infrared and associated
optical CFHT and SUBARU data (SuprimeCam) from Murata
et al. (2013) over the NEP-Deep region were incorporated with
a 3arcsec. search radius. The deeper SUBARU-HSC data (Oi
et al., in prep.) were incorporated by using with the same search
radius. Where the optical bands overlapped in two or more of
the Murata et al. (2013) AKARI, SUBARU-HSC, HELP cata-
logues the positions and photometry were found to be in good
agreement, reinforcing our cross-matching confidence.

The final sample of SCUBA-2 sources (SMGs) contains 123
sources, covering 37 photometric bands, similar to the DSFGs
selected via the SPIRE colours in the NEP-Deep field. There-
fore, the results of the two samples can be compared to further
decrease possible instances of a miss-match and removing less
reliable associations from the final sample (see Sect. 5).

4. Methodology: SED fitting with CIGALE

The physical properties of our high-z sample were calculated
using SED fitting techniques with the CIGALE software (Code
Investigating GALaxy Emission, Burgarella et al. 2005; Noll
et al. 2009; Boquien et al. 2019%). CIGALE is a SED fitting
code based on the physical properties of galaxies that covers the
spectrum from UV to radio wavelengths, taking into account the
balance between the energy emitted in the UV-optical, absorp-
tion by dust, and the reprocessing of the starlight into the IR.
In this section, we describe the modules tested within CIGALE.

2 https://cigale.lam.fr/

Table 2 describes the main parameters of each module that was
finally selected.

As the first step, CIGALE builds a stellar component defin-
ing the energy emitted by stars. This stellar component takes as
an input an assumed star formation history (SFH) defined in an
independent module in CIGALE, which is crucial in estimating
the SFR. Several SFHs describing the star formation of galaxies
across cosmic time are available considering different physical
processes depending on the nature of the galaxy. DSFGs tend to
have high star formation, and the possibility of having a burst of
star formation was evaluated by using a double decreasing expo-
nential SFH defined as:

SFR « {exp(_t/‘rmain) * 1 < Imain — burst
eXp(—t/Tmain) + foust €XP(—1/Tourst) © = tmain — Fourst

ey

where fy,s¢ 1S the age of a second episode of star formation in the
galaxy and #,,, corresponds to the age of the main population
of the galaxy. This SFH assumes a decreasing exponential with
a presence of a starburst if the fraction of the burst fyyrse=0 Or
only a decreasing exponential if there is no starburst (see Fig. 3),
where Tain and Tpyg are the e-folding times of the main and
burst populations respectively.

The exponential SFH provides the best estimates of Mstar
and SFR, but the ages may not be as realistic as with other SFH
(Ciesla et al. 2015). We applied a broad range of values in this
model to allow the possibility of either a moderate or an intense
burst of star formation. Besides, the broad range of ages allows
different redshifts.

After computing the SFH, a single stellar population library
is needed for modelling the stellar spectrum. The widely used
Bruzual & Charlot (2003) model assumes a single stellar popu-
lation by isochrone synthesis,which takes stars of the same age

A129, page 7 of 16


https://cigale.lam.fr/

A&A 641, A129 (2020)

Star Formation History

104 #-- - -
\ main stellar population age
\
\
0.8 \
@ \ burst
E \
£ 06 \ age
= N\ ‘4--4-
£ ]
5 N\ N
504 AN :
%] 1
" burst |
~ fraction !
0.2 4 S~ I
x--h""*m_,_h :
4
0 1000 2000 3000 4000 5000 6000
Time [Myr]

Fig. 3. Star formation history (SFH) adopted in this work: a double-
exponential decreasing with starburst age. A decreasing exponential
describes the star formation with the age of the main stellar popula-
tion of the galaxy (t,g.) plus a burst of star formation at a specific epoch
(tours) With a burst fraction (fyurs) defining the intensity of the burst.

and integrates their spectra to compute the total flux. The disad-
vantage is that the isochrones are calculated in discrete steps in
time and therefore, any stellar evolution more rapid than these
time steps is not well represented. For this reason, we com-
pared the alternative Maraston (2005) models, which are fuel-
consumption based algorithms that follow a “turn oft” from the
main sequence of stars. In both stellar population models, we
assume the initial mass function given by Chabrier (2003) and a
solar metallicity Z; (see Table 2) as a standard assumption that
allow us to compare our results with the rest of the literature.

The nebular emission module, based on the empirical tem-
plates of Inoue (2011), describes the spectral (line) emission,
which is essential in star-forming regions and high-z redshift
galaxies (Stark et al. 2013). This emission has a direct impact
on the SED modelling, and it can increase the average flux by up
to 10% in the case of the most energetic spectral lines (Noll et al.
2009). We find that SFR is lower when the nebular emission is
considered, since a fraction of the radiation contributes as nebu-
lar emission instead of the continuum emission of the galaxy.

For the dust attenuation, three different options were investi-
gated. The most common attenuation law for star-forming galax-
ies is the Calzetti et al. (2000) law with an extension to shorter
wavelengths in the spectrum provided by Leitherer et al. (2002).
The second model, proposes a simpler attenuation power-law
(Charlot & Fall 2000), that assumes that all the stars are atten-
uated by diffuse dust in the same manner. However, a single
attenuation curve proves to be insufficient to describe DSFGs,
particularly at high-z (Noll et al. 2009) and it is not appro-
priate for our sample. The third model described in Boquien
et al. (2019) extends the model of Charlot & Fall (2000) and
combines both the birth cloud attenuation and the interstellar
medium attenuation each represented by a power law, and there-
fore makes a distinction between the young and old stellar emis-
sion. This has been shown to characterise well the emission from
ULIRGS at z ~ 2 (Lo Faro et al. 2017).

CIGALE was tested with all three dust attenuation options.
Although we did not find any significant differences in the good-
ness of the fits between these models, the third option was
selected on the basis that it makes a distinction between the
stellar emission components which is more appropriate for IR
galaxies (Buat et al. 2018; Matek et al. 2018). The main parame-
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ters that define the model are the attenuation (Ay) and the slopes
of the 2-power law attenuation for the birth cloud and the inter-
stellar medium (see Table 2).

Models for the emission at mid-infrared (MIR) wavelengths
are complex since they require the addition of PAH emission
(dust features which are extremely grain size dependent). Our
sample of dusty high-z galaxies was tested with both the Draine
et al. (2014) and Schreiber et al. (2016) models. Draine et al.
(2014) takes into account the emission from small dust grains
and the characteristics of intense MIR emission (extreme heat-
ing environments tend to stop the process of dust formation) typ-
ically present in star-forming galaxies. The model is carefully
described in Draine & Li (2007) with and the updated version
that allows higher dust temperatures (Draine et al. 2014). The
main parameters are the mass fraction of the PAH population
(gpan) and the minimum radiation field (Uyy;,) which is related to
the dust temperature (Aniano et al. 2012). We set big Ui, values
to allow higher temperatures (see Table 2). The Schreiber et al.
(2016) model is a simpler alternative with regards to the PAH
emission, being instead more focused on the FIR-submillimetre
peak. We used the bayesian interference factor (BIC) to compare
the goodness of the fit of two models. The difference between
Schreiber et al. (2016), and Draine et al. (2014) is ABIC ~ 6
in the advantage of Draine et al. (2014) meaning that is sig-
nificantly better (Ciesla et al. 2018). In addition, the models
of Casey (2012), also commonly used for fitting DSFGs, were
investigated. However, this model mainly considers the long-
wavelength fitting to a modified black body with dust tempera-
tures of ~35 K. It does not take into account the near and mid-IR
data, excluding the PAH contribution. Hence these two models,
Casey (2012) and Schreiber et al. (2016), were tested but not
used in the results.

The presence of an AGN can break the balance between the
absorption and emission from dust, due to their characteristic
non-thermal emission. Fritz et al. (2006) provides the primary
model for the AGN contribution in CIGALE. In terms of the
SED fitting, the AGN contribution is mainly an additional mid-
infrared dust component. Fritz et al. (2006) accurately takes into
account the AGN modelling, described by parameters such as the
radii and opening angle of the dust torus, and the angle between
the AGN axis and line of sight. The model is provides the AGN
fraction (0 < fagn < 1 where 1 is the 100%). In this work, we
used the AGN model for a broad classification of AGN presence
or non-presence in the galaxy. However, the optical depth and the
opening angle give the option of a Type 1 AGN (unobscured),
Type 2 (obscured), an intermediate template or non-AGN (see
Table 2). The rest of the values were set to the typical values
(Fritz et al. 2006) in order to avoid degenerate model templates.

The combination of the modules described above, with the
grid of selected primary parameters in Table 2, produces ~465
million potential spectral templates for each source. CIGALE
takes into account those templates and computes the SED fits,
selecting the best probabilistic result by a Bayesian approach
(see Noll et al. 2009 for details). The best fit SED and probability
distribution function (PDF) (see example in Fig. 4 left and right
respectively) of each of our high-z candidates were visualised
individually to remove sources with a possible miss-match, grav-
itational lenses or an energy balance problem (see Sect. 5).

An additional quality check is provided by the CIGALE soft-
ware in the form of a set of estimated flux densities. CIGALE
produces a mock catalogue of photometry where the flux densi-
ties are known from the best fit model. This mock photometry
can also be used to calculate the exact physical parameters
which can then be compared with the estimated values (see
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Fig. 4. Left panel: example galaxy SED fit from our sample produced by
CIGALE with the modules taken into account in the legend. The blue
squares are the observed fluxes in mly, the red dots represent the corre-
sponding predicted fluxes by CIGALE that lie on the black line model
fit. Bruzual & Charlot (2003) reproduces the stellar component, where
the orange line is the stellar attenuation whereas the blue line shows
the unattenuated stellar emission. The green line is the AGN compo-
nent, modelled by the Fritz et al. (2006) (no green line implies no AGN
presence). The dust component is represented by the red line (Draine
et al. 2014). The emission lines are shown in pale yellow. The upper
part of the plot shows the ID of the source, the redshift and the reduced
x* fit result. Right panel: corresponding probability distribution func-
tion (PDF) of the estimated photometric redshift for the source in the
left panel. The PDF peaks at redshift z,,, = 1.9. CIGALE produces a
Bayesian analysis for each parameter selecting the most likely result.

Boquien et al. 2019 for details). The reliability of the photomet-
ric redshift was validated together with the rest of the physical
parameters comparing the real value with the estimated value for
each source (see Fig. 5).

5. Results

The SED fitting using CIGALE was performed on our high-z
sample (Sect. 4), in order to calculate the physical parameters

such as the stellar and gas masses, star formation rates and
photometric redshifts. Sources with less than seven photomet-
ric detections were not included in the following statistical anal-
ysis, due to the limitation in calculating reliable stellar masses
and SFRs. However, this lack of photometric data in the optical-
NIR wavebands could also be indicative of their high-z nature,
so we do not disregard them out of context. The part of these
sources with photometric redshifts, z > 3 (51 sources, most of
them with only SPIRE and IRAC data) are listed in Appendix A.
In addition, after visually checking the fitted SED, sources that
were either probable miss-matches or possible gravitational lens
candidates were also removed from the statistical sample (Matek
et al. 2018).

We distinguish between the NEP-Wide and NEP-Deep areas
during the analysis due to the difference in the number of bands
and depth of the AKARI and SPIRE data. In the NEP-Deep field,
88% of the galaxies have more than twelve photometric detec-
tions, and on average detections in more than ~20 bands. In the
NEP-Wide field, the number of sources with more than ten pho-
tometric detections is 60% with on average detection in 11 pho-
tometric bands.

The final sub-sample with good multi-wavelength coverage
and discarding mis-matches contains 185 high-z dusty galaxies:
78 in the NEP-Deep field and 107 in the NEP-Wide field.

5.1. Photometric redshift

Photometric redshifts are often used as a proxy in large sur-
veys due to the lack of available spectroscopic redshifts which
are observational time-consuming to collect. In particular for
DSFGs, the high amounts of dust present at high redshift makes
redshifts from optical lines impossible to obtain, and the use of
photometric redshift is the only viable route for large sample of
galaxies (see e.g. da Cunha et al. 2015).

We used CIGALE to calculate the photometric redshift for
the final selection of 185 high-z galaxies with good photometric
coverage. The photometric redshift — and consequently, the rest
of the physical parameters, depend on the models assumed in
CIGALE. CIGALE takes into account the entire spectral range
to calculate the photometric redshift. Hence, the selection of the
dust emission model can produce differences in the photometric
redshifts.

The average redshift for the entire high-z DSFG sam-
ple, independent of the selection method (SPIRE colours and
SCUBA-2 flux, was found to be z=2.33+0.08 (0.1 < zphot
< 5.6). The redshifts for the sources selected with SCUBA-2
fluxes is on average lower than the sources selected via SPIRE
colours. The latter sample peaks at a higher average redshift
with median 2.570%, whereas the SMGs have a median redshift

-0.09°
of 1.48f8'36. The redshift distribution of the two populations is
shown in Fig. 6. The redshift distribution over the NEP-Wide and
NEP-Deep fields were found to be similar and are represented
together in the histogram in Fig. 6. The higher redshift nature
of the SPIRE selected DSFGs indicates that the 500 um riser
method and SPIRE colour-colour diagrams select on average
higher redshift sources than with SCUBA-2 fluxes, as expected.
There was not found to be any dependence of the photometric
redshift on the number of photometric bands.

We also investigated the spectroscopic data sets available
over the NEP field (Shim et al. 2013, Kim et al., in prep., see
Sect. 2.7). Unfortunately, spectroscopic data is only available for
10 of our sources in our high-z catalogue (4 for the SCUBA-
2 selected galaxies and 6 for the SPIRE selected galaxies, that
is <5% of the sample). This is not a large enough sample to
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Fig. 5. Quality analysis was produced with the mock photometry to calculate exact values for selected physical parameters: the star formation rate,
the stellar mass and the photometric redshift. The x-axis represents the exact parameter calculated from the mock photometry from the best fit,
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Fig. 6. Histogram of the calculated photometric redshifts for the two
selection methods: sample selected with SCUBA-2 fluxes (blue) and
selected with SPIRE colours (red). The sample selected via SPIRE
colours peaks at a higher redshift with a median value of 2.57*0%
whereas the SCUBA-2 selected sources have a lower median redshift

of 14802 .

extract any conclusions on the quality of the photometric red-
shift estimate. For the handful of spectroscopic redshifts that are
available, these were obtained from optical and NIR lines and
all have low-quality flags in the spectroscopic catalogues. There-
fore, to confirm the quality of the photometric redshift, spectro-
scopic data from sub-millimetre telescopes is proposed for future
work (see Sect. 7).

Using the photometric redshift, CIGALE calculates the
infrared luminosity. Figure 7 shows the resulting luminosity-
redshift distribution for each of our selection criteria. The SPIRE
selected sources are further split into sources in the NEP-Deep
and Wide fields. The calculated luminosity in the NEP-Wide and
NEP-Deep field is similar over the same redshift range, and is
therefore not biased by the depth of the data. From Fig. 7, it can
be seen that almost all of the sources are ULIRGs, as expected,
and with z < 1 are mostly sources selected with SCUBA-2 flux
method. The detection limit reached for SPIRE at the shortest
wavelength is ~10 mJy whereas for the SCUBA-2 is ~3 mJy.

Due to the larger areal coverage, there are four times more
luminous galaxies at z > 3.5 in the NEP-Wide than in the NEP-
Deep field. However, the galaxies selected with the SCUBA-2
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Fig. 7. Infrared luminosity (Lir) against photometric redshift for the
NEP-Deep field (black and red dots) and the Wide field (blue dots), with
the selection method detailed in the legend. The red dashed line shows
the limit for ULIRGs Lig > 10'? L,: above which the sources are either
ULIRGS (50%) or hyperluminous infrared galaxies (HLIRGs; Lig >
10" Ls) (36%). The remaining sources below the line (14%) are clas-
sified as luminous infrared galaxies (LIRGs, 10" L, < Lz < 10" L)
The galaxies selected with the SCUBA-2 method have the same number
of photometric bands as the sources selected with SPIRE in the NEP-
Deep field, however, the SPIRE colour criteria select, on average, more
luminous sources (15 % more) than galaxies selected with SCUBA-2.

method are 15 % less luminous on average than the galaxies
selected via the SPIRE colours over the same area with the same
number of bands. It appears that SPIRE colour and 500 um tech-
niques tend to select more luminous galaxies, probably because
they are more massive and warmer (see Sect. 5.2).

A total of 12 sources are detected at z > 4 from both selec-
tion methods combined. This number can be compared with the
surface density predicted by the contemporary galaxy evolution
models of Pearson et al. (2017). Over a similar area, Pearson
et al. (2017) predicts around 20 sources above the SPIRE con-
fusion limit at z > 4. Taking into account the fact that some
of our high-z sources were rejected due to the low number of
photometric detections (10 of the rejected list have z > 4, see
Table B.1), the predictions are broadly consistent with the num-
bers presented here.
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5.2. The star formation rate and the main sequence of
galaxies

The star formation rate (SFR) and the stellar mass were com-
puted to determine the position of our high-z sources on the main
sequence (MS) of galaxies, to address whether DSFGs selected
at sub-millimetre wavelengths lie on the MS or above it as out-
lying starbursts.

The median star formation rate for the entire sample of 185
DSFGs is SFR = 7974% M yr~'. Over the NEP-Deep field we
see a clear distinction between sources selected using SCUBA-
2 flux (SFR = 146ff§ Mgyyr™") and SPIRE colour (SFR =
444*% Mo yr!) criteria. The SCUBA-2 flux method is able to
select relatively faint sources with a more moderate star forma-
tion rate than the extreme sources detected with SPIRE colours
(see e.g. Riechers et al. 2013; Rowan-Robinson et al. 2016,
2018). The extremest source we find have SFRs < 7000 M, yr~!
The median SFR over the NEP-Wide field is higher (SFR =
1265*33% Mo, yr™!), however, both fields exhibit more moder-
ate SFRs than reported in previous work (e.g. Rowan-Robinson
et al. 2016, see Sect. 6 for discussion).

We calculated the stellar mass for our sample using
CIGALE. Two different stellar population models were tested
and the SED fitting was run for both the Bruzual & Charlot
(2003) and Maraston (2005) models supported by CIGALE.
No significant differences in the results were found that would
change the position of the sample relative to the MS of galaxies.

We conclude that the enormous differences in submillime-
tre galaxies discussed in the literature (see e.g. da Cunha et al.
2015; Dunlop et al. 2017) are not influenced by using stellar
populations models based on isochrones such as Bruzual
& Charlot (2003) instead of turn-off based models such as
Maraston (2005). For this work, the models of Bruzual &
Charlot (2003) were finally chosen in order for us to comp-
are our results with the work in the literature that uses the
alternative MAGPHYS SED fitting code, which uses the same
population model (e.g. da Cunha et al. 2015; Miettinen et al.
2017).

The main sequence of galaxies is known to evolve with red-
shift and for this work, the definition of Speagle et al. (2014) was
applied to

log(SFR) = 0.84 —0.026¢, log(M, + 0.11¢, — 6.51) )

where ¢, is the age of the Universe in [Gyr]. Note that the def-
inition is function of redshift and we considered the MS at the
corresponding redshift for each galaxy. A galaxy is commonly
considered “above the MS” if its position is a multiple of times
above the definition of the MS line. The correlation is not strictly
a line and has some scatter which makes considere galaxies
above the MS if their SFR is several times above the line. da
Cunha et al. (2015) uses a criteria of three times above the MS,
although others assume different criteria, such as Elbaz et al.
(2011), who defines the MS as a function of cosmic time and
considers the sources two times above the MS as outlying star-
burst galaxies. Here, in order to compare our results with da
Cunha et al. (2015) and Dunlop et al. (2017), who assume the
same definition of the MS as Speagle et al. (2014), all sources
that are three times above the line of the MS are considered to be
above the MS and therefore to be starburst galaxies (see Fig. 9).

We find that 38% of our sources would be defined as star-
bursts lying three times above the MS. The remaining sources
being on the MS despite of their high SFRs because they are
massive galaxies, which can be visualised by computing the
specific star formation rate sSSFR = SFR /My, (see top-panel of
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Fig. 8. Top panel: specific star-formation rate (sSFR) against redshift
for the total sample. The galaxies classified as starbursts using the def-
inition of Speagle et al. (2014) are marked as red dots and are seen to
exhibit a higher sSFR than the rest of the population. Bottom panel:
number-redshift distribution of the total sample (blue bars) and the star-
bursts (red bars). The fraction of starbursts increases up to z = 2, and
it is similar out to z ~ 3 — 4 (around 40%), decreasing to higher red-
shifts z > 4. A larger sample at z > 4 would be required to investigate
the evolution of the starbursts over cosmic time.

Fig. 8). The bottom-panel of Fig. 8 shows the number-redshift
distribution of the starburst and main sequence galaxies. Most
starburst galaxies are found at z = 2 —4 with activity descreasing
to higher redshift z > 4 (however, this decrease is accompanied
by a decrease in the sample that makes difficult to be certain of
evolution of the starburst activity with redshift).

In order to evaluate their position in the MS and any evo-
lution with cosmic time, the sample was segregated into four
redshift bins (1.5<z<2.5, 25<z<35, 35<z<4.5 and
4.5 <7< 5.7). Figure 9 shows the main sequence for the red-
shift bins centred on the redshifts z = 2 and z = 3 respectively.
The fraction of starburst galaxies is highest in the z = 2 redshift
bin (43%), decreasing slightly to z = 3 (40%) over a similar size
sample. The rest of the redshift bins are too sparsely populated
to draw robust conclusions on any evolution of the MS with red-
shift in our sample and are not shown in the figure. We further
compared the position on the MS for our two selection methods,
over the NEP-Deep field, where there are the same number of
bands, and similar depth. We find 12 % more galaxies classified
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Fig. 9. Main sequence of galaxies. The black line shows the MS as defined in Speagle et al. (2014), with the dashed lines showing three times
above and below the line of the MS for this redshift bin. The sources considered as starburst are three times above the MS. Left panel: main
sequence of galaxies for the redshift bin at 1.5 < z < 2.5. In the z = 2 bin the fraction of starbursts with respect to the number of sources is 43%.
Right panel: main sequence of galaxies for the redshift bin at 2.5 < z < 3.5. In the z = 3 bin the fraction of starbursts with respect to the number of
sources is 40%. In both cases the starbursts tend to be of lower stellar mass than the majority of sources lying on the MS.
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Fig. 10. SFR against redshift with the AGN fraction in the colour bar:
12% of the high-z sample have an AGN presence of more than 20%
with no correlation with redshift.

as starbursts using the SPIRE colours compared to the SCUBA-2
selected sources.

5.3. The effect of AGN

We also investigated the effect of any AGN presence and asso-
ciated PAH deficit (Elbaz et al. 2011), both significant parame-
ters that could affect the star formation rate, thus influencing the
positions of sources on or off the MS. The photometric bands
allowing to probe the PAHs contribution and AGN presence in
mid-IR are the AKARI bands (S9, S11, L15, L18, L24), and the
Spitzer (MIPS1) (see Sect. 2). We use CIGALE to estimate any
possible AGN contribution to a spectral fit assuming the AGN
model of Fritz et al. (2006). Approximately 12% of the high-z
sample have an AGN presence of more than 20%, with a handful
of sources classified as AGN dominated. We do not find a corre-
lation between AGN presence and SFR or redshift (see Fig. 10),
neither with a high AGN fraction being specifically associated
with the starburst galaxies above the MS. However, any AGN
presence will affect the estimated SFR (of the order of <10% for
the majority of our sample) and it is necessary to take an AGN
model to the study of DSFGs.
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The contribution from PAHs concentration was evaluated
using the Draine et al. (2014) dust models (see Table 2). We do
not find any PAH deficit in the starburst galaxies having a similar
fraction of PAHs for galaxies above or on the MS. The sources
that show a high AGN presence have small or non-PAH fractions
as expected due to grain destruction by the intense radiation from
the AGN, especially at the highest redshifts (z > 4).

5.4. Star formation efficiency

The star formation efficiency (SFE) relates the star formation
rate to the gas mass (SFE = SFR/Mg,) and is a measure of how
efficiently the gas is processed into stars. The SFE allows us to
analyse the factors that trigger the star formation. We compared
the SFE of the populations both above and on the MS in our
sample to see if there is a factor that can trigger the star formation
or if it is simply the fact that they contain more gas.

The mass of the gas is calculated by applying a conver-
sion factor for the dust-to-gas ratio, to the mass of the dust
derived from the Draine et al. (2014) models. There is evidence
than high-z submillimetre galaxies are dust rich, however, the
high dust content is proportional to the high gas content, hav-
ing a dust-to-gas ratio higher or similar to normal spiral galaxies
(Santini et al. 2010).

In Fig. 11, the SFE is plotted as a function of redshift for our
entire high-z sample. The SFE correlates with redshift, being the
sources at higher redshift being more efficient at forming stars.
Also shown in Fig. 11 (top-panel colour bar) is the age of the
burst of star formation in the galaxy as derived from CIGALE
(as described in Sect. 4 and Fig. 3). The age of the burst in the
galaxy corresponds to the moment that the burst occurs in the
time of the galaxy. We find a clear trend between the age of the
starburst in the galaxy and the efficiency of the star formation:
the later the burst is in the age of the galaxy, the more efficient
the star formation.

The age can be a difficult parameter to calculate thought SED
fitting modelling (Buat et al. 2014). Also, the mock test shows a
bad estimation for the age of the burst with a poor linear regres-
sion (72 = 0.3). For this reason, we also evaluate the presence of
any starburst by the parameter fi,5; With a better result in the
mock catalogue (+*> = 0.7) than the age of the burst. The star-
burst fraction has an effect on the SFE of the galaxy, the more
massive the starburst, the bigger the triggering of star formation
(see Fig. 11 bottom-panel).
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Fig. 11. SFE as a function of redshift. A general trend of increasing SFE
with redshift is seen. SFE as a function of redshift. A general trend of
increasing SFE with redshift is seen. This trend is more prominent in
the starburst population (above the MS) identified by the blue border
squares around the circles in the plot. Top-panel: dependence of the
results on the age of the starburst (in the colour-bar). There is a clear
dependence between the efficiency of star formation with the age of
the starbursts: the later the starburst in the age of the galaxy the more
efficient the star formation. Bottom-panel: same SFE-redshift plot with
the dependence on the fraction of the star-formation burst (in the colour-
bar), the more significant burst, the more efficient the star formation.

We find no relation between either the AGN fraction or
the PAH concentration with the SFE, which was expected from
the previous lack of correlation between those parameters with
the star formation discussed in Sect. 5.3.

The presence of a starburst could be due to a merger. To con-
firm this, the morphology of the source would be required. As
future work, the SFE will be calculated by tracing the molecular
gas via spectroscopic observations to study the compactness of
the sample. Furthermore, the SFH parameters are challenging to
constrain from broadband SED fitting and spectroscopic obser-
vations will help to better calculate these parameters (see future
work in Sect. 7).

6. Discussion

There is no explicit consensus on the nature of sub-millimetre
galaxies over cosmic time. In this Section, we discuss the reasons
for the differences in our results with previous studies and give
our vision of the nature of sub-millimetre galaxies, discussing

their position on the MS, shedding some light on the consider-
able disagreement in the literature, explaining if the difference
relies on selection effects or model considerations.

6.1. High-z selection at submillimetre wavelengths

We studied the high-z population at the NEP by using two differ-
ent sub-millimetre selection criteria: SCUBA-2 selected sources
at 850 um and selection by SPIRE colours including the 500 um
riser technique. This approach allows us to evaluate if the differ-
ent results in previous works could be due to a selection effect.
The SCUBA-2 selected sample has a significantly lower frac-
tion lying above the MS compared to the SPIRE colour selected
sources at shorter wavelengths (see Sect. 5). The SCUBA-2
methods appear to select sources at lower IR luminosity than
the SPIRE selection method over the same NEP-Deep field and,
in consequence, lower star formation. Such a difference in SFR
due to the different population could influence the different out-
comes in literature, but it is not big enough to be the main reason
for the disagreement. We find lower star formation rates than
Rowan-Robinson et al. (2016) using the same selection method,
which implies that these differences are not a selection effect.
These extreme star-forming galaxies are “monsters” with large
stellar masses and SFRs. However, both the consideration of an
AGN presence and avoiding fitting with local galaxy templates
(e.g. Arp220, M82, Polletta et al. 2007), it is possible to lower
the estimated SFRs by an order of magnitude.

6.2. The position of high-z SMGs on the MS

We find that the position of galaxies on the MS relation cannot
only be explained by selection effects. Assumptions in the mod-
elling approach, such as the different physical models in the SED
fitting, can affect the calculation of the SFR and stellar masses.
We investigated the differences from assuming stellar popula-
tion models by using the models of Bruzual & Charlot (2003)
and Maraston (2005). Although there were small differences in
the estimated SFR and stellar masses, these differences were not
enough to change the position of the sub-millimetre galaxies in
the MS diagram significantly.

Our results are in disagreement with some previous stud-
ies such as Ikarashi et al. (2017), where 72% of their submil-
limetre selected sample lie above the MS with 1.4 <z < 2.5,
or with Miettinen et al. (2017) who measures 63% of SMGs
above the MS. Some of this discrepancy could be since we take
into account the AGN contribution in the fitting, which imply
lower SFRs, and the differences in the code assumptions (we
use CIGALE instead of MAGPHYS). The AGN emission has an
influence on the MS slope up to 32 % depending on the SFH and
the type of AGN (Ciesla et al. 2015). Note that in particular, the
MAGPHYS SED fitting code uses the Bruzual & Charlot (2003)
models, which means that we should find similar stellar masses
with CIGALE. However, SFRs may differ due to the different
SFH and the lack of AGN models. Hence, with similar stellar
masses and different SFRs, it will change the position in the MS.

Other submillimetre samples, such as Dunlop et al. (2017),
suggest that all their sources lie on the main sequence. This dis-
agreement with our results may indeed be a selection effect since
Dunlop et al. (2017) is a deep pencil-beam survey, and it is sen-
sitive to lower SFRs but comparable stellar masses.

Another reason related to the modelling itself is the use
of local templates for galaxies to calculate photometric red-
shifts, which tend to give higher redshifts (Ma et al. 2019) and
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higher SFRs. Finally, assumed the SFH could produce a different
SFR.

Consequently, it is not surprising that our results are an aver-
age between two of the most extreme cases in literature at z ~ 2:
Dunlop et al. (2017) with no galaxies above the MS and stud-
ies like Ikarashi et al. (2017), Miettinen et al. (2017). da Cunha
et al. (2015) finds 52% of the SMGs above the MS at the bin
z = 2, whereas we find 43 %. Hence, the difference could be due
to the use of an AGN model since the AGN presence affects the
estimated SFR up to 10% for the majority of our sample.

Ideally, the same sample of DSFGs, with spectroscopic red-
shifts, should be investigated using a set of available SED fitting
codes, i.e. MAGPHYS, CIGALE and LePhare, quantifying the
differences of SFRs between these three codes.

6.3. SFE of starburst

The SFE relates the star formation to the gas reservoir within
the galaxy. Thus, finding some parameter that correlates with the
SFE can also provide a link to the triggering, or quenching, of the
star formation itself. We find a relation between the presence of
a starburst in the galaxy with the SFE. A merger could cause the
presence of such starburst episodes, and the age of this starbursts
could, in turn, be related to the state of the merger.

The morphology of the galaxies can be related to mergers,
which in turn influences the SFR (Elbaz et al. 2018), this also
includes the compactness of a galaxy (Elbaz et al. 2007). More-
over, the time that the merger occurs in the life of the galaxy can
influence in the SFE.

The bimodality of star formation in SMGs was evaluated by
Elbaz et al. (2018): a more compact group with a moderate mode
of star formation (on the MS) and another with extreme star
formation mode (above the MS) with enhanced gas fractions.
Spectroscopic observations are required to investigate any rela-
tion with the morphology or the compactness of the galaxy. For
instance, whether the starburst galaxies are more compact than
galaxies that lie in the MS (Elbaz et al. 2011) and how mergers
may enhance the star formation at early stages (Riechers et al.
2017). Spectroscopic observations of molecular gas are the best
to approach to this matter.

7. Summary and conclusions

Our multi-wavelength approach in deep fields has allowed us to
analyse a large sample of DSFGs across their entire spectrum.
We have utilised two methods to select a sample of high-z can-
didates. Our analysis finds that:

— Sources selected using a criterion of SPIRE colours and
500 pm risers, select more extreme sources than the method
using SCUBA-2 fluxes. The median redshift of the SPIRE
selected sample is z =2.57"005 whereas the SCUBA-2

selected sample has a median of z = 1.48*)7 . The luminosi-
ties and SFRs differ but, even in the more extreme cases, the
SFRs are still only of the order of hundreds or a few thou-
sands of solar masses per year.

— Although we do not find a correlation between the star for-
mation and AGN presence, AGN models must be taken into
account for the study of sub-millimetre galaxies. The lumi-
nosities and SFRs are lower when AGN models are consid-
ered, which is not frequent in the study of these populations,
probably due to the limitation of the SED fitting codes.
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— Although the majority of our sub-millimetre galaxies gen-
erally lie on the MS we find a significant fraction (43% at
z = 2) that are classified as starbursts above the MS.

— The SFE depends on the epoch and intensity of the star-
burst in the galaxy, the later the burst, the more intense the
star formation. However, they do not strongly depend on the
presence of any AGN, which suggests that the trigger of star
formation could be related to mergers instead of secular pro-
cesses. As future work, spectroscopic observations with sub-
millimetre telescopes will be carried out to confirm it.

We conclude that the sub-millimetre population is a mix of dif-
ferent galaxies and, that by selecting sources based on either
their SPIRE colours or a SCUBA-2 detection, their proper-
ties vary. We conclude although most sub-millimetre galaxies
(60%) lie on the MS, that there is a population of starbursting
galaxies of extreme nature. However, galaxies such as HFLS3
(Riechers et al. 2013) are likely not to be representative of
the general sub-millimetre population; nonetheless, more galax-
ies with extreme star formation could be found by the pro-
posed selection methods. We conclude that a multi-wavelength
approach in deep fields — with comprehensive, wide multi-
wavelength photometric coverage (such as the NEP region) —
is necessary for a better understanding of this population.

This study requires spectroscopic confirmation for further
evaluate the SFE which will be subject of future work by carry-
ing out observations using facilities such as the Large Millimeter
Telescope (LMT) (Hughes et al. 2010).
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Appendix A: Comparison of Herschel catalogues
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Fig. A.1. Comparison of the SPIRE 250 um band fluxes from the cata-
logues of Pearson et al. (in prep.) (x-axis) and HELP (y-axis), finding
a good agreement between them. Also shown are the 1-to-1 line and 72
regression line.

As a validation of our SPIRE catalogue, the SPIRE fluxes from
Pearson et al. (in prep.) were compared with the those in the
HELP catalogue (Shirley et al. 2019). We matched 370 SPIRE
sources with sources in the HELP catalogue with high quality
fluxes (the HELP catalogue also contains 2806 sources with low
quality, unreliable fluxes) over an area of ~2 deg?. The results
are shown in Fig. A.1. We find a very good agreement between
the two catalogues, with mean fluxes of (35 + 1mlJy and of
32 + 1 mly) from the Pearson catalogue and HELP catalogue
respectively.

Appendix B: High-z candidates

Sources with detections in 6 or less photometric bands were dis-
carded from our analysis due to the low number of photomet-
ric bands (non of them have UV-optical data). This affects the
spectral fit and the reliability in the calculation of stellar mass.
However, they are interesting high-z sources that will be objects
of further study. All the sources have at least one detection from
two different telescopes. The sources are listed in Table B.1.
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Table B.1. High-z candidates removed from the final list for only having
a detection in 5 bands.

ID Zphot Photometric bands
2113 4.8+0.9 5
2039 47+0.3 6
1935 47+0.2 6
2995 43+0.7 5
2267 42+1.0 4
4103 42+1.2 4
2996 42+12 6
4398 40+13 4
1729 40+1.0 4
4438 39+12 5
4115 39+ 1.1 6
2077 38+1.1 5
489 3.8+09 5
2672 3.8+1.0 5

NEP0049 3.7 +0.9 6
2732 3.7+09 5
3889 3.7+1.1 4
1343 3710 5
1219 36+1.0 4
1867 3.6+09 5
3461 35+1.1 4
2100 35+09 5
4804 35+1.0 6

241 35+£1.0 5
2228 34+0.8 5
1862 34+1.2 5
3906 33+£13 6
2209 33+09 5
3159 33+1.2 5
3617 33+£12 5
2674 32+09 4
2630 32+09 4
4168 32+1.1 5
1255 32+1.1 4
1296 32+09 5

NEP0085 3.2+0.9 5
576 3.1+0.7 5
NEP0019 3.1 £0.8 4
3318 3113 5
3269 31+1.0 4
4457 31+£0.8 4
3645 3112 5
3940 3.1+1.0 5
1417 3.1+£0.7 5
NEP0027 3.1%1.0 4
1100 3.1+0.8 4
2830 3.1+£0.7 5
3211 30+£1.0 4
2085 3.0+0.7 4
1516 30+1.1 5
2687 30+£1.0 5

Notes. The columns show the ID label, the photometric redshift and the
number of bands respectively.
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