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A B S T R A C T 

In this paper, we present the third data release (DR3) of the Herschel Astrophysical Terahertz Large Area Surv e y (H-ATLAS). 
We identify likely near-infrared counterparts to submillimetre sources in the South Galactic Pole (SGP) field using the VISTA 

VIKING surv e y. We search for the most probable counterparts within 15 arcsec of each Herschel source using a probability 

measure based on the ratio between the likelihood the true counterpart is found close to the submillimetre source and the 
likelihood that an unrelated object is found in the same location. For 110 374 (57.0 per cent) sources, we find galaxies on the 
near-infrared images where the probability that the galaxy is associated to the source is greater than 0.8. We estimate the false 
identification rate to be 4.8 per cent, with a probability that the source has an associated counterpart on the VIKING images of 
0.835 ± 0.009. We investigate the effects of gravitational lensing and present 41 (0.14 deg 

−2 ) candidate lensed systems with 

observed flux densities > 100 mJy at 500 μm. We include in the data release a probability that each source is gravitationally 

lensed and disco v er an additional 5923 sources below 100 mJy that have a probability greater than 0.94 of being gravitationally 

lensed. We estimate that ∼400–1 000 sources have multiple true identifications in VIKING based on the similarity of redshift 
estimates for multiple counterparts close to a Herschel source. The data described in this paper can be found at the H-ATLAS 

website. 

Key words: methods: statistical – catalogues – submillimetre: galaxies. 
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 I N T RO D U C T I O N  

eginning with the submillimetre Common User Bolometer Array 
Holland et al. 1999 ) on the James Clerk Maxwell Telescope, a
umber of surv e ys hav e disco v ered an abundance of high-redshift,
ighly luminous far-infrared (FIR) sources from their redshifted 
mission at submillimetre (sub-mm) wavelengths (SMGs; Smail, 
vison & Blain 1997 ; Barger et al. 1998 ; Hughes et al. 1998 ; Eales
t al. 1999 ). Based on studies of the extragalactic background light,
e now predict that there is a similar amount of light absorbed by
ust and then re-emitted in the FIR and sub-mm regimes as there
s seen directly in the optical and UV (Puget et al. 1996 ; Dwek
t al. 1998 ; Fixsen et al. 1998 ; Dole et al. 2006 ; Driver et al. 2008 ),
uggesting that a great quantity of the star formation activity in the
niverse is obscured by dust. The population of SMGs found from

arge blank-field surv e ys are found to be heavily dust-obscured and
re likely to be hosts to this hidden star formation. SMGs are rare
n the local Universe but increase in number density with redshift
eaking at z ∼ 2.5 (Chapman et al. 2003 ; Chapman et al. 2005 ;
ardlow et al. 2011 ; Casey, Narayanan & Cooray 2014 ), making

hem most abundant when the star formation density was at its peak.
hese galaxies contribute a negligible quantity to the total cosmic 
tar formation rate density (CSFRD) in the local Universe but form
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 50 per cent of the CSFRD at z > 1 (Casey et al. 2012 ). For this
eason, they are often considered as the progenitors of the massive
lliptical galaxies observed locally (e.g. Toft et al. 2014 ; Valentino
t al. 2020 ) and provide insight into formation processes of galaxies
t cosmic noon. Producing large samples of SMGs could be the key to
nderstanding obscured star formation and provide the link between 
he early and local Universe. 

The Herschel Astrophysical Terahertz Large Area Surv e y (H- 
TLAS; Eales et al. 2010 ) was the largest open time submillimetre
urv e y carried out with the Herschel Space Observatory (Pilbratt
t al. 2010 ), co v ering an area of 660 deg 2 with the Photodetector
rray Camera and Spectrometer (PACS; Poglitsch et al. 2010 ) at
00- and 160- μm and the Spectral and Photometric Imaging Receiver
SPIRE; Griffin et al. 2010 ) at 250, 350, and 500 μm. The surv e y
rea is split into three regions chosen to a v oid emission from dust
n the Galactic plane and to co v er the best studied sky fields at high
alactic latitudes: the North Galactic Pole (NGP) region measures 
80.1 deg 2 centred at R.A. of 13 h 18 m and decl. of + 29 ◦13 

′ 
(J2000),

hich co v ers the Coma cluster; three fields designed to o v erlap with
he Galaxy and Mass Assembly (GAMA) surv e y along the celestial
quator at approximately 9 h , 12 h , and 15 h totalling a surv e y area
f 161.6 deg 2 ; and the South Galactic Pole (SGP) field co v ering
17.6 deg 2 centred at R.A. of 0 h 6 m and decl. of −32 ◦44 

′ 
(J2000)

Smith et al. 2017 ). 
The first public data release (DR1) of H-ATLAS co v ered the three

quatorial fields. The details describing the image processing of the 
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R1 catalogue are found in Valiante et al. ( 2016 ). The catalogue
ncludes 120 230 sources in the five PACS and SPIRE photometric
ands with 44 835 optical counterpart identifications to the Herschel
ources found in Bourne et al. ( 2016 ). The second public data
elease (DR2) co v ers the NGP and SGP fields that together form
75 per cent of the entire surv e y. The Herschel images from this

elease are described in Paper I (Smith et al. 2017 ), the sub-mm
ources detected from the images are presented in Paper II (Maddox
t al. 2018 ), and the identification of sub-mm source counterparts in
he NGP is described in Paper III (Furlanetto et al. 2018 ). 

This paper describes the results of a search for the counterparts
n the SGP, the largest of the H-ATLAS fields, which has co v erage
rom both the VISTA Kilo-degree Infrared Galaxy (VIKING) survey
nd the Kilo Degree Survey (KiDS; de Jong et al. 2013 ) in near-
nfrared ( ZYJHK s ) and optical (ugri) wav ebands, respectiv ely, as
ell as spectroscopic redshifts from the 2dF surv e y. A preliminary

ounterpart identification analysis using the Two Micron All Sky
urv e y (2MASS; Skrutskie et al. 2006 ) found just 3444 Herschel
ources in the SGP within 5 arcsec of a 2MASS galaxy. Here, we
resent a comprehensive identification analysis using the likelihood
atio (LR) technique for identifying VIKING counterparts to H-
TLAS DR2 sources. 
The layout of the paper is as follows. In Section 2, we discuss the

erschel and VIKING surv e ys and the method used to separate stellar
ontaminants from the data. Section 3 describes the LR method for
dentifying counterparts to sub-mm-detected sources. In Section 4,
e present the key results of the resulting crossmatched sample and
escribe how we obtain redshift estimates for the sub-mm sources
nd near-infrared counterparts. We also compare the number counts
o other H-ATLAS fields. Section 5 outlines a method for identifying
andidate lensed galaxies across the SGP at flux densities down
o the 4 σ detection limit at 500 μm. We show the number counts
nd redshift distribution of this sample and present our brightest
 > 100 mJy) gravitationally lensed candidates. Finally, we summarize
ur main results in Section 6. Throughout the paper, all magnitudes
re given in the Vega system. 

 DATA  

.1 Herschel–ATLAS sources 

e use the H-ATLAS DR2 catalogue described in Maddox et al.
 2018 ), which contains 153 367 sources for the NGP field and
93 527 sources for the SGP detected at more than 4 σ significance
n any of the 250-, 350- or 500- μm SPIRE bands. Sources were
etected from the SPIRE maps using the MADX (Maddox & Dunne
020 ) algorithm that identifies sources from peaks in the signal-
o-noise ratio (SNR) maps. The measurement of source fluxes is
ptimized using a matched filter applied to the signal and noise
aps, the details of which can be found in Valiante et al. ( 2016 ).

82 282 of the sources in the SGP have an SNR of greater than 4 at
50 μm. The remaining ∼6 per cent of sources have a lower SNR 250 

alue but are selected based on their 350- or 500- μm values. These
bjects have sub-mm colours indicating a high redshift and are the
ost likely candidates for having erroneously matched counterparts

esulting from chance alignments or lensing (Negrello et al. 2010 ;
ourne et al. 2014 ). These objects could therefore be remo v ed prior

o our counterpart analysis to impro v e the false identification rate
f the sample but would impact on our search for gravitationally
ensed sources and so are kept in our catalogue. Note that the sources
xtracted from the maps come only from images that are made from
ore than one individual Herschel observation, which means that the
NRAS 510, 2261–2276 (2022) 
rea co v ered by the catalogues is slightly smaller than the size of the
aps. The DR2 catalogue co v ers an area of 177 deg 2 and 303 deg 2 

n the NGP and SGP fields, respecti vely. Gi ven that the catalogue
escribed in Maddox et al. ( 2018 ) came from maps that have at least
wo observations, the fields were searched for moving objects. In the
rst data release of the equatorial GAMA fields, nine asteroids were
etected, but no moving sources were found in either the NGP or the
GP. 
The 4 σ flux density limits for the three SPIRE bands are 29.4 mJy,

7.4 mJy, and 40.6 mJy for 250, 350, and 500 microns, respectively
Valiante et al. 2016 ). Flux bias, the phenomenon where measured
ux densities are found to be systematically higher than the true flux
ensities, is a common problem in submillimetre surv e ys. At the
 σ detection level, the measured flux densities are expected to be
pproximately 20 per cent, 5 per cent, and 4 per cent higher than the
rue values, respectively (Maddox et al. 2018 ). 

.2 VISTA VIKING counterparts 

he Visible and Infrared Surv e y Telescope for Astronomy (VISTA) is
 4-m wide field surv e y telescope located at the European Southern
bserv atory’s (ESO) Paranal observ atory (Emerson & Sutherland
010 ). One of the public surv e ys of VISTA is VIKING, imaging a
otal of 1500 deg 2 across the celestial equator and southern Galactic
ap in five filters: Z , Y , J , H , and K s , co v ering this area to a 5 σ depth
f 23.1, 22.3, 22.1, 21.5, and 21.2 at these bands, respectively (Edge
t al. 2013 ). The area of the VIKING surv e y co v ering the southern
alactic cap spans from RA 22 h to 3.5 h with a width of 10 degrees.
he H-ATLAS fields were chosen to maximize the co v erage with
omplementary multiwavelength data, including an o v erlap with the
IKING surv e y of more than 360 square de grees. 
For our object catalogue, we use the fourth data release of VIKING

o extract all objects to within 15 arcsec of the 250- μm position of
ach Herschel source. The counterpart analysis of the 9-hr GAMA
eld by Fleuren et al. ( 2012 ), co v ering approximately 54 square
egrees, also used VIKING near-infrared data and found that they
ere able to reliably crossmatch 51 per cent of all 250- μm Herschel

ources. This is a substantial increase from the percentage found dur-
ng analyses in the optical r band that typically reach 35–40 per cent.

e expect a similar percentage of reliably matched sources. Given
he large surv e y area of the SGP and the higher percentage of
eliable matches found during near-infrared counterpart analyses,
e present here the largest sample of reliably matched Herschel

ources, exceeding the combined number found to date. 

.3 Star–galaxy classifier 

 significant number of objects in the VIKING surv e y are stars
hat contaminate our counterpart analysis. In Herschel ’s Science
emonstration Phase (SDP) (Fleuren et al. 2012 ), DR1 (Bourne

t al. 2016 ) and DR2 (Furlanetto et al. 2018 ) counterpart analyses, a
tar–galaxy classifier is defined based on a combination of shape and
olour parameters. These classifiers depend on the J − K s versus g −
 colour space by virtue of the optical bands of the Sloan Digital Sky
urv e y (SDSS; Abazajian et al. 2009 ). Without SDSS co v erage in

he SGP field, we instead match the objects in our VIKING catalogue
o the fourth data release of KiDS using the nearest neighbour within
.5 arcsec to obtain g − i colours. We follow a similar classification
ethod to the abo v e papers, which in turn are slightly modified

ersions of the method described in Baldry et al. ( 2010 ). 
First, we classify as stellar any object with pStar , a probability that

he object is a star based on a VIKING shape parameter, greater than
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Figure 1. The colour–colour diagram of VIKING objects with KiDS 
identifications. The solid blue line represents the stellar locus given by 
equation (1). The dashed blue line is + 0.2 offset in J − K s from the stellar 
locus and represents the separation line between galaxies and stars. Galaxies 
identified using our classification process are illustrated as grey points while 
stars are shown as red points. 
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.95. This immediately classifies 51 508 objects as stellar. Failing 
his, we consider the J − K s versus g − i colour space as shown
n Fig. 1 . The stellar locus as described in Baldry et al. ( 2010 ) is
onverted to the Vega system assuming J Vega = J AB − 0.91 and 
 sVega = K sAB − 1.85: 

 locus = 

⎧ ⎨ 

⎩ 

0 . 2228 x < 0 . 3 
0 . 05 + 0 . 615 x − 0 . 13 x 2 0 . 3 ≤ x < 2 . 3 
0 . 7768 x ≥ 2 . 3 

, (1) 

here x = g − i and is shown as the blue solid line in Fig. 1 . The
ocation of the separation line between stars and galaxies is then 
hosen to be + 0.2 offset in J − K s from the stellar locus. A further
11 463 objects are classified in this way, 299 525 being extragalactic
nd 111 938 stellar. The remaining objects without a match in the
iDS surv e y are next classified based on their J − K s values. As

xplained in Fleuren et al. ( 2012 ), objects without g − i colour must
ie abo v e or below the separation line if their J − K s value is greater
r less than 0.98 and 0.42, respectively. The stellar contamination for
bjects with J − K s abo v e 0.98 or galaxy contamination for objects
ith J − K s less than 0.42 is negligible. We therefore classify an

dditional 102 265 objects as galaxies if the y hav e J − K s > 0.98 and
lassify an additional 275 objects as stars if their value of J − K s is
ess than 0.42. Finally, we return to the pStar stellar probability value
nd classify as stars any remaining objects that have a value of pStar
reater than 0.7. All remaining objects are classified as galaxies. 
We include in the data release a flag that indicates how each object

as been classified. In descending order of choice: 

(i) 0 – Stellar : pStar > 0.95. 
(ii) 1 – Galaxy: J − K s / g − i colour plane. 
(iii) 2 – Stellar: J − K s / g − i colour plane. 
(iv) 3 – Galaxy: J − K s > 0.98. 
(v) 4 – Stellar: J − K s < 0.42. 
(vi) 5 – Stellar: pStar > 0.70. 
(vii) 6 – Galaxy: All remaining objects. 

This method leads to the identification of 793 331 (78.9 per cent)
xtragalactic objects and 212 028 (21.1 per cent) stars. 
 L I K E L I H O O D  RATI O  M E T H O D  

he LR method is used to identify the most reliable near-infrared
ounterparts to the 250- μm sources from the SGP field. This
ethod, developed by Sutherland & Saunders ( 1992 ), assigns to

ll counterparts a probability of being the true identification defined 
y the ratio of two likelihoods: the likelihood of the true counterpart
eing observed at a magnitude m and separation r from the source,
nd the likelihood of a background object being found with the same
roperties. The LR for each possible counterpart is defined as 

 = 

q( m, c) f ( r) 

n ( m, c) 
, (2) 

here q ( m , c ) represents the probability distribution of true counter-
arts with magnitude m and class c (e.g. any additional properties
llowing us to distinguish between counterparts, such as stellar or 
xtragalactic classes), n ( m , c ) is the surface density distribution of
ackground objects, and f ( r ) represents the probability distribution
f the source positional errors. 
The probability that an object at a distance r from the source with
agnitude m is the true ID is then given by the reliability: 

 = 

L 

L + 1 
. (3) 

As shown in Sutherland & Saunders ( 1992 ), this reliability
ssumes a single candidate with likelihood, L, and assumes no prior
nowledge about the presence of other possible candidates to the 
ame source. We find that 179 096 (92.5 per cent) of the 250- μm
ources in the SGP have multiple VIKING objects within 15 arcsec.
or a source with multiple possible counterparts, the reliability R j 

hat the j th candidate within the search radius is the true ID is then 

 j = 

L j ∑ 

i L i + (1 − Q ) 
, (4) 

here i extends to the number of candidates found within the search
adius. The value Q represents the fraction of all true counterparts that 
re brighter than the limiting magnitude of the matching surv e y; thus,
he (1 − Q ) term accounts for the probability that the counterpart
s not detected in VIKING. Previous studies of other H-ATLAS 

elds have estimated the value of Q (hereafter an estimate of Q
hall be denoted Q 0 ), finding a wide range of values as a result
f the different depths and passbands of the matching catalogues. 
urlanetto et al. ( 2018 ) quote a value of 0.836 ± 0.001 for their
ear-infrared counterpart analysis of ∼25 deg 2 of the NGP using K -
and data obtained from the United Kingdom InfraRed Telescope 
Casali et al. 2007 ). A value of Q 0 = 0.538 ± 0.001 is also given
y Furlanetto et al. ( 2018 ) for an optical counterpart analysis on the
hole NGP area using SDSS. Other values include 0.539 ± 0.001 by
ourne et al. ( 2016 ) for the analysis of the three equatorial GAMA
elds using SDSS and 0.7342 ± 0.0257 by Fleuren et al. ( 2012 ) in
 pilot analysis of the 9-hr GAMA field using VIKING. It is worth
oting that the value of Q 0 is higher in the near-infrared surv e ys,
ighlighting their greater depth. 

.1 True counterparts distribution 

e determine the probability distribution of true counterparts, q ( m ),
sing the method described in Ciliegi et al. ( 2003 ). For both galaxies
nd stars, we generate a magnitude distribution of objects found in the
ear-infrared images within a search radius of 15 arcsec around each
erschel source. This forms the distribution n ′ total (we denote counts 

hat are not normalized to their search area with prime notation),
rom which we background subtract the counts that are found around
MNRAS 510, 2261–2276 (2022) 
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Figure 2. The K s magnitude distributions used to identify true counterparts. 
Top panel: The magnitude distribution of objects within 15 arcsec of a 
known position (blue line). This is divided into two classes; extragalactic 
(black line) and stars (red line). The background magnitude distribution 
is represented using dashed lines following the same colour convention. 
The distributions are normalized to their respective search areas, given in 
units of [arcsec −2 ]. Middle panel: The true counterparts distribution q ( m ) 
found by the subtraction of the background magnitude distribution from 

the total distribution. Bottom panel: The ratio of the true counterparts 
distribution to that of the background objects, as in equation (2). The 
dashed lines represent the smoothed fits to q ( m )/ n ( m ) for extragalactic 
objects and stars, used when the true value of q ( m )/ n ( m ) becomes nega- 
tive. 
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andom positions, n ′ back . A set of 844 715 random positions are used
o sample the background count level, from which 2 917 214 objects
re found within 15 arcsec. The magnitude distribution of all true
ounterparts, n real ( m ), is then given by 

 real ( m ) = n ′ total − n ′ back 

N total 

N back 
, (5) 

here the counts have been normalized to the same search area. N total 

nd N back represent the number of Herschel 250- μm and background
ositions, respectively. The q ( m ) distribution is then derived by
ormalizing n real ( m ) and scaling by the value Q 0 . This normalization
nsures that the integral of q ( m ) o v er all magnitudes up to the limiting
agnitude of VIKING is equal to the probability that a source is

etected within the surv e y (i.e. 
∫ m lim q( m )d m = Q ); thus , 

( m ) = 

n real ( m ) ∑ 

m i 
n real ( m i ) 

× Q 0 , (6) 

here we sum o v er bins of magnitude. The true counterparts
istribution can be seen in the middle panel of Fig. 2 . The figure
hows that the q ( m ) and n ( m ) distributions are vastly different for
alaxies and stars, highlighting the need to implement the LR analysis
eparately for the two classes to a v oid a contamination of stars.
he small percentage of stars and the poor sampling at particular
agnitudes means that not all bins are well populated. In the cases
here there is a small number of sources and the Poisson noise is

arge for a given magnitude bin, the value of q ( m )/ n ( m ) becomes
e gativ e. This would not be consistent with our definitions of the
R and reliability, which requires that L ∈ [0, ∞ ] such that R ∈

0, 1]. To a v oid this, we generate a smooth fit of q ( m )/ n ( m ) for
alaxies and stars and interpolate the missing values. We create the
mooth fits using a moving average of the positive q ( m )/ n ( m ) values.
he window size used for the stellar distribution was made to be

arger than that of the galaxies as the stellar q ( m )/ n ( m ) does not
hange considerably and should not be weighted highly towards
 v er or under populated bins. The fitted functions used for the
R method are shown as dashed lines in the bottom panel of
ig. 2 . 

.2 Estimation of Q 

e generate an estimate for the probability of finding a genuine
ounterpart abo v e the limiting magnitude of VIKING using the
ethod described in Fleuren et al. ( 2012 ). This method measures the

alue 1 − Q 0 by counting the number of blanks (sources that have
o counterpart) as a function of the search radius from the source.
his is an impro v ement on methods determining Q 0 directly as it
 v oids the possibility of multicounting due to source clustering and/or
ources with multiple genuine counterparts that would otherwise
 v erestimate the value. 
A blank is most likely to be found in cases where the genuine

ounterpart is fainter than the limiting magnitude but may also be
ounted as such if the counterpart lies outside the search radius or
he blank is the location of a spurious SPIRE detection. To determine
he number of true blanks, B t , we consider that the number of
bserved blanks, B obs , is simply the true number reduced by the
umber of positions that contain random interlopers, N rand , such
hat 

 obs = B t − N rand . (7) 

The number of interlopers can be determined from reusing the
atalogue of background positions. We can rewrite N rand as B t × f rand ,
here f rand represents the fraction of positions that have a random
NRAS 510, 2261–2276 (2022) 
nterloper. This fraction can be estimated directly from the fraction
f non-blanks in the background positions: 

 rand = 

N back − B back 

N back 
= 1 − B back 

N back 
, (8) 

here B back and N back are the number of blanks and total positions
n the background catalogue, respectively. These values are then
caled such that N back is equal to the number of SPIRE sources. The
bserved number of blanks surrounding Herschel positions can then

art/stab3300_f2.eps
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Figure 3. The method used to estimate 1 − Q 0 by counting blanks (sources 
without VIKING candidates within a search radius r ) as a function of 
the search radius. Open circles represent the number of blank background 
positions, open squares represent the number of blank Herschel positions, 
and the filled circles are the result of dividing the number of blank Herschel 
positions by the number of blank background positions. The black line is 
the best fit to the points using the model described by equation (12). This fit 
yields a value of Q 0 = 0.835 ± 0.009 for all candidates. The same method 
considering just extragalactic objects gives a value of Q 0 = 0.823 ± 0.009. 
The values estimated by Fleuren et al. ( 2012 ), Bourne et al. ( 2016 ), and 
Furlanetto et al. ( 201 8 ) (near-infrared counterpart analysis) are plotted as 
green, red, and blue lines, respectively. 
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e written as 

 obs = B t − B t × f rand = B t − B t ×
(

1 − B back 

N back 

)

= B t × B back 

N back 
, (9) 

hich rearranged gives 

 t = 

N back × B obs 

B back 
. (10) 

By dividing by N back , we find the fraction of Herschel sources that
re true blanks, 

B t 

N back 
= 

B obs 

B back 
, (11) 

hich becomes our estimate of 1 − Q 0 . Thus, we need to divide only
he number of observed blanks surrounding Herschel sources by the 
umber of blanks found at random positions. Our estimate of 1 − Q 0 

s plotted as a function of search radius in Fig. 3 . We can model the
ependence of the true blanks on the search radius as 

( r) = 1 − Q 0 F ( r) , (12) 

here 

 ( r) = 

∫ r 

0 
2 πr ′ f ( r ′ )d r ′ . (13) 

For the positional offset distribution, f ( r ), we choose a Gaussian
rofile based on the assumption that H-ATLAS sources are point- 
ike and that the positional errors are symmetric in both RA and Dec.
ssuming a Gaussian distribution with width σ pos , the function F ( r )
ecomes 

 ( r) = 1 − e 
− r 2 

2 σ2 
pos . (14) 
In fitting the function given in equation (12) to our estimate for
he fraction of true blanks, we find a value for Q 0 of 0.835 ± 0.009.

hen considering only galaxies, we find Q 0 = 0.823 ± 0.009. The
mall difference between the two values comes from the minimal 
umber of stars that could be identified and remo v ed based upon the
ethod in Section 2.3. We note that our value of Q 0 closely matches

he value obtained by Furlanetto et al. ( 2018 ) and their near-infrared
nalysis of the NGP. 

In Fig. 3, we see the similarity between our derived B ( r ) function
nd that of Furlanetto et al. ( 2018 ). The large separation between
ur B ( r ) function (as well as those of Furlanetto et al. 2018 and
leuren et al. 2012 ) and the function derived by Bourne et al. ( 2016 )
ighlights the difference in using near-infrared surv e ys rather than
ptical for the matching surv e y. 
The fitting function used to determine Q 0 also provides an estimate

or the value of the positional error, which we measure to be σ pos =
.388 ± 0.065. The fact that our Gaussian profile becomes flat and
ear identical to Furlanetto et al. ( 2018 ) abo v e 8 arcsec suggests that
here is little benefit to increasing the search radius beyond ∼3 σ pos 

o increase the number of counterparts found. An accurate value 
or the positional uncertainty is important since this enters the LR
ormula abo v e in the form of the positional offset distribution f ( r ).
iven that the LR is calculated for all candidates found in the 250-
m maps, we now describe the method we use to estimate σ pos for
ach counterpart. 

.3 Positional uncertainty 

o determine the 1- σ positional uncertainty of the 250- μm Herschel –
TLAS detections, we implement an empirical alteration to the 

heoretical form derived by Ivison et al. ( 2007 ). If the width σ pos 

f f ( r ) is simply the SPIRE positional error (neglecting the smaller
ositional error from the matching catalogue), then it is shown that
he positional uncertainty is dependent on the SNR and the full width
t half-maximum (FWHM) of detections according to 

pos = 0 . 6 × FWHM 

SNR 

. (15) 

In previous H-ATLAS papers (Smith et al. 2011 ; Bourne et al.
014 ; Bourne et al. 2016 ; Furlanetto et al. 2018 ), the value of σ pos 

s estimated by deriving histograms of the separations between the 
ositions in the SPIRE catalogue and all objects in the matching
atalogue within a large radius (typically around 50 arcsec). The 
wo-dimensional histogram of the separation in RA and Dec is then
odelled using a three-part distribution (see Smith et al. 2011 for

urther details) to obtain a value for σ pos . Here, an estimate for the
ositional uncertainty is made for each source individually using an 
mpirical form of equation (15) given by 

pos = k × FWHM 

SNR 

, (16) 

here k is a constant to be found. The value of k is calculated by
aking the 250- μm SNR and FWHM ( ∼18 arcsec) for each detection
nd the value of σ pos obtained from the fitting of blank sources in
ection 3.2. From this set of k values, we take the median value

o find an estimate of k to be 0.66. This value is used to determine
n individual positional uncertainty and thus f ( r ) for each object.
ur simplified approach is a good approximation to the histogram 

ethod. Furlanetto et al. ( 2018 ) found that the empirical dependence
f σ pos on SNR closely matches the theoretical form of Ivison et al.
 2007 ). Given that our method provides a similar value of k , we
ould not expect there to be any significant differences in the LR

alculation between this analysis and the aforementioned papers. 
MNRAS 510, 2261–2276 (2022) 
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Figure 4. Likelihood ratios and reliabilities of the near-infrared counterparts 
to SNR 250 > 4 Herschel sources separated into three bins of SPIRE colour. 
The inset figure shows the number of counterparts per SPIRE source as a 
function of reliability for the most reliable ( R ≥ 0.8) counterparts. 

Table 1. Results of the likelihood ratio method. 

H-ATLAS sample 

SPIRE 193 527 
N match ≥ 1 190 788 
( N match ≥ 1) & (SNR 250 > 4) 180 030 (94.4 per cent of N match ≥ 1) 
Extragalactic 181 373 (95.1 per cent of N match ≥ 1) 
Stars 9415 (4.9 per cent of N match ≥ 1) 
Reliable IDs (R ≥ 0.8) 111 065 
Reliable Extragalactic IDs 110 374 (99.4 per cent of reliable sample) 
Reliable Star IDs 691 (0.6 per cent of reliable sample) 
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Figure 5. The completeness η (solid blue line) and the cleanness C (dashed 
red line) of the counterpart sample as a function of reliability cut. The vertical 
dashed line shows the reliability cut used to define the reliable sample in this 
analysis. 
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 RESU LTS  

he LR and reliability of all possible matches within 15 arcsec of
ach SPIRE source were calculated using equations (2) and (4). The
PIRE catalogue contains 193 527 sources of which 190 788 have at

east one possible counterpart within the search radius. Within this
ample, 180 030 are sources with SNR 250 ≥ 4, 181 373 (95.1 per cent)
re classified as extragalactic objects, and 9415 (4.9 per cent) as
tars. In Fig. 4 , we show the LRs and reliabilities of all potential
ounterparts in three bins of S 250 / S 350 colour. It was shown by Bourne
t al. ( 2016 ) and Furlanetto et al. ( 2018 ) that the fraction of sources
ith high LR and reliability counterparts is higher for blue Herschel

ources ( S 250 / S 350 > 1.8) than it is for red sources ( S 250 / S 350 < 1.3),
ikely due to red sources having a higher probability of lying at high
edshifts and therefore have a lower probability of being detected
see their figs 8 and 5, respectively). In comparison, our red sources
onstitute a slightly greater fraction of the sources with the highest
eliabilities (see inset). This shows that we have less of a dependence
n blue sources for reliable matches, a likely result of the deeper
IKING images. Fig. 4 also shows that SPIRE sources of all sub-
m colours have a large number of high- and low-reliability matches.
 substantial number of the low-reliability counterparts are due to

hance alignments. The results of the LR method are summarized in
able 1 . 

.1 Reliable ID sample 

e choose to define reliable counterparts as those matches with R ≥
.8 in order to minimize the number of false counterparts and ensure a
ample that is dominated by sources with low blending. We identified
NRAS 510, 2261–2276 (2022) 
11 065 reliable counterparts, which means that 58.2 per cent of
he SPIRE sources that have at least one possible counterpart
ere matched with a high reliability. Of the reliable IDs, 110 374

99.4 per cent) are classified as galaxies and just 691 (0.6 per cent) as
tars. The increase in the fraction of galaxies from the total sample
uggests that the LR method is biased against stars as intended. 

With the LR method, we are still expected to erroneously match
ertain objects. Assuming that the probability of a match being falsely
ade is given by 1 − R of each counterpart, then we can estimate

he number of false IDs with R ≥ 0.8 using 

 False = 

∑ 

R≥0 . 8 

(1 − R) . (17) 

From this, we predict 5343 sources to be falsely labelled as reliable.
his represents 4.8 per cent of all reliable matches and is compared

o 4.7 per cent in the GAMA fields, 4.5 per cent for the NGP (near-
nfrared analysis), and 4.2 per cent for the SDP. 

The completeness of the reliable sample is defined as the fraction
f 250- μm sources with a counterpart that are reco v ered with R ≥
.8 (Smith et al. 2011 ) and is calculated as 

= 

n ( R ≥ 0 . 8) 

n ( SNR 250 ≥ 4) 

1 

Q 0 
, (18) 

here n (SNR 250 ≥ 4) estimates the true number of sources. Note
hat a value of η = 1 means that the fraction of reliable counterparts
eaches a maximum value at Q 0 as e xpected. F or the reliable
xtragalactic counterparts, we obtain η = 78.0 per cent, which is close
o the completeness of 74 per cent found by Furlanetto et al. ( 2018 )
nd similar to the completeness in the GAMA fields (73.0 per cent)
btained by Bourne et al. ( 2016 ). 
The cleanness of the reliable sample is defined as 

 = 1 − N False 

N SPIRE 
, (19) 

hich is illustrated alongside the completeness in Fig. 5 . The
ompleteness and cleanness are plotted as functions of the minimum
eliability that defines the sample. The figure shows that a reliability
ut of R ≥ 0.8 represents a good balance between high completeness
nd cleanness; a higher value of reliability would lead to a large
rop in the completeness of the sample at little gain in cleanness and
lthough a lower value would yield a much more complete sample, it
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Table 2. The number of SPIRE sources, those of which are 
denoted reliable and the average separation (arcsec) between 
the source and chosen ID as a function of the number of 
candidate IDs. 

N match N SPIRE N Reliable Per cent Av. separation 

0 2739 0 0 0 
1 11 692 5477 47 6.3 
2 24 268 14 568 60 4.7 
3 32 948 20 396 62 4.1 
4 33 526 20 383 61 3.8 
5 27 745 16 359 59 3.6 
6 20 236 11 563 57 3.4 
7 12 999 7155 55 3.4 
8 8079 4355 54 3.3 
9 4983 2640 53 3.4 
10 3017 1643 54 3.3 
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Figure 6. Histograms representing probability density functions for � z 

σ� z 
, the 

difference in photometric redshifts of counterparts divided by the error in � z 

derived from the errors in redshifts. The red and black histograms represent 
the closest pair of counterparts found surrounding each Herschel source 
and background position, respectively. The blue histogram is the result of 
subtracting the background from the Herschel sources. The dashed blue line 
shows a Gaussian fit to this histogram, from which an estimate is made for the 
probability that a pair of VIKING counterparts is associated with the source. 
The inset figure shows the redshift distribution of VIKING counterparts found 
to within 8 arcsec of SPIRE (red histogram) and background (grey histogram) 
positions. 
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ould potentially lead to problems in ensuring a one-to-one matching 
f sources and counterparts. 
The LR method assumes that there is just one genuine counter- 

art associated with each source and forces sources with multiple 
andidates to have a sum of reliabilities that does not exceed 1.
his means that for our reliability cut of R ≥ 0.8, any additional
enuine counterparts, such as the second galaxy in a merging system,
ill reduce the value for both genuine counterparts to below our 

eliability threshold. We thus have a bias against multiple genuine 
ounterparts such as merging galaxies or galaxies that form part 
f the same cluster. The presence of additional candidates in the 
earch radius means that fewer IDs will be seen as reliable, leading
o an increase in the incompleteness of the sample. In Table 2 , we
how the number of SPIRE sources and the fraction of those that
re matched to a reliable counterpart as a function of the number of
andidates found within 15 arcsec. The falling number in the fraction 
f reliable IDs is a sign of the incompleteness of the sample due to
he increased number of potential candidates. We compare the effects 
f multiplicity with Smith et al. ( 2011 ), Fleuren et al. ( 2012 ), Bourne
t al. ( 2016 ), and Furlanetto et al. ( 2018 ), who all use search radii
f 10 arcsec. The rate at which the reliable percentage decreases is
uch slower for our sample, which shows that a larger radius is in

eneral more likely to detect a reliable counterpart. Ho we ver, this
lso has the effect of increasing the likelihood that we match to an
rroneous counterpart. The presence of many more candidates within 
he search radius reduces the reliability of the true ID and increases
ur false identification fraction. This may be part of the cause for the
arginally higher false ID rate quoted abo v e. We also note the low

alue for the percentage of reliable counterparts when there is only 
ne possible candidate. A possible explanation for this also comes 
rom the large choice of search radius. Using a radius of 15 arcsec
eans that occasionally the chosen ID will be a counterpart that is

ikely to be unassociated with the source and has a large angular
eparation from the SPIRE location but is chosen regardless as it
s the sole possible counterpart. To demonstrate this, we have also 
hown the average separation between the chosen ID and the SPIRE
ocation. The much higher value for when there is one counterpart 
uggests that we should expect a lower reliable percentage. 

We repeated our LR analysis using a 10-arcsec search radius to see
f a reduction in the average number of candidates per source would
ead to an increase in the total number of reliably matched sources
nd a decrease in the false ID rate. We found that at a search radius
f 10 arcsec, the LR method yielded only 421 more reliably matched
erschel sources and the false ID rate decreased ne gligibly. Giv en the
mall difference between the two analyses, we preferentially chose to 
se a 15-arcsec search radius to a v oid missing any unusual VIKING
bjects related to the Herschel source. As shown in Bakx, Eales &
mvrosiadis ( 2020 ), there are still genuine associations found on the
IKING images beyond 10 arcsec as a result of gravitational lensing.
his may in part be the reason why our estimate of Q 0 continues to

all slowly between 10 and 15 arcsec. We wish to keep such VIKING
bjects in our catalogue despite them being highly unlikely to have
ignificant reliability values. 

The number of missed genuine multiple counterparts can be 
stimated by assuming that all candidates are associated to a source
f their combined reliability is greater than the 0.8 cut without
ny individual counterpart meeting the threshold (Fleuren et al. 
012 ). Ho we ver, due to the large search radius of 15 arcsec, the
verage number of candidates per SPIRE source is large, meaning 
hat even moderately valued counterparts will combine to exceed 
he reliability cut. Alternatively, we may consider using the LR 

alues rather than the reliability. For sources where there is just one
ossible ID, equation (4) tells us that an LR of 0.66 (assuming Q 0 =
.835) corresponds to a reliability of 0.8. To mitigate the impact of
ultiple counterparts on the number of reliable IDs, we may select

hose IDs that have an LR greater than 0.66 but fail to meet the
eliability threshold. This set of IDs, though not included as part of
he reliable sample, may be genuine multiple counterparts. We find 
3 967 sources that satisfy these conditions, but note that these IDs
ill have a substantial fraction that are due to chance alignments. 
We can find a new estimate that remo v es chance alignments by

onsidering the photometric redshifts of the VIKING objects (see 
ection 4.2.2). We first restrict our counterparts to those found 
ithin 8 arcsec, where we find the majority of L > 0.66 counterparts,

educing the chance of selecting multiple systems that are unrelated 
o the source. In Fig. 6, we show a probability density function for
he closest redshift pair of VIKING objects within 8 arcsec of all
PIRE and background positions. These distributions are given as a 
unction of the difference in photometric redshifts, � z , divided by the
MNRAS 510, 2261–2276 (2022) 
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rror in � z . To estimate the number of genuine multiple counterparts
hat are a result of the Herschel source, we subtract the background
istribution from our Herschel candidates and fit a Gaussian profile
o the excess found close to � z = 0 (blue histogram). The area of
his peak represents an estimate for the probability that a close pair
f VIKING galaxies observed within the search radius of a Herschel
osition is indeed related to the source. Depending on bin width and
he maximum allowed value of � z /σ� z 

, we find this value to be in
he range of 2–5 per cent. Multiplying this percentage by the number
f sources that have a pair of candidates with −0 . 1 � � z /σ� z 

� 0 . 1
ields an estimate for the number of Herschel sources with genuine
ultiple counterparts of ∼400–1000. Beyond the central peak, we

ee a well-defined shape to the excess function. This shape is the
esult of the differing redshift distributions of VIKING counterparts
urrounding Herschel positions and background positions to within 8
rcsec (see inset). The same differences are found for the distribution
f errors on photometric redshifts. 
This method of determining the number of possible interacting

ystems is independent of each counterpart’s reliability value and thus
he closest redshift pair may not al w ays coincide with the counterpart
hosen by the LR method. Of the 70 880 sources where there are
2 candidates with photometric redshifts within a search radius of
 arcsec, approximately three quarters have counterparts that are
atched by the LR method and are also part of the redshift pair. The

edshift pairs of the remaining sources may be locations of unrelated
nteractions or multiples of the Herschel source that are overlooked
y the one-to-one matching of the LR method. Our list of 70 880
ources where we can estimate a value of � z /σ� z 

represents just
 v er one-third of all sources in the SGP, and so many more galaxy
ergers or interactions may be in the catalogue. 

.2 Photometric redshifts 

n this section, we describe the method for obtaining redshift
stimates for the sub-mm sources using their SPIRE flux densities and
or the VIKING counterparts with aid of the Herschel Extragalactic
e gac y Project (HELP; Vaccari 2016 ). 

.2.1 Herschel redshifts 

e estimate a redshift for each Herschel source by fitting a standard
pectral energy distribution (SED) to the 250-, 350- and 500- μm flux
ensities and finding the redshift for which the following chi-squared
um reaches a minimum: 

2 = 

( S 250 − S 250 ,m 

) 2 

E 

2 
250 

+ 

( S 350 − S 350 ,m 

) 2 

E 

2 
350 

+ 

( S 500 − S 500 ,m 

) 2 

E 

2 
500 

. (20) 

S 250 , S 250, m , and E 250 represent the flux, model prediction of flux,
nd the error at 250 μm. We choose not to use the flux measurements
rom PACS at 100 and 160 μm as the Herschel images are much less
ensitive at these wavelengths compared to SPIRE. We use the SED
erived by Pearson et al. ( 2013 ), who use the flux densities from
igh redshift Herschel sources that have spectroscopic redshifts to
orm a characteristic SED at high-z. The SED takes the form of a
wo-temperature modified blackbody with a cold dust temperature
f 23.9 K, a hot dust temperature of 46.9 K, and a ratio of cold
ust mass to hot dust mass of 30.1. We vary the normalization
nd redshift of the model SED until the minimum chi-squared
alue is found and use this redshift as our estimate for the redshift
f the source. The flux density measurements come from the H-
 TLAS catalogues (V aliante et al. 2016 ; Maddox et al. 2018 ), but

he flux errors listed in the catalogues do not include a calibration
NRAS 510, 2261–2276 (2022) 
rror. The calibration error consists of two parts: a 4 per cent error,
hich is correlated between bands, caused by the uncertainty in

he flux density measured for Neptune, and a 1.5 per cent error
ncorrelated between bands (Valiante et al. 2016 ). The correlated
rror measurement is not important to our analysis as the correlated
rror scales all flux densities by the same percentage and therefore
oes not contribute to the chi-squared sum. The uncorrelated errors,
o we ver, do contribute to chi-squared, and thus the errors we used in
he equation abo v e come from adding in quadrature the errors in the
atalogue with errors obtained by multiplying the flux density of each
ource by 0.015. For our investigation into gravitational lensing of
ources, it is also crucial that we have a reliable estimate on the error
f our redshift values. To estimate the errors, we find the redshifts
bo v e and below the best-fitting redshift at which the chi-squared
ncreases by 1. 

In such an analysis, the mean reduced chi-squared for the best-
tting models for all the sources should have a value of ∼1. A mean
alue of > 1 indicates that the model is not a good representation of
he data and a mean value of < 1 implies that either the model has
oo many free parameters or that the errors on the data points are too
arge. Our initial analysis gave a mean chi-squared value of 0.55. In
his case, the model is quite simple with only two free parameters:
he amplitude of the SED and the redshift. The true explanation
eems most likely to be that the errors are too large because
here is an independent reason why this might be so. The errors
n the H-ATLAS catalogues were produced by adding confusion
oise and instrumental noise in quadrature, with confusion noise
eing slightly larger than the instrumental noise at all wavelengths
Valiante et al. 2016 ). The confusion noise, ho we ver, will be strongly
orrelated between wavelengths and will therefore produce a smaller
ontribution to chi-squared than it would have if it were uncorrelated.
n the assumption that this is the explanation of the low values of

hi-squared, we reduced the errors by a factor of 
√ 

0 . 55 = 0 . 74 and
epeated the SED fitting using these scaled errors. 

These errors include the effect of the uncertainty in the flux
ensities but do not include the effect of the uncertainty in the model
ED. The SED derived by Pearson et al. ( 2013 ) was the best fit to

he flux densities of the sample of high-redshift Herschel galaxies
ith spectroscopic redshifts, but Bakx et al. ( 2018 ) showed that
igh-redshift Herschel galaxies have a range of SEDs. The sources
n the sample of Pearson et al. ( 2013 ) are very bright and thus the
rrors in the redshifts due to the errors in the flux densities are small.
herefore, the redshift error estimated by Pearson et al. ( 2013 ), � z /(1
 z) = 0.12, is a good estimate of the fundamental redshift error that

s caused by the diversity of real SEDs. For 
 9 per cent of sources,
he method abo v e produced a redshift error lower than this minimum
alue, and we have therefore replaced the redshift error from the
hi-square fitting for these sources by this minimum redshift error. 

.2.2 HELP redshifts 

e obtain photometric redshift estimates for the near-infrared
ounterparts by matching our catalogue to the SGP data found
n HELP. The method used in HELP to estimate redshifts comes
rom the process outlined in Duncan et al. ( 2018a ) and Duncan
t al. ( 2018b ). The approach combines both SED template fitting
nd machine learning to generate multiple individual photometric
stimates. Three different template sets are used to generate SED
tting–based values: stellar-only templates from the default library
f SEDs from the EAZY software (Brammer, van Dokkum & Coppi
008 ); Salvato et al. ( 2009 ) XMM-COSMOS templates that include
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Figure 7. Photometric redshift distribution of the Herschel sources. The 
red line represents the redshift distribution for counterparts that are matched 
to an object in the HELP catalogue. The blue line corresponds to sources 
that did not have a matched counterpart found in HELP and thus uses the 
Herschel estimated redshift values. The black line represents the best estimate 
of photometric redshift for all sources. The dotted lines represent the median 
values for the three distributions: z best = 0.62, z HELP = 0.49, and z Herschel = 

1.40. 
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0 SEDs co v ering a variety of galaxy spectral types and AGN and
uasar templates; and Brown et al. ( 2014 ) Atlas of Galaxy SEDs, a
et of 129 galaxy SED templates based on nearby galaxies that co v er
lliptical, spiral, and luminous infrared galaxy spectral types. The 
lters used include ugri from the OmegaCAM imager of the VLT 

urv e y Telescope (VST), griZY from the Dark Energy Camera (DE-
AM) and ZYJHK s from the VISTA InfraRed CAMera (VIRCAM). 
he machine learning photometric estimates are produced using the 

edshift code GPz (Almosallam et al. 2016a ; Almosallam, Jarvis & 

oberts 2016b ), which uses Gaussian processes to map a given set
f magnitudes and their uncertainties to spectroscopic redshifts. For 
he SGP, a spectroscopic sample of 48 995 galaxies plus additional 
xtra redshifts from the GAMA fields formed the training set for
he Gaussian process photometric estimates. This training set of 
pectroscopic redshifts comes from the 2dF, 6dF, 2MRS, and SRSS2 
urv e ys. The sets of photo-z estimates are then combined using the
ierarchical Bayesian combination method, which is described in 
ahlen et al. ( 2013 ). 
We match with the resulting photometric sample for the SGP 

o find 542 302 matches to within 0.5 arcsec of the position of
ach VIKING galaxy, which results in 82 195 redshift estimates 
o our reliable ( R ≥ 0.8) Herschel sources list. This means that
pproximately 74 per cent of reliable sources have a redshift estimate 
or both the sub-mm source and the reliably matched candidate. A 

omparison of these redshifts is important in our investigation of 
ravitationally lensed sources, so a sample of 74 per cent represents
 large data set from which we can search for potentially lensed
ystems. 

The Hierarchical Bayesian procedure used by HELP provides the 
ull photo-z posterior for all sources in the HELP catalogue. For
ach redshift posterior, an 80 per cent highest probability density 
HPD) credible interval (CI) is calculated by starting at the peak 
edshift probability and lowering a threshold until 80 per cent of
he probability is included. The primary peak (and any potential 
econdary peak) is located by identifying the points where the 
osterior crosses this threshold. For each peak, the median redshift 
ithin the boundaries of the 80 per cent HPD CI is used as estimates
f the photometric redshift. We take as our estimate photo-z values to
e the median redshift of the primary peak for each object matched
o the HELP catalogue. We estimate errors on this value by taking
he lower and upper boundaries of the HPD CI and transform them to
ne sigma errors assuming that the posterior is Gaussian in shape and
ymmetric about some mean redshift value such that an 80 per cent
I is equal to 1.282 σ . 
The HELP photometric redshift estimates typically have smaller 

ncertainties than those estimated from the Herschel flux densities, 
ith the mean error on the Herschel estimates being 0.51, compared 

o 0.21 for the counterparts matched to an object in HELP. For a full-
ource catalogue of photometric redshifts, we therefore preferentially 
hoose the redshift estimate from HELP if one is available, and 
hen there is no match, we rely on the value estimated by SPIRE
ux densities. All three photo-z distributions can be seen in Fig. 7 .
lthough it can be seen that the majority of our HELP-matched 

ounterparts have z phot < 1, which is to be e xpected, giv en the
imiting magnitude of VIKING, we note that this represents an 
mpro v ement on the depth of galaxies observed with SDSS. Although
ur VIKING counterparts peak at z ∼ 0.5, we find a substantial 
ample at larger redshifts and indeed at z phot ∼ 1.5, there are more
han 200 HELP identifications. The Herschel estimates have a much 
ider distribution with a median of z phot = 1.40. Fig. 7 shows an

bundance of sources with high redshifts, including ∼100 that are 
stimated to be at greater than z phot ∼ 5. Ho we ver, gi ven that high
edshift Herschel sources are less likely to have counterparts on the
IKING images, the reliability decreases with increasing redshift 

rom ∼0.9 for Herschel redshift estimates between 0 and 1, down to
0.6 for redshift values greater than 4. The choice of reliability cut
ill therefore greatly affect the depth of the sample. 

.3 Source counts 

he Euclidean normalized number counts are derived from the data 
nd shown in Fig. 8 alongside calculations for the NGP and GAMA
elds using the sources presented in DR1 and DR2 (Valiante et al.
016 ; Maddox et al. 2018 , respectively). We compare the counts to
hose estimated from the Herschel Multitiered Extragalactic Surv e y 
HerMES; Oliver et al. 2012 ) of the COSMOS field by B ́ethermin
t al. ( 2012 ) and the source counts for the GAMA fields that have
een corrected for biasing effects using simulations in Valiante et al.
 2016 ). We also show the predictions from the galactic evolution
odel of Cai et al. ( 2013 ) 1 where the source counts reflect a
aximum magnification due to gravitational lensing of μ = 12. 
he Negrello et al. ( 2007 ) model was the one that best fits the H-
TLAS source counts in our initial investigation of the source counts
ased on our results from the Herschel SDP (Clements et al. 2010 ).
ere, we choose to compare to the Cai et al. ( 2013 ) model, which is
 development of Negrello et al. ( 2007 ). The ‘hybrid’ model of Cai
t al. ( 2013 ) combines a physical, forward model for protospheroidal
alaxies and AGNs at z ≥ 1.5 with a phenomenological backward 
odel for late-type galaxies and later AGN evolution. For the star-

orming protospheroidal galaxies, Cai et al. ( 2013 ) adopt the model
f Granato et al. ( 2004 ), which defines these high-redshift sources as
assive protospheroidal galaxies that are in the process of forming 

heir stellar mass. The low-redshift populations are split into ‘warm’ 
tarburst galaxies and ‘cold’ normal late-type galaxies. 

The counts in Fig. 8 are characterized by a steep rise towards
ainter fluxes starting at ∼100 mJy. The steep rise is a signature of a
trongly evolving luminous ( > 10 11 L �) population (Clements et al.
MNRAS 510, 2261–2276 (2022) 

art/stab3300_f7.eps
https://people.sissa.it/zcai/


2270 B. A. Ward et al. 

Figure 8. Euclidean normalized differential source counts for the three H-ATLAS fields at 250, 350, and 500 μm compared to the galactic evolution model of 
Cai et al. ( 2013 ) (black line). The source counts for the GAMA fields (blue circles), the NGP (red circles), and the SGP (black circles) are shown alongside the 
counts estimated from B ́ethermin et al. ( 2012 ) (green circles) and Valiante et al. ( 2016 ) (yellow circles) for comparison. The errors on the data points are given 
by the square root of the raw counts in each flux density bin, apart from the errors for B ́ethermin et al. ( 2012 ) and Valiante et al. ( 2016 ) where they are as quoted 
in their respective papers. 
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010 ), which, given its prominence at 350 and 500 μm compared
o 250 μm, indicates that this population is primarily at z > 1.5
Granato et al. 2004 ). The Cai et al. ( 2013 ) model provides a physical
xplanation for this rise. As the strongly ne gativ e K -correction at sub-
m wavelengths means that flux densities for a given luminosity are

nly weakly dependent on redshift and given that far-IR luminosity
s approximately proportional to halo mass, the steep counts reflect
he fall in the halo mass function at high masses. The change also
mplies a strong magnification bias as a result of gravitational lensing.
he shape and location of this feature can therefore be used to put
onstraints on the evolution of this high-redshift population. 

The number counts for the GAMA, SGP, and NGP fields are
onsistent with each other with the only noticeable difference being
etween our recalculation of the GAMA source counts and the
aliante et al. ( 2016 ) counts at high flux densities. Fig. 8 also shows
n incompleteness to the source counts of B ́ethermin et al. ( 2012 ) at
igh flux densities. The Cai et al. ( 2013 ) model predicts a slightly
igher normalization than those implied by our calculations for the
hree H-ATLAS regions. This small discrepancy for the asymptotic
uclidean counts at high flux suggests a difference in the expected
umber of sources in the region where local sub-mm galaxies are
xpected to reside. (For estimated values of the asymptotic Euclidean
ource count slopes at SPIRE wavelengths, see Serjeant & Harrison
005 ). 

 LENSED  P OPULATION  

he magnification of sources due to the gravitational lensing effect of
oreground objects makes searching for lensed systems an ef fecti ve
ool for studying the population of intrinsically faint and distant
alaxies that lie below the Herschel 500- μm detection limit. These
alaxies are prime targets for detailed study of the physical conditions
ne might find in distant dusty, star-forming galaxies, and large
amples of gravitational lenses provide huge potential as subjects for
osmological studies into measurements of cosmological parameters
e.g. K ochanek 1992 ; K ochanek 1996 ; Grillo, Lombardi & Bertin
008 ; Oguri et al. 2012 ; Eales 2015 ) and the evolution of the equation
f state of dark matter (e.g. Zhang, Cheng & Wu 2009 ). 
NRAS 510, 2261–2276 (2022) 
It has been shown that wide area, blank-field submillimetre
urv e ys pro vide an ef fecti ve way of de veloping such large samples
f gravitationally lensed, high-redshift galaxies using a selection
f the brightest sources (e.g. Blain 1996 ; Perrotta et al. 2002 ;
egrello et al. 2007 ; Paciga, Scott & Chapin 2009 ; Bakx et al. 2020 ).
electing lensed sources by means of high flux density cuts (typically
 100 mJy at 500 μm) has advantages not only in its ease of use but

n the efficiency of the method and low contamination in the resulting
ample. These simple selection criteria are expected to leave a set
ominated by lensed sources as well as local late-type galaxies and
lazars, which can easily be remo v ed by cross-matching with optical
nd radio surv e ys. Using an S 500 > 100 mJy flux density cut, Ne grello
t al. ( 2010 ) produced the first sample of five strongly lensed galaxies
SLGs) from the Herschel SDP. Subsequently, Wardlow et al. ( 2013 )
dentified 13 lensed galaxies o v er 95 de g 2 of HerMES, Nayyeri et al.
 2016 ) published a further 77 from the 372 deg 2 of the HerMES
arge Mode Surv e y, and Ne grello et al. ( 2017 ) presented a sample
f 80 candidate SLGs from 600 deg 2 of the H-ATLAS. 
We present a sample of 41 candidate SLGs with flux density

reater than 100 mJy at 500 μm from the SGP field, 30 of which
orm part of the Negrello et al. ( 2017 ) sample and 11 are new
andidates (see Table A1 ). The 11 additional candidates fall outside
he mask of the SGP used in the analysis of Negrello et al. ( 2017 ),
hich was designed to remo v e the edges of the area observed by
erschel that were in general affected by a higher noise. An initial

election of S 500 > 100 mJy yields 179 sources with 175 of these
atched to some VIKING counterpart. A fraction of these sources
ill be low-redshift spiral galaxies and flat spectrum radio galaxies

hat otherwise contaminate the set. We remo v e such objects by
earching their location with the NASA/IPAC Extragalactic Database
NED). We identify 131 clear local galaxies with typically ‘bluer’
ub-mm colours than candidate lensed galaxies. We also remo v e
wo variable stars HATLASJ012658.0-323234 (R Sculptoris) and
ATLASJ225519.6-293644 (V Piscis Austrini) as well as five
lazars (four of which were previously identified by Negrello et al.
017 ) that are listed in Table 3 . The remaining 41 sources are retained
s our candidate lenses. Fig. 9 shows a S 250 / S 350 against S 350 / S 500 

olour–colour plot. As with the Negrello et al. ( 2017 ) sample, the
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Table 3. Blazars identified with S 500 > 100 mJy. 

H-ATLAS IAU name NED identification S 250 (mJy) S 350 (mJy) S 500 (mJy) 

HATLASJ014310.0-320056 PKS 0140-322 96.0 ± 7.5 119.5 ± 8.4 122.4 ± 9.0 
HATLASJ014503.4-273333 [HB89] 0142-278 131.4 ± 7.8 179.2 ± 8.8 234.4 ± 9.0 
HATLASJ222321.6-313701 PKS 2220-318 86.0 ± 9.5 110.9 ± 10.5 131.9 ± 11.7 
HATLASJ224838.6-323551 [HB89] 2245-328 119.2 ± 7.7 152.8 ± 8.3 194.7 ± 8.6 
HATLASJ235347.4-303746 PKS 2351-309 77.1 ± 7.4 96.6 ± 8.4 103.1 ± 8.9 

Figure 9. SPIRE colour–colour diagram for objects with S 500 > 100 mJy. 
The colours represent the identification from NED: candidate lensed galaxies 
(red dots); local galaxies (black dots); stars (blue dots); and blazars (green 
dots). 
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ensed candidate galaxies occupy a ‘redder’ proportion of the colour–
olour space than those of local galaxies. The bimodality of the 
ample reflects the two populations being at very different redshifts, 
ndicating that a relatively clean sample of lensed candidates (barring 
ossible blazars) can be obtained from just submillimetre flux 
ensities alone. This idea looks to be supported by the full Negrello
t al. ( 2017 ) sample wherein only one candidate among the NGP
nd GAMA fields has been confirmed as not being a strongly lensed
alaxy thus far. 

While we have presented evidence that these galaxies are at high 
edshift, we cannot say definitively that they are lensed. Ho we ver, in
he next section, we use a comparison of the estimated redshifts for
he Herschel sources and the redshifts of the near-IR counterparts to 
stimate the probability that these are indeed lensed. We also extend 
ur analysis to much fainter sources to see whether it is practical to
roduce very large samples of lensed galaxies. 

.1 In search of large samples of lensed sources 

ne way to estimate the probability that a source is lensed, for
he sources with a probable near-IR counterpart, is to compare the 
edshifts of the counterparts and the Herschel source. If the redshift
f the former is significantly lower, the source is likely to be lensed. In
his section, we use an abbreviated version of the Statistical Herschel–
TLAS Lensed Objects Selection (SHALOS; Gonz ́alez-Nuevo et al. 
019 ) method to estimate the probability that the SGP sources are
ensed. 

The SHALOS analysis is a method for estimating the probability 
hat a source is gravitationally lensed based on measures of similarity
etween the probability distributions of properties of the Herschel 
ource and the optical/near-IR counterpart, assuming one to be 
he source and the other being the foreground galaxy. To compare
he similarity of two probability distributions, the method uses the 
hattacharyya distance (Bhattacharyya 1943 ), closely related to the 
hattacharyya coefficient, which estimates the o v erlap of the two
istributions. For two continuous probability distribution functions 
 and y that have means μx and μy and standard deviations σ x and
y , respectively, the Bhattacharyya distance can be written as 

( x , y ) = − ln [ BC ( x , y )] = − ln 

[∫ 
d z 
√ 

x ( z) y ( z) 

]
, (21) 

here BC( x , y ) represents the Bhattacharyya coefficient. When the
istributions x and y are assumed to be Gaussian, the distance measure
an be calculated as: 

( x , y ) = 

1 

4 
ln 

[
1 

4 

(
σ 2 

x 

σ 2 
y 

+ 

σ 2 
y 

σ 2 
x 

+ 2 

)]
+ 

1 

4 

[
( μx − μy ) 2 

σ 2 
x + σ 2 

y 

]
. (22) 

For a probability that is based on the redshift distributions of the
ource and counterpart, p z , the system is most likely to represent
 lensed system (with the near-infrared counterpart acting as the 
ens to the Herschel source) when the redshift distributions are 
 astly dif ferent from each other. For this reason, we use 1 − BC z 

o assign probability v alues. In Gonz ́alez-Nue vo et al. ( 2019 ), two
urther properties, the angular separation of the two objects on the
ky and the optical to sub-mm flux density ratios, are also used
o define additional probability values. These observables can be 
ombined multiplicatively without losing generality or their meaning 
s probabilities to obtain a total probability of strong lensing for
ach candidate. In the case for Gonz ́alez-Nuevo et al. ( 2019 ), this
ould be p total = BC ang ∗(1 − BC z ) ∗(1 − BC ratio ). Gonz ́alez-Nuevo

t al. ( 2019 ) also incorporate a fourth observable that does not rely
n the Bhattacharyya coefficient based on the observed luminosity 
f the source. We implement just the redshift observable and use
he probability derived from the comparison of the two redshift 
istributions as our lensing probability (the reader should therefore 
ote that our sample and that of SHALOS are not comparable). We
id not use the full SHALOS method for the following reason. A
robability measure based on the angular separation would suggest 
hat the closer the two objects are to the same line of sight, the more
ik ely we w ould be observing a lensed system. This assumes that
he lensing object must not have a large angular size, which limits
s to g alaxy–g alaxy strong lensing ev ents. As e xplained in Bakx
t al. ( 2020 ), the distribution of angular offsets between sources and
ptical/near-IR counterparts suggests that lensing by galaxy groups 
r clusters may contribute more significantly than g alaxy–g alaxy 
ensing for fainter flux densities. This has been illustrated by studies
f the cross-correlation signal of foreground (GAMA and SDSS) and 
ackground ( Herschel ) samples in Gonz ́alez-Nuevo et al. ( 2014 ) and
onz ́alez-Nuevo et al. ( 2017 ). 
As the source needs to be at a higher redshift than the lens, we

dd to the lensing probability, p z , any area of the source’s redshift
robability distribution function that lies below μVIKING − 3 σ VIKING . 
iven that the VIKING photometric redshift errors are relatively 
MNRAS 510, 2261–2276 (2022) 
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Figure 10. The probability of any given Herschel source being unlensed 
within our lensed source catalogue, as a function of the lensing probability. 
This is estimated in tw o w ays as detailed in the text: (i) the sum � 

N lenses 
i (1 −

p z,i ) (dashed black line) and (ii) the fraction of sources in our reliable ( R ≥
0.8) catalogue that are deemed spurious and have a source redshift > 2.5, 
making it likely to be counted as a lensed source (dotted black line). The two 
estimates are combined for a total false-positive rate (solid black line). The 
optimal lensing threshold is p optimal = 0.94, where the false-positive rate is 
estimated to be ∼6 per cent. 
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arge (typically 50 per cent), this additional term is negligible for
ost sources. Only for sources where the VIKING redshift is

stimated to be significantly higher than the Herschel source does
his additional term have much bearing. As a result, no selection of
ources with lensing probabilities abo v e ∼0.6 will be affected by
uch contaminants. 

.2 Optimal lensing probability threshold 

aving estimated a value of p z for each Herschel source based on the
ssumption that the VIKING counterpart is acting as a foreground
eflector, we must decide on a threshold value, p critical , for which
 lensing probability greater than p critical is sufficiently high to be
eemed part of our candidate lensed system catalogue. Our rationale
or the choice of p critical is that it must construct a candidate sample
hat contains the fewest contaminating unlensed sources. While
roving that any given Herschel source within our catalogue is
n fact not lensed is unattainable, we can estimate the number of
ontaminants we expect as a function of p z . The value of p critical 

hosen is thus the value of p z that minimizes this false-positive rate.
e estimate this value in two ways. First, the probability of any

ource, i , being unlensed is estimated as 1 − p z, i , so the sum 

 unlensed, 1 = 

N lenses ∑ 

i 

(1 − p z,i ) (23) 

or all sources abo v e some value p z yields an estimate for the
umber of spuriously selected unlensed sources within a catalogue
ith minimum lensing probability p z . Secondly, as mentioned in
ection 4.1, our LR analysis leads to a false identification rate of the
eliable sample of 4.8 per cent. This means that for 4.8 per cent of
ources with R ≥ 0.8, we expect there to be no association between
he Herschel source and the near-IR counterpart. We therefore make
 second estimate that determines what fraction of all spuriously
atched counterparts with R ≥ 0.8 would have been selected in our

ample at a minimum threshold p z . We calculate this value by taking
he number of counterparts in our reliable sample, multiplying this
y our false identification rate and multiplying again by the fraction
f Herschel sources at a high enough redshift for the near-IR and
erschel /SPIRE redshifts to be significantly different (i.e. they are
ore likely to be classified as lensed than unlensed). We use a value

f z Herschel > 2.5 as the lower limit for this final term, assuming a
IKING counterpart situated at z HELP ∼ 0.5. The second estimate

or the number of spurious unlensed sources can be written as: 

 unlensed, 2 = N Reliable × f False × f z Herschel > 2 . 5 . (24) 

Note that in using our false identification rate for reliably matched
er schel sources, we mak e it a requirement that the Herschel source
as a VIKING counterpart with R ≥ 0.8. The two estimates are
ombined and divided by the total size of the unlensed catalogue to
ive a probability of any given source in our lensed catalogue being
nlensed. This false-positive rate is illustrated in Fig. 10 as a function
f p z . 
The figure shows that our summation of 1 − p z, i method decreases

teadily with increasing p z . This trend is unsurprising; ho we ver, our
econd estimate shows a steady increase, followed by a rapid rise in
he number of false positives beyond p z ∼ 0.95. This estimate reflects
he number of Herschel sources that will al w ays appear unw antedly
n our lensed catalogue. Therefore, as p z increases and the size of
he lensed catalogue decreases, the fraction of false positives will
ise. This, therefore, means that the second estimate will follow
he general shape of the size of the catalogue with respect to p z .
NRAS 510, 2261–2276 (2022) 
ombining the two, we find a total rate that has a minimum at the
ptimal lensing probability threshold of p optimal = 0.94. At this value,
he false-positive rate is estimated to be ∼ 6 per cent . Considering the
riteria: (i) a Herschel source must have a VIKING counterpart with
eliability ≥0.8, (ii) the 500- μm flux density must be < 100 mJy (to
 v oid contamination with our manual search abo v e this threshold),
nd (iii) the lensing probability p z must be > 0.94, we estimate that
he SGP contained 5923 lensed sources. 

In the catalogue we release with this paper, we give values of p z 
or all sources with p z > 0.94. We note that the false-positive rate for
hese lensed sources is about 6 per cent. 

.3 Lensed number counts and redshift distribution 

ig. 11 shows the number counts for all the reliably matched SGP
ources with p z > 0.94 and S 500 < 100 mJy, combined with the
ources of Table A1 . We see that at high flux densities, our sample
alls below the prediction for the number of lensed systems made by
ai et al. ( 2013 ) (dashed black line) using a maximum magnification
f μ = 12. Negrello et al. ( 2017 ) have already sho wn, ho we ver,
hat the number of lensed galaxies with S 500 � 150 mJy in the
GP is considerably lower than the other H-ATLAS fields and so

he under-prediction of our source counts is as e xpected. Abo v e
00 mJy, the surface density of SLGs has been found to be in the
ange of ∼0.1–0.2 deg −2 (e.g. Vieira et al. 2010 ; Wardlow et al.
013 ; Nayyeri et al. 2016 ). Table A1 lists the number of high-z
ources brighter than 100 mJy, which we have suggested might be
ensed systems. 24 of these ha ve near -IR counterparts with R ≥ 0.8.

e can estimate values of p z for 19 of these, and in most cases, these
re > 90 per cent, additional evidence that these are lensed systems.
he bright sources in Table A1 without near-IR counterparts might
e interesting examples of sources in which the lens is at a very high
edshift, might be being lensed by a cluster, or might not be lensed
t all. If all the sources in Table A1 are being lensed, the surface
ensity of lensed sources is 0.14 deg −2 . 
The fraction of all Herschel sources that are part of our candidate

ensed catalogue (at p optimal = 0.94) is compared to the prediction
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Figure 11. Cumulative number counts for lensed objects at 500 μm com- 
pared to the predictions of the model of Cai et al. ( 2013 ) for lensed 
(dashed black line) and total source counts (solid black line). The counts 
and corresponding errors (square root of raw number counts in each flux 
density bin) for the predicted number of lensed sources are shown as black 
circles for a lensing probability of p z = p optimal = 0.94. The counts of 
candidate lensed sources from the Negrello et al. ( 2007 ) and Nayyeri et al. 
( 2016 ) samples are shown as red and blue circles, respectively. 

Figure 12. The fraction of lensed Herschel sources with 500- μm flux density 
greater than S 500 . The solid black line represents a lensing probability of 
greater than 0.94 for sources with S 500 < 100 mJy, combined with the lensing 
fraction estimated from Table A1 abo v e this flux. The dashed black line 
represents the prediction from the Cai et al. ( 2013 ) model. 
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Figure 13. Photometric redshift distribution of Herschel sources with 250- 
μm flux density greater than 29.4 mJy. The solid black line represents the 
best estimate of photometric redshift for all sources. The red solid line shows 
the distribution of Herschel estimated redshifts for lensed candidates with 
a lensing probability greater than 0.94. The magenta solid line represents 
the redshift distribution for the same sources but for the HELP redshift 
estimates that are likely to represent the lenses. The median values for the three 
distributions are: z best = 0.62, z Lensed (Source) = 2.03, and z Lensed (Lens) = 0.29. 
The black and red dashed lines illustrate the prediction from Cai et al. ( 2013 ) 
for the redshift distribution of all sources and lensed sources, respectively. 
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f the Cai et al. ( 2013 ) model in Fig. 12 . The model predicts that
he fraction of sources that are gravitationally lensed rises rapidly 
rom ∼50 mJy and reaches a maximum by ∼80–90 mJy. Beyond 
his point, the fraction falls as the brightest objects are dominated 
y local galaxies. Without such contaminants, the lensing fraction 
ould tend to 1. At lower flux densities, we find that the model
redicts the lensing fraction to be very lo w belo w ∼40–50 mJy.
sing a probability cut of 0.94, we predict a significantly higher 

ensing fraction than the model in this flux range. A possible
xplanation for this discrepancy may be the result of us comparing 
ur simple method for detecting lenses with a model that is limited
o strong lensing ( μ > 2) events. We refer back to the weak lensing-
nduced cross-correlation signal studies of Gonz ́alez-Nuevo et al. 
 2014 ) and Gonz ́alez-Nuevo et al. ( 2017 ). These studies have shown
hat the cross-correlation signal between a foreground sample and 
ackground ( Herschel ) sample has a sudden steepening at angular 
eparations of ∼30 arcsec, indicating the typical angular scale where 
trong lensing becomes the dominant source of lensing. Our LR 

earch radius of 15 arcsec ensures that we are within this regime,
nd our criteria for reliably matched VIKING counterparts limit 
his further to typical angular separations no more than ∼8 arcsec
see Section 4.1). The inability to reproduce the observed cross- 
orrelation at these small angular scales using a single halo model
s interpreted by Gonz ́alez-Nuevo et al. ( 2017 ) as being the result of
dditional strong lensing from the most massive foreground galaxies. 

While simulations in Gonz ́alez-Nuevo et al. ( 2014 ) fail to repro-
uce the signal solely by g alaxy–g alaxy weak lensing, it can be
eproduced on sub-arcminute scales if the SDSS/GAMA foreground 
ample of galaxies acts as signposts for galaxy groups or clusters.
ur excess observed in the number counts at low flux densities
ay therefore be attributed to a collection of strongly and weakly

ensed systems. We expect the counterparts closest to their respective 
erschel source to be producing the highest amplification factors, 
hile the others may represent small magnifications of the Herschel 

ources due to weak lensing, where the VIKING galaxies mark the
ocations of galaxy groups or clusters. 

The redshift distribution for our sample of candidate lensed 
ystems is shown in Fig. 13 . We have used a lensing probability
ut of 0.94 and compared the distributions to the predictions of
he Cai et al. ( 2013 ) model. We see that the model agrees well
ith the redshift distribution for all sources (black lines) but is an
nderestimate for the distribution of lensed sources (red lines; the 
agenta line represents the distribution of possible deflectors). As 

bo v e, a possible explanation for this difference may be due to the
ffects of weak lensing that are not considered in the Cai et al. ( 2013 )
odel. 

.4 Comparison with Herschel –ATLAS lensed objects selection 

t is possible to select a sample of SLGs from the SGP region using
nformation gained only from the sub-mm sources, as described in 
he Herschel–ATLAS Lensed Objects Selection (HALOS; Gonz ́alez- 
uevo et al. 2012 ). This method selects candidates below the 100-
MNRAS 510, 2261–2276 (2022) 
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Jy flux limit, reaching a surface density of ∼1.5–2 deg −2 , with an
 xpected efficienc y of ∼50 per cent. Using the HALOS criteria: S 350 

85 mJy, S 250 ≥ 35 mJy, S 350 / S 250 > 0.6, and S 500 / S 350 > 0.4, we
elect 654 candidates, 392 of which are candidates for which we have
alculated lensing probabilities. These sources lie predominantly at
igh lensing probabilities; 162 having a value of 0.94 or greater.
onz ́alez-Nuevo et al. ( 2012 ) continue by showing that the selection

fficiency can be further improved by considering those sources
hat dominate the bright end of the high redshift far-IR/sub-mm
uminosity function. Gonz ́alez-Nuevo et al. ( 2012 ) estimate that
bjects with 100- μm luminosity in the top 2 per cent of sources
ay generate a sample of SLG candidates with an efficiency of
70 per cent (based on a comparison with the HALOS method that

ses information from VIKING counterparts). An investigation into
he luminosity function calculated from our candidate sample would
rovide a good test for the expected efficiency of our method. 

 C O N C L U S I O N S  

n this paper, we described the process of identifying reliable near-
nfrared counterparts to sub-mm sources in the Herschel DR2 across
he SGP. The data described in this paper, added to the analyses of
re vious H-ATLAS fields, ef fecti vely double the number of reliably
atched Herschel sources now available. 
We employ the LR method to determine the reliability of all

ossible VIKING counterparts within 15 arcsec of 250- μm selected
ources. We found reliable ( R ≥ 0.8) counterparts for 111 065 sub-
m sources, which correspond to a return of 57.4 per cent of all

ources. We estimate a false identification rate of 4.8 per cent,
arginally higher than the result found by previous H-ATLAS

nalyses (e.g. Fleuren et al. 2012 ; Bourne et al. 2016 ; Furlanetto
t al. 2018 ), which can be attributed to the larger search radius used
nd the choice to keep sources with detections ≥4 σ at 350 and 500
m. Using a set of background locations, we estimate the fraction
f Herschel sources that have a counterpart in the VIKING surv e y
o be Q 0 = 0.835 ± 0.009 (0.823 ± 0.009 for extragalactic objects),
hich is very close to the value found by Furlanetto et al. ( 2018 ) for

he NGP, but higher than the value given in Fleuren et al. ( 2012 ),
hich also uses VIKING near-infrared data. By looking at sources
here there were several potential near-IR IDs and then comparing

he estimated redshifts of these counterparts, we estimate that ∼400–
000 of the sources in the SGP have multiple genuine identifications,
robably caused by galaxy mergers or interactions. 
We determine the number counts of sub-mm sources in the 250-,

50-, and 500- μm SPIRE bands and compare these observations to
he galactic evolution model of Cai et al. ( 2013 ). The observations
how a steep rise in the counts at flux densities ∼100 mJy, which
ecomes most prominent at 350 and 500 μm, suggesting the presence
f a strongly evolving luminous population at high redshift. We find
hat the Cai et al. ( 2013 ) model accurately predicts the steepness of
he counts at different wavelengths and thus gives an indication that
he physical approach to the evolution of high redshift, star-forming
roto-spheroidal galaxies in this model is reasonably well founded. 
We search for a large sample of lensed sources in the SGP by esti-
ating for each source a probability that it is gravitationally lensed.
his probability is defined by comparing the redshifts of the near-IR
ounterpart and the Herschel source, as is described in the SHALOS
ethod of Gonz ́alez-Nuevo et al. ( 2019 ). Assuming a probability

ut of 0.94, we estimate that 5923 Herschel sources in the SGP are
ensed with a lensing false-positive rate of about 6 per cent. Abo v e
00 mJy at 500 μm, the incompleteness in matching to the Herschel
NRAS 510, 2261–2276 (2022) 
xtrag alactic Leg acy Project for photometric redshift estimates of
IKING counterparts leads to missing lensing probabilities for the
rightest, and thus most probable, lensed high-redshift sources. We
herefore include in Table A1 41 high-z sources brighter than 100 mJy
hat we suggest may be gravitationally lensed. This list has already
een screened for local galaxies and flat spectrum radio galaxies that
ay also be abo v e the 100-mJy threshold. If all the candidates in
able A1 are lensed, then we predict the surface density of lensed
ources to be 0.14 deg −2 . 

This data release provides an important update to the exist-
ng Herschel –ATLAS catalogue, further enhancing the number of
atched sources in the largest Herschel survey. The full H-ATLAS

ow includes o v er 400 000 galaxies (with almost half of these being
eliably matched to optical or near-infrared counterparts) spanning
ut to redshifts of 6. This makes it the most comprehensive unbiased
ample of galaxies available for the study of obscured star formation
nd the evolution of the dusty interstellar medium to date. 
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PPENDI X  A :  C A N D I DAT E  LENSED  G A L A X I E S  

e present the 41-candidate lensed galaxies with S 500 > 100 mJy. 
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Table A1. Candidate lensed galaxies with S 500 > 100 mJy. Each source has the following information: H-ATLAS IAU name, 250-, 350-, and 
500- μm flux densities, photometric redshift estimates from HELP, photometric redshift estimates from Herschel flux densities, and lensing 
probability. 

H-ATLAS IAU name S 250 (mJy) S 350 (mJy) S 500 (mJy) z HELP z Herschel p z 

HATLASJ000007.5-334100 130.3 ± 7.6 160.0 ± 8.4 116.3 ± 8.4 0.44 ± 0.19 2.50 ± 0.42 0 .994 
HATLASJ000124.9-354212 a 63.3 ± 7.9 91.1 ± 8.4 121.7 ± 8.9 – 4.56 ± 0.67 –
HATLASJ000722.2-352015 237.4 ± 7.5 192.9 ± 8.2 107.5 ± 8.6 0.34 ± 0.13 1.46 ± 0.30 0 .960 
HATLASJ000912.7-300807 352.8 ± 7.6 272.6 ± 8.6 156.1 ± 8.7 0.28 ± 0.08 1.40 ± 0.29 0 .977 
HATLASJ001010.5-360237 a 137.8 ± 9.9 163.0 ± 10.0 117.2 ± 10.8 – 2.42 ± 0.41 –
HATLASJ002624.8-341738 137.7 ± 7.5 185.9 ± 8.3 148.8 ± 8.7 0.93 ± 0.35 2.87 ± 0.46 0 .940 
HATLASJ003207.7-303724 80.3 ± 7.3 106.1 ± 7.9 105.8 ± 8.3 0.69 ± 0.29 3.39 ± 0.53 0 .994 
HATLASJ004736.0-272951 170.9 ± 7.5 197.1 ± 8.5 145.6 ± 8.9 0.57 ± 0.28 2.42 ± 0.41 0 .971 
HATLASJ004853.3-303110 118.1 ± 6.9 147.3 ± 7.8 105.4 ± 8.1 0.51 ± 0.22 2.51 ± 0.42 0 .989 
HATLASJ005132.0-302012 119.3 ± 7.3 121.0 ± 8.3 102.0 ± 8.5 0.33 ± 0.12 2.40 ± 0.41 0 .998 
HATLASJ005132.8-301848 164.6 ± 7.6 160.2 ± 8.4 113.1 ± 9.1 0.88 ± 0.45 2.03 ± 0.36 0 .633 
HATLASJ005724.2-273122 73.3 ± 7.6 101.2 ± 8.4 103.6 ± 9.0 0.89 ± 0.41 3.57 ± 0.55 0 .980 
HATLASJ010250.9-311723 267.9 ± 7.5 253.2 ± 8.3 168.1 ± 8.9 0.83 ± 0.39 1.90 ± 0.35 0 .649 
HATLASJ011424.0-333614 72.2 ± 7.2 129.8 ± 8.0 138.6 ± 8.6 0.46 ± 0.16 4.42 ± 0.65 1 .000 b 

HATLASJ011947.1-272408 226.2 ± 8.0 152.9 ± 8.8 101.3 ± 9.5 0.94 ± 0.40 1.27 ± 0.27 0 .139 
HATLASJ012046.5-282403 103.3 ± 7.8 149.8 ± 8.3 145.7 ± 9.2 0.43 ± 0.15 3.54 ± 0.54 1 .000 b 

HATLASJ012407.4-281434 257.5 ± 8.1 271.1 ± 8.5 204.0 ± 8.7 0.71 ± 0.28 2.28 ± 0.39 0 .932 
HATLASJ012416.0-310500 140.4 ± 7.6 154.5 ± 8.3 100.3 ± 8.8 0.44 ± 0.19 2.14 ± 0.38 0 .984 
HATLASJ013004.1-305514 164.4 ± 6.8 147.5 ± 7.9 100.6 ± 8.0 0.88 ± 0.41 1.83 ± 0.34 0 .549 
HATLASJ013240.0-330907 112.0 ± 7.6 148.8 ± 8.7 117.7 ± 8.8 – 2.82 ± 0.46 –
HATLASJ013840.5-281856 116.3 ± 7.9 177.0 ± 8.5 179.3 ± 9.0 0.61 ± 0.28 3.79 ± 0.57 0 .998 
HATLASJ013951.9-321446 109.0 ± 7.2 116.5 ± 8.0 107.1 ± 8.3 0.86 ± 0.43 2.70 ± 0.44 0 .888 
HATLASJ014849.3-331820 124.8 ± 9.8 149.4 ± 10.3 104.2 ± 11.0 1.11 ± 0.52 2.39 ± 0.41 0 .614 
HATLASJ222536.3-295649 208.9 ± 9.4 211.7 ± 11.8 111.1 ± 11.8 – 1.78 ± 0.33 –
HATLASJ223753.8-305828 139.1 ± 7.2 144.8 ± 7.9 100.6 ± 8.3 – 2.13 ± 0.38 –
HATLASJ223955.2-290917 163.1 ± 8.5 152.7 ± 9.7 107.6 ± 11.8 – 1.94 ± 0.35 –
HATLASJ224207.2-324159 73.0 ± 7.7 88.1 ± 8.6 100.8 ± 9.4 – 3.57 ± 0.55 –
HATLASJ224805.4-335820 122.3 ± 7.8 135.6 ± 8.7 126.9 ± 9.0 – 2.82 ± 0.46 –
HATLASJ225250.7-313658 127.4 ± 6.7 138.7 ± 7.7 111.4 ± 8.0 – 2.45 ± 0.41 –
HATLASJ225844.8-295125 175.4 ± 7.4 186.9 ± 8.4 142.6 ± 9.3 0.69 ± 0.27 2.32 ± 0.40 0 .946 
HATLASJ230546.3-331039 76.8 ± 7.7 110.9 ± 8.4 110.4 ± 8.8 0.60 ± 0.13 3.60 ± 0.55 0 .999 
HATLASJ230815.6-343801 79.4 ± 7.6 135.4 ± 8.3 140.0 ± 8.9 0.72 ± 0.21 4.16 ± 0.62 0 .999 
HATLASJ232419.8-323927 212.9 ± 6.8 244.2 ± 7.6 169.4 ± 7.9 0.75 ± 0.28 2.30 ± 0.40 0 .925 
HATLASJ232531.4-302236 175.6 ± 6.8 227.0 ± 7.6 175.7 ± 7.9 – 2.72 ± 0.45 –
HATLASJ232623.0-342642 153.7 ± 6.9 178.4 ± 7.8 123.5 ± 8.2 – 2.33 ± 0.40 –
HATLASJ232900.6-321744 118.3 ± 7.1 141.3 ± 7.9 119.7 ± 8.4 0.77 ± 0.29 2.75 ± 0.45 0 .968 
HATLASJ233720.9-293023 155.1 ± 8.4 166.5 ± 8.9 118.1 ± 9.7 – 2.22 ± 0.39 –
HATLASJ234357.7-351724 263.5 ± 7.5 223.1 ± 8.3 154.2 ± 8.8 – 1.74 ± 0.33 –
HATLASJ234418.1-303936 125.8 ± 7.4 185.5 ± 8.2 155.1 ± 8.9 0.90 ± 0.27 3.16 ± 0.50 0 .982 
HATLASJ235623.1-354119 121.5 ± 7.8 161.0 ± 8.8 125.5 ± 9.1 – 2.78 ± 0.45 –
HATLASJ235827.7-323244 112.5 ± 7.0 148.0 ± 7.9 143.4 ± 8.1 – 3.30 ± 0.52 –

Notes. a No matched counterpart found. 
b Lensing probability equal to 1 due to rounding. 
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