
Characterization of Herschel-selected strong lens candidates through HST
and sub-mm/mm observations

Downloaded from: https://research.chalmers.se, 2025-12-04 06:15 UTC

Citation for the original published paper (version of record):
Borsato, E., Marchetti, L., Negrello, M. et al (2024). Characterization of Herschel-selected strong
lens candidates through HST and sub-mm/mm
observations. Monthly Notices of the Royal Astronomical Society, 528(4): 6222-6279.
http://dx.doi.org/10.1093/mnras/stad3381

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



MNRAS 528, 6222–6279 (2024) https://doi.org/10.1093/mnras/stad3381 
Advance Access publication 2023 No v ember 3 

Characterization of Herschel -selected strong lens candidates through HST 

and sub-mm/mm obser v ations 

E. Borsato , 1 ‹ L. Marchetti , 2 , 3 , 4 ‹ M. Negrello , 5 ‹ E. M. Corsini , 1 , 6 ‹ D. Wake , 7 A. Amvrosiadis, 8 

A. J. Baker, 9 , 10 T. J. L. C. Bakx , 11 , 12 A. Beelen , 13 S. Berta, 14 A. Beyer, 15 D. L. Clements , 16 

A. Cooray, 17 P. Cox , 18 H. Dannerbauer, 19 , 20 G. de Zotti, 6 S. Dye , 21 S. A. Eales, 5 A. Enia , 22 , 23 

D. Farrah, 24 , 25 J. Gonzalez-Nuevo , 26 , 27 D. H. Hughes, 28 D. Ismail, 29 S. Jin , 30 , 31 A. Lapi , 32 

M. D. Lehnert, 33 R. Neri , 14 I. P ́erez-Fournon, 19 , 20 D. A. Riechers, 15 G. Rodighiero , 1 , 6 D. Scott, 34 

S. Serjeant , 35 F. Stanley, 14 S. Urquhart, 35 P. van der Werf, 36 M. Vaccari , 3 , 4 , 37 L. Wang, 38 , 39 C. Yang 

40 

and A. Young 

9 

Affiliations are listed at the end of the paper 

Accepted 2023 October 20. Received 2023 October 20; in original form 2022 September 28 

A B S T R A C T 

We have carried out Hubble Space Telescope ( HST ) snapshot observations at 1.1 μm of 281 candidate strongly lensed galaxies 
identified in the wide-area extragalactic surveys conducted with the Herschel Space Observatory . Our candidates comprise 
systems with flux densities at 500 μm, S 500 ≥ 80 mJy. We model and subtract the surface brightness distribution for 130 systems, 
where we identify a candidate for the foreground lens candidate. After combining visual inspection, archi v al high-resolution 

observations, and lens subtraction, we di vide the systems into dif ferent classes according to their lensing likelihood. We confirm 

65 systems to be lensed. Of these, 30 are new disco v eries. We successfully perform lens modelling and source reconstruction on 

23 systems, where the foreground lenses are isolated galaxies and the background sources are detected in the HST images. All 
the systems are successfully modelled as a singular isothermal ellipsoid. The Einstein radii of the lenses and the magnifications 
of the background sources are consistent with pre vious studies. Ho we ver, the background source circularized radii (between 

0.34 and 1.30 kpc) are ∼3 times smaller than the ones measured in the sub-millimetre/millimetre for a similarly selected and 

partially o v erlapping sample. We compare our lenses with those in the Sloan Lens Advanced Camera for Surv e ys (ACS) Surv e y 

confirming that our lens-independent selection is more ef fecti ve at picking up fainter and diffuse galaxies and group lenses. 
This sample represents the first step towards characterizing the near-infrared properties and stellar masses of the gravitationally 

lensed dusty star-forming galaxies. 

Key words: gravitational lensing: strong – galaxies: high-redshift – galaxies: photometry. 
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 I N T RO D U C T I O N  

he very bright tail of the number counts of galaxies at sub-millimetre
nd millimetre (sub-mm/mm) wavelengths comprises a mixture of
istinct galaxy populations: low-redshift ( z � 0.1) late-type galaxies,
at spectrum radio sources, high-redshift ( z � 1) gravitationally

ensed dusty star-forming galaxies (DSFGs), and hyper-luminous
nfrared galaxies (Negrello et al. 2007 , 2010 , 2017 ; Vieira et al.
013 ; Wardlow et al. 2013 ; Nayyeri et al. 2016 ; Rowan-Robinson
t al. 2018 ; Ward et al. 2022 ). This distribution allows us to efficiently
elect strong gravitational lensing systems by combining a flux
ensity cut (e.g. S 500 ≥ 100 mJy at 500 μm) with shallow optical and
adio surv e ys to remo v e the contaminants. This approach became
 E-mail: edoardo.borsato.1@phd.unipd.it (EB); lucia.marchetti@uct.ac.za 
LM); NegrelloM@cardiff.ac.uk (NM); enricomaria.corsini@unipd.it 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
f fecti ve in the last decade thanks to the wide-area surv e ys carried
ut, in particular, by the Herschel Space Observatory (Pilbratt et al.
010 ) and the South Pole Telescope (SPT, e.g. Vieira et al. 2010 ;
arlstrom et al. 2011 ; Mocanu et al. 2013 ). Negrello et al. ( 2017 )
nd then Ward et al. ( 2022 ) identified 80 + 11 candidate lensed
alaxies with S 500 ≥ 100 mJy in the > 600 deg 2 of the Herschel -
strophysical Terahertz Large Area Surv e y (H-ATLAS, Eales et al.
010 ). Bakx et al. ( 2018 ) extended the selection down to S 500 =
0 mJy by including DSFGs with photometric redshift z phot > 2,
s derived from the sub-mm colours (the Herschel bright sources
HerBS – sample). At flux densities S 500 < 100 mJy, the number

ensity of unlensed DSFGs exponentially increases (see Negrello
t al. 2007 ; Cai et al. 2013, for details); therefore, the HerBS sample
s expected to contain a mixture of both lensed and unlensed DSFGs,
ith the latter dominating o v er the former at S 500 μm 

� 100 mJy .
ardlow et al. ( 2013 ) identified 42 candidate high- z lensed DSFGs
ith S 500 ≥ 80 mJy in the 95 deg 2 of the Herschel Multi-tiered
xtragalactic Surv e y (HerMES, Oliv er et al. 2012 ), while Nayyeri
© The Author(s) 2023. 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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1 Available in the ASTROPY.COSMOLOGY package through ASTROPY , see 
Astropy Collaboration ( 2013 , 2018 ). 
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t al. ( 2016 ) published a catalogue of 77 candidate lensed DSFGs
ith S 500 ≥ 100 mJy in the 300 deg 2 of the HerMES Large Mode 
urv e y (HeLMS, Oliv er et al. 2012 ) and the 79 deg 2 of the Herschel
tripe 82 Surv e y (HerS; Viero et al. 2014 ). Follo wing a dif ferent
pproach, Gonz ́alez-Nuevo et al. ( 2012 , 2019 ) lowered the Spec-
ral and Photometric Imaging Receiver (SPIRE) flux density cut 
 S 350 ≥ 85 mJy at 350 μm and S 250 ≥ 35 mJy at 250 μm ) constraints
n both the Herschel /SPIRE colours and the presence of close-by 
ear -infrared (near -IR) sources acting as potential lensing galaxies, 
ncreasing the number of strong lens candidates by a factor of ∼5. 

Using a similar approach to Negrello et al. ( 2010 ) but at mm
avelengths, the SPT collaboration produced a sample of 48 candi- 
ate lensed galaxies with deboosted S 1 . 4 ≥ 20 mJy at 1.4 mm o v er
n area of 2500 deg 2 (Vieira et al. 2013 ; Spilker et al. 2016 ; Everett
t al. 2020 ; Reuter et al. 2020 ; Cai, Negrello & De Zotti 2022 ). Lastly,
a ̃ nameras et al. ( 2015 ) applied a combination of flux density cut and
olour selection on candidates extracted from the Planck Catalogue 
f Compact Sources, identifying 11 lensed DSFGs. Later, Harrington 
t al. ( 2016 ), Berman et al. ( 2022 ), and Kamieneski et al. ( 2023a )
dentified 30 strongly lensed galaxies by cross-matching the Planck 
atalogue, the WISE All-Sky Survey, and the Herschel surveys. Three 
nd two of these systems were also included in the Wardlow et al.
 2013 ) and Negrello et al. ( 2017 ) samples, respectively. 

To confirm whether a sub-mm/mm bright galaxy is gravitationally 
ensed, high-resolution follo w-up observ ations are needed. The 

ultiple images of a background source, which are the distinctive 
eatures of lensing, have typical separations of a few arcseconds. 
hey can not be resolved by either Herschel (full width at half-
aximum, FWHM � 18, 24, and 35 arcsec at 250, 350, and 500 μm,

espectively) or SPT (FWHM � 1 arcmin at 1.4 mm). Because lensed
SFGs emit mostly in the far-IR/sub-mm/mm (Negrello et al. 2014 ), 

he best way to detect and characterize the multiple images is via
igh-angular resolution observations at sub-mm/mm wavelengths 
btained with interferometers, such as the Atacama Large Millimetre 
rray (ALMA), the Submillimetre Array (SMA), and the Northern 
xtended Millimetre Array (NOEMA, e.g. Bussmann et al. 2013 ; 
mvrosiadis et al. 2018 ). These data can then be used to reconstruct

he intrinsic morphology of the background DSFGs via lens mod- 
lling techniques (e.g. Dye et al. 2018 ; Maresca et al. 2022 ), which
rovide crucial information on the spatial distribution of the gas and 
ust and on the star formation rate surface density in those galaxies
e.g. Ca ̃ nameras et al. 2017 ; Yang et al. 2019 ; Jarugula et al. 2021 ;
un et al. 2021 ; Dye et al. 2022 ). Interestingly, at these wavelengths,

he object acting as a lens, which is usually a massive red-and-dead
oreground elliptical galaxy with very low dust content, remains 
ndetected, thus facilitating the source reconstruction. Ho we ver, 
t is not possible to constrain all the physical properties of the
ensed DSFGs with the long-wavelength data alone. Indeed, one 
arameter that remains elusive is the background source stellar 
ass, which is crucial to understand better the evolutionary stage 

f a galaxy (e.g. Renzini 2009 ). Constraining the stellar mass of the
ackground sources requires them to be detected at optical/near-IR 

avelengths, where the emission of the foreground lens dominates 
e.g. Negrello et al. 2014 ). Hence, careful lens photometric modelling 
nd subtraction are needed to reveal the lensed background sources in 
he high-resolution optical/near-IR images. This analysis represents 
he first step to constrain the stellar masses by fitting the background
ource spectral energy distribution (SED, Negrello et al. 2014 ). 

So far, high-resolution near-IR follow-up observations of tens of 
ub-mm/mm selected candidate lensed galaxies have been obtained 
n the near-IR with the Hubble Space Telescope ( HST , e.g. Negrello
t al. 2014 ) and with ground-based telescopes exploiting adaptive 
ptics (e.g. Fu et al. 2012 ; Calanog et al. 2014 ; Messias et al.
014 ). These observations are characterized by long integration 
imes (i.e. from tens of minutes to hours) and have been mainly
imed at identifying and studying the background source. Instead, 
e report on HST snapshot observations of a much larger sample
f 281 sub-mm bright Herschel -selected systems. The primary goal 
f these short observations is to efficiently confirm the gravitational 
ensing nature of the sub-mm selected systems either by detecting 
he characteristic lensing features, such as arcs or multiple images, 
r by identifying massi ve lo w- z early-type galaxies (ETGs) located
t the position of the sub-mm emission and thus potentially acting as
he lens. These observations represent the first step to enable more
etailed follow-ups to study the background sources and, at the same
ime, provide data to study the properties of the lenses. 

This paper is organized as it follows. Section 2 presents the full
ample of candidates we have followed up with HST and details the
ST snapshot observations. Section 3 discusses the visual classifi- 

ation of the HST images. In Section 4 , we focus on the subsample
f systems that show clear evidence of lensing features in the HST
mages and describe the fitting techniques adopted for modelling the 
urface brightness of the lenses. Section 5 presents the lens modelling
e apply and the results for a subsample of candidates. Section 6
iscusses our results, focusing on the comparison with the Sloan Lens 
CS Surv e y (SLACS), while the main conclusions are summarized

n Section 7 . In this paper, we adopt the values of H 0 = 67.7 km s −1 

pc −1 , �0, m 

= 0.31, and �0, � 

= 0.69 from Planck18 cosmology 
see Planck Collaboration VI 2020 1 for details). 

 SAMPLE,  OBSERVATI ONS,  A N D  DATA  

E D U C T I O N  

.1 Sample selection 

ur sample consists of candidate z � 1 (gravitationally lensed and un- 
ensed) DSFGs extracted from the Herschel wide-area extragalactic 
urv e ys (i.e. H-ATLAS, HerMES, HeLMS, and HerS) for which we
btained the HST snapshot observations described in the following 
ection. Many of our targets are selected from Bussmann et al. ( 2013 ),
ardlow et al. ( 2013 ), Calanog et al. ( 2014 ), Nayyeri et al. ( 2016 ),
egrello et al. ( 2017 ), and Bakx et al. ( 2018 ). Due to the varying
uality of Herschel and ancillary data available at the time of these
ifferent works, they could select candidates only in specific sky 
reas and applied slightly different selection criteria to identify their 
ost reliable candidate lensed system. Nevertheless, these selections 

enerally relied upon a bright flux density cut at 500 μm following
he approach by Negrello et al. ( 2010 ). In summary, the objects we
bserved with HST were identified as candidate lensing systems by 
aving either the flux density measured at 500 μm, S 500 � 100 mJy
as done in Wardlow et al. 2013 , Nayyeri et al. 2016 , Negrello et al.
017 ) or by having S 500 � 80 mJy and photometric redshifts of the
otential background source z > 2 (as the candidates presented in
akx et al. 2018 ). Exceptions are the candidates from Calanog et al.
 2014 ) that were selected by means of their bright ( S 500 � 80 mJy)
PIRE 500 μm flux densities, but also thanks to multiwavelength 
bservations and specific source-extraction techniques applied on 
eeper Herschel maps available only for the HerMES fields. We 
efer the reader to Calanog et al. ( 2014 ) for more details. As a result,
alanog et al. ( 2014 ) candidates include targets with flux densities at
MNRAS 528, 6222–6279 (2024) 
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5 Available at https:// ned.ipac.caltech.edu/ 
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00 μm below the flux limit used in the other quoted works. For the
andidates in the H-ATLAS surv e y, we use the flux densities coming
rom Harris et al. ( 2012 ), Negrello et al. ( 2017 ), and Bakx et al.
 2018 ), when available, if not, we adopt the flux densities published
n the H-ATLAS Data Release 1 (DR1, Valiante et al. 2016 ) or Data
elease 2 (DR2, Maddox et al. 2018 ). The candidates belonging to

he other surv e ys were co v ered by the catalogues of Wardlow et al.
 2013 ), Bussmann et al. ( 2013 , 2015 ), Calanog et al. ( 2014 ), and
ayyeri et al. ( 2016 ). 
The goal of our HST observations is to observe as many candidates

s possible to confirm their nature by means of the higher resolution
ST imaging and thus increase the number of confirmed Herschel -

elected lensing systems to allow for better statistical studies. Over
he years, we have been awarded HST snapshot time to follow up
n our targets. Ho we ver, since the time granted was not enough to
bserve the full list of Herschel -selected lensing systems candidates,
nd because of the filler nature of the snapshot program, which
nly guarantees a partial completion rate, we had to prioritize those
andidates with a higher probability of being lensed to maximize
ur success rate. This resulted in prioritizing the brightest sources at
00 μm (i.e. the higher the flux density, the higher the probability for
he system to be lensed) or those having other multiwavelength data
nd/or redshift information. The success rate of the HST observations
as entirely determined by the HST observing schedule and does
ot depend on the candidate properties. In the end, only a fraction
290 out of 398) of the full sample has been observed, as detailed
n the following section, which is the focus of this paper. Given
hat this subsample represents a random collection of the entire
andidate population, we limit our focus on presenting the properties
f this subsample without drawing any statistical conclusion on the
arent sample, which would otherwise be biased by observational
onstraints that were out of our control. 

.2 HST snapshot obser v ations and data reduction 

ur HST snapshot follo w-up observ ations were carried out in three
ifferent cycles. 

(i) Proposal ID 12 488 (PI: M. Negrello) in Cycle 19. 200 targets
ere proposed with S 500 � 85 mJy, that were selected from the
reliminary source catalogues of HerMES (63 targets) and H-ATLAS
137 targets). At the time, the only Herschel data available were for
our of the final five H-ATLAS fields (the three fields on the Celestial
quator named GAMA09, GAMA12, and GAMA15 and the one
lose to the North Galactic Pole named NGP), so the targets were
pread across the Equatorial and Northern sky. The observations were
arried out from 2011 October to 2013 August. 

(ii) Proposal ID 15 242 (PI: L. Marchetti), in Cycle 25. 200 targets
ere proposed with S 500 ≥ 100 mJy from the full Herschel coverage,
ut in particular from HeLMS and HerS (Nayyeri et al. 2016 ) and
ith S 500 ≥ 80 mJy from the H-ATLAS SGP field near the South
alactic Pole. The sample also included some of the targets submitted

or observations in the Cycle 19 proposal that had not been observed
r for which the HST data obtained were corrupted due to issues
ith the HST tracking system. The observations were carried out

rom 2017 October to 2018 June. 
(iii) Proposal ID 16 015 (PI L. Marchetti) in Cycle 26. This was a

ontinuation of the Cycle 25 proposal. The observations were carried
ut from 2019 No v ember to 2020 September. 

In summary, a total of 290 candidates were observed as part of
hese three snapshot programmes: 173 from H-ATLAS, 60 from
NRAS 528, 6222–6279 (2024) 
erMES, 42 from HeLMS, and 15 from HerS. Unfortunately, the
ata of nine systems are corrupted due to issues with the HST tracking
ystem, so the final sample with available HST snapshot observations
mount to 281 systems. All the HST snapshot proposals share the
ame observing strategy with short observations of ∼ 4 or ∼ 11 min
n source performed with the wide- YJ filter F110W of the Wide Field
amera 3 (WFC3) IR channel (Dressel 2022 ). The F110W filter has
 pivot wavelength λp = 1153.4 nm and a passband rectangular width
f 443.0 nm, corresponding to a wavelength coverage between 883.2
nd 1412.1 nm. This observing band was chosen to maximize the
ignal-to-noise ratio (SNR) for short exposures and efficiently cover
he stellar emission from the foreground galaxy in the gravitational
ensing system, usually an ETG (e.g. Auger et al. 2009 ). The IR
hannel of the WFC3 allows to read out the detector with different
amplings while the exposure accumulates. The sampling strategy
aries depending on the specific scientific case. Our targets were
bserved with the MULTIACCUM observing mode using either eight
amplings with 10-s sampling intervals linearly spaced between one
nother ( SPARS10 sampling sequence) for a total exposure time
f 251.75 s, or nine samplings with 25-s sampling intervals linearly
paced between one another ( SPARS25 sampling sequence) for a
otal exposure time of 711.74 s. Due to the filler nature of the snapshot
rogrammes, the total exposure time was defined according to the
vailable time slot. Each set of observations is flat-field corrected,
ackground subtracted, cosmic-ray cleaned, distortion corrected,
otated, and drizzled. For drizzling, we use a four-point subpixel
ithering pattern that results in an output pixel size of 0.064 arcsec,
hich is roughly half of the original pixel size. The size of the field
f view (FOV) is 136 arcsec × 123 arcsec . The reduction steps are
erformed with the ASTRODRIZZLE package (Hoffmann et al. 2021 ).
dditionally, we perform a first-order astrometric correction by
atching the Gaia early Data Release 3 sources (Gaia Collaboration

021 ) with their nearest HST counterparts. 

.3 Multiwavelength data 

e use archi v al ALMA, SMA, and NOEMA high-resolution mul-
iwavelength observations for 77 systems and include them in our
nalysis. For the ALMA data, we download the Stokes I continuum
mages from the science archive. 2 For the SMA data, we either
se the reduced continuum images from Enia et al. ( 2018 ), or we
ownload the ultraviolet (UV) tables from the science archive., 3 and
e produce the continuum images with the Common Astronomy
oftware Applications 4 ( CASA ) software. HerBS-89a is the only
ource for which we use NOEMA data. The details of the data
eduction are available in Neri et al. ( 2020 , but see Berta et al.
021 for a detailed study of this galaxy). These multiwavelength
bservations have an angular resolution ranging from 1 to 0.03 arcsec
or ALMA, 0.5 arcsec for SMA, and 0.3 arcsec for NOEMA. More
etails on the instrumental setup and references will be given in the
ource-by-source description in Section 4.3 . In addition to these high-
esolution observations, we search both previous literature works
nd the NASA/IPAC Extragalactic Database 5 for the lens candidates
nd/or potential lenses redshifts. 

https://almascience.eso.org/aq/?result_view=observations
https://lweb.cfa.harvard.edu/cgi-bin/sma/smaarch.pl
https://casa.nrao.edu/
https://ned.ipac.caltech.edu/
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Figure 1. From left to right panels: examples of sample systems assigned to classes A, B, C, and D, respectively. In each column, the bottom panel shows a 
20 arcsec × 20 arcsec cutout of the HST image, while the top panel shows a 12 arcsec × 12 arcsec zoom-in on the central source. The cross marks the position 
of the Herschel detection used to identify our targets, while the circle roughly corresponds to the ∼ 20 arcsec FWHM of the Herschel /SPIRE beam at 250 μm. 
The images are oriented with N up and E to the left. 
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 LENS  CLA SSIFICATION  

e assign each one of the 281 sources in our sample to a class that
escribes the likelihood of the source being a strong lensing system:

(i) Class A: the source is confirmed to be strongly lensed because 
t satisfies one or both of the following criteria: (i) the HST image
hows a near-IR object located close to the position of the Herschel
etection, while lensing features (such as arcs and/or multiple 
mages) are visible either before or only after the subtraction of
he near-IR source (supposedly acting as a lens), and (ii) lensing 
eatures are clearly detected in high spatial resolution sub-mm/mm 

ncillary data described in Section 2.3 . 
(ii) Class B: a single galaxy or a group of galaxies is visible close

o the position of the Herschel detection, but there is no detection of
ensing features even after the subtraction of the foreground galaxy. 
herefore, this class tags objects that are likely to be a lens, but

he background source is probably too faint to be detected in the
elati vely shallo w HST data. 

(iii) Class C: no source is detected in the HST image approx- 
mately within the ∼20 arcsec SPIRE FWHM at 250 μm of the
osition of the Herschel detection. These cases are likely to be either
igh- z unlensed DSFGs or lensing events where the lens is either at
igh redshift or has an intrinsically low luminosity, or both. 
(iv) Class D: the source is a contaminant, for example, a dusty

tar, an unlensed quasi-stellar object (QSO), or a low redshift, sub-
m bright, and spiral galaxy (previously misinterpreted as a lens 

andidate). 

The adopted classes are similar to those introduced by Negrello 
t al. ( 2017 ). The main difference is our use of the information
rovided by the HST images after the modelling and subtracting the 
etected near-IR source. This mainly affects the definition of class 
 [criterion (i)] and class B. 
In order to allocate the 281 objects to the four classes, we proceed

y first carrying out a visual inspection of the HST data alone,
ithout performing any galaxy subtraction and without relying on 

n y multiwav elength ancillary data. Based on this simple visual
nalysis, we are able to assign 25 objects to class A, 105 to class
, 146 to class C, and 5 to class D. F our e xamples e xtracted from

he A, B, C, and D classes are shown in Fig. 1 . 
As a second step in the classification, we exploit the available

igh spatial resolution sub-mm/mm data to look for evidence of 
ultiple images and arcs. In this way, we are able to identify 31
ore lensed objects (promoting them to A class) that have been

reviously classified as B or C and 26 individual unlensed DSFGs
r o v erdensities of unlensed DSFGs. In summary, after the use of
ncillary data, the number of objects assigned to class A increases
rom 25 to 56 and the number of systems in classes B and C decreases
o 76 and 120, respectively. In contrast, that of objects in class D
ncreases from 5 to 29. 

Finally, as described in detail in Section 4 , in the HST images, we
erform, if possible, the modelling of the surface brightness of the
oreground galaxies and subtract it from the HST image to reveal any
ensing feature. In this way, we are able to identify nine new lensed
alaxies that have been previously assigned to class B. 

In conclusion, after the visual inspection of the HST images, use
f ancillary data, and surface brightness modelling, we are able to
ssign 65 objects to class A, 67 to class B, 120 to class C, and 29
o class D. The systems classified as A are listed in Table 1 , those
lassified as D are listed in Table 2 , while the rest of the sample is
isted in Table B1 . The details on the redshifts and their references
re available in Table 3 . 
MNRAS 528, 6222–6279 (2024) 
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Table 3. Redshift of the candidate lenses and background sources of the confirmed lensing systems. 

No. Name z l Ref. z s Ref. 
(1) (2) (3) (4) (5) (6) 

S 1 HATLASJ000330.6 − 321136 (0.38 ± 0.10) Sh21 3.077 Ur22 
S 2 HATLASJ000912.7 − 300807 (0.28 ± 0.08) Sh21 (1.19 ± 0.10) Zh18 
S 3 HELMSJ001353.5 − 060200 (0.60 ± 0.18) Na16 1.948 Co23 
S 4 HELMSJ003619.8 + 002420 0.257573 Na16 1.617 Co23 
S 5 HELMSJ005841.2 − 011149 (0.38 ± 0.08) Na16 1.498 Co23 
S 6 HERSJ011722.3 + 005624 (0.87 ± 0.05) Na16 2.469 Co23 
S 7 HERSJ012620.5 + 012950 (0.43 ± 0.05) Na16 1.449 Co23 
S 8 HERSJ020941.2 + 001558 0.201854 Na16 2.55293 Ge15 
S 9 HERMESJ032637 − 270044 – – – –
S 10 HERMESJ033732 − 295353 (0.19 ± 0.05) Sh21 – –
S 11 1 HATLASJ083051 + 013225 1 0.626 Bu13 3.6345 Ya17 
S 11 2 HATLASJ083051 + 013225 2 1.002 Bu13 3.6345 Ya17 
S 12 HERMESJ100144 + 025709 0.608 Ca14 – –
S 13 HERMESJ103827 + 581544 0.591465 Al17 – –
S 14 HERMESJ110016 + 571736 0.780518 Al17 – –
S 15 HATLASJ114638 − 001132 1.2247 Bu13 3.2596 Y17 
S 16 HATLASJ125126 + 254928 (0.62 ± 0.10) Ne17 3.4419 Ba20 
S 17 HATLASJ125760 + 224558 0.555449 Al17 (1.53 ± 0.30) Ne17 
S 18 HATLASJ133008 + 245860 0.4276 Bu13 3.112 Ca14 
S 19 HATLASJ133846 + 255057 (0.42 ± 0.10) Ne17 (2.34 ± 0.40) Ba18 
S 20 HATLASJ142935 − 002837 0.21844 Me14 1.0271 Me14 
S 21 HERMESJ171451 + 592634 1.236 Sh21 3.17844 HC16 
S 22 HERMESJ171545 + 601238 (0.40 ± 0.09) Sh21 2.264 Ca14 
S 23 HATLASJ225844.7 − 295124 (0.69 ± 0.21) Sh21 (2.48 ± 0.040) Ba18 
S 24 HELMSJ232210.3 − 033559 (0.14 ± 0.09) Na16 4.688 Co23 
S 25 1 HATLASJ233037.2 − 331217 1 (0.66 ± 0.17) Sh21 2.170 Ur22 
S 25 2 HATLASJ233037.2 − 331217 2 (0.66 ± 0.17) Sh21 2.170 Ur22 
S 26 HELMSJ001626.0 + 042613 0.2154 Am18 2.509 Na16 
S 27 HATLASJ002624.8 − 341737 (0.93 ± 0.35) Wa22 3.050 Ur22 
S 28 HELMSJ004723.6 + 015751 0.3650 Am18 1.441 Na16 
S 29 HERSJ012041.6 − 002705 (0.73 ± 0.04) Na16 2.015 Co23 
S 30 HATLASJ085112 + 004934 (0.66 ± 0.32) Sh21 (1.77 ± 0.27) MG19 
S 31 HATLASJ085359 + 015537 (1.16 ± 0.22) Sh21 2.0925 Ya16 
S 32 HERMESJ104549 + 574512 (0.20 ± 0.02) Wa13 2.991 Wa13 
S 33 HERMESJ105551 + 592845 (0.38 ± 0.11) Wa13 1.699 a Wa13 
S 34 HERMESJ105751 + 573026 (0.60 ± 0.04) Ga11 2.9575 Ga11 
S 35 HATLASJ132630 + 334410 0.7856 Bu13 2.951 Bu13 
S 36 1 HATLASJ133543 + 300404 1 0.9825 St14 2.685 Ca14 
S 36 2 HATLASJ133543 + 300404 2 0.9845 St14 2.685 Ca14 
S 36 3 HATLASJ133543 + 300404 3 0.9815 St14 2.685 Ca14 
S 36 4 HATLASJ133543 + 300404 4 0.9945 St14 2.685 Ca14 
S 37 HATLASJ142140 + 000448 (1.11 ± 0.41) Sh21 2.781 Co23 
S 38 HERMESJ142824 + 352620 1.034 Bo06 1.325 Bo06 
S 39 HATLASJ223753.8 − 305828 (0.54 ± 0.14) Sh21 (2.13 ± 0.38) Wa22 
S 40 HATLASJ225250.7 − 313657 (0.69 ± 0.26) Sh21 2.433 Ur22 
S 41 HELMSJ233441.0 − 065220 – – 1.905 Co23 
S 42 HELMSJ233633.5 − 032119 – – 2.335 Co23 
S 43 HELMSJ001615.7 + 032435 0.663 Na16 2.765 Na16 
S 44 HELMSJ002220.9 − 015524 (0.90 ± 0.15) Sh21 5.162 As16 
S 45 HELMSJ003814.1 − 002252 (0.17 ± 0.08) Na16 4.984 Co23 
S 46 HELMSJ003929.6 + 002426 (0.72 ± 0.23) Sh21 2.848 Co23 
S 47 HELMSJ004714.2 + 032454 (0.48 ± 0.08) Na16 1.19 Na16 
S 48 1 HELMSJ005159.4 + 062240 1 0.60266 Ok21 2.392 Na16 
S 48 3 HELMSJ005159.4 + 062240 3 0.59852 Ok21 2.392 Na16 
S 49 HATLASJ005724.2 − 273122 (0.89 ± 0.41) Wa22 3.261 Ur22 
S 50 HERMESJ021831 − 053131 1.350 Wa13 3.3950 Wa13 
S 51 HERMESJ033211 − 270536 – – – –
S 52 HERMESJ044154 − 540352 – – – –
S 53 HATLASJ083932 − 011760 (0.42 ± 0.12) Sh21 2.669 Co23 
S 54 1 HATLASJ091841 + 023048 1 (0.91 ± 0.32) Sh21 2.5811 Ha12 
S 54 2 HATLASJ091841 + 023048 2 (0.91 ± 0.32) Sh21 2.5811 Ha12 
S 55 HATLASJ113526 − 014606 – – 3.1276 Ha12 
S 56 HATLASJ115433.6 + 005042 (0.52 ± 0.11) Sh21 (3.90 ± 0.50) Ba20 
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Table 3 – continued 

No. Name z l Ref. z s Ref. 
(1) (2) (3) (4) (5) (6) 

S 57 HATLASJ120127.6 − 014043 (0.88 ± 0.35) Sh21 (4.06 ± 0.38) MG19 
S 58 HATLASJ131611 + 281220 (0.90 ± 0.13) Be21 2.9497 Ne20 
S 59 HATLASJ134429 + 303036 0.6721 Bu13 2.3010 Ha12 
S 60 1 HATLASJ141352 − 000027 1 0.5478 Bu13 2.4782 Ha12 
S 60 3 HATLASJ141352 − 000027 3 0.5494 Bu13 2.4782 Ha12 
S 61 1 HATLASJ142414 + 022304 1 0.595 Bu13 4.243 Co11 
S 61 2 HATLASJ142414 + 022304 2 0.595 Bu13 4.243 Co11 
S 62 HERMESJ142826 + 345547 0.414 Wa13 2.804 Wa13 
S 63 HATLASJ230815.5 − 343801 (0.72 ± 0.21) Wa22 (4.03 ± 0.38) MG19 
S 64 HELMSJ232439.5 − 043936 (0.67 ± 0.26) Sh21 2.473 Na16 
S 65 HELMSJ233620.8 − 060828 0.3958 Na16 3.434 Na16 

Notes. Column (1): source reference number. Column (2): IAU name of the Herschel detection. Columns (3) and (4): redshift 
of the lens candidate and reference. Columns (5) and (6): redshift of the background source and reference. The bracketed values 
are photometric redshifts. Following are the abbreviations used for the references that are not already included in Table 1 : 
As16: Asboth et al. ( 2016 ); Ba20: Bakx et al. ( 2020 ); Co23: Cox et al. ( 2023 ); HC16: Hern ́an-Caballero et al. ( 2016 ); MG19: 
Manj ́on-Garc ́ıa et al. ( 2019 ); Ne20: Neri et al. ( 2020 ); Ok21: Okido et al. ( 2021 ); St14: Stanford et al. ( 2014 ); W a22: W ard 
et al. ( 2022 ); and Ya16: Yang et al. ( 2016 ). 

4

W  

f  

f

 

I
 

l  

t  

w
 

t  

r
 

d  

L  

s  

 

a  

e  

o
 

s  

c  

r
 

f  

c  

m  

n  

c
 

t  

A  

s  

2  

a  

t  

s  

I  

i  

f  

d  

t

4

B  

t  

fi  

t  

o  

n  

i  

t  

t  

a  

d  

p  

G  

p  

g  

r

4

T  

e  

s  

t  

p  

s
 

c  

M  

6 https:// www.l3harrisgeospatial.com/ Software-Technology/ IDL 
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D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/4/6222/7342497 by C
halm

ers Tekniska H
ogskola user on 13 M

arch 2024
 SURFAC E  BR IGHTNESS  M O D E L L I N G  

e group all the systems, for which we are able to identify the
oreground lensing galaxies or a suitable candidate according to the
ollowing configurations: 

(i) systems in which a clearly isolated galaxy is acting as a lens.
n this case, we model this single object (type 1); 

(ii) systems in which two or three galaxies are probably acting as
enses (e.g. they are very close to each other or even blended, and
he lensing features are consistent with multiple lenses). In this case,
e model all the galaxies at the same time (type 2); 
(iii) systems in which more than one galaxy is clearly visible in

he foreground, but either they are sufficiently small or distant with
espect to each other that they can be separately modelled (type 3); 

(iv) one system which shows no trace of a lens, likely
ue to a combination of high redshift and obscuration (HAT-
ASJ113526 − 014606; see Giulietti et al. 2023 for details). This
ystem will not be included in the lens surface brightness modelling.

For the systems confirmed as lensed by multiwavelength data
lone, we use the location of the background sources sub-mm
mission to identify the foreground lensing galaxies in the HST
bservations. 
It is worth noticing that for types 2 and 3 systems, we can not be

ure whether all the galaxies are contributing to the lensing. In most
ases, we do not know the redshift of all the galaxies, so we can not
ule out the possibility that they are unrelated field objects. 

We still provide the models of all the galaxies of interest to enable
uture studies once all the redshifts are known. In order to best
haracterize the galaxies acting as lenses and provide the best-fitting
odel of their surface brightness, we use either a parametric or a

on-parametric approach depending on the lens morphology and
onfiguration of the lensing system. 

For the parametric modelling, we adopt the Galaxy Surface Pho-
ometry 2-Dimensional Decomposition algorithm ( GASP2D ; M ́endez-
breu et al. 2008 , 2017 ) to model the type 1 and type 3 lensing

ystems and the Galaxy Fitting algorithm ( GALFIT ; Peng et al. 2002 ,
010 ) for the type 2 foreground lensing systems. GASP2D has the
dvantage of automatically setting the initial guess values needed
o fit the galaxy image, whereas GALFIT allows us to perform the
imultaneous fit of multiple systems. We adopt the non-parametric
NRAS 528, 6222–6279 (2024) 
sophote Fitting algorithm ( ISOFIT ; Ciambur 2015 ) to model highly
nclined disc lenses for which GASP2D and GALFIT fail. In the
ollowing sections, we describe the approaches adopted for the
ifferent cases. We point out in the source-by-source descriptions
he cases for which we made exceptions to the above prescriptions. 

.1 Parametric approaches 

oth GASP2D and GALFIT adopt a set of analytical functions to model
he light distribution of the galaxy components. They derive the best-
tting values of the structural parameters by comparing the model of

he surface brightness distribution with the observed photon counts
f the galaxy in each image pixel with an iterative procedure of
on-linear least-squares minimization. The model surface brightness
s convolved with the point spread function (PSF) measured on
he galaxy image to deal with the smearing effects due to the
elescope optics and instrumental setup. Each image pixel is weighted
ccording to the inverse of the variance of its total photon counts
ue to the contribution of both the galaxy and sky, the detector
hoton-noise limitation and readout noise are also taken into account.
ASP2D and GALFIT are written in IDL 6 and C, 7 respectiv ely. The y
rovide the best-fitting values of the structural parameters of the
alaxy components and their formal errors, as well as the model and
esidual image of the galaxy to be compared to the observed one. 

.1.1 Residual sky subtraction 

he sk y lev el pro vided by the image reduction consists of a global
stimate across the FOV after automatically masking the luminous
ources. This subtraction pro v es to be unreliable in the analysis of
he faintest lensing features since a residual sky level could still be
resent in the image. Therefore, we measure and subtract the residual
k y lev el as follows. 

We start by masking the system as well as the foreground stars,
ompanion, and background galaxies, and lensing features using the
AKE SOURCES MASK task of the PHO TUTILS.BA CKGR OUND PYTHON

https://www.l3harrisgeospatial.com/Software-Technology/IDL
https://users.obs.carnegiescience.edu/peng/work/galfit/galfit.html
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Figure 2. Left panel: image of S 7 with the pixel mask (corresponding to the regions with black contours) used to estimate the residual sk y lev el and standard 
deviation of the background. The highlighted box marks the FOV of the zoom-in shown in the right panel. Right panel: trimmed sky-subtracted image and pixel 
mask used to fit the surface brightness distribution of the lensing galaxy of S 7. 
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ackage 8 (Bradley et al. 2021 ). The source segmentation algorithm 

dentifies all the abo v e sources and creates their footprints by
electing the N pixel connected pixels with photon counts o v er a giv en
hreshold σ . Then, the algorithm enlarges the available footprints 
ith binary dilation (e.g. Nadadur & Haralick 2000 ) through an 
 pixel × m pixel matrix to build the pixel mask of all the luminous

ources in the image. We repeat this process twice to identify both
he compact ( N pixel = 5, m = 11, and σ = 2) and extended ( N pixel =
0, m = 51, and σ = 2) sources. In both cases, we reiterate the
ource identification and footprint dilation of the masked image until 
o more pixels are added to the mask. The values of N pixel , m , and σ
re chosen such that the resulting masks co v er most of the sources
nd, at the same time, leave some background-dominated regions in 
he image. The final pixel mask is the combination of the footprints
uilt for compact and extended sources, which we visually check 
nd manually edit to remo v e the spurious sources, such as residual
osmic rays and bad pixels. 

We calculate the residual sky level as the biweight location of the
nmasked pixels. This is an estimator for the central location of a
istribution that is very robust against outliers (e.g. Beers, Flynn & 

ebhardt 1990 ). Then, we subtract it from the image. We derive
he standard deviation rms bkg of the sky-subtracted image through 
he median absolute deviation of the unmasked pixels using σ = 

AD/ � 

−1 (3/4), where MAD is the median absolute deviation, 
/ � 

−1 (3/4) ≈ 1.4826 is the normal inverse cumulative distribution 
unction e v aluated at a probability of 3/4. The biweight location
nd MAD are available through ASTROPY.STATS package (Astropy 
ollaboration 2018 ). The image of HERSJ012620.5 + 012950 

HERS5, S 7; Nayyeri et al. 2016 ) with the pixel mask adopted to
stimate the residual sky level is shown in Fig. 2 (left panel) as an
xample. 

.1.2 Pixel mask and noise map 

e trim the sky-subtracted images to reduce the computing time to 
erform a reliable photometric decomposition. Each galaxy is centred 
 https:// photutils.readthedocs.io/ en/ stable/ index.html 9
n an FOV ranging from 200 pixel × 200 pixel (corresponding to 
2 . 8 arcsec × 12 . 8 arcsec ) to 400 pixel × 400 pixel (25 . 6 arcsec ×
5 . 6 arcsec ) to fully co v er all the lensing features. We also trim
he pixel mask to the same region. Then, we unmask the pixels
orresponding to the source in the central circular region of ∼100-
ixel (6 . 4 arcsec ) radius. This allows us to set up the final pixel
ask, which we use for the parametric fitting of the source surface

rightness. The trimmed image and final pixel mask that we use to
odel the surface brightness distribution of S 7 are shown in Fig. 2

right panel). In addition, we build the noise map of the images by
alculating the variance (in units of electrons) of each pixel as σ 2 =
 RON 

2 + σ 2 
sky + σ 2 

gal ) / GAIN 

2 , where σ 2 
sky = I sky ·GAIN and σ 2 

gal =
 gal ·GAIN with I sky and I gal the surface brightness of the sky and
ens in ADU, RON is the detector readout noise (in ADU) scaled for
he number of samplings performed during the exposure (see Dressel 
022 for details), and GAIN is the detector gain (in e − ADU 

−1 ). Since
he sky level that was actually subtracted during image reduction is
ot readily available, we use rms 2 bkg = RON 

2 + σ 2 
sky . Nevertheless, 

e estimate the expected variance of the sky from the equation above,
erifying that σ sky > RON. 

.1.3 PSF model 

or each image, we build a PSF model from the non-saturated point
ources with the highest SNR available in the full WFC3/F110W 

OV. For each point source, we identify the centroid with the
IND CENTROIDS task of the PHOTUTILS package and we extract 
 cutout of 100 pixel × 100 pixel (6 . 4 arcsec × 6 . 4 arcsec ) corre-
ponding to ∼ 20 FWHM × 20 FWHM . We get the stacked PSF by
umming all the point-source cutouts. Before stacking, we normalize 
he total flux of each point source to unity after removing spurious
ources and surface brightness gradient due to nearby bright and 
xtended sources. The stacked PSF is smoothed using a PYTHON two-
imensional Savitsky–Golay filter 9 (e.g. Ratzlaff & Johnson 1989 ) to 
emo v e noise. Then, we mask the smoothed PSF model using image
egmentation and replace the background pixels with their mean 
MNRAS 528, 6222–6279 (2024) 

 https:// github.com/ espdev/ sgolay2 

https://photutils.readthedocs.io/en/stable/index.html
https://github.com/espdev/sgolay2
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Figure 3. Image of the normalized PSF model adopted to fit the surface 
brightness distribution of S 7. 

v  

s  

s  

i  

o

4

W  

s  

t  

 

m  

p  

t  

t  

p  

a  

p  

t  

a  

fi  

t  

p  

a  

s
 

s  

s  

t  

s  

W  

u  

u  

a  

a  

c  

t  

a  

t  

Figure 4. Flowchart describing the steps of the parametric surface brightness 
modelling. 
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alue. We adopt the resulting stacked, smoothed, and background-
ubtracted PSF to model the surface brightness distribution of the
ource. The average number of point sources we use to build the PSFs
s 2. We show in Fig. 3 the PSF model adopted for the parametric fit
f S 7. 

.1.4 Parametric modelling 

e perform the parametric modelling of the systems following the
teps reported in the flowchart given in Fig. 4 and taking into account
he PSF model, pixel mask, and noise map associated with the image.

Both GASP2D and GALFIT algorithms are based on a χ2 mini-
ization. Thus, it is important to adopt initial guesses for the free

arameters as close as possible to their actual values. This ensures
hat the iteration procedure does not stop on a local minimum of
he χ2 distribution. GASP2D automatically sets the guess values by
erforming a one-dimensional decomposition of the azimuthally
veraged radial profiles of the surface brightness, ellipticity, and
osition angle of the source, which we measured by fitting ellipses
o the isophotes with the ISOFIT task (see Section 4.2 for details)
nd adopting the final pixel mask. For GALFIT , we preliminarily
t a de Vaucouleurs law and adopt for the ellipticity and posi-

ion angle of the mean values of the azimuthally averaged radial
rofiles. The best-fitting values of this preliminary decomposition
re adopted as guess values for the actual parametric fitting of the
ource. 

We al w ays start by fitting a single S ́ersic component to the
ource. Then, we visually inspect the residual image to look for
purious sources and/or lensing features. We update the pixel mask
o account for them and repeat the fit. If significant residuals are
till visible, we add a second component and repeat again the fit.
e check the new residual image and iterate the fitting procedure

p to a maximum of three S ́ersic extended components and one
nresolved nuclear component. The additional luminous components
re included to remo v e the residual under/o v ersubtracted structures
t scales similar to the PSF or larger. As a final step, we double-
heck the best-fitting values to a v oid hitting the boundaries of
he allowed ranges for the structural parameters, for which we
dopt the ones implemented in GASP2D , which are [0 . 3 , 10] for
he S ́ersic index and [0 . 5 FWHM PSF , +∞ ) for the ef fecti ve radius
NRAS 528, 6222–6279 (2024) 
see, M ́endez-Abreu et al. 2008 , 2017 , for details). This issue occurs
ostly for the S ́ersic index of a few luminous components, which
e fix to 0.5, 1, or 4. If the best-fitting ef fecti ve radius of the

ingle S ́ersic fit is smaller than the PSF FWHM or larger than the
utout radius, we add a nuclear point source or enlarge the cutout.
hen necessary, we mask out the dust patches and lanes as much

s possible to reco v er a reliable model of the surface brightness
istribution. 
The input files adopted by the two algorithms to perform the

urface brightness modelling are listed in Table 4 . 
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Table 4. Input files adopted to perform the surface brightness modelling with the different fitting algorithms used in this work. 

Algorithm Noise map PSF model Isophote table Parametric functions Parameter guesses Pixel mask 

GASP2D Yes Yes Yes Yes Optional Yes 
GALFIT Yes Yes No Yes Yes Yes 
ISOFIT + CMODEL No No Yes No No Yes 
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.1.5 Error estimate 

he formal errors on the fitted parameters obtained from the χ2 

inimization procedure usually underestimate the real errors of the 
tructural parameters (e.g. M ́endez-Abreu et al. 2008 ). Therefore, 
e estimate the errors on the fitted parameters by analysing a sample
f mock galaxies we build through a series of Monte Carlo (MC)
imulations following Dalla Bont ̀a et al. ( 2018 ). 

To mimic the observational setup, we carry out the MC simulations
n two different exposure-time bins, corresponding to 251 and 
12 s, respectiv ely. F or each modelled galaxy (Table 5 and Table
1 ), we build at least 70 mock galaxies by randomly choosing

ach component parameters p i in the range ˆ p i − 0 . 3 ̂  p i < p i <

ˆ  i + 0 . 3 ̂  p i , where ˆ p i is the best-fitting value. We create more than
800 mock galaxies in total. The image size of each mock source
ange between 200 pixel × 200 pixel (12 . 8 arcsec × 12 . 8 arcsec ) to
00 pixel × 400 pixel (25 . 6 arcsec × 25 . 6 arcsec ) to enclose the
argest fitted lens of that particular magnitude bin. We convolve the 
ock galaxies of each magnitude bin with a PSF that was randomly

hosen from those produced to fit the systems of that particular 
agnitude bin. We adopt the same pixel scale, detector gain, and 

eadout noise of the real images. In addition, we add a background
evel corresponding to the median rms bkg measured in the real images 
f that particular magnitude bin, and we add the photon noise in order
o match the SNR of the mock and real images. 

We run GASP2D or GALFIT with the appropriate combination 
f components to analyse the images of the mock galaxies. We 
hen group the modelled galaxies according to their component 
ombination (i.e. S ́ersic, de Vaucouleurs, S ́ersic–S ́ersic, etc.). For
ach component of each modelled galaxy, we bin the different values 
f the mock galaxies in bins of one- or two-magnitude width centred
n the magnitude of the best-fitting model component. We study the 
istribution of the relative errors on the ef fecti ve surface brightness
 e , ef fecti ve radius R e , and S ́ersic index n as ( p output / p input − 1) and
f the absolute errors on the position angle PA and axial ratio q as
 p output − p input ). All the distributions appear to be nearly Gaussian
fter removing all the systems for which the fit failed, for example,
hen one of the fitted components goes to zero or the model extends

ignificantly more than the cutout. We measure the biweight location 
nd median absolute deviation of each distribution to detect possible 
ystematic errors and derive the errors on the single parameters, 
espectively. We do not identify any systematic error, as all biweight 
ocation values are consistent with zero. 

.2 Non-parametric approach 

e use ISOFIT to model the surface brightness distribution of the 
ighly inclined disc foreground lensing galaxies ( i > 80 ◦) for which
ASP2D and GALFIT fail to reco v er the structural parameters. ISOFIT

odels the galaxy isophotes, taking into account deviations from 

 perfect elliptical shape. It supersedes the IRAF 10 task ELLIPSE 

Jedrzejewski 1987 ) by sampling the isophotes according to eccentric 
0 https:// github.com/ iraf-community/ iraf

t
s  

a  
nomaly rather than azimuthal angle and fitting simultaneously all 
he higher order Fourier harmonics. ISOFIT provides a table with the
est-fitting parameters of the galaxy isophotes, which can be used 
o build the model image through the IRAF task CMODEL (Ciambur
015 ). Before fitting the isophotes, we subtract the residual sky level
nd built the pixel mask, as it has been done for the images of the
ystems to be fitted with the parametric approach and described 
n Sections 4.1.1 and 4.1.2 . Since ISOFIT models the observed
urface brightness distribution of the galaxy through an isophotal 
t and without disentangling the light contribution of its structural 
omponents, we do not need to account for the image PSF and
oise map. The input files needed by ISOFIT are listed in Table 4 .
nfortunately, we are not able to model HATLASJ142935 − 002837 

G15v2.19; S 20) due to the low SNR of the image, which is heavily
bscured by a complex pattern of dust that is not possible to be
uccessfully masked. For the analysis of S 20, we refer the reader
o Calanog et al. ( 2014 ) and Messias et al. ( 2014 ), who managed to
odel this lens using Keck and ancillary ALMA observations. As 

uch, the following results are limited to the 63 systems we could
odel. 

.3 Surface brightness modelling results 

fter subtracting the foreground lens candidates, we check the 
esiduals for lensing morphology, finding nine new lensed systems. 
he confirmed lenses increase to 65 systems. For 42 of these,
e detect the observed-frame near-IR emission of the background 

ource. As a result, the fraction of confirmed systems increases more
han doubled, from 9 per cent to 23 per cent. The number of B, C,
nd D systems becomes 67, 120, and 29, respectively, while their
ractions change to 24 per cent, 43 per cent, and 10 per cent. 

Fig. 5 shows the distribution of the flux densities at 500 μm of
ur sample systems divided according to their classification. Most 
f the systems have S 500 ≥ 80 mJy , except for those from Calanog
t al. ( 2014 ). We note that, as a consequence of the preliminary
ature of the H-ATLAS catalogues used in Negrello et al. ( 2014 ),
everal systems end up having S 500 < 80 mJy in the final release
f the H-ATLAS catalogues (Valiante et al. 2016 ; Maddox et al.
018 ). We adopt the revised S 500 values in Fig. 5 . We confirm,
ccording to expectations (Negrello et al. 2007 ; Wardlow et al.
013 ), that the number of A and B systems increases at increasing
ux densities, whereas the number of C and D systems peaks at

ower flux densities. Unfortunately, due to the sporadic co v erage of
oth the multiwavelength follow-ups and HST snapshots, we can not 
raw meaningful statistical conclusions on the population of lensed 
SFGs. In Fig. 6 , we show the S 350 / S 500 distribution as a function
f the flux density at 500 μm for the A systems. In this case, the
ifferent colours refer to the different classification methods. HST 

onfirmed systems, both before and after the lens subtraction, tend 
o have lower S 350 / S 500 flux density ratios than those of the systems
onfirmed by multiwavelength follow-ups. This is consistent with 
hem being at lower redshifts and sampling redder, less obscured, 
tellar emission. Most of the systems have SEDs peaking at 350 μm,
s illustrated in Fig. 7 . This should be the case for galaxies with
MNRAS 528, 6222–6279 (2024) 
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Figure 5. Distribution of the 281 sample systems with HST snapshot obser- 
vations as a function of the S 500 flux density. The stacked histograms from 

top to bottom refer to the systems classified as A, B, C, and D, respectively. 

Figure 6. Flux density ratio S 350 / S 500 as function of the flux density at 
500 μm for the systems classified as A. The circles, stars and squares mark 
confirmed lenses that are classified according to visual inspection, multiwave- 
length follow-up observations, and after the lens subtraction, respectively. The 
cross at the top left corner gives the median measurement error. 

Figure 7. Distribution of the Herschel sub-mm flux density ratios of the 281 
systems with HST snapshot observations. The circles, squares, pentagons, and 
stars correspond to the A, B, C, and D classes, respectively. The light-shaded 
area marks the region of the systems with the SED peaking at 350 μm, while 
the dark-shaded area indicates the region of the systems with the SED peaking 
at 500 μm. The cross at the top left corner gives the median measurement error. 
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right S 500 flux densities, which are expected to be located at 1 � z

 4 and potentially lensed (Gonz ́alez-Nuevo et al. 2012 ). We note
hat the C and D systems tend to spread o v er a wider range of flux
ensity ratios than the A or B systems. This is in line with them being
ostly contaminants with a varying range of intrinsic properties. We
nd that 47 of the 64 systems classified as A (73 per cent) have
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Figure 8. From left to right panels: observed F110W HST image, best-fitting lens model, residual, and SNR residual map of five representative lensing systems: 
one for each type plus a confirmed one by multiwavelength data only. The remaining sample systems are shown in Fig. A1 ). The best-fitting lens model and 
residual images result from the surface brightness modelling, while the SNR map is the ratio between the residual image and noise map. The contours in the 
model images are taken at two levels corresponding to SNR = 5 and 10 (thick curves), and five uniformly spaced levels between the SNR = 10 and the maximum 

SNR in the model image (thin curves). The residual map shows the pixel mask (corresponding to the black-shaded regions) adopted for the surface brightness 
modelling. The residual maps show the contours of available high-resolution multiwavelength data taken at two levels corresponding to SNR = 5 and 10 (thick 
curv es), and fiv e uniformly spaced levels between the SNR = 10 and the maximum SNR in the multiwavelength image (thin black curves). The images are 
oriented such that N is up and E is to the left. 

S  

(

l

w  

b
g
t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/4/6222/7342497 by C
halm

ers Tekniska H
ogskola user on 13 M

arch 2024
 500 > 100 mJy , 12 (19 per cent) have 80 < S 500 < 100 mJy and 5
8 per cent) have S 500 < 80 mJy . 

In the following, we analyse the systems confirmed as strong 
enses (class A). Among the 63 successfully modelled systems, 
hich comprise one or more than one galaxy, we include the surface
rightness distribution of 87 galaxies. A high fraction of these 
alaxies ( ∼ 47 per cent ) show complex surface brightness profiles 
hat often need more than one component (e.g. two or three S ́ersic
MNRAS 528, 6222–6279 (2024) 
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rofiles or a combination of S ́ersic profiles and PSF). For three
ystems (S 47, S 48, and S 81), we include spiral arms too. The
arameters of the best-fitting models for four representative systems
re given in Table 5 . They are three type 1 lenses, one visually
onfirmed (S 12) and one with multiwavelength observations (S 50).
n addition, there is one type 2 system (S 11) and one type 3 system
S 8). The remaining systems can be found in Table A1 . In Fig. 8 ,
e show the cutouts of the HST images, best-fitting models, HST

esiduals after model subtraction, and SNR maps of the systems
isted in Table 5 , and one system modelled with ISOFIT (S 5). The
emaining systems are shown in Fig. A1 . 

In the rest of this section, we summarize the properties of each
andidate lens we modelled. Table 3 reports the references for the
edshifts of the lens and source mentioned hereafter. We find that
4 of the systems discussed here have already been studied in the
iterature. Bussmann et al. ( 2013 , 2015 ), Enia et al. ( 2018 ), Dye et al.
 2018 ), and Maresca et al. ( 2022 ) performed lens modelling and, in
ome cases, SED fitting of SMA and/or ALMA observations of 30,
9, 12, 6, and 7 sources, respectively, of these 11, 4, 8, 6, and 4 sources
ere target candidates of our observations and are thus included in
ur analysis. Giulietti et al. ( 2022 ) studied the far-IR/radio correlation
f 28 sources, 18 of which are included in our sample. Calanog
t al. ( 2014 ) analysed 11 more systems of our sample (Table 1 ),
nd performed the source reconstruction on the lens-subtracted HST
mages. Cox et al. ( 2011 ), Gavazzi et al. ( 2011 ), Bussmann et al.
 2012 ), Fu et al. ( 2012 ), Messias et al. ( 2014 ), Geach et al. ( 2015 ),
ayyeri et al. ( 2017 ), Butler et al. ( 2021 ), Liu et al. ( 2022 ), Dye

t al. ( 2022 ), and Giulietti et al. ( 2023 ) analysed single sources.
one of these previous works focused on the photometric properties
f the lenses or performed a detailed analysis and modelling of
heir surface brightness. Our results thus represent the best reference
or such information. In the following description, we report any
ele v ant information available for each system from these previous
orks. 

.3.1 HST confirmed lenses 

ATLASJ000330.6 − 321136 (HerBS155; S 1): we model this type
 foreground lens at z phot 

l = 0 . 38 (Shirley et al. 2021 ) with two
 ́ersic components using GASP2D . The background lensed source

s located at z spec 
s = 3 . 08, as measured by the bright extragalactic

LMA redshift surv e y (BEARS; Urquhart et al. 2022 ). It forms two
egular arcs on the SE and NW sides of the lens. 

HATLASJ000912.7 − 300807 (SD.v1.70; S 2): we model this
ype 1 foreground lens at z phot 

l = 0 . 28 (Shirley et al. 2021 ) with
hree S ́ersic components using GALFIT to account for the different
ocation of their centres. The background lensed source is located
t z phot 

s = 1 . 19 (Zhang et al. 2018 ), and it forms a complex and
ulticomponent arc-like main image on the SE side of the lens and
 compact irregular secondary image on the NW side. 

HELMSJ001353.5 − 060200 (HELMS31; S 3): we model this
ype 1 foreground lens at z phot 

l = 0 . 60 (Nayyeri et al. 2016 ) with
 single S ́ersic component and an exponential component using
ASP2D . 

HELMSJ003619.8 + 002420 (HELMS14; S 4): we model this
ype 1 foreground lens at z spec 

l = 0 . 26 (Nayyeri et al. 2016 ) with
hree S ́ersic components using GALFIT to account for the different
ocation of their centres. The background lensed source is located at
 

spec 
s = 1 . 62 (Cox et al. 2023 ) and forms an almost complete ring ( r ∼
 arcsec) consisting of a diffuse component and three brighter knots
ocated on the SE, SW, and NW sides of the lens. Two additional
NRAS 528, 6222–6279 (2024) 
aint NE and SW structures are visible close to the ring, but they do
ot have a clear lensed morphology. 
HELMSJ005841.2 − 011149 (HELMS23; S 5): the foreground

ens is a type 1 edge-on galaxy at z phot 
l = 0 . 38 (Nayyeri et al.

016 ), which we model with ISOFIT . The background lensed source
s located at z spec 

s = 1 . 50 (Cox et al. 2023 ) and gives rise to two
right knots along the galaxy minor axis, opposite to each other with
espect to the galaxy nucleus. 

HERSJ011722.3 + 005624 1, 2 (HERS10; S 6): this type 3 fore-
round lensing system is formed by a main galaxy (labelled as ‘1’
n Fig. A1 ) at z phot 

l = 0 . 87 (Nayyeri et al. 2016 ) and possibly a
econdary fainter galaxy (labelled as ‘2’), for which the redshift
s not yet available. This prevents us from being more conclusive
bout the lensing nature of the secondary galaxy. We model the two
alaxies with GASP2D using one S ́ersic and one Gaussian component
or the brighter galaxy and a single S ́ersic component for the fainter
ne. The background lensed source is located at z spec 

s = 2 . 47 (Cox
t al. 2023 ) and forms an arc on the E side of the lens and a diffuse
econdary image on the NW side. 

HERSJ012620.5 + 012950 (HERS5; S 7): we model this type 1
oreground lens at z phot 

l = 0 . 43 (Nayyeri et al. 2016 ) with one S ́ersic
nd one Gaussian component using GASP2D . The background lensed
ource is located at z spec 

s = 1 . 45 (Cox et al. 2023 ) and forms two arcs
n the NE and SW sides of the lens. The SW arc shows an additional
iffuse radial component, which extends westward. 
HERSJ020941.2 + 001558 1, 2 (HERS1; S 8): this type 3 fore-

round lensing system is formed by a main galaxy (labelled as ‘1’ in
ig. 8 ) and a second fainter galaxy (labelled as ‘2’), which are both

ocated at z spec 
l = 0 . 20 (Nayyeri et al. 2016 ; Liu et al. 2022 ). We use

ASP2D to model the brighter galaxy with three S ́ersic components
nd the fainter one with a single S ́ersic component. The background
ensed source at z spec 

s = 2 . 55 (Geach et al. 2015 ) forms a bright
xtended arc on the SW side of the lens and two knots on the E and
E sides. This system was studied in detail by Geach et al. ( 2015 ) and
iu et al. ( 2022 ), who measured an Einstein radius of θE = 2 . 48 + 0 . 02 

−0 . 01 

rcsec. It has also been observed with SMA (340 GHz, Liu et al.
022 ), ALMA (Band 7, Liu et al. 2022 ), VLA (1.4 and 5 GHz, Geach
t al. 2015 ), extended Multi-Element Radio Linked Interferometer
etwork (eMERLIN) (1.52 GHz, Geach et al. 2015 ) in the sub-
m/mm wavelength range and with HST (1.6 μm, Liu et al. 2022 ),

nd Keck Near-Infrared Camera 2 (NIRC2) AO ( H and K s bands, Liu
t al. 2022 ) in the near-IR. The sub-mm/mm follow-up observations
how no significant difference in morphology with those performed
n the near-IR. 

HERMESJ032637 − 270044 (HECDFS05; S 9): we model this
ype 1 foreground lens with a single S ́ersic component using GASP2D .
he background lensed source forms two compact images on the E
nd W sides of the lens, which is circled by a fainter incomplete
ing. This system was studied in detail by Calanog et al. ( 2014 ), who
easured an Einstein radius of θE = 0 . 96 + 0 . 02 

−0 . 03 arcsec. 
HERMESJ033732 − 295353 (HECDFS02; S 10): we model this

ype 1 foreground lens at z phot 
l = 0 . 19 (Shirley et al. 2021 ) with three

 ́ersic components using GASP2D . The background lensed source
orms a bright extended arc (divided into two knots on the NE side of
he lens) and an inner secondary image on the SW side. This system
as studied in detail by Calanog et al. ( 2014 ), who measured an
instein radius of θE = 1 . 65 + 0 . 03 

−0 . 05 arcsec. 
HATLASJ083051 + 013225 1, 2 (HerBS4; S 11): this type 2 fore-

round lens is formed by two galaxies, one (labelled as ‘1’ in Fig. 8 ) at
 

spec 
l = 0 . 63 and the other (labelled as ‘2’) at z spec 

l = 1 . 00 (Bussmann
t al. 2013 ). We deblend them with GALFIT by simultaneously
odelling their surface brightness with a single S ́ersic component
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ach. The background lensed source at z spec 
s = 3 . 11 (Yang et al. 2017 )

hows a very complex structure with two intersecting arcs on the NW
ide of the lens. This system was studied in detail by Enia et al. ( 2018 ),
ang et al. ( 2019 ), and Maresca et al. ( 2022 ) who modelled high-

esolution SMA (340 GHz, Bussmann et al. 2013 ), ALMA (Band 7,
mvrosiadis et al. 2018 ; and Band 4 Yang et al. 2019 ) observations.
his system was also observed with Keck/NIRC2 AO ( K s band, 
alanog et al. 2014 ). The sub-mm/mm follo w-up observ ations sho w
 ring around both lenses that splits into two arcs on the SE and
 sides of the system, a third compact image on the N side of the
econd galaxy, and a further compact image between the two lenses.

HERMESJ100144 + 025709 (HCOSMOS01; S 12): we model 
his type 1 foreground lens at z spec 

l = 0 . 61 (Calanog et al. 2014 ) with
 single S ́ersic component using GASP2D . The background lensed 
ource forms three compact images on the NE, S, and NW sides
f the lens, which is surrounded by a fainter ring. This system was
tudied in detail by Calanog et al. ( 2014 ), who measured an Einstein
adius of θE = 0 . 91 + 0 . 01 

−0 . 01 arcsec. It was also observed with ALMA
Band 7, Bussmann et al. 2015 ) in the sub-mm/mm wavelength 
ange and with Keck/NIRC2 AO ( K s band, Calanog et al. 2014 ) in
he near-IR. The sub-mm/mm follow-up observations show only two 
ensing features on the NW and SE sides of the lens, with the first one
aving an arc-like shape. Bussmann et al. ( 2015 ) used the ALMA
ata set to measure an Einstein radius of θE = 0.956 ± 0.005 arcsec.
HERMESJ103827 + 581544 (HLock04; S 13): we model this 

ype 1 foreground lens at z spec 
l = 0 . 59 [Sloan Digital Sky Survey

SDSS) Data Release 13 (DR13), Albareti et al. 2017 ] with two
 ́ersic components using GASP2D . The background lensed source 
orms two knots on the SE and NW sides of the lens, which is also
urrounded by other fainter and more extended arcs. This system 

as studied in detail by Calanog et al. ( 2014 ), who measured an
instein radius of θE = 2 . 40 + 0 . 01 

−0 . 05 arcsec and it was also observed with
MA (340 GHz, Bussmann et al. 2013 ). The sub-mm/mm follow- 
p observ ations sho w no significant dif ference in morphology with
espect to the near-IR observations, with the exception of a positional 
ffset. Bussmann et al. ( 2013 ) used the SMA data set to measure an
instein radius of θE = 2.0 ± 0.2 arcsec. 
HERMESJ110016 + 571736 (HLock12; S 14): we model this 

ype 1 foreground lens at z spec 
l = 0 . 78 (SDSS DR13, Albareti et al.

017 ) with a single S ́ersic component using GASP2D . The background
ensed source gives rise to an extended arc on the NW side of the
ens and a very faint compact secondary image on the SE side. This
ystem was studied in detail by Calanog et al. ( 2014 ), who measured
n Einstein radius of θE = 1 . 14 + 0 . 04 

−0 . 07 arcsec. 
HATLASJ114638 − 001132 1, 2 (HerBS2; S 15): this type 2 fore- 

round lens is formed by two galaxies at z spec 
s = 1 . 22 (Bussmann

t al. 2013 ), which we deblend by simultaneously modelling them 

ith GALFIT using two S ́ersic components each. The background 
ensed source at z spec 

s = 3 . 26 (Yang et al. 2017 ) shows a very complex
tructure with multiple arcs and compact images. This system was 
tudied in detail by Fu et al. ( 2012 ). It was also observed with ALMA
Band 6, Amvrosiadis et al. 2018 ), SMA (340 GHz, Fu et al. 2012 ),
lateau de Bure Interferometer (PdBI) (232 GHz, Omont et al. 2013 ),
nd the Jansky Very Large Array (JVLA) ( Ka band, Fu et al. 2012 )
n the sub-mm/mm wavelength range and Keck/NIRC2 AO ( J and 
 s bands, Fu et al. 2012 ) in the near-IR. The sub-mm/mm follow-
p observations show three images: two arcs that both split into two
nots on the S and N sides of the lenses and a compact image between
he two lenses. There is only a partial o v erlap between the near-IR
nd sub-mm/mm observations. 

HATLASJ125126 + 254928 (HerBS52; S 16): we model this type 
 foreground lens at z phot 

l = 0 . 62 (Negrello et al. 2017 ), with a single
 ́ersic component using GASP2D . The background lensed source at
 

spec 
s = 3 . 44 (Bakx et al. 2020 ) forms four knots located N, NE, S,
nd NW with respect to the lens, three of which are connected by a
ainter arc extending on the N side. This object was also observed
ith ALMA (Band 6, Prop. ID 2018.1.00526.S, PI: I. Oteo). The

ub-mm/mm follow-up observations show the counterparts of the N, 
E, and S images. 
HATLASJ125760 + 224558 (S 17): we model this type 1 fore-

round lens at z spec 
l = 0 . 55 (SDSS DR13, Albareti et al. 2017 ) with

 single S ́ersic component using GASP2D . The background lensed
ource at z phot 

s = 1 . 53 (Negrello et al. 2017 ) forms a compact ring
nd a brighter knot on the NW side of the lens, which is slightly
ffset with respect to the ring. 
HATLASJ133008 + 245860 (HerBS12; S 18): we model this type 

 foreground lens at z spec 
l = 0 . 43 (Bussmann et al. 2013 ) with one

 ́ersic and one Gaussian component using GASP2D . The background
ensed source at z spec 

s = 3 . 11 (Calanog et al. 2014 ) forms three
ompact images on the N, SE, and SW sides of the lens, which is also
urrounded by a fainter incomplete ring. This system was studied in
etail by Calanog et al. ( 2014 ), who measured an Einstein radius of
E = 0 . 944 + 0 . 002 

−0 . 001 arcsec. It was also observed with ALMA (Band 7,
rop. ID 2018.1.00966.S, N. Indriolo), SMA (340 GHz, Bussmann 
t al. 2013 ), PdBI (240 GHz, Omont et al. 2013 ), and NOEMA
283 GHz, Yang et al. 2016 ) in the sub-mm/mm wavelength range
nd with Keck/NIRC2 AO ( K s band, Calanog et al. 2014 ) in the near-
R. The sub-mm/mm follow-up observations show no significant 
ifference in morphology with respect to the near-IR observations. 
ussmann et al. ( 2013 ) used the ALMA data set to measure an
instein radius of θE = 0.88 ± 0.02 arcsec. 
HATLASJ133846 + 255057 (HerBS29; S 19): we model this type 

 foreground lens at z phot 
l = 0 . 42 (Negrello et al. 2017 ) with a single

 ́ersic component using GASP2D . The background lensed source at
 

phot 
s = 2 . 34 (Bakx et al. 2018 ) forms two extended arcs with a sharp
reak on the S and N sides of the lens. This system was observed
ith SMA (340 GHz, Bussmann et al. 2013 ) too. The sub-mm/mm

ollo w-up observ ations sho w no significant dif ference in morphology
ith respect to the near-IR ones. 
HERMESJ171451 + 592634 (HFLS02; S 21): we model this type 

 foreground lens at z spec 
l = 1 . 24 (Shirley et al. 2021 ) with a single

e Vaucouleurs component using GASP2D . The background lensed 
ource at z spec 

s = 3 . 18 (Hern ́an-Caballero et al. 2016 ) forms two arcs
n the NE and SW sides of the lens, which is surrounded by a fainter
ing. This system was studied in detail by Calanog et al. ( 2014 ), who
easured an Einstein radius of θE = 0 . 87 + 0 . 02 

−0 . 05 arcsec. 
HERMESJ171545 + 601238 1, 2 (HFLS08; S 22): this type 3 

oreground lensing system is formed by a main galaxy (labelled 
s ‘1’ in Fig. A1 ) at z phot 

l = 0 . 40 (Shirley et al. 2021 ) and possibly a
econdary unresolved galaxy (labelled as ‘2’), for which the redshift 
s not yet available. This prevents us from being more conclusive
bout the lensing nature of the secondary galaxy. We used GASP2D to
odel the brighter galaxy with two S ́ersic components and one PSF

nd the fainter one with a single S ́ersic component. The background
ensed source at z spec 

s = 2 . 26 (Calanog et al. 2014 ) forms an extended
nd irregular arc E of the lens and a compact secondary image on its
 side. This system was studied in detail by Calanog et al. ( 2014 ),
ho measured an Einstein radius of θE = 1 . 95 + 0 . 05 

−0 . 04 arcsec. 
HATLASJ225844.8 − 295124 (HerBS26; S 23): this type 2 

onfiguration is consistent with two blended galaxies at z phot 
l = 0 . 69

Shirley et al. 2021 ), which we deblend by simultaneously fitting
hem with GALFIT using one and two S ́ersic components, respectively. 
he background lensed source is located at z phot 

s = 2 . 48 (Bakx et al.
018 ). It gives rise to an extended arc encircling the lens on the SW
MNRAS 528, 6222–6279 (2024) 
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ide but without showing any clear secondary image. This is likely
ue to the shear effect caused by the multiple-lens system. 
HELMSJ232210.3 − 033559 1, 2 (HELMS19; S 24): this type 3

oreground lensing system is formed by a main galaxy (labelled as
1’ in Fig. A1 ) at z phot 

l = 0 . 14 (Nayyeri et al. 2016 ) and possibly a
econdary fainter galaxy (labelled as ‘2’), for which the redshift is not
et available. This prevents us from being more conclusive about the
ensing nature of the secondary galaxy. We model the two galaxies
ith GASP2D using two and one S ́ersic components, respectively.
he background lensed source is located at z spec 

s = 4 . 69 (Cox et al.
023 ) and forms an extended irregular arc on the E side of the lens,
 compact secondary image on the SW side, and possibly a third
ainter image on the NW side. 

HATLASJ233037.2 − 331217 1, 2 (HerBS123; S 25): this type 3
oreground lensing system is formed by a main galaxy (labelled as
1’ in Fig. A1 ) at z phot 

l = 0 . 66 (Shirley et al. 2021 ) and possibly a
econdary unresolved galaxy (labelled as ‘2’), for which the redshift
s not yet available. We deblend and model the two galaxies with
ALFIT by using two S ́ersic components and a single unresolved
omponent, respectively. The background lensed source is located at
 

spec 
s = 2 . 17, as measured by the BEARS surv e y (Urquhart et al.
022 ). It shows a very complex structure with multiple knots
mbedded into a main arc and a second inner elongated image on
he SE side. This kind of morphology is indicative of strong shear,
upporting the idea of a multiple lensing system. 

.3.2 Lenses confirmed after the lens subtraction 

ELMSJ001626.0 + 042613 (HELMS22; S 26): we model this type
 foreground lens at z spec 

s = 0 . 22 (Amvrosiadis et al. 2018 ) with two
 ́ersic components using GASP2D . The background lensed source at
 

spec 
s = 2 . 51 (Nayyeri et al. 2016 ) forms an arc on the S side of the
ens. This system was observed with ALMA (Band 6, Amvrosiadis
t al. 2018 ; Band 7, Prop. ID 2016.1.01188.S, S. Eales) in the sub-
m/mm wavelength range. The sub-mm morphology shows two

ompact images on top of the HST arc and a secondary image closer
o the lens on its NE side. This system was studied in detail by Dye
t al. ( 2018 ), who measured an Einstein radius of θE = 0.98 ± 0.07
rcsec. The sub-mm/mm follow-up observations show both the S arc
hat splits into two images and a fainter secondary image on the NE
ide. 

HATLASJ002624.8 − 341737 (HerBS22; S 27): we model this
ype 1 foreground lens at z phot 

l = 0 . 93 (Ward et al. 2022 ) with two
 ́ersic components using GASP2D . The background lensed source at
 

phot 
s = 2 . 70 (Zhang et al. 2018 ) forms an arc on the SW of the lens
nd a fainter secondary image on the opposite side. The SW arc is
plit into two components: a main one and a fainter one, which are
 and S of the lens, respectively. 
HELMSJ004723.6 + 015751 1, 2 (HELMS9; S 28): this type 2 fore-

round lens is formed by two galaxies at z spec 
s = 0 . 37 (Amvrosiadis

t al. 2018 ), which we deblend by simultaneously modelling them
ith GALFIT using two S ́ersic components for the main galaxy

labelled as ‘1’ in Table 5 ) and one de Vaucouleurs component for
he second galaxy (labelled as ‘2’). The background lensed source
t z spec 

s = 1 . 44 (Nayyeri et al. 2016 ) shows a very complex structure
ith one confirmed arc on the N side of the lens and possibly multiple

ompact images. The background lensed source morphology is
ikely to be disturbed by additional features possibly related to the
nteraction with the two lenses. It was observed with ALMA (Band 6,
mvrosiadis et al. 2018 ) in the sub-mm/mm wavelength range. This

ystem was studied in detail by Dye et al. ( 2018 ), who measured
NRAS 528, 6222–6279 (2024) 
n Einstein radius of θE = 2.16 ± 0.10 arcsec. The sub-mm/mm
ollo w-up observ ations sho w clearly the N arc we detected in the
ST image and some hints for further lensed images on the S side of

he lens galaxies. 
HERSJ012041.6 − 002705 (HERS2; S 29): we model this type 1

oreground lens at z phot 
l = 0 . 73 (Nayyeri et al. 2016 ) with two S ́ersic

omponents using GASP2D . The background lensed source forms an
rc on the NE of the lens, a clump eastward of the arc and a fainter
econdary image on the SW side of the lens. 

HATLASJ085112 + 004934 (S 30): we model this type 1 fore-
round lens at z phot 

l = 0 . 66 (Shirley et al. 2021 ) with three S ́ersic
omponents using GASP2D . The background lensed source at z phot 

s =
 . 77 (Manj ́on-Garc ́ıa et al. 2019 ) forms three arcs on the SW, SE,
nd NE sides of the lens. The SW arc is divided into two parts by a
right clump. This is likely due to the shear effect caused by nearby
alaxies. 

HATLASJ085359 + 015537 (G09v1.40; S 31): we model this
ype 1 foreground lens with two S ́ersic components using GASP2D .
he background lensed source at z spec 

s = 2 . 09 (Yang et al. 2016 )
orms a ring that splits into two arcs on the E and W sides of
he lens. This system was studied in detail by Bussmann et al.
 2013 ), Calanog et al. ( 2014 ), and Butler et al. ( 2021 ) with ALMA
Band 6, Butler et al. 2021 and Prop. ID 2017.1.00027.S, S. Eales;
and 7, Amvrosiadis et al. 2018 and Butler et al. 2021 ), and SMA

340 GHz, Bussmann et al. 2013 ) in the sub-mm/mm wavelength
ange and with Keck/NIRC2 AO ( K s band, Calanog et al. 2014 ) in
he near-IR, respectively. These works measured an Einstein radius
f θE = 0 . 56 + 0 . 01 

−0 . 02 arcsec from the Keck observations and θE =
.553 ± 0.004 arcsec from SMA observations. The sub-mm/mm
ollo w-up observ ations sho w no significant dif ference in morphology
ith respect to the near-IR ones. 
HERMESJ104549 + 574512 (HLock06; S 32): we model this type

 foreground lens at z phot 
l = 0 . 20 (Wardlow et al. 2013 ) with two

 ́ersic components using GASP2D . The background lensed source at
 

spec 
s = 2 . 91 (Calanog et al. 2014 ) forms two images on the NW and
E sides of the lens. Bussmann et al. ( 2013 ) used the SMA data set

o measure an Einstein radius of θE = 0.10 ± 0.03 arcsec. 
HERMESJ105551 + 592845 (HLock08; S )33 : this type 2 fore-

round lens is formed by two galaxies (labelled as ‘1’ and ‘2’ in
ig. A1 ) at z phot 

l = 0 . 38 (Wardlow et al. 2013 ), which we deblend
y simultaneously modelling them with GALFIT using one S ́ersic
omponent each. The background lensed source at z spec 

s = 1 . 70
Calanog et al. 2014 ) shows a complex morphology with a bright arc
nd a faint secondary image SW and NE of the galaxy 1 respectively,
nd a possible third image E of the galaxy 2. 

HERMESJ105751 + 573026 1, 2, 3, 4, 5, 6 (HLock01; S 34): this type
 foreground lens is formed by a group of six galaxies (labelled
rom ‘1’ to ‘6’ in Fig. A1 ) at z phot 

l = 0 . 60 (Gavazzi et al. 2011 ).
e simultaneously model them with GALFIT using, respectively, two
 ́ersic components, one de Vaucouleurs and one S ́ersic component,
ne S ́ersic component, one de Vaucouleurs component, one S ́ersic
omponent, and a PSF. With respect to Gavazzi et al. ( 2011 ) we
ivide galaxy 5 into two separate components. The background
ensed source at z spec 

s = 2 . 96 (Gavazzi et al. 2011 ) forms a bright
rc on the NE side of galaxy 1 that splits into two images in the
roximity of galaxy 6, two additional bright compact images on the
 and NW of galaxy 1, and, a faint counter image near the NE
ide galaxy 1 (which was predicted but not observed by Gavazzi
t al. ( 2011 ). This system was also observed with SMA (340 GHz,
ussmann et al. 2013 ) and with Keck/NIRC2 AO ( K s band, Gavazzi
t al. 2011 ). 
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HATLASJ132630 + 334410 (NAv1.195; S 35): we model this type 
 foreground lens at z spec 

l = 0 . 79 (Bussmann et al. 2013 ) with one
 ́ersic component using GASP2D . The background lensed source at 
 

spec 
s = 2 . 95 (Bussmann et al. 2013 ) forms two images on the NW
nd SE sides of the lens. This system was observed with ALMA
Band 3, Berman et al. 2022 and Band 6, Prop. ID 2017.1.01214.S,
. Min), and SMA (340 GHz, Bussmann et al. 2013 ). The sub-
m/mm follow-up observations show no significant difference in 
orphology with respect to the near-IR ones. Bussmann et al. ( 2013 )

nd Kamieneski et al. ( 2023a ) used the SMA and ALMA band 3
ata sets to measure an Einstein radius of θE = 1.80 ± 0.02 and
E = 1 . 78 + 0 . 21 

−0 . 14 arcsec, respectively. 
HATLASJ133543 + 300404 1, 2, 3, 4 (HerBS35; S 36): this type 2 

oreground lens is formed by a cluster of galaxies (labelled as ‘1’,
2’, ‘3’, and ‘4’ in Fig. A1 ) at z spec 

l = 0 . 98 (Stanford et al. 2014 ;
ayyeri et al. 2017 ), which we deblend by simultaneously modelling 

hem with GALFIT using one S ́ersic and one PSF component for
alaxy 1 and one S ́ersic component each for the remaining ones.
he background lensed source at z spec 

s = 2 . 69 (Nayyeri et al. 2017 )
hows a complex morphology with a compact bright arc and a faint
econdary image NE and SW of the galaxy 1, one arc S of the
alaxies 1 and 2, and another arc N of the galaxies 3 and 4. This
ystem was observed with SMA (228 GHz, Nayyeri et al. 2017 ), the
VLA (4 GHz, Nayyeri et al. 2017 ), and Keck/NIRC2 AO ( K s and H
ands, Nayyeri et al. 2017 ). The sub-mm/mm follow-up observations 
how a complex morphology with various arcs and images that are 
ot detected in the near-IR observations. 
HATLASJ142140 + 000448 (HerBS140; S 37): we model this 

ype 1 foreground lens at z PHOT 
s = 1 . 11 (Shirley et al. 2021 ) with

 single S ́ersic component using GASP2D . The background lensed 
ource is located at z spec 

s = 2 . 78 (Cox et al. 2023 ) and forms a faint
ing that splits on the N and S sides of the lens and a clump slightly
ffset of the ring on the NE side of the lens. 
HERMESJ142824 + 352620 (HBootes03; S 38): we model this 

ype 1 foreground lens at z spec 
s = 1 . 03 (Borys et al. 2006 ) with two

 ́ersic components using GASP2D . The background lensed source at 
 

spec 
s = 1 . 33 (Borys et al. 2006 ) forms a closer arc on the NE of the
ens and a diffuse secondary image on the SW side of the lens. It was
bserved with SMA (340 GHz, Bussmann et al. 2013 ), and ALMA
Band 6, Amvrosiadis et al. 2018 ) in the sub-mm/mm wavelength 
ange. The sub-mm/mm follow-up observations show no significant 
ifference in morphology with respect to the near-IR observations. 
his system was studied in detail by Bussmann et al. ( 2013 ), who
easured an Einstein radius of θE = 2 . 46 + 0 . 01 

−0 . 01 arcsec. 
HATLASJ223753.8 − 305828 (HerBS68; S 39): we model this 

ype 1 foreground lens with one S ́ersic component using GASP2D .
he background lensed source at z phot 

s = 2 . 13 (Ward et al. 2022 ) or
 

phot 
s = 2 . 26 (Manj ́on-Garc ́ıa et al. 2019 ) forms an arc on the SE side
f the lens and a faint secondary image on the E side. The SE arc
hows a secondary faint farther arc that extends from the N tip of the
ain arc. 
HATLASJ225250.7 − 313657 (HerBS47; S 40): we model this 

ype 1 foreground lens with one S ́ersic component using GASP2D .
he background lensed source at z phot 

s = 2 . 70 (Manj ́on-Garc ́ıa et al.
019 ) forms a bright arc on the NW side of the lens and a faint
econdary image on the SE side. Both the arc and secondary image
re split into two knots. 

HELMSJ233441.0 − 065220 (HELMS1; S 41): we model this 
ype 1 foreground lens with two S ́ersic components using GASP2D .
or this case, we first model and subtract the main images of the
ackground lensed sources. Then, we mask the residual signal of 
he source and model the lens. The background lensed source is
ocated at z spec 
s = 1 . 90 (Cox et al. 2023 ) and forms an arc split into

hree bright unresolved images on the S side of the lens and a faint
econdary image on the N side of the lens. 

HELMSJ233633.5 − 032119 1, 2 (HELMS41; S 42): this type 2 
oreground lens is formed by two galaxies, which we deblend 
y simultaneously modelling them with GALFIT using two S ́ersic 
omponents for the first galaxy (labelled as ‘1’ in Fig. A1 ) and
ne S ́ersic component for the second galaxy (labelled as ‘2’). The
ackground lensed source is located at z spec 

s = 2 . 34 (Cox et al.
023 ) and forms a ring (split into three arcs on the N, E, and
 of the lens), as well as a secondary faint, more distant arc

nd a more diffuse component, which are located close to the
 arc. 

.3.3 Sub-mm/mm confirmed lenses 

ELMSJ001615.7 + 032435 (HELMS13; S 43): we model this type 
 foreground lens at z spec 

l = 0 . 66 (Nayyeri et al. 2016 ) with one
 ́ersic component and one Gaussian using GASP2D . The background

ensed source at z spec 
s = 2 . 77 (Nayyeri et al. 2016 ) is detected by

LMA (Band 7, Amvrosiadis et al. 2018 ), and forms a wide arc on
he NE side of the lens. No secondary image is found. This system
as studied in detail by Dye et al. ( 2018 ), who measured an Einstein

adius of θE = 2.79 ± 0.10 arcsec. 
HELMSJ002220.9 − 015524 (HELMS29; S 44): we model this 

ype 1 foreground lens with one S ́ersic component using GASP2D .
he background lensed source at z spec 

s = 5 . 16 (Asboth et al. 2016 )
as detected by ALMA (Band 6, Prop. ID 2015.1.01486.S, PI: D.
iechers; Band 7, Prop. ID 2015.1.01486.S, PI: D. Riechers; Band 
, Prop. ID 2015.1.01486.S and 2017.1.00043.S, PI: D. Riechers). 
t forms a ring split into two brighter knots on the N and S sides
f the lens. HST shows an arc-like structure at ∼1.5–2 times the
instein radius that is not detected in the sub-mm. We argue that

t is part of the foreground galaxy. This system has also available
eeper HST F105W (Prop. ID 14083, PI: I. P ́erez-Fournon), F125W
Prop. ID 15464, PI: A. Long), and F160W observations (Prop. ID
4083, PI: I. P ́erez-Fournon). No counterpart is found in the HST
fter subtracting the lens. 

HELMSJ003814.1 − 002252 (HELMS24; S 45): we model this 
ype 1 foreground lens at z phot 

l = 0 . 17 (Nayyeri et al. 2016 ) with one
SF using GASP2D . The background lensed source at z spec 

s = 4 . 98
Su et al. 2017 ) is detected by ALMA (Band 7, Ma et al. 2019 ). It
orms an arc and a closer faint secondary image on the NE and SW
ides of the lens, respectively. 

HELMSJ003929.6 + 002426 (HELMS11; S 46): the foreground 
ens is a type 1 edge-on galaxy, which we model with ISOFIT . The
ackground lensed source is located at z spec 

s = 2 . 85 (Cox et al. 2023 )
nd was detected by ALMA (Band 7, Ma et al. 2019 ). It forms a ring
ith two brighter knots on the N and S sides of the lens. No HST

ounterpart is found after subtracting the lens. 
HELMSJ004714.2 + 032454 (HELMS8; S 47): we model this 

ype 1 foreground lens at z phot 
l = 0 . 48 (Nayyeri et al. 2016 ) with

ne S ́ersic component and one exponential component using GALFIT 

ncluding also the spiral structure. Additional m = 2 , 3 Fourier
omponents are added to the spiral arms in order to model their
-S asymmetry. The background lensed source at z spec 

s = 1 . 19
Nayyeri et al. 2016 ) was detected by ALMA (Band 7, Amvrosiadis
t al. 2018 ). It forms one arc on the S side of the lens and a
ompact secondary image on the N side. Near-IR counterparts of 
he background lensed source are visible only for the S arc. This
ystem was studied in detail by Dye et al. ( 2018 ), who measured an
instein radius of θE = 0.59 ± 0.03 arcsec. 
MNRAS 528, 6222–6279 (2024) 
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HELMSJ005159.4 + 062240 1, 2, 3 (HELMS18; S 48): this type 2
oreground lens is formed by a group three galaxies at z spec 

l = 0 . 60
Okido et al. 2021 ), which we deblend by simultaneously modelling
hem with GALFIT using two S ́ersic components for the first galaxy
labelled as ‘1’ in Fig. A1 ), one de Vaucouleurs component for the
econd galaxy (labelled as ‘2’), and one exponential profile, a PSF,
nd spiral arms for the third galaxy (labelled as ‘3’). The background
ensed source at z spec 

s = 2 . 39 (Nayyeri et al. 2016 ) was detected by
LMA (Band 6, Prop. ID 2017.1.00027.S, PI: S. Eales; Band 7,
mvrosiadis et al. 2018 ). It forms an arc on the SW side of galaxy
, and a secondary image on the E side of galaxies 1 and 2. This
ystem was studied in detail by Maresca et al. ( 2022 ), who modelled
he band 7 observations and measured the Einstein radii to be θE =
.80 ± 0.02 arcsec for the galaxies 1 and 2, and θE = 1.46 ± 0.02
rcsec for the galaxy 3. No HST counterpart is found after subtracting
he lens. 

HATLASJ005724.2 − 273122 (HerBS60; S 49): we model this
ype 1 foreground lens at z phot 

l = 0 . 89 (Ward et al. 2022 ) with one
 ́ersic component using GASP2D . The background lensed source at
 

spec 
s = 3 . 26 (Urquhart et al. 2022 ) is detected by ALMA (Band 6,
rop. ID 2018.1.00526.S, PI: I. Oteo). It forms a ring that splits into

wo knots on the E and the W side of the lens, respectively. No HST
ounterpart is found after subtracting the lens. 

HERMESJ021831 − 053131 (HXMM02; S 50): we model this
ype 1 foreground lens at z spec 

l = 1 . 35 (Wardlow et al. 2013 ) with
ne S ́ersic component using GASP2D . The background lensed source
t z spec 

s = 3 . 40 (Wardlow et al. 2013 ) is detected by ALMA (Band
, Prop. ID 2013.1.00781.S, PI: B. Hatsukade; Band 7, Prop. ID
015.1.01528.S, PI: I. Smail; and Band 8, Prop. ID 2013.1.00749.S,
I: D. Riechers), and SMA (340 GHz, Bussmann et al. 2013 ). It
orms an arc that splits into two knots on the N side of the lens, an
longated second image on the S side of the lens, and a third elongated
mage on the W side of the lens. This system was studied in detail by
ussmann et al. ( 2013 ) and Bussmann et al. ( 2015 ), who modelled the
LMA band 6 and SMA observ ations, respecti v ely. The y measured

n Einstein radius of θE = 0.44 ± 0.02 and 0.507 ± 0.004 arcsec,
espectively. No HST counterpart is found after subtracting the lens.

HERMESJ033211 − 270536 (HECDFS04; S 51): we model this
ype 1 foreground lens with one PSF using GASP2D . The background
ensed source is detected by ALMA (Band 7, Bussmann et al. 2015 ).
t forms an arc and a faint secondary image on the S and the NW
ides of the lens, respectively. This system was studied in detail by
ussmann et al. ( 2015 ), who measured an Einstein radius of θE =
.5 arcsec. 
HERMESJ044154 − 540352 (HADFS01; S 52): we model this

ype 1 foreground lens with one S ́ersic component using GASP2D .
he background lensed source was detected by ALMA (Band 7,
ussmann et al. 2015 ). It forms two arcs: one is more extended,

plits into two knots, and is located on the E side of the lens, while
he other is on the W side. This system was studied in detail by
ussmann et al. ( 2015 ), who measured an Einstein radius of θE =
.006 ± 0.004 arcsec. No HST counterpart is found after subtracting
he lens. 

HATLASJ083932 − 011760 (HerBS105; S 53): the foreground
ens is a type 1 edge-on galaxy, which we model with ISOFIT . The
ackground lensed source is located at z spec 

s = 2 . 67 (Cox et al. 2023 )
nd was detected by ALMA (Band 6, Prop. ID 2018.1.00526.S, PI:
. Oteo). It forms two blended images separated by the disc of the
ens. No HST counterpart is found after subtracting the lens. 

HATLASJ091841 + 023048 1, 2 (HerBS32; S 54): this type 2
oreground lens is formed by two galaxies which we deblend
y simultaneously modelling them with GALFIT using two S ́ersic
NRAS 528, 6222–6279 (2024) 
omponents for first galaxy (labelled as ‘1’ in Fig. A1 ) and one
e Vaucouleurs component for the second one (labelled as ‘2’).
he background lensed source at z spec 

s = 2 . 58 (Harris et al. 2012 )
s detected by ALMA (Band 3, Prop. ID 2017.1.01694.S, PI: I. Oteo;
nd Band 7, Giulietti et al. 2022 ). It forms an arc on the E side
f galaxy 1 and a secondary image on the W side of galaxy 2. An
dditional third ALMA detection is found E of the two galaxies near
n HST clump and shows a faint near-IR counterpart. 

HATLASJ113526 − 014606 (HerBS10; S 55): the background
ensed source at z spec 

s = 3 . 13 was detected by ALMA (Bands 3, 6,
, and 8, Giulietti et al. 2023 ). It forms a wide arc on the SE and a
econdary image on the NW. No foreground lens is detected in the
ear-IR, whereas there is a tentative detection for the background
ource. This system was studied in detail by Giulietti et al. ( 2023 ),
ho measured an Einstein radius of θE = 0 . 4241 + 0 . 0005 

−0 . 0005 arcsec. 
HATLASJ115433.6 + 005042 (HerBS177; S 56): we model this

ype 1 foreground lens at z phot 
l = 0 . 52 (Shirley et al. 2021 ) with one

 ́ersic component using GASP2D . The background lensed source at
 

phot 
s = 3 . 90 (Bakx et al. 2020 ) is detected by ALMA (Band 7, Prop.
D 2019.1.01784.S, PI: T. Bakx). It forms an arc on the E side of
he lens and a secondary image on the W side. Potential near-IR
ounterparts of the background lensed source are visible on the S of
he lens. 

HATLASJ120127.6 − 014043 (HerBS61; S 57): we model this
ype 1 (or 2) foreground lens at z phot 

l = 0 . 88 (Shirley et al. 2021 )
ith one S ́ersic component and one exponential component using
ASP2D . The background lensed source at z phot 

s = 4 . 06 (Manj ́on-
arc ́ıa et al. 2019 ) is detected by SMA (340 GHz, Enia et al. 2018 ).

t forms an arc on the NW side of the lens and a bright secondary
mage on the SE side. This system was studied in detail by Enia et al.
 2018 ), who measured an Einstein radius of θE = 0.82 ± 0.04 arcsec.

HATLASJ131611 + 281220 (HerBS89; S 58): we model this type
 foreground lens at z phot 

l = 0 . 90 (Berta et al. 2021 ) with one S ́ersic
omponent using GASP2D . The background lensed source at z spec 

s =
 . 9497 (Neri et al. 2020 ) was resolved by NOEMA (255 GHz, Berta
t al. 2021 ). It forms an arc on the S side of the lens and a compact
mage on the N side. This system was studied and modelled in
etail by Berta et al. ( 2021 ), who measured an Einstein radius of
E = 0.4832 ± 0.0006 arcsec. There is a tentative detection of the
ackground lensed source in HST on the E and W sides of the lens. 
HATLASJ134429 + 303036 (HerBS1; S 59): we model this type

 foreground lens at z spec 
l = 0 . 67 (Bussmann et al. 2013 ) with one

 ́ersic component and one exponential component using GASP2D .
he background lensed source at z spec 

s = 2 . 30 (Harris et al. 2012 )
as detected by ALMA (Band 7, Falgarone et al. 2017 ) and SMA

340 GHz, Bussmann et al. 2013 ). It forms an arc on the W side
f the lens and a more distant secondary image on the E side. This
ystem was studied in detail by Bussmann et al. ( 2013 ) with the
MA data. They measured an Einstein radius of θE = 0.92 ± 0.02
rcsec. 

HATLASJ141352 − 000027 1, 2, 3 (HerBS15; S 60): this type 3
oreground lens is formed by a cluster of galaxies at z spec 

l = 0 . 55
Bussmann et al. 2013 ). We model three of the spectroscopically
onfirmed members, which are likely contributing to lensing, with
ASP2D using one S ́ersic and one exponential component for the
ain lens (labelled as ‘1’ in Fig. A1 ), and one S ́ersic component

or the second (labelled as ‘2’) and the third (labelled as ‘3’). The
ackground lensed source at z spec 

s = 2 . 48 (Harris et al. 2012 ) is
etected by ALMA (Bands 3, 6, and 7, Prop. ID, 2018.1.00861.S
I: C. Yang) and forms two arcs, one on the N of the galaxy 3 and the
ther on the E side of the galaxy 1. The background lensed source is
nly partly detected in HST images. 
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HATLASJ142414 + 022304 1, 2 (HerBS13, ID 141; S 61): this 
ype 2 foreground lens is formed by two galaxies at z spec 

l = 0 . 60
Bussmann et al. 2012 ), which we deblend by simultaneously 
odelling them with GALFIT using one S ́ersic component and a 
SF for the first galaxy (labelled as ‘1’ in Fig. A1 ) and one S ́ersic
omponent for the second one (labelled as ‘2’). The background 
ensed source at z spec 

s = 4 . 24 (Cox et al. 2011 ) is detected by ALMA
Bands 3 and 4, Dye et al. 2022 ; Bands 5, 6, and 7, Dye et al. 2018 ;
nd Band 8 Prop. ID 2016.1.00284.S, PI: J. Bernard-Salas), and SMA 

340 GHz, Bussmann et al. 2012 ; and 880 GHz, Cox et al. 2011 ). No
ST counterpart is found after subtracting the lens. 
HERMESJ142826 + 345547 (HBootes02; S 62): the foreground 

ens at z spec 
l = 0 . 41 (Wardlow et al. 2013 ) is a type 1 edge-on galaxy

hich we model with ISOFIT . The background lensed source at 
 

spec 
s = 2 . 41 (Wardlow et al. 2013 ) was detected by SMA (340 GHz,
ussmann et al. 2013 ) and JVLA (7 GHz, Wardlow et al. 2013 ). It

orms an arc that splits into two knots and is located on the SE side
f the lens, and a fainter secondary image on the NW side of the lens.
o HST counterpart is found after subtracting the lens. 
HATLASJ230815.5 − 343801 (HerBS28; S 63): we model this 

ype 1 foreground lens at z phot 
l = 0 . 72 (Ward et al. 2022 ) with two

 ́ersic components using GASP2D . The background lensed source 
t z phot 

s = 4 . 03 (Manj ́on-Garc ́ıa et al. 2019 ) is detected by ALMA
Band 6, Prop. ID 2018.1.00526.S, PI: I. Oteo). It forms an arc that
plits into two knots and is located on the N side of the lens and a
econdary image on the W side of the lens. No HST counterpart is
ound after subtracting the lens. 

HELMSJ232439.5 − 043936 (HELMS7; S 64): we model this 
ype 1 foreground lens with two S ́ersic components using GASP2D .
he background lensed source at z spec 

s = 2 . 47 (Nayyeri et al. 2016 )
s detected by ALMA (Band 6, Amvrosiadis et al. 2018 ; and 7, Prop.
D 2017.1.00027.S, PI: S. Eales). It forms three arcs, two of them
re located close to the lens on its W and E sides, whereas the third
rc is near an HST clump on the E side of the lens. This kind of
orphology is indicative of the presence of multiple lenses, which 

ossibly are the HST clump and a further clump one on the NW side
f the main lens. This system was studied in detail by Maresca et al.
 2022 ), who adopted two lenses and measured their Einstein radii to
e θE = 0.54 ± 0.01 and 0.40 ± 0.01 arcsec, respectively. At the 
osition of the second lens, there is no HST detection. 
HELMSJ233620.8 − 060828 (HELMS6; S 65): we model this 

ype 1 foreground lens at z spec 
l = 0 . 40 (Nayyeri et al. 2016 ) with two

 ́ersic components using GASP2D . The lens is also part of the cluster
hat hosts other strong lensing events (see Carrasco et al. 2017 for
etails). The background lensed source at z spec 

s = 3 . 43 (Nayyeri et al.
016 ) was detected by ALMA (Band 6, Prop. ID 2021.1.01116.S, 
I: D. Riechers and Amvrosiadis et al. 2018 ; and Band 8, Prop. ID
013.1.00749.S, PI: D. Riechers). It forms four images: two of them 

re on the S side of the lens and are connected by an arc, a third
ne is on the W side, and a fourth one is on the NE side. Near-IR
ounterparts of the background lensed source are visible only for the 
 images. 

.3.4 Uncertain lenses 

ATLASJ013840.5 − 281855 (HerBS14; S 81): it is unclear whether 
his source at z spec = 3.78 (Urquhart et al. 2022 ) is strongly lensed.
t was detected by ALMA (Band 6, Prop. ID 2018.1.00526.S, PI: I.
teo) and shows one elongated component. Due to the ∼0.6 arcsec 

esolution, it is not possible to exclude the presence of background 
ensed sources with very low angular separation. The candidate lens 
s an edge-on spiral galaxy at z phot = 0.61 ± 0.28 (Ward et al. 2022 ).
HERMESJ022017 − 060143 1, 2 (HXMM01; S 85): this system 

s confirmed to be a DSFG pair that is weakly lensed by a pair
f foreground galaxies. This type 3 foreground system is formed 
y an edge-on disc galaxy (labelled as ‘1’ in Fig. A1 ) at z phot 

l =
 . 87 (Nayyeri et al. 2016 ) and a second rounder and ringed galaxy
labelled as ‘2’). The sources at z phot 

s = 0 . 87 (Fu et al. 2012 ) were
etected by ALMA (Band 6, Bussmann et al. 2015 and Prop. ID
015.1.00723.S, PI: I. Oteo; Band 7, Prop. ID 2011.0.00539.S, PI: 
. Riechers), SMA (340 GHz, Fu et al. 2012 ), and JVLA (30 GHz,
u et al. 2012 ) in the sub-mm/mm and by Keck/NIRC2 AO ( K s ,
u et al. 2012 ) in the near-IR. The background sources are located
etween the two lenses, one on the S side of them and the other on
he N side. 

HERMESJ022135 − 062617 (HXMM03; S 88): it is unclear 
hether this background source at z spec 

s = 2 . 72 (Bussmann et al.
015 ) is strongly lensed. We model the brightest cluster galaxy of a
andidate lensing cluster at z spec 

l = 0 . 31 (Albareti et al. 2017 ) with
wo S ́ersic components using GASP2D . The source was detected by
LMA (Band 7, Bussmann et al. 2015 ). It forms a bright arc and is

ocated on the E side of the lens. No secondary image w as pick ed up
y ALMA. Unfortunately, the W side of the candidate lens, where
he counter image is expected to be found, is outside the ALMA
and 7 FOV. A near-IR counterpart of the ALMA arc is clearly
isible and shows a complex morphology with multiple knots, while 
he secondary image is not found even after subtracting the potential
ens. One possibility is that the source is only weakly lensed by the
oreground structure. 

HERMESJ045058 − 531654 (HADFS03; S 91): this system was 
roposed to be a group of three weakly lensed DSFGs by a foreground
dge-on disc galaxy (Bussmann et al. 2015 ). It was detected by
LMA (Band 7, Bussmann et al. 2015 ) and forms three compact

lumps near the candidate lens. All the ALMA clumps are on the S
n the candidate lens and, as such, are not consistent with the usual
trong lensing morphology. 

HERMESJ143331 + 345440 (HBootes01; S 116): it is unclear 
hether this background source at z spec = 3.27 (Wardlow et al. 2013 )

s strongly lensed. It was detected by SMA (340 GHz, Bussmann et al.
013 ), and shows one elongated component. Due to the ∼0.6 arcsec
esolution, it is not possible to exclude the presence of background
ensed sources with very low angular separation. We model the 
andidate lensing system at z phot = 0.59 with one S ́ersic component.

HELMSJ235331.7 + 031717 (HELMS40; S 139): it is unclear 
hether this source located at z spec 

s = (Cox et al. 2023 ) is strongly
ensed. The source was detected by ALMA (Band 7, Amvrosiadis 
t al. 2018 ). It forms two pairs of compact sources. The first pair
on the SE side of the cutout) shows a possible near-IR detection but
o foreground lens candidate. The members of the second pair are
ocated on the N and S sides of a possible lensing galaxy , respectively ,
nd they do not show any HST counterpart. We model the candidate
ensing system with two S ́ersic components and a Gaussian using
ALFIT to account for the different locations of their centres. This
ystem was studied in detail by Maresca et al. ( 2022 ), who modelled
he SE pair and measured an Einstein radius of θE = 0.21 ± 0.01
rcsec. We note that the lens redshift adopted by Maresca et al. ( 2022 )
s likely associated with a close-by spiral galaxy on these sides of
he SE pair. 

HATLASJ011014.5 − 314813 (HerBS160; S 153): it is unclear 
hether this background source at z spec = 3.96 (Urquhart et al.
022 ) is strongly lensed. It is detected by ALMA (Band 6, Prop.
D 2018.1.00526.S, PI: I. Oteo) and forms an elongated, arc- 
ike structure near a faint HST counterpart. We find no secondary
mage. 
MNRAS 528, 6222–6279 (2024) 
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HERMESJ023006 − 034153 (HXMM12; S 170): this system was
roposed to be a weakly lensed DSFG by a group of foreground
alaxies (Bussmann et al. 2015 ). It was detected by ALMA (Band
, Bussmann et al. 2015 ) and forms an arc-like structure near a faint
ST counterpart. We find no secondary image. 
HERMESJ043341 − 540338 (HADFS04; S 175): this system was

roposed to be a system of three DSFGs that is weakly lensed by a
oreground group of galaxies (Bussmann et al. 2015 ). It was detected
y ALMA in Band 7 (Bussmann et al. 2015 ), the two DSFGs are
ocated on the SE and NE sides of the foreground galaxy. This system
as studied in detail by Bussmann et al. ( 2015 ), who assumed an
instein radius of 0.5 arcsec. A near-IR counterpart of the ALMA
outhernmost source is visible. 

HATLASJ144556.1 − 004853 (HERBS46; S 249): it is unclear
hether this background source is strongly lensed. It was detected
y SMA (340 GHz, Bussmann et al. 2013 ), and shows one elongated
omponent near a faint HST counterpart. Due to the ∼0.6 arcsec
esolution, it is not possible to exclude the presence of background
ensed sources with very low angular separation. 

HATLASJ224207.2 − 324159 (HerBS67; S 262): it is unclear
hether this background source at z phot = 3.57 (Bakx et al. 2018 )

s strongly lensed. It was detected by ALMA (Band 6, Prop. ID
018.1.00526.S, PI: I. Oteo) and shows one elongated component.
ue to the ∼0.6 arcsec resolution, it is not possible to exclude

he presence of background lensed sources with very low angular
eparation. 

.4 Properties of the lenses 

ince ∼ 47 per cent of the modelled lensing galaxies are composed
f multiple components, it is necessary to use a set of parameters that
escribes the global properties of the surface brightness distribution
nd does not depend on the number and type of components used
o model the galaxy. We therefore use the total ef fecti ve radius R 50 

i.e. the radius and surface brightness of the circularized isophote
hat contains half of the light of the galaxy), total ef fecti ve surface
rightness μ50 , and total magnitude m F 110 W 

. For each galaxy, we
ampled 10 4 different combinations of its components to take into
ccount the uncertainties of the best-fitting model of the surface
rightness distribution. This is done through a set of truncated
ormal distributions (one for each component parameter) with central
alue being the best-fitting value from the surface brightness model,
tandard deviation the uncertainty of the best-fitting value, and ranges
0, ∞ ) ADU pixel −1 , [0, ∞ ) pixel, [0.3,10], [0,1], and [0,360] deg
or μe , R e , n , q , and PA, respectiv ely. F or all the combinations, we
stimate R 50 by computing the curve of growth (COG) and retrieving
he radius within which half of the total flux is encircled. The μ50 

alue is derived from the surface brightness profile at R 50 , while
he m F 110 W 

value is obtained by summing the luminosities of all the
omponents. For each parameter, we calculate the median and the 16
er cent and 84 per cent percentiles from the cumulative distribution
unction. Additionally, we estimate the C 31 = R 75 / R 25 concentration
ndex (e.g. Watkins et al. 2022 ) in order to compare our results
ith the literature. To derive the distributions of R 25 and R 75 , which

orrespond to the radii containing 25 per cent and 75 per cent of the
otal luminosity , respectively , we apply the same procedure as done
or R 50 . 

For the edge-on lenses of S 5, S 46, S 53, and S 62, we run ISOFIT

n the model image (Fig. 8 ) after having deconvolved it with the PSF,
nd then we use the result to produce the COG. We also measure
he surface brightness radial profile. We use the COG to estimate
he values of R 25 , R 50 , and R 75 and to assess their uncertainties,
NRAS 528, 6222–6279 (2024) 
e build a set of 10 4 COGs for each galaxy. We sample the flux
ithin each circularized radius with a Gaussian distribution centred
n the measured flux value and with standard deviation being the
ux Poisson uncertainty. The circularized radius is sampled with
 Gaussian distribution centred on the measured radius value and
ith standard deviation being the uncertainty on the ellipticity as
easured by ISOFIT . We use the surface radial profile to estimate

he values of μ50 , and to assess its uncertainty, we build a set of 10 4 

urface brightness radial profiles. At each radius, we adopt a Gaussian
istribution centred on the measured value of surface brightness, with
tandard deviation being the uncertainty measured by ISOFIT . 

In Fig. 9 , we show the C 31 distribution of our lenses. The peak at
 31 � 7 is due to the systems that we model with a de Vaucouleurs
rofile and have all the same concentration. We measure a median
 C 31 〉 = 6.8 ± 0.4, which is slightly higher than the median value
 C 31 〉 = 5.2 ± 0.1 measured by Watkins et al. ( 2022 ) for a sample of
earby ETGs observed with Spitzer at 3.6 μm. This finding and the
bserved morphology of smooth and featureless elliptical systems
rovide further evidence that our lenses are mostly ETGs. Lastly, we
easure the flux densities at 1.1 μm S 1.1 of the background sources

y taking the aperture photometry in the regions dominated by the
ensing features on the lens-subtracted residuals. The uncertainties
S 1 . 1 are computed with σ 2 

S 1 . 1 
= 

∑ 

i,j σ
2 
i,j , where σ i , j is the noise

ap. The values of S 1.1 and their uncertainties are given in Table 6
nd Table A2 . 

For the 68 lensing foreground galaxies with known photometric or
pectroscopic redshift, we convert the size of the total ef fecti ve radius
rom arcsec to kpc through the angular diameter distance and the total
agnitude to absolute magnitude M F 110 W 

through the luminosity
istance. We also correct the total ef fecti ve surface brightness
or cosmological dimming by multiplying the F110W fluxes by a
actor of (1 + z) 4 . This is done for the parameter distributions
s derived before. To take into account the uncertainties on the
hotometric redshifts, we sample a truncated normal distribution
entred on the redshift measurement, with standard deviation being
he uncertainty and range [0, ∞ ). When more than one potential
ens is present (i.e. for type 2 and 3 systems), we correct for the
edshift only if the secondary potential lens has a spectroscopic
edshift (S 8, S 11, S 15, and S 36) or none of the lenses dominates
he available photometric redshift (S 23, S 28, and S 33). To denote
he parameters corrected for the lens redshifts, we add a subscript
0’. In Table 6 , we list the measured values of m F 110 W 

, M F 110 W 

, R 50 ,
 50, 0 , μ50 , μ50, 0 , and C 31 for the fiv e representativ e systems shown

n Fig. 8 , while in Table A2 we show the parameters for the rest of
he sample. 

Fig. 9 shows the distribution of R 50, 0 in kpc, μ50, 0 in mag arcsec −2 ,
 31 , M F 110 W 

in mag, z l , and z s . For each parameter, we stack all the
ingle-system parameter distributions to take into account the varying
ncertainties between different systems. We bin them together and
ormalized for the total number of realizations (i.e. 10 4 for each
ystem). 

 LENS  M O D E L L I N G  

or the 34 systems for which we can confidently identify a galaxy
cting as the main lens and the background source in the HST images,
e proceed to estimate the Einstein radius θE from the residual

mages. Depending on the morphology of the lensing features, we
efine θE as either the radius of the circle centred on the lens that
est fits the Einstein ring (e.g. S 4), or as half of the separation
etween the multiple images (e.g. S 2) following the approach of
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Figure 9. Distribution of the total ef fecti ve radii R 50, 0 (top left panel), total ef fecti ve surface brightnesses μ50, 0 (top central panel), concentrations C 31 (top 
right panel), total absolute magnitudes M F 110 W 

(bottom left panel), redshifts z l of the foreground lenses (bottom central panel), and redshifts z s of the background 
sources (bottom right panel). All the foreground lenses and background sources with a measured redshift are included. The thick vertical line corresponds to the 
median of the values of C 31 of the ETGs sample of Watkins et al. ( 2022 ), while the shaded region marks the corresponding ±1 σ confidence interval. 

Table 6. Derived properties of five representative lensing systems. 

No. IAU name m F110W 

μ50 R 50 C 31 μS 1.1 

[mag] [mag arcsec −2 ] [arcsec] [ μJy] 
M F 110 W 

μ50 , 0 R 50 , 0 

[mag] [mag kpc −2 ] [kcp] 
(1) (2) (3) (4) (5) (6) (7) 

S 12 HERMESJ100144 + 025709 19 . 17 + 0 . 08 
−0 . 08 21 . 74 + 0 . 05 

−0 . 05 0 . 64 + 0 . 02 
−0 . 02 9 . 37 + 0 . 20 

−0 . 20 10 . 14 + 0 . 17 
−0 . 17 

−20 . 17 + 0 . 08 
−0 . 08 18 . 96 + 0 . 05 

−0 . 05 5 . 10 + 0 . 13 
−0 . 13 

S 11 HATLASJ083051 + 013225 1 21 . 54 + 0 . 18 
−0 . 18 22 . 60 + 0 . 13 

−0 . 12 0 . 33 + 0 . 02 
−0 . 02 8 . 47 + 0 . 66 

−0 . 64 6 . 79 + 0 . 11 
−0 . 11 

−16 . 86 + 0 . 18 
−0 . 18 20 . 48 + 0 . 13 

−0 . 12 2 . 30 + 0 . 13 
−0 . 13 

HATLASJ083051 + 013225 2 22 . 05 + 0 . 21 
−0 . 19 23 . 28 + 0 . 15 

−0 . 13 0 . 48 + 0 . 03 
−0 . 03 3 . 21 + 0 . 16 

−0 . 15 

−17 . 59 + 0 . 21 
−0 . 20 20 . 27 + 0 . 15 

−0 . 13 3 . 94 + 0 . 26 
−0 . 25 

S 8 HERSJ020941.2 + 001558 1 16 . 15 + 0 . 18 
−0 . 17 21 . 27 + 0 . 19 

−0 . 17 2 . 47 + 0 . 13 
−0 . 12 5 . 35 + 0 . 45 

−0 . 47 18 . 72 + 0 . 34 
−0 . 34 

−19 . 38 + 0 . 18 
−0 . 17 20 . 47 + 0 . 19 

−0 . 17 8 . 48 + 0 . 46 
−0 . 40 

HERSJ020941.2 + 001558 2 19 . 82 + 0 . 09 
−0 . 09 20 . 49 + 0 . 06 

−0 . 06 0 . 310 + 0 . 010 
−0 . 009 5 . 24 + 0 . 10 

−0 . 10 

−15 . 71 + 0 . 09 
−0 . 09 19 . 69 + 0 . 06 

−0 . 06 1 . 06 + 0 . 03 
−0 . 03 

S 5 HELMSJ005841.2 − 011149 18 . 910 + 0 . 001 
−0 . 001 20 . 26 + 0 . 02 

−0 . 02 0 . 478 + 0 . 005 
−0 . 006 3 . 05 + 0 . 04 

−0 . 04 14 . 55 + 0 . 10 
−0 . 10 

−18 . 15 + 0 . 57 
−0 . 48 18 . 88 + 0 . 25 

−0 . 24 2 . 54 + 0 . 31 
−0 . 35 

S 50 HERMESJ021831 − 053131 21 . 55 + 0 . 19 
−0 . 18 23 . 60 + 0 . 13 

−0 . 12 0 . 51 + 0 . 03 
−0 . 03 8 . 95 + 0 . 71 

−0 . 69 < 0.04 

−18 . 89 + 0 . 19 
−0 . 18 19 . 89 + 0 . 13 

−0 . 12 4 . 40 + 0 . 27 
−0 . 26 

Notes. Column (1): source reference number. Column (2): IAU name of the Herschel detection. Indices 1 and 2 refer to the 
two components of the lens candidate. Column (3): apparent magnitude of the model (first row), absolute magnitude of the 
model (second row). Column (4): total effective radius in arcsec (first row) and in kpc (second row). Column (5): total effective 
surface brightness before (first row) and after correcting for cosmological dimming (second row). Column (6): concentration 
index of the model. 
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mvrosiadis et al. ( 2018 ). For the uncertainty on θE , we adopt
he value corresponding to one-third of the observed width of the 
ensing feature. We use these rough estimates as priors for proper 
ens modelling. 

The lens modelling is performed with PYAUTOLENS 11 (Nightingale, 
ye & Massey 2018 ; Nightingale et al. 2021 ), by using a non-

inear search trough DYNESTY (Speagle 2020 ). 12 In order to reduce 
1 PYAUTOLENS is available from https:// github.com/ Jammy2211/ PyAutoLens 
2 DYNESTY is available from https:// dynesty.readthedocs.io/ en/ stable/ 

p

S  

i  
he complexity of the lens model, we adopt a singular isothermal
llipsoid (SIE) for the mass model (see Nightingale et al. 2018 for
etails). It has five free parameters, the differences δx SIE and δy SIE 

f the centre coordinates of the mass distribution relative to the
entre coordinates of the lens surface brightness, Einstein radius 
E , and elliptical components εSIE, 1 = f SIE sin (2PA SIE ), εSIE, 2 = 

 SIE cos (2PA SIE ), where f SIE = (1 − q SIE )/(1 + q SIE ), PA SIE is the
osition angle of the mass profile, and q SIE is its flattening. 
From the lens-subtracted images and noise maps as obtained in 

ection 4 , we set up the inputs for the lens modelling. We crop the
mages and we mask the regions that do not include lensing features
MNRAS 528, 6222–6279 (2024) 

https://github.com/Jammy2211/PyAutoLens
https://dynesty.readthedocs.io/en/stable/
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n order to reduce the computation time. To this aim, we also crop the
SF to ∼ 5 FWHM × 5 FWHM cutouts. We then mask any residual
rom the lens subtraction and non-modelled nearby contaminants. We
stimate the position of the lensing features by locating the brightest
ix el in 5 pix el × 5 pix el box es encompassing the lensing features.
hese estimates are used by PYAUTOLENS to constrain the location
f the background source in the source plane (see Nightingale et al.
018 for details). 
We proceed with the lens modelling with the following approach.

irst, we perform a parametric fit by fitting both the mass model and
ackground source with parametric functions. We use a single S ́ersic
omponent for the parametric background source. This fit has a total
f twelve free parameters: five for the mass model and seven for the
ackground source. The priors for the mass model are a Gaussian
istribution centred on the cutout centre with σ = 0.1 arcsec for
x SIE and δy SIE ; a Gaussian distribution centred on the estimated θE 

ith σ three times its error; a Gaussian distribution centred on 0
ith σ = 0.3 for εSIE, 1 and εSIE, 2 , respectively. The priors for the
ackground source are Gaussian distribution centred on the cutout
entre with σ = 0.3 arcsec for x s and y s ; a log-uniform distribution
etween 10 −6 and 10 6 ADU for I s, eff ; a uniform distribution between
 and 30 arcsec for R s, eff ; a uniform distribution between 0.8 and 5.0
or n s ; a Gaussian distribution centred on 0 with σ = 0.3 for εs, 1 

nd εs, 2 (defined in a similar way as εSIE, 1 and εSIE, 2 ), respectively.
s position threshold, we use a Gaussian distribution centred on the
reviously identified position with σ = 0.5 arcsec for all the systems,
 xcept for S 41. F or the latter, we adopt σ = 0.1 due to the small
ngular separation of the lensed images. We then use the posteriors
f the mass model obtained in this parametric fit and the priors on the
osition of the background sources on the image plane to initialize a
oronoi pixelization with a constant regularization coefficient λ (see
ightingale et al. 2018 for details). For the pixelization, we use as
riors a uniform distribution between 20 and 45 pixels for the shape
f the pixelization and a log-uniform distribution between 10 −6 and
0 6 for λ. We do this pixelized initialization fit by marginalizing the
ens model o v er the mass model and only fitting the pixelization. In a
imilar fashion, we marginalize o v er the resulting pixelization to fit
he mass model with priors defined by the parametric fit posteriors.

e consider this fit as the best guess for the lens model and source
econstruction. 

In the cases of S 6, S 11, S 22, S 24, S 27, and S 31, the SNR
f the background lensed sources is not high enough to produce
eliable results. S 2, S 5, S 25, and S 41 show v ery comple x
nd/or clumpy lensed background source morphologies that needed
dditional information on what is part of the background source or
dditional multiple images. Whereas, S 26 shows residuals related
o the lens subtraction that prevent us from building the model. For
 3, S 19, and S 40, the SIE mass model is not sufficient to correctly
eproduce the observations, so we add a shear component, defined,
s for the mass model, through the elliptical components εshear, 1 and
shear, 2 . This is done to impro v e the mass model and not to model
n actual external shear (see Etherington et al. 2023 for details). The
riors for the shear elliptical components are uniform distributions
etween −0.2 and 0.2. 

For each modelled lens, we extract 500 fits from the lens modelling
arameters posteriors, and, for each fit, we compute the regions of
he source plane with SNR > 3. We compute the magnification by
aking the ratio between the fluxes of the regions on the source plane
nd the image plane after mapping them back. We measure the sizes
f the source plane by computing the radii of the circularized regions
hat we used to compute the magnifications. The distribution of the
hysical sizes of our systems is shown in Fig. 10 . As before, the
NRAS 528, 6222–6279 (2024) 
esults of the lens modelling for S 7 are shown in Fig. 11 , while
he results for the remaining lenses are reported in Table 7 and
ig. C1 . 
A comparison between our Einstein radii and those available in the

iterature (Bussmann et al. 2013, 2015 ; Calanog et al. 2014 ; Geach
t al. 2015 ; Enia et al. 2018 ; Dye et al. 2022 ; Maresca et al. 2022 ;
amieneski et al. 2023a ) is shown in Table 8 and Fig. 12 . Our values

re comparable with what is found in the literature, with only two
xceptions: S 38 which Bussmann et al. ( 2013 ) did not resolve with
MA, due to the very low angular separation of the multiple images
nd assumed to have Einstein radius of 0.1 ± 0.3 arcsec; and S 10 for
hich Calanog et al. ( 2014 ) fixed the flattening and position angle
f the mass model to be circular and aligned with the lens. 

 DI SCUSSI ON  

onsistent with expectations (Perrotta et al. 2002 ; Lapi et al. 2012 ;
egrello et al. 2017 ) our 65 confirmed lenses mostly comprise

ystems where the lens is a single galaxy (51). Only four are made
f spectroscopically confirmed groups or clusters (S 36, S 48, S 60,
nd S 61), and nine systems have a morphology consistent with a
roup (S 6, S 15, S 23, S 25, S 28, S 33, S 34, S 54, and S 63).
he lensing galaxies are nearly all ETGs, with the only exceptions
f S 47 and one of the galaxies in the lensing cluster of S 48. Both
f them show a clear spiral structure. The ETG nature of the lensing
alaxies is further confirmed by their concentrations, with 92 per cent
f our sample lenses being more concentrated than expected for an
xponential disc. 

The mass within the Einstein radii of the foreground lenses
anges between 9.9 × 10 10 M � (1st percentile) and 6.4 × 10 11 

 � (99th percentile). The mass-to-light ratios in the F110W filter
ithin the Einstein radius range between 1.25 and 8.86 M � L 

−1 
� .

he background sources host a variety of morphologies, including
ingle compact sources (e.g. S 12), more diffuse sources (e.g. S 18),
nd multiple clumps (S 17). We find that 14 out of 22 reconstructed
ackground sources are single sources, whereas the remaining 8
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Figure 11. Left panels: lens-subtracted image (top left panel), best-fitting background lensed source (top right panel), SNR residual map (bottom left panel), 
and SNR > 3 regions of the source plane lensed back to the image plane of S 7. Each panel shows the pixel mask (corresponding to the black-shaded regions) 
adopted for the lens modelling. The top right panel shows the critical curves (continous line). The bottom right panel show the region of the source plane 
displayed in the right panel. Right panel: source plane reconstruction of the background source and caustics curves (dashed line). We highlight witha thicker 
contour the SNR > 3 region adopted for computing the lensing magnification and source size. 
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re multiple sources. The present analysis alone is not enough to 
etermine whether these morphologies indicate different populations 
f DSFGs or variations in the stellar and/or dust distributions. 
he physical sizes of the background sources, measured as the 
ircularized radii of the circles equi v alent to the regions of the source
lane with SNR > 3, range between 0.34 kpc (1st percentile) and
.30 kpc (99th percentile). We compare our stellar sizes with the 
ust ones by Enia et al. ( 2018 ), who modelled the SMA sub-mm/mm
mission of a sample of 12 lenses similarly selected and partially 
ncluded in our sample. They found dust sizes between 1.52 kpc 
1st percentile) and 4.07 kpc (99th percentile). We can understand 
his result by considering that the HST observations, by sampling 
he optical/near-UV rest-frame emission, are expected to pick up 
nly the intrinsically brightest and more compact regions of the 
ackground sources whose light can pass through the dust. This is
onsistent with an inside-out growth and later inside-out quenching, 
 scenario where the central regions of these DSFGs begin to clear
ut the dust first, causing the more compact stellar emission to 
hine through. Interestingly, the HST sizes are comparable to bright 
uclei and off-nuclear knots in local ultra-luminous infrared galaxies 
ULIRGs; Surace et al. 1998 ; Farrah et al. 2001 ). This is somewhat
n contrast with previous literature (e.g. Pantoni et al. 2021 ) that
rgued for the dust emission to be more compact than the stellar
ne. Although, recently, Kamieneski et al. ( 2023b ) studied a z ∼
.3 lensed galaxies with properties similar to those of the lensed 
SFGs in our sample and found rest frame near -UV/optical/near -IR 

mitting regions comparable or even slightly smaller in size than 
he ones measured in the sub-mm, thus providing evidence for an 
nside-out quenching scenario. It is worth noticing that Kamieneski 
t al. ( 2023b ) has also considered another possible, but less likely,
xplanation related to inclination effects and uneven dust distribution. 
e also want to point out that the difference in sizes we observe

etween the stellar emitting region, as sampled by HST , and the
ust-emitting region, as probed by SMA, may be affected by the 
ower angular resolution of the SMA observations compared to HST 

ata. In fact, by projecting the half width at half maximum (HWHM)
f the SMA beam to the redshift of the source and then dividing
t by the square root of the total magnification within the > 3 σ
egions, we get a physical resolution (once averaged over the whole
ample) of 0.85 kpc, which is larger than what we get for near-IR
ize for about 50 per cent of our sample. While Enia et al. ( 2018 )
ources are resolved ( R bkg , circ / PSF HWHM 

� 1), any emission coming
rom regions smaller than the projected HWHM would inevitably be 
roadened. Moreo v er, the depth of our observations does not allow
s to exclude that other, more obscured and undetected, star-forming 
nots are present throughout the disc, implying that mass buildup 
ould happen disc-wide. 

Finally, it is worth mentioning that the optical/near-IR sizes 
uoted in the literature are often measured through the ef fecti ve
adius obtained by fitting a S ́ersic profile to the surface brightness
istribution of the background sources. For lensed galaxies, this 
s usually done directly during the lens modelling by including a
arametric background source (e.g. Calanog et al. 2014 ). Such an
stimate of size takes into account the concentration of the source and
verages out the surface brightness distribution in the case of clumpy
mission. In comparison, our measure is SNR-dependent and is not 
ffected by the smoothness of the surface brightness distribution. We 
emark that the relation between the observed-frame near-IR sizes 
nd sub-mm ones is still up to debate and could depend on additional
actors we do not discuss here, like the stellar mass of the galaxy
see Liu, Morishita & Kodama 2023 , for details) or its evolutionary
tage. At the same time, we find magnifications ranging between 2.4
1st percentile) and 15.8 (99th percentile), with a median of 5.5 for
ur sample. The magnifications by Enia et al. ( 2018 ) range between
.20 (1st percentile) and 8.35 (99th percentile) with a median of 5.7.
his comparison suggests a minor, or even negligible, differential 
agnification. 
We compare the properties of our lenses (i.e. total ef fecti ve radii,

instein radii, and total ef fecti ve surface brightnesses) to those of
he SLACS sample of confirmed lenses (Bolton et al. 2008 ). This is
he largest available sample of strong lenses followed up by HST and
ith lens modelling. The SLACS lensing candidates were identified 
MNRAS 528, 6222–6279 (2024) 
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M

Table 8. Comparison between our Einstein radii and those available in the literature in the near-IR and in the sub-mm/mm if available. 

No. IAU name θE θE, near-IRlit. Ref. θE, sub-mm/mm.lit. Ref. Multiw. Ref 
[arcsec] [arcsec] [arcsec] 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

S 8 HERSJ020941.2 + 001558 2 . 579 + 0 . 002 
−0 . 003 2 . 48 + 0 . 02 

−0 . 01 Ge15 2 . 55 + 0 . 14 
−0 . 20 Ka23 ALMA band 6 Li22 

S 9 HERMESJ032637 − 270044 0 . 981 + 0 . 005 
−0 . 006 0 . 96 + 0 . 02 

−0 . 03 Ca14 – – – –

S 10 HERMESJ033732 − 295353 1 . 9718 + 0 . 0004 
−0 . 0005 1 . 65 + 0 . 03 

−0 . 054 Ca14 – – – –

S 12 HERMESJ100144 − 025709 0.930 ± 0.002 0.91 ± 0.01 Ca14 0.956 ± 0.005 Bu15 ALMA band 7 Bu15 

S 13 HERMESJ103827 + 581544 2.408 ± 0.010 2 . 40 + 0 . 01 
−0 . 05 Ca14 2.0 ± 0.2 Bu13 SMA 340 GHz Bu13 

S 14 HERMESJ110016 + 571736 1.081 ± 0.003 1 . 14 + 0 . 04 
−0 . 07 Ca14 – – – –

S 18 HATLASJ133008 + 24586 1.037 ± 0.002 0 . 944 + 0 . 002 
−0 . 001 Ca14 0.88 ± 0.02 Bu13 SMA 340 GHz Bu13 

S 21 HERMESJ171451 + 592634 0 . 976 + 0 . 006 
−0 . 007 0 . 87 + 0 . 02 

−0 . 05 Ca14 – – – –

S 32 HERMESJ104549 + 574512 2 . 631 + 0 . 008 
−0 . 012 2.46 ± 0.01 Ca14 – – – –

S 35 HATLASJ132630 + 334410 1 . 684 + 0 . 005 
−0 . 004 – – 1.80 ± 0.02 Bu13 SMA 340 GHz Bu13 

S 38 HERMESJ142824 + 35262 0.37 ± 0.02 – – 0.10 ± 0.03 Bu13 SMA 340 GHz Bu13 

Notes. Column (1): source reference number . Column (2): IA U name of the Herschel detection. Column (3): value of the Einstein radii measured in this work. 
Columns (4) and (5): value of the Einstein radii measured in the literature from the near-IR observations and reference. Columns (6) and (7): value of the Einstein 
radii measured in the literature from the sub-mm/mm observations and reference. Columns (8) and (9): multiwavelength observations and reference. 

Figure 12. Comparison between our estimated Einstein radii (circles) and 
the ones from literature measured either in near-IR (triangles) or sub-mm/mm 

(diamonds). 
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Figure 13. Top panel: normalized distribution of the values of the Einstein 
radius of the lenses in our (diagonally hatched histogram) and in the SLACS 
samples (horizontally hatched histogram). Bottom left panel: total ef fecti ve 
radius as a function of Einstein radius of the lenses in our (circles) and 
in the SLACS sample (squares). The circles and crosses correspond to 
systems for which we derived the Einstein radius from the lens modelling 
or the separation between multiple images, respectively. Bottom right panel: 
normalized distribution of the values of the total ef fecti ve radius of the lenses. 
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rom archi v al SDSS spectroscopic data as all the systems that sho w
he presence of two separate redshift estimates in the same spectrum:
 lower absorption-line redshift for the foreground lens and a higher
mission-line redshift for the background source. These candidates
ere then followed up and confirmed by means of HST ACS/F814W

maging. We consider the 63 confirmed lenses out of 131 candidates,
or which Bolton et al. ( 2008 ) were able to subtract the surface
rightness distribution of the foreground lens and perform the lens
odelling. They modelled the surface brightness distribution of the

ens, adopting the de Vaucouleurs profile. We perform a K -correction
f the total ef fecti ve surface brightness of all the galaxies of our
nd SLACS samples with available redshifts. As a template for the
TG SED, we use the 17 local elliptical galaxies available in the
rown Atlas (Brown et al. 2014 ). To estimate the F110W magnitude
f the SLACS lenses, we redshift and normalize the template to
atch the F814W magnitude using PYSYNPHOT package. 13 Then, we

ompute the F110W magnitude of each template at z = 0 and at
he redshift of the foreground lenses of both samples. Finally, we
dopt the F110W magnitude difference as the K -correction term.
his correction does not take into account possible differences
etween the SEDs of the templates and the ones of the lenses.
he median K -correction terms for our sample and SLACS are 0.04
NRAS 528, 6222–6279 (2024) 

3 https:// pysynphot.readthedocs.io/ en/ latest/ 

a  

s  

μ  
nd 0.03 mag, respectively. From Fig. 13 , it is possible to see that
ur sample sho ws dif ferent R 50 and θE distributions than SLACS.
ur selection is able to pick up more systems with both smaller or

arger values of θE . Moreo v er, at similar Einstein radii, the ef fecti ve
adii of our lenses are significantly smaller than the SLACS, making
ur background sources less contaminated by the emission of the
enses. Fig. 14 shows that the two samples have similar R 50, 0 and
bsolute magnitude distributions, although our lenses show a tail for
maller and fainter galaxies. At the same time, our lenses have lower
50 , 0 , K corr for the same radii, which implies that our lenses either are

https://pysynphot.readthedocs.io/en/latest/
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Figure 14. Top panel: normalized distribution of the total ef fecti ve radii in 
kpc of our (diagonally hatched histogram) and SLACS samples (horizontally 
hatched histogram). Central left panel: absolute magnitude corrected for K - 
correction against the total ef fecti ve radii in kpc of the two samples. Central 
right panel: normalized distribution of the absolute magnitude of the two 
samples with the K -correction applied. Our lensing galaxies are colour-coded 
according to their concentration. The colourbar is normalised such that the 
concentration of a de Vaucouleurs profile falls in the middle. Bottom left 
panel: Kormendy relation of the two samples. Our lensing galaxies are colour- 
coded according to their concentration. Bottom right panel: normalized 
distribution of the total ef fecti ve surface brightness of the two samples with 
the K -correction applied. 
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ainter or more concentrated than the de Vaucouleurs profiles. The 
ncreased scatter we find in both the R 50, 0 and M F 110 W 

, and R 50, 0 

nd μ50 , 0 , K corr distributions can be accounted for by considering the 
ariation in concentration and the wide range of foreground lens 
edshifts we observed. We can try to further explain these differences 
y considering the different selections of the two samples. The 
LACS sample, being constructed from SDSS spectroscopic data 
nd needing a robust detection of both the foreground lens and 
ackground source, is limited in magnitude to brighter lenses at 
ower redshift. In particular , the SLA CS spectroscopic selection was 
one through 3 arcsec diameter fibres and comprises either local 
alaxies or massive ETGs at z � 0.6. 

 C O N C L U S I O N S  

e have carried out a snapshot HST F110W observing campaign to 
ollow-up 281 Herschel -selected candidate strongly lensed galaxies. 

e visually inspect them and classify them according to the presence 
f the background sources, confirming 25 candidates as strong 
enses. We model all the systems where we identify a suitable lens
andidate exploiting three different surface brightness modelling 
lgorithms, namely GASP2D , GALFIT , and ISOFIT + CMODEL , based
n the morphology of the foreground lensing galaxies. By combining 
he visual inspection, available multiwavelength follow-ups, and 
esults of the lens subtraction, we are able to confirm as lensed a
otal of 65 systems. Lastly, we perform lens modelling and source
econstruction of all the systems for which we can confidently 
dentify both a galaxy acting as the main lens and the background
ource in the HST images (34 systems). We obtain successful results
or 23 galaxies. The main results of our analysis are the following: 

(i) the o v erall surface brightness distribution of the lenses and their
orphology follows the relations expected for ETGs; ho we ver, the

oreground lensing galaxies often needed multiple surface brightness 
omponents, with properties significantly varying from galaxy to 
alaxy; 

(ii) most of the lensing systems are consistent with single galaxy 
enses, with only ∼ 7 per cent of them being confirmed as a group
r cluster lenses; 
(iii) the estimated magnifications and Einstein radii are consistent 

ith previous analysis conducted on data at different wavelengths; 
o we ver, the inferred size of the background sources is about
hree times smaller than the ones measured in the sub-mm/mm with
MA by Enia et al. ( 2018 ) for a similarly selected, and partially
 v erlapping sample. This difference in size between the stellar and
he dust-emitting regions is suggestive of an inside-out quenching 
cenario; 

(iv) the sub-mm selection used to build our sample revealed 
ensing systems with fainter lenses and larger Einstein radii than 
he SLACS surv e y. 

To conclude, we point out that the HST snapshots alone, even after
arefully identifying and subtracting the candidate lenses, might 
iss some of the fainter lensed background sources. We argue 

hat this is due to their dust obscuration and high redshift. This
nderlines the importance of dedicated, deeper near-IR observations 
e.g. with HST , Keck, Euclid or JWST ) and high-resolution sub-
m observations (e.g. with ALMA and NOEMA) to ef fecti vely

etermine the nature of the majority of Herschel -selected strong 
ensing candidates. This work provides the basis for further detailed 
nalysis of the background sources by allowing not only more 
omplex lens modelling but also providing constraints on the stellar 
ontent through SED-fitting techniques. 
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M

Table A2. Derived properties of the lensing systems. 

No. IAU name m F 110 W 

μ50 R 50 C 31 μS 1.1 

[mag] [mag arcsec −2 ] [arcsec] [ μJy] 
M F 110 W 

μ50 , 0 R 50 , 0 

[mag] [mag kpc −2 ] [kpc] 
(1) (2) (3) (4) (5) (6) (7) 

S 1 HATLASJ000330.6 − 321136 19.30 ± 0.14 21 . 49 + 0 . 21 
−0 . 20 0.56 ± 0.05 7 . 24 + 0 . 43 

−0 . 40 1.81 ± 0.06 

−17 . 78 + 0 . 73 
−0 . 59 20 . 10 + 0 . 37 

−0 . 35 2 . 99 + 0 . 52 
−0 . 55 

S 2 HATLASJ000912.7 − 300807 17.09 ± 0.19 22.18 ± 0.26 2 . 38 + 0 . 20 
−0 . 17 5 . 34 + 0 . 38 

−0 . 40 45.35 ± 0.12 

−19 . 26 + 0 . 83 
−0 . 68 21 . 10 + 0 . 38 

−0 . 37 10 . 49 + 2 . 19 
−2 . 36 

S 3 HELMSJ001353.5 − 060200 19.99 ± 0.24 23 . 16 + 0 . 41 
−0 . 50 0 . 90 + 0 . 25 

−0 . 21 7 . 26 + 1 . 15 
−1 . 34 3.00 ± 0.10 

−18 . 29 + 0 . 92 
−0 . 72 21 . 09 + 0 . 67 

−0 . 64 5 . 98 + 1 . 98 
−1 . 57 

S 4 HELMSJ003619.8 + 002420 16.41 ± 0.18 21 . 29 + 0 . 46 
−0 . 36 2 . 07 + 0 . 26 

−0 . 20 6 . 38 + 1 . 30 
−0 . 97 13.58 ± 0.25 

−19 . 72 + 0 . 18 
−0 . 17 20 . 29 + 0 . 46 

−0 . 36 8 . 55 + 1 . 06 
−0 . 84 

S 6 HERSJ011722.3 + 005624 1 19 . 45 + 0 . 34 
−0 . 31 22 . 10 + 0 . 47 

−0 . 34 0 . 67 + 0 . 08 
−0 . 07 8 . 68 + 0 . 74 

−0 . 68 2.23 ± 0.10 

−19 . 82 + 0 . 37 
−0 . 36 19 . 38 + 0 . 47 

−0 . 37 5 . 33 + 0 . 66 
−0 . 55 

HERSJ011722.3 + 005624 2 22 . 87 + 0 . 23 
−0 . 22 22 . 52 + 0 . 17 

−0 . 15 0.24 ± 0.02 2.95 ± 0.18 
– – –

S 7 HERSJ012620.5 + 012950 18 . 86 + 0 . 29 
−0 . 28 21 . 22 + 0 . 13 

−0 . 11 0.74 ± 0.05 4 . 64 + 1 . 03 
−0 . 76 5.72 ± 0.09 

−18 . 55 + 0 . 42 
−0 . 40 19 . 67 + 0 . 20 

−0 . 19 4 . 27 + 0 . 43 
−0 . 42 

S 9 HERMESJ032637 − 270044 19.10 ± 0.07 22.70 ± 0.05 1 . 01 + 0 . 02 
−0 . 03 10.12 ± 0.22 3.81 ± 0.13 

– – –
S 10 HERMESJ033732 − 295353 16 . 47 + 0 . 13 

−0 . 12 21 . 15 + 0 . 19 
−0 . 20 1.91 ± 0.16 5 . 36 + 0 . 33 

−0 . 32 2.93 ± 0.07 

−18 . 89 + 0 . 68 
−0 . 55 20 . 40 + 0 . 25 

−0 . 27 6.15 ± 1.32 
S 13 HERMESJ103827 + 581544 17 . 86 + 0 . 09 

−0 . 08 21 . 95 + 0 . 12 
−0 . 13 1.53 ± 0.11 4 . 75 + 0 . 19 

−0 . 20 10.12 ± 0.23 

−20 . 38 + 0 . 09 
−0 . 08 19 . 93 + 0 . 12 

−0 . 13 10 . 48 + 0 . 76 
−0 . 72 

S 14 HERMESJ110016 + 571736 18.78 ± 0.06 21.76 ± 0.04 0.91 ± 0.02 4.99 ± 0.06 12.71 ± 0.19 
−20.19 ± 0.06 19.25 ± 0.04 6.97 ± 0.15 

S 15 HATLASJ114638 − 001132 1 21 . 15 + 0 . 21 
−0 . 20 21 . 97 + 1 . 01 

−0 . 70 0 . 29 + 0 . 10 
−0 . 05 7 . 50 + 0 . 98 

−1 . 17 6.33 ± 0.14 

−19 . 03 + 0 . 21 
−0 . 20 18 . 50 + 1 . 01 

−0 . 70 2 . 51 + 0 . 86 
−0 . 42 

HATLASJ114638 − 001132 2 20 . 52 + 0 . 16 
−0 . 15 24 . 52 + 0 . 29 

−0 . 37 1.28 ± 0.24 8 . 90 + 1 . 82 
−1 . 84 

−19 . 66 + 0 . 16 
−0 . 15 21 . 05 + 0 . 29 

−0 . 37 10 . 90 + 2 . 06 
−2 . 09 

S 16 HATLASJ125126 + 254928 19.21 ± 0.08 23 . 11 + 0 . 06 
−0 . 05 1.07 ± 0.03 15 . 14 + 0 . 42 

−0 . 41 4.18 ± 0.15 

−19 . 16 + 0 . 46 
−0 . 40 21 . 02 + 0 . 27 

−0 . 26 7 . 46 + 0 . 52 
−0 . 61 

S 17 HATLASJ125760 + 224558 18.83 ± 0.06 22.33 ± 0.04 1.02 ± 0.02 8.05 ± 0.13 10.13 ± 0.12 
−19.25 ± 0.06 20.42 ± 0.04 6.76 ± 0.15 

S 18 HATLASJ133008 + 245860 19 . 05 + 0 . 35 
−0 . 32 21 . 55 + 0 . 23 

−0 . 20 0.68 ± 0.05 7 . 33 + 1 . 09 
−1 . 03 3.54 ± 0.11 

−18 . 36 + 0 . 35 
−0 . 32 20 . 01 + 0 . 23 

−0 . 20 3.95 ± 0.31 
S 19 HATLASJ133846 + 255057 20 . 09 + 0 . 10 

−0 . 09 23 . 46 + 0 . 07 
−0 . 06 0.93 ± 0.03 9.19 ± 0.29 12.23 ± 0.12 

−17 . 25 + 0 . 70 
−0 . 55 21 . 94 + 0 . 32 

−0 . 30 5 . 27 + 0 . 68 
−0 . 84 

S 21 HERMESJ171451 + 592634 21.03 ± 0.08 22 . 05 + 0 . 05 
−0 . 04 0 . 336 + 0 . 010 

−0 . 009 6 . 9887 + 0 . 0005 
−0 . 0003 7.00 ± 0.13 

−19.17 ± 0.08 18 . 56 + 0 . 05 
−0 . 04 2.87 ± 0.08 

S 22 HERMESJ171545 + 601238 1 18 . 38 + 0 . 11 
−0 . 10 23.86 ± 0.12 2.68 ± 0.17 6 . 51 + 0 . 37 

−0 . 35 6.65 ± 0.14 
−18 . 78 + 0 . 64 

−0 . 53 22 . 43 + 0 . 30 
−0 . 29 14 . 54 + 2 . 11 

−2 . 40 
HERMESJ171545 + 601238 2 21 . 09 + 0 . 15 

−0 . 14 23 . 87 + 0 . 10 
−0 . 09 0.77 ± 0.04 6.60 ± 0.32 

– – –
S 23 HATLASJ225844.8 − 295124 1 20.37 ± 0.10 20 . 69 + 0 . 07 

−0 . 06 0.29 ± 0.01 3.86 ± 0.08 1.41 ± 0.08 
−18 . 28 + 0 . 93 

−0 . 69 18 . 41 + 0 . 57 
−0 . 49 2 . 13 + 0 . 22 

−0 . 33 
HATLASJ225844.8 − 295124 2 19.43 ± 0.14 24 . 60 + 0 . 12 

−0 . 14 2 . 32 + 0 . 19 
−0 . 20 6 . 47 + 0 . 56 

−0 . 53 
−19 . 18 + 0 . 92 

−0 . 73 22 . 33 + 0 . 56 
−0 . 52 16 . 60 + 2 . 34 

−2 . 76 
S 24 HELMSJ232210.3 − 033559 1 19 . 33 + 0 . 14 

−0 . 13 22 . 74 + 0 . 13 
−0 . 14 1 . 00 + 0 . 11 

−0 . 12 7 . 18 + 0 . 50 
−0 . 53 3.47 ± 0.08 
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Table A2 – continued 

No. IAU name m F 110 W 

μ50 R 50 C 31 μS 1.1 

[mag] [mag arcsec −2 ] [arcsec] [ μJy] 
M F 110 W 

μ50 , 0 R 50 , 0 

[mag] [mag kpc −2 ] [kpc] 
(1) (2) (3) (4) (5) (6) (7) 

−15 . 46 + 1 . 76 
−1 . 08 22.13 ± 0.33 2 . 64 + 1 . 20 

−1 . 30 
HELMSJ232210.3 − 033559 2 22.74 ± 0.12 21.44 ± 0.06 0 . 116 + 0 . 006 

−0 . 005 6 . 982 + 0 . 004 
−0 . 001 

– – –
S 25 HATLASJ233037.2 − 331217 1 19 . 45 + 0 . 14 

−0 . 13 22 . 91 + 0 . 19 
−0 . 21 1.08 ± 0.12 6 . 58 + 1 . 32 

−1 . 03 19.93 ± 0.21 

−19 . 07 + 0 . 82 
−0 . 63 20 . 71 + 0 . 52 

−0 . 47 7 . 66 + 1 . 16 
−1 . 32 

HATLASJ233037.2 − 331217 2 [23.14] – – –
−15 . 40 + 0 . 80 

−0 . 60 – –
Confirmed after the lens subtraction 
S 26 HELMSJ001626.0 + 042613 17.63 ± 0.07 20.35 ± 0.11 0.73 ± 0.04 7.11 ± 0.17 1.46 ± 0.08 

−18.06 ± 0.07 19.50 ± 0.11 2 . 63 + 0 . 16 
−0 . 15 

S 27 HATLASJ002624.8 − 341737 20 . 82 + 0 . 20 
−0 . 19 23 . 13 + 0 . 30 

−0 . 31 0 . 62 + 0 . 08 
−0 . 07 6 . 69 + 0 . 86 

−0 . 94 0.90 ± 0.03 

−18 . 61 + 1 . 20 
−0 . 88 20 . 28 + 0 . 88 

−0 . 78 4 . 88 + 0 . 81 
−0 . 85 

S 28 HELMSJ004723.6 + 015751 1 18.14 ± 0.06 21 . 67 + 0 . 09 
−0 . 11 1 . 27 + 0 . 06 

−0 . 07 4 . 10 + 0 . 49 
−0 . 35 10.99 ± 0.18 

−18.86 ± 0.06 20 . 32 + 0 . 09 
−0 . 11 6 . 65 + 0 . 33 

−0 . 38 
HELMSJ004723.6 + 015751 2 19 . 58 + 0 . 09 

−0 . 08 22.17 ± 0.06 0.74 ± 0.02 5.65 ± 0.10 
– – –

S 29 HERSJ012041.6 − 002705 19.59 ± 0.15 21 . 97 + 0 . 34 
−0 . 37 0 . 58 + 0 . 10 

−0 . 09 9 . 37 + 0 . 72 
−0 . 85 2.57 ± 0.10 

−19 . 21 + 0 . 21 
−0 . 20 19 . 59 + 0 . 35 

−0 . 38 4 . 36 + 0 . 75 
−0 . 66 

S 30 HATLASJ085112 + 004934 18 . 68 + 0 . 17 
−0 . 19 20 . 81 + 0 . 18 

−0 . 20 0.75 ± 0.06 3 . 25 + 0 . 66 
−0 . 47 9.37 ± 0.15 

−19 . 86 + 1 . 58 
−1 . 07 18 . 60 + 0 . 88 

−0 . 79 5 . 27 + 0 . 91 
−1 . 47 

S 31 HATLASJ085359 + 015537 20 . 77 + 0 . 16 
−0 . 15 24 . 92 + 0 . 36 

−0 . 38 1 . 22 + 0 . 20 
−0 . 18 14 . 19 + 1 . 47 

−1 . 44 0.87 ± 0.03 

−19 . 26 + 0 . 58 
−0 . 49 21.58 ± 0.57 10 . 17 + 1 . 76 

−1 . 54 
S 32 HERMESJ104549 + 574512 19.69 ± 0.14 20 . 94 + 0 . 17 

−0 . 18 0.41 ± 0.04 5 . 16 + 0 . 46 
−0 . 43 7.20 ± 0.10 

−15 . 81 + 0 . 29 
−0 . 28 20 . 15 + 0 . 18 

−0 . 19 1 . 39 + 0 . 17 
−0 . 16 

S 33 HERMESJ105551 + 592845 1 20.84 ± 0.12 22.62 ± 0.08 0.58 ± 0.02 3.83 ± 0.10 5.60 ± 0.08 
−16 . 26 + 0 . 85 

−0 . 66 21 . 22 + 0 . 37 
−0 . 33 3 . 09 + 0 . 51 

−0 . 63 
HERMESJ105551 + 592845 2 22 . 06 + 0 . 21 

−0 . 20 21 . 86 + 0 . 15 
−0 . 13 0.25 ± 0.02 3.10 ± 0.14 

– – –
S 34 HERMESJ105751 + 573026 1 17.82 ± 0.08 23 . 48 + 0 . 15 

−0 . 17 2.64 ± 0.24 9 . 89 + 0 . 72 
−0 . 71 43.86 ± 0.21 

−20 . 47 + 0 . 20 
−0 . 19 21 . 43 + 0 . 19 

−0 . 20 18 . 16 + 1 . 76 
−1 . 72 

HERMESJ105751 + 573026 2 20 . 98 + 0 . 70 
−0 . 81 20 . 67 + 0 . 99 

−1 . 12 0 . 16 + 0 . 19 
−0 . 08 11 . 33 + 4 . 02 

−2 . 77 
– – –

HERMESJ105751 + 573026 3 21 . 93 + 0 . 22 
−0 . 20 20 . 72 + 0 . 15 

−0 . 13 0.124 ± 0.008 6.39 ± 0.49 
– – –

HERMESJ105751 + 573026 4 21 . 59 + 0 . 10 
−0 . 09 21.16 ± 0.05 0.172 ± 0.006 6 . 987 + 0 . 002 

−0 . 001 
– – –

HERMESJ105751 + 573026 5 21 . 58 + 0 . 19 
−0 . 18 20 . 30 + 0 . 13 

−0 . 12 0.124 ± 0.007 5.60 ± 0.34 
– – –

HERMESJ105751 + 573026 6 [23.60] – – –
– – –

S 35 HATLASJ132630 + 334410 18.76 ± 0.06 23.80 ± 0.04 1.95 ± 0.04 10 . 11 + 0 . 19 
−0 . 18 1.34 ± 0.06 

−20.23 ± 0.06 21.28 ± 0.04 15 . 00 + 0 . 32 
−0 . 31 

S 36 HATLASJ133543 + 300404 1 20 . 76 + 0 . 12 
−0 . 11 22 . 35 + 0 . 08 

−0 . 07 0.60 ± 0.03 2 . 88 + 0 . 06 
−0 . 05 15.09 ± 0.23 

−18 . 83 + 0 . 12 
−0 . 11 19 . 38 + 0 . 08 

−0 . 07 4.90 ± 0.22 
HATLASJ133543 + 300404 2 20.98 ± 0.13 21 . 90 + 0 . 09 

−0 . 08 0.31 ± 0.01 8 . 66 + 0 . 43 
−0 . 42 

−18.62 ± 0.13 18 . 92 + 0 . 09 
−0 . 08 2 . 50 + 0 . 12 

−0 . 11 
HATLASJ133543 + 300404 3 19.92 ± 0.09 23.50 ± 0.06 1.01 ± 0.03 9.81 ± 0.30 

−19.67 ± 0.09 20.53 ± 0.06 8 . 27 + 0 . 25 
−0 . 26 

HATLASJ133543 + 300404 4 20 . 45 + 0 . 11 
−0 . 10 23 . 58 + 0 . 07 

−0 . 06 0.80 ± 0.03 11 . 10 + 0 . 45 
−0 . 44 

−19 . 18 + 0 . 11 
−0 . 10 20 . 58 + 0 . 07 

−0 . 06 6.56 ± 0.23 
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Table A2 – continued 

No. IAU name m F 110 W 

μ50 R 50 C 31 μS 1.1 

[mag] [mag arcsec −2 ] [arcsec] [ μJy] 
M F 110 W 

μ50 , 0 R 50 , 0 

[mag] [mag kpc −2 ] [kpc] 
(1) (2) (3) (4) (5) (6) (7) 

S 37 HATLASJ142140 + 000448 20.34 ± 0.10 21 . 27 + 0 . 07 
−0 . 06 0.36 ± 0.01 4.44 ± 0.10 3.24 ± 0.05 

−19 . 62 + 1 . 19 
−0 . 80 18 . 00 + 0 . 91 

−0 . 73 3 . 08 + 0 . 17 
−0 . 34 

S 38 HERMESJ142824 + 352620 20 . 69 + 0 . 12 
−0 . 11 21 . 47 + 0 . 08 

−0 . 07 0.34 ± 0.01 4.64 ± 0.13 1.93 ± 0.05 

−19 . 04 + 0 . 12 
−0 . 11 18 . 38 + 0 . 08 

−0 . 07 2.81 ± 0.11 
S 39 HATLASJ223753.8 − 305828 19 . 09 + 0 . 08 

−0 . 07 21.81 ± 0.05 0.70 ± 0.02 8 . 77 + 0 . 18 
−0 . 17 3.56 ± 0.08 

−18 . 92 + 0 . 79 
−0 . 63 19 . 93 + 0 . 43 

−0 . 39 4 . 55 + 0 . 53 
−0 . 72 

S 40 HATLASJ225250.7 − 313657 21 . 31 + 0 . 17 
−0 . 16 22 . 23 + 0 . 12 

−0 . 10 0.29 ± 0.02 11 . 10 + 0 . 86 
−0 . 81 2.04 ± 0.03 

−17 . 32 + 1 . 21 
−0 . 86 19 . 97 + 0 . 72 

−0 . 63 2 . 09 + 0 . 27 
−0 . 43 

S 41 HELMSJ233441.0 − 065220 19 . 79 + 0 . 17 
−0 . 16 21.04 ± 0.51 0 . 38 + 0 . 08 

−0 . 05 5 . 13 + 0 . 39 
−0 . 40 172.09 ± 0.22 

−18 . 09 + 0 . 17 
−0 . 16 19.23 ± 0.51 2 . 44 + 0 . 53 

−0 . 35 
S 42 HELMSJ233633.5 − 032119 1 16 . 99 + 0 . 05 

−0 . 04 20.94 ± 0.08 1.29 ± 0.06 7 . 24 + 0 . 28 
−0 . 29 14.41 ± 0.21 

– – –
HELMSJ233633.5 − 032119 2 19.16 ± 0.08 23 . 16 + 0 . 06 

−0 . 05 1.53 ± 0.04 4.34 ± 0.06 
– – –

Confirmed through sub-mm/mm follow-up 
S 43 HELMSJ001615.7 + 032435 18 . 24 + 0 . 36 

−0 . 34 23 . 64 + 0 . 18 
−0 . 16 2 . 54 + 0 . 24 

−0 . 22 9 . 16 + 1 . 47 
−1 . 63 <0.04 

−20 . 31 + 0 . 36 
−0 . 34 21 . 43 + 0 . 18 

−0 . 16 18 . 25 + 1 . 76 
−1 . 62 

S 44 HELMSJ002220.9 − 015524 21 . 07 + 0 . 15 
−0 . 14 25 . 43 + 0 . 10 

−0 . 09 1.59 ± 0.08 6.62 ± 0.31 <0.04 

−18 . 27 + 0 . 50 
−0 . 44 22 . 66 + 0 . 36 

−0 . 34 12 . 62 + 0 . 82 
−0 . 90 

S 45 HELMSJ003814.1 − 002252 [22.45] – – – <0.04 

−12 . 66 + 1 . 43 
−0 . 95 – –

S 46 HELMSJ003929.6 + 002426 22.398 ± 0.003 22 . 17 + 0 . 02 
−0 . 01 0.256 ± 0.003 2 . 38 + 0 . 08 

−0 . 09 <0.04 

−16 . 34 + 0 . 99 
−0 . 73 19 . 83 + 0 . 61 

−0 . 53 1 . 90 + 0 . 18 
−0 . 31 

S 47 HELMSJ004714.2 + 032454 20 . 25 + 0 . 24 
−0 . 23 23 . 07 + 0 . 17 

−0 . 16 0.92 ± 0.14 4 . 40 + 0 . 61 
−0 . 60 <0.04 

−17 . 43 + 0 . 54 
−0 . 48 21 . 38 + 0 . 31 

−0 . 30 5 . 57 + 1 . 05 
−1 . 04 

S 48 HELMSJ005159.5 + 062241 1 18.36 ± 0.09 22 . 71 + 0 . 10 
−0 . 12 1 . 67 + 0 . 11 

−0 . 12 5 . 95 + 0 . 91 
−0 . 64 <0.04 

−19.94 ± 0.09 20 . 66 + 0 . 10 
−0 . 12 11 . 54 + 0 . 74 

−0 . 80 
HELMSJ005159.5 + 062241 2 20.87 ± 0.06 20.48 ± 0.03 0.176 ± 0.004 6 . 987 + 0 . 001 

−0 . 002 
– – –

HELMSJ005159.5 + 062241 3 20.03 ± 0.09 23.78 ± 0.05 1.42 ± 0.06 4 . 08 + 0 . 13 
−0 . 11 

−18.24 ± 0.09 21.75 ± 0.05 9 . 78 + 0 . 41 
−0 . 42 

S 49 HATLASJ005724.2 − 273122 20.36 ± 0.10 24 . 83 + 0 . 07 
−0 . 06 1.35 ± 0.05 18 . 23 + 0 . 86 

−0 . 84 <0.05 

−19 . 00 + 1 . 52 
−0 . 99 22 . 05 + 1 . 01 

−0 . 83 10 . 76 + 0 . 88 
−2 . 22 

S 51 HERMESJ033211 − 270536 [23.01] – – – <0.03 

– – –
S 52 HERMESJ044154 − 540352 19 . 64 + 0 . 09 

−0 . 08 21.75 ± 0.06 0.48 ± 0.01 13 . 98 + 0 . 40 
−0 . 41 <0.03 

– – –
S 53 HATLASJ083932 − 011760 19.992 ± 0.002 21.16 ± 0.01 0.458 ± 0.005 2.18 ± 0.03 <0.03 

−17 . 34 + 0 . 84 
−0 . 65 19 . 65 + 0 . 38 

−0 . 35 2 . 60 + 0 . 38 
−0 . 50 

S 54 HATLASJ091841 + 023048 1 20 . 48 + 0 . 17 
−0 . 16 25 . 27 + 0 . 24 

−0 . 30 1 . 85 + 0 . 30 
−0 . 34 9 . 93 + 5 . 55 

−2 . 95 <0.04 

−18 . 92 + 1 . 12 
−0 . 80 22 . 43 + 0 . 82 

−0 . 71 14 . 30 + 2 . 89 
−3 . 32 

HATLASJ091841 + 023048 2 22.56 ± 0.11 21.80 ± 0.06 0.148 ± 0.006 6 . 9849 + 0 . 0029 
−0 . 0010 

−16 . 84 + 1 . 12 
−0 . 80 18 . 97 + 0 . 78 

−0 . 67 1 . 18 + 0 . 09 
−0 . 17 

S 56 HATLASJ115433.6 + 005042 20.89 ± 0.13 21 . 10 + 0 . 08 
−0 . 07 0.28 ± 0.01 3 . 83 + 0 . 10 

−0 . 11 <0.03 

−17 . 03 + 0 . 62 
−0 . 51 19 . 28 + 0 . 33 

−0 . 31 1 . 79 + 0 . 19 
−0 . 23 

S 57 HATLASJ120127.6 − 014043 20.85 ± 0.19 20 . 44 + 0 . 60 
−0 . 42 0 . 18 + 0 . 04 

−0 . 03 8 . 27 + 3 . 41 
−1 . 67 <0.04 

−18 . 43 + 1 . 34 
−0 . 91 17 . 81 + 1 . 06 

−0 . 91 1 . 37 + 0 . 36 
−0 . 29 

S 58 HATLASJ131611 + 281220 21 . 87 + 0 . 22 
−0 . 20 22 . 68 + 0 . 15 

−0 . 13 0.29 ± 0.02 8 . 86 + 0 . 84 
−0 . 78 <0.03 

−17 . 48 + 0 . 46 
−0 . 42 19 . 91 + 0 . 34 

−0 . 33 2 . 31 + 0 . 18 
−0 . 19 
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Table A2 – continued 

No. IAU name m F 110 W 

μ50 R 50 C 31 μS 1.1 

[mag] [mag arcsec −2 ] [arcsec] [ μJy] 
M F 110 W 

μ50 , 0 R 50 , 0 

[mag] [mag kpc −2 ] [kpc] 
(1) (2) (3) (4) (5) (6) (7) 

S 59 HATLASJ134429 + 303036 19 . 57 + 0 . 32 
−0 . 30 20 . 85 + 0 . 73 

−0 . 69 0 . 38 + 0 . 14 
−0 . 08 6 . 09 + 0 . 69 

−0 . 68 <0.04 

−19 . 01 + 0 . 32 
−0 . 30 18 . 61 + 0 . 73 

−0 . 69 2 . 74 + 1 . 00 
−0 . 58 

S 60 HATLASJ141352 − 000027 1 18 . 19 + 0 . 18 
−0 . 17 22 . 11 + 0 . 43 

−0 . 42 1 . 22 + 0 . 23 
−0 . 18 7.67 ± 0.48 <0.04 

−19 . 85 + 0 . 18 
−0 . 17 20 . 21 + 0 . 43 

−0 . 42 8 . 01 + 1 . 52 
−1 . 17 

HATLASJ141352-000027 2 20 . 91 + 0 . 13 
−0 . 12 21.05 ± 0.08 0.229 ± 0.010 6 . 40 + 0 . 27 

−0 . 26 
– – –

HATLASJ141352 − 000027 3 19.18 ± 0.08 21.69 ± 0.05 0.64 ± 0.02 8.56 ± 0.18 
−18.87 ± 0.08 19.79 ± 0.05 4 . 20 + 0 . 10 

−0 . 11 
S 61 HATLASJ142414 + 022304 1 19 . 95 + 0 . 09 

−0 . 08 23.04 ± 0.09 1.11 ± 0.06 10 . 30 + 0 . 64 
−0 . 53 <0.03 

−18.31 ± 0.09 21.68 ± 0.05 7 . 65 + 0 . 39 
−0 . 40 

HATLASJ142414 + 022304 2 21 . 05 + 0 . 15 
−0 . 14 24 . 59 + 0 . 10 

−0 . 09 0.93 ± 0.05 12 . 87 + 0 . 84 
−0 . 80 

−17 . 21 + 0 . 15 
−0 . 14 22 . 56 + 0 . 10 

−0 . 09 6 . 41 + 0 . 31 
−0 . 30 

S 62 HERMESJ142826 + 345547 19.254 ± 0.001 20.801 ± 0.007 0.542 ± 0.003 2.56 ± 0.03 <0.03 

−18.065 ± 0.001 
19.297 ± 0.007 3.07 ± 0.02 

S 63 HATLASJ230815.5 − 343801 20 . 18 + 0 . 21 
−0 . 20 22 . 15 + 0 . 13 

−0 . 11 0 . 55 + 0 . 02 
−0 . 03 7 . 71 + 1 . 59 

−1 . 35 <0.04 

−18 . 58 + 0 . 93 
−0 . 72 19 . 80 + 0 . 59 

−0 . 52 4 . 05 + 0 . 42 
−0 . 60 

S 64 HELMSJ232439.5 − 043936 20 . 34 + 0 . 21 
−0 . 20 21 . 64 + 0 . 31 

−0 . 26 0.40 ± 0.03 5 . 96 + 0 . 32 
−0 . 29 <0.04 

−18 . 21 + 1 . 27 
−0 . 89 19 . 44 + 0 . 77 

−0 . 67 2 . 86 + 0 . 43 
−0 . 65 

S 65 HELMSJ233620.8 − 060828 17.97 ± 0.07 20.39 ± 0.05 0.66 ± 0.02 6 . 58 + 0 . 20 
−0 . 19 <0.04 

−19.24 ± 0.07 18.94 ± 0.05 3.62 ± 0.09 

Notes. Column (1): source reference number. Column (2): IAU name of the Herschel detection. Indices 1 and 2 refer to the 
two components of the lens candidate. Column (3): apparent magnitude of the model (first row), absolute magnitude of the 
model (second row). Column (4): total effective radius in arcsec (first row) and in kpc (second row). Column (5): total effective 
surface brightness before (first row) and after correcting for cosmological dimming (second row). Column (6): C 31 of the 
model. Column (7): flux density of the background source uncorrected for the magnification. 

A
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c  
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elow, we present the figures and tables that did not enter the full
ody of the paper for the sake of readability. 
In Table B1 , we summarize the properties for all the systems
lassified as B, C, and D after the inclusion of the multiwavelength
ollow-ups and the lens subtraction. Fig. B2 shows the candidates 
lassified as C or D. 
MNRAS 528, 6222–6279 (2024) 



6266 E. Borsato et al. 

M

Figure B1. From left to right panels: observed HST F110W image, best-fitting surface brightness model of the lens and SNR map of the residuals for the B class 
candidates. The contours in the model images are taken at two levels corresponding to SNR = 5 and 10 (thick curves), and five uniformly spaced levels between 
the SNR = 10 and the maximum SNR in the model image (thin curves). The residual maps show the contours of available high-resolution multiwavelength data 
taken at two levels corresponding to SNR = 5 and 10 (thick curves), and five uniformly spaced levels between the SNR = 10 and the maximum SNR in the 
multiwavelength image (thin black curves). The images are oriented such that N is up and E is to the left. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/4/6222/7342497 by C
halm

ers Tekniska H
ogskola user on 13 M

arch 2024
NRAS 528, 6222–6279 (2024) 



Characterization of HST confirmed lenses 6267 

Figure B1. Continued. 
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Figure B1. Continued. 
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Figure B1. Continued. 
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Figure B2. Systems classified as C or D. Each panel show a ∼ 20 arcsec × 20 arcsec cutout of the HST image, the black-shaded regions mark the Herschel /SPIRE 

beam at 250 μm. Lastly, we show the contours of available high-resolution multiwavelength data taken at two levels corresponding to SNR = 5 and 10. 
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Figure B2. Continued. 
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Figure B2. Continued. 
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Figure B2. Continued. 
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Figure B2. Continued. 
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able B1. Properties of the 217 systems classified as B, C, and D by visual inspec

o. IAU name Alt. name Ref. RA Dec. 
[h m s] [d m s] 

1) (2) (3) (4) (5) (6) 

 66 HELMSJ000215.9 − 012829 HELMS3 Na16 00:02:16 −01:28:29.

 67 HELMSJ001800.1 − 060235 HELMS21 Na16 00:18:00 −06:02:35.

 68 HELMSJ002208.1 + 034044 HELMS38 Na16 00:22:08 + 03:40:44.

 69 HATLASJ002533.5 − 333825 HerBS87 Ba18 00:25:34 −33:38:26.

 70 HERMESJ002906 − 421419 HELAISS01 Wa13 00:29:06 −42:14:19.

 71 HATLASJ003207.7 − 303724 HerBS56 Ba18 00:32:08 −30:37:24.

 72 HERMESJ003824 − 433705 HELAISS02 Ca14 00:38:24 −43:37:05.
 73 HELMSJ004747.1 + 061444 HELMS26 Na16 00:47:47 + 06:14:44.
 74 HERSJ010301.2 − 003300 HERS6 Na16 01:03:01 −00:33:01.
 75 HERSJ011640.1 − 000454 HERS4 Na16 01:16:40 −00:04:54.
 76 HATLASJ012415.9 − 310500 HerBS69 Ba18 01:24:16 −31:05:00.
 77 HERSJ012521.0 + 011724 HERS13 Na16 01:25:21 + 01:17:24.
 78 HERSJ012546.3 − 001143 HERS12 Na16 01:25:46 −00:11:43.
 79 HERSJ012754.1 + 004940 HERS3 Na16 01:27:54 + 00:49:40.
 80 HATLASJ012853.0 − 332719 HerBS73 Ba18 01:28:53 −33:27:19.
 81 HATLASJ013840.5 − 281855 HerBS14 Ba18 01:38:41 −28:18:56.
 82 HATLASJ013951.9 − 321446 HerBS55 Ba18 01:39:52 −32:14:46.
 83 HERSJ021402.6 − 004612 HERS17 Na16 02:14:03 −00:46:12.
 84 HERSJ021434.4 + 005926 HERS16 Na16 02:14:34 + 00:59:26.
 85 HERMESJ022017 − 060143 HXMM01 Wa13 02:20:17 −06:01:44.
 86 HERMESJ022022 − 015329 HXMM04 Wa13 02:20:22 −01:53:29.
 87 HERMESJ022029 − 064846 HXMM09 Wa13 02:20:29 −06:48:46.
 88 HERMESJ022135 − 062617 HXMM03 Wa13 02:21:35 −06:26:17.
 89 HERMESJ022548 − 041750 HXMM05 Wa13 02:25:48 −04:17:50.
 90 HERMESJ045027 − 524126 HADFS08 Ca14 04:50:27 −52:41:26.
 91 HERMESJ045058 − 531654 HADFS03 Ca14 04:50:58 −53:16:54.
 92 HATLASJ084933 + 021443 G09-v1.124 08:49:33 + 02:14:43.

HerBS8 Ba18 
 93 HATLASJ084958 + 010713 G09v1.1259 08:49:58 + 01:07:12.

HerBS157 Ba18 
 94 HATLASJ090453.2 + 022017 HerBS183 Ba18 09:04:53 + 02:20:17.

SDP.392 
 95 HATLASJ091331 − 003644 SDP.44 09:13:31 −00:36:44.
 96 HATLASJ092136 + 000132 HerBS91 Ba18 09:21:36 + 00:01:31.
 97 HATLASJ092409 − 005018 HerBS185 09:24:09 −00:50:18.
 98 HERMESJ103618 + 585454 HLock05 Wa13 10:36:18 + 58:54:54.
 99 HATLASJ113804 − 011736 HerBS96 Ba18 11:38:04 −01:17:36.
 100 HATLASJ113833.3 + 004909 HerBS100 Ba18 11:38:33 + 00:49:09.
 101 HATLASJ113841 − 020237 – – 11:38:41 −02:02:37.
 102 HATLASJ115112 − 012638 HerBS53 Ba18 11:51:12 −01:26:38.
tion. 

Vis. class. Multiw. class. S 250 S 350 S 500 Ref. 
[mJy] [mJy] [mJy] 

(7) (8) (9) (10) (11) (12) 

00 B – 643.0 ± 7.0 510.0 ± 6.0 258.0 ± 7.0 Na16 

00 B – 206.0 ± 6.0 186.0 ± 7.0 130.0 ± 7.0 Na16 

00 B – 190.0 ± 6.0 157.0 ± 6.0 113.0 ± 7.0 Na16 

00 B – 114.7 ± 5.2 127.8 ± 6.1 96.0 ± 7.3 Ba18 

00 B – 129.0 116.0 81.0 Ca14 

00 B – 80.3 ± 5.0 106.2 ± 5.2 105.8 ± 6.3 Ne17 

00 B D 115.0 ± 6.0 124.0 ± 6.0 108.0 ± 6.0 Bu15 
00 B – 85.0 ± 7.0 119.0 ± 6.0 125.0 ± 8.0 Na16 
00 B – 121.0 ± 7.0 147.0 ± 6.0 130.0 ± 8.0 Na16 
00 B – 137.5 ± 6.75 196.11 ± 6.56 189.91 ± 7.81 Su17 
00 B – 140.4 ± 5.4 154.5 ± 5.7 100.3 ± 7.0 Ne17 
00 B – 165.0 ± 8.0 153.0 ± 7.0 114.0 ± 10.0 Na16 
00 B – 152.0 ± 8.0 135.0 ± 7.0 114.0 ± 9.0 Na16 
00 B – 253.0 ± 6.0 250.0 ± 6.0 191.0 ± 7.0 Na16 
00 B – 117.1 ± 6.0 129.0 ± 6.2 99.6 ± 7.4 Ba18 
00 B Unc. 116.3 ± 5.7 177.0 ± 6.0 179.4 ± 7.1 Ne17 
00 B – 109.0 ± 4.9 116.5 ± 5.3 107.1 ± 6.2 Ne17 
00 B – 110.0 ± 8.0 130.0 ± 8.0 105.0 ± 9.0 Na16 
00 B – 110.0 ± 9.0 134.0 ± 8.0 109.0 ± 10.0 Na16 
00 B Unc. 179.0 ± 7.0 188.0 ± 8.0 134.0 ± 7.0 Bu15 
00 B D 162.0 ± 7.0 157.0 ± 8.0 125.0 ± 11.0 Bu15 
00 B D 129.0 ± 7.0 118.0 ± 8.0 85.0 ± 7.0 Bu15 
00 B Unc. 114.0 ± 7.0 134.0 ± 8.0 116.0 ± 7.0 Bu15 
00 B D 103.0 ± 7.0 118.0 ± 8.0 97.0 ± 7.0 Bu15 
00 B D 142.0 ± 6.0 133.0 ± 6.0 90.0 ± 6.0 Bu15 
00 B Unc. 119.0 ± 6.0 102.0 ± 6.0 63.0 ± 6.0 Bu15 
14 B D 216.7 ± 7.5 248.5 ± 8.2 208.6 ± 8.6 Ne17 

73 B – 81.2 ± 7.3 98.9 ± 8.2 85.2 ± 8.7 Ba18 

87 B – 87.0 ± 7.2 98.2 ± 8.0 82.3 ± 8.8 Ba18 

00 B – 175.5 ± 6.5 142.2 ± 7.4 85.8 ± 7.8 Va16 
92 B – 139.2 ± 7.3 128.8 ± 8.1 95.1 ± 8.6 Ba18 
00 B – 71.8 ± 7.4 87.7 ± 8.2 82.2 ± 8.5 Ba18 
36 B – 71.0 102.0 98.0 Ca14 
00 B – 85.1 ± 7.3 98.4 ± 8.2 94.8 ± 8.8 Ba18 
68 B – 96.8 ± 7.3 106.4 ± 8.1 93.4 ± 8.7 Ba18 
00 B – 45.2 ± 7.0 72.7 ± 7.7 71.7 ± 8.1 Ma18 
00 B – 141.2 ± 7.4 137.7 ± 8.2 108.4 ± 8.8 Ne17 
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Characterization of HST confirmed lenses 6275 
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Table B1 – continued 

No. IAU name Alt. name Ref. RA Dec. Vis. class. Multiw. class. S 250 S 350 S 500 Ref. 
[h m s] [d m s] [mJy] [mJy] [mJy] 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

S 103 HATLASJ115120 − 003322 – – 11:51:20 −00:33:22.00 B – 146.9 ± 7.8 150.3 ± 8.5 88.0 ± 8.8 Ma18 
S 104 HATLASJ120127.8 − 021648 – – 12:01:28 −02:16:48.00 B – 207.9 ± 7.3 160.9 ± 8.2 103.6 ± 8.7 Ne17 
S 105 HATLASJ120319.1 − 011253 HerBS50 Ba18 12:03:19 −01:12:54.00 B – 114.3 ± 7.4 142.8 ± 8.2 110.2 ± 8.6 Ne17 
S 106 HATLASJ121301.5 − 004922 HerBS48 Ba18 12:13:02 −00:49:23.00 B – 136.6 ± 6.6 142.6 ± 7.4 110.9 ± 7.7 Ne17 
S 107 HATLASJ121334.9 − 020323 – – 12:13:35 −02:03:23.00 B – 211.0 197.9 129.9 Ne17 
S 108 HATLASJ121542.7 − 005220 HerBS62 Ba18 12:15:43 −00:52:20.00 B – 119.7 ± 7.4 135.5 ± 8.2 103.4 ± 8.6 Ne17 
S 109 HATLASJ130054 + 260303 HerBS129 Ba18 13:00:54 + 26:03:02.68 B – 59.4 ± 5.9 85.4 ± 5.9 89.0 ± 7.0 Ba18 
S 110 HATLASJ131322 + 285836 – – 13:13:22 + 28:58:35.61 B – 160.8 ± 7.4 116.0 ± 8.4 68.0 ± 8.8 Ma18 
S 111 HATLASJ134159 + 292833 – – 13:41:59 + 29:28:32.54 B – 174.4 ± 6.7 172.3 ± 7.7 109.2 ± 8.1 Ne17 
S 112 HATLASJ141833 + 010212 HerBS110 Ba18 14:18:33 + 01:02:12.40 B – 66.0 106.5 92.8 Ba18 
S 113 HERMESJ142201 + 533214 HEGS01 14:22:01 + 53:32:13.70 B – 74.0 98.0 89.0 Ca14 
S 114 HATLASJ142318.3 + 013913 – – 14:23:18 + 01:39:13.80 B – 61.8 ± 7.5 83.0 ± 8.2 65.1 ± 8.8 Ma18 
S 115 HATLASJ143203 − 005219 – – 14:32:03 −00:52:19.00 B – 160.6 ± 7.6 125.0 ± 8.3 76.1 ± 8.9 Ma18 
S 116 HERMESJ143331 + 345440 HBootes01 14:33:31 + 34:54:39.60 B Unc. 158.0 191.0 160.0 Ca14 
S 117 HATLASJ144243 + 015506 HerBS153 Ba18 14:42:43 + 01:55:05.86 B – 123.2 ± 7.2 133.4 ± 8.1 85.7 ± 8.8 Ba18 
S 118 HATLASJ144715 − 012114 – – 14:47:15 −01:21:14.00 B – 132.7 ± 7.3 118.9 ± 8.2 74.7 ± 8.6 Ma18 
S 119 HATLASJ222503.7 − 304847 HerBS166 Ba18 22:25:04 −30:48:48.00 B D 32.4 ± 7.2 50.1 ± 8.5 84.3 ± 10.3 Ba18 

UR085S 
S 120 HATLASJ223942.4 − 333304 HerBS111 Ba18 22:39:42 −33:33:04.00 B – 105.9 ± 6.5 115.6 ± 6.2 92.7 ± 7.4 Ba18 
S 121 HATLASJ224026.5 − 315154 HerBS148 Ba18 22:40:27 −31:51:55.00 B – 120.6 ± 5.0 121.2 ± 5.5 86.3 ± 6.8 Ba18 
S 122 HATLASJ224759.6 − 310134 HerBS141 Ba18 22:48:00 −31:01:35.00 B – 122.1 ± 6.1 124.4 ± 6.5 87.3 ± 7.5 Ba18 
S 123 HATLASJ224805.3 − 335820 HerBS33 Ba18 22:48:05 −33:58:20.00 B – 122.3 ± 5.7 135.5 ± 6.3 126.9 ± 7.2 Ne17 
S 124 HATLASJ225045.5 − 304719 HerBS168 Ba18 22:50:46 −30:47:19.00 B – 65.5 ± 6.1 88.1 ± 6.1 84.0 ± 7.5 Na16 
S 125 HATLASJ230546.2 − 331038 HerBS49 Ba18 23:05:46 −33:10:39.00 B – 76.8 ± 5.6 110.9 ± 5.9 110.4 ± 7.0 Ne17 
S 126 HELMSJ231447.5 − 045658 HELMS44 Na16 23:14:48 −04:56:58.00 B – 220.0 ± 8.0 141.0 ± 7.0 106.0 ± 8.0 Na16 
S 127 HATLASJ232210.9 − 333749 HerBS146 Ba18 23:22:11 −33:37:49.00 B – 122.4 ± 5.2 134.6 ± 5.4 86.6 ± 6.8 Ba18 
S 128 HATLASJ232531.3 − 302235 HerBS17 Ba18 23:25:31 −30:22:36.00 B – 175.5 ± 4.3 227.0 ± 4.7 175.7 ± 5.7 Ne17 
S 129 HELMSJ232617.5 − 025319 HELMS51 Na16 23:26:18 −02:53:19.00 B – 86.0 ± 6.0 109.0 ± 6.0 104.0 ± 7.0 Na16 
S 130 HELMSJ232831.8 − 004035 HELMS55 Na16 23:28:32 −00:40:35.00 B – 95.0 ± 7.0 120.0 ± 6.0 102.0 ± 7.0 Na16 
S 131 HELMSJ232833.6 − 031416 HELMS48 Na16 23:28:34 −03:14:16.00 B – 49.0 ± 6.0 104.0 ± 6.0 105.0 ± 8.0 Na16 
S 132 HELMSJ233420.4 − 003458 HELMS43 Na16 23:34:20 −00:34:58.00 B – 156.0 ± 7.0 141.0 ± 5.0 109.0 ± 8.0 Na16 
S 133 HELMSJ233721.9 − 064740 HELMS49 Na16 23:37:22 −06:47:40.00 B – 173.0 ± 6.0 161.0 ± 7.0 105.0 ± 8.0 Na16 
S 134 HELMS233728.8 − 045106 HELMS20 Na16 23:37:29 −04:51:06.00 B – 162.0 ± 6.0 178.0 ± 7.0 132.0 ± 8.0 Na16 
S 135 HELMSJ234314.0 + 012152 HELMS36 Na16 23:43:14 + 01:21:52.00 B – 115.0 ± 6.0 115.0 ± 6.0 113.0 ± 8.0 Na16 
S 136 HATLASJ234955.7 − 330833 HerBS184 Ba18 23:49:56 −33:08:33.00 B – 91.9 ± 5.9 107.6 ± 6.0 82.3 ± 7.1 Ba18 
S 137 HELMSJ235101.7 − 024425 HELMS50 Na16 23:51:02 −02:44:26.00 B – 112.0 ± 6.0 124.0 ± 6.0 105.0 ± 7.0 Na16 
S 138 HATLASJ235121.9 − 332902 HerBS159 Ba18 23:51:22 −33:29:02.00 B Unc. 92.1 ± 5.9 98.3 ± 5.9 85.0 ± 7.1 Ba18 
S 139 HELMSJ235331.7 + 031717 HELMS40 Na16 23:53:32 + 03:17:18.00 B – 102.0 ± 6.0 123.0 ± 7.0 111.0 ± 7.0 Na16 
S 140 HATLASJ000455.3 − 330811 HerBS170 Ba18 00:04:55 −33:08:12.00 C D 61.9 ± 5.4 78.8 ± 6.0 83.8 ± 7.0 Ba18 
S 141 HATLASJ001030.1 − 330621 HerBS98 Ba18 00:10:30 −33:06:22.00 C – 56.3 ± 4.9 51.7 ± 5.0 94.4 ± 6.5 Ba18 
S 142 HELMSJ001226.9 + 020810 HELMS45 Na16 00:12:27 + 02:08:10.00 C – 107.0 ± 6.0 142.0 ± 6.0 106.0 ± 7.0 Na16 
S 143 HELMSJ001325.7 + 042509 HELMS56 Na16 00:13:26 + 04:25:09.00 C – 89.0 ± 6.0 98.0 ± 6.0 102.0 ± 7.0 Na16 
S 144 HATLASJ002144.8 − 295217 HerBS156 Ba18 00:21:45 −29:52:18.00 C – 103.7 ± 5.7 91.3 ± 6.1 85.4 ± 6.9 Ba18 
S 145 HELMSJ002719.5 + 001204 HELMS34 Na16 00:27:20 + 00:12:04.00 C – 248.0 ± 6.0 206.0 ± 7.0 116.0 ± 8.0 Na16 
S 146 HERMESJ002854 − 420457 HELAISS04 Ca14 00:28:54 −42:04:57.00 C – 131.0 102.0 58.0 Ca14 
S 147 HELMSJ003519.7 + 072806 HELMS57 Na16 00:35:20 + 07:28:06.00 C – 134.0 ± 7.0 135.0 ± 7.0 101.0 ± 8.0 Na16 
S 148 HATLASJ003728.7 − 284124 HerBS174 Ba18 00:37:29 −28:41:25.00 C – 95.6 ± 5.7 84.8 ± 5.9 83.2 ± 7.4 Ba18 
S 149 HELMSJ004622.3 + 073509 HELMS46 Na16 00:46:22 + 07:35:09.00 C – 82.0 ± 9.0 113.0 ± 9.0 105.0 ± 10.0 Na16 
S 150 HATLASJ005132.8 − 301848 HerBS45 Ba18 00:51:33 −30:18:48.00 C – 164.6 ± 5.4 160.2 ± 5.8 113.0 ± 7.2 Ne17 
S 151 HELMSJ005258.6 + 061319 HELMS10 Na16 00:52:59 + 06:13:19.00 C D 88.0 ± 6.0 129.0 ± 6.0 155.0 ± 7.0 Na16 
S 152 HATLASJ005849.9 − 290122 HerBS181 Ba18 00:58:50 −29:01:22.00 C – 92.5 ± 5.7 116.6 ± 6.0 82.6 ± 7.2 Ba18 
S 153 HATLASJ011014.5 − 314813 HerBS160 Ba18 01:10:15 −31:48:14.00 C Unc. 48.6 ± 5.6 84.2 ± 6.0 84.8 ± 7.1 Ba18 
S 154 HATLASJ011730.3 − 320719 HerBS138 Ba18 01:17:30 −32:07:19.00 C – 120.4 ± 5.8 111.2 ± 6.4 87.4 ± 7.8 Ba18 
S 155 HATLASJ012209.4 − 273824 HerBS114 Ba18 01:22:09 −27:38:24.00 C – 81.7 ± 5.9 93.8 ± 6.0 91.8 ± 7.7 Ba18 
S 156 HATLASJ012335.1 − 314618 HerBS145 Ba18 01:23:35 −31:46:19.00 C D 54.7 ± 6.0 67.4 ± 6.2 86.8 ± 7.7 Ba18 
S 157 HERSJ013212.2 + 001754 HERS18 Na16 01:32:12 + 00:17:54.00 C – 176.0 ± 7.0 175.0 ± 6.0 104.0 ± 8.0 Na16 
S 158 HATLASJ013239.9 − 330906 HerBS40 Ba18 01:32:40 −33:09:07.00 C – 112.0 ± 5.5 148.8 ± 6.2 117.7 ± 7.0 Ne17 
S 159 HERSJ014057.3 − 010547 HERS14 Na16 01:40:57 −01:05:47.00 C – 136.0 ± 8.0 143.0 ± 8.0 112.0 ± 9.0 Na16 
S 160 HATLASJ014520.0 − 313834 HerBS107 Ba18 01:45:20 −31:38:35.00 C – 97.3 ± 6.1 99.1 ± 6.4 93.1 ± 7.8 Ba18 
S 161 HERSJ020529.1 + 000501 HERS19 Na16 02:05:29 + 00:05:01.00 C – 89.0 ± 6.0 112.0 ± 6.0 102.0 ± 8.0 Na16 
S 162 HERMESJ021632 − 053421 HXMM14 Ca14 02:16:32 −05:34:21.00 C – 98.0 98.0 78.0 Ca14 
S 163 HERMESJ021837 − 035315 HXMM13 Ca14 02:18:37 −03:53:15.00 C – 55.0 88.0 94.0 Ca14 
S 164 HERMESJ021943 − 052433 HXMM20 Ca14 02:19:43 −05:24:33.00 C D 85.0 79.0 67.0 Ca14 
S 165 HERMESJ022206 − 070727 HXMM23 Ca14 02:22:06 −07:07:27.00 C D 137.0 108.0 57.0 Ca14 
S 166 HERMESJ022213 − 070222 HXMM28 Ca14 02:22:13 −07:02:22.00 C – 27.0 47.0 87.0 Ca14 
S 167 HERMESJ022251 − 032414 HXMM22 Ca14 02:22:51 −03:24:14.00 C D 101.0 ± 6.0 85.0 ± 6.0 61.0 ± 6.0 Bu15 
S 168 HERMESJ022515 − 024707 HXMM19 Ca14 02:25:15 −02:47:07.00 C – 43.0 67.0 70.0 Ca14 
S 169 HERMESJ022518 − 044610 HXMM27 Ca14 02:25:17 −04:46:10.00 C – 0.0 48.0 43.0 Ca14 
S 170 HERMESJ023006 − 034153 HXMM12 Ca14 02:30:06 −03:41:53.00 C Unc. 98.0 ± 7.0 106.0 ± 8.0 82.0 ± 7.0 Bu15 
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Table B1 – continued 

No. IAU name Alt. name Ref. RA Dec. Vis. class. Multiw. class. S 250 S 350 S 500 Ref. 
[h m s] [d m s] [mJy] [mJy] [mJy] 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

S 171 HERMESJ032434 − 292646 HECDFS08 Ca14 03:24:34 −29:26:46.00 C – 104.0 67.0 54.0 Ca14 
S 172 HERMESJ032443 − 282134 HECDFS03 Ca14 03:24:43 −28:21:34.00 C – 83.0 118.0 113.0 Ca14 
S 173 HERMESJ032713 − 285106 HECDFS09 Ca14 03:27:13 −28:51:06.00 C – 77.0 66.0 51.0 Ca14 
S 174 HERMESJ033118 − 272015 HECDFS11 Ca14 03:31:18 −27:20:15.00 C – 45.0 52.0 42.0 Ca14 
S 175 HERMESJ043341 − 540338 HADFS04 Ca14 04:33:41 −54:03:38.00 C Unc. 74.0 ± 6.0 93.0 ± 6.0 84.0 ± 6.0 Bu15 
S 176 HERMESJ043830 − 541832 HADFS02 Ca14 04:38:30 −54:18:32.00 C D 19.0 ± 6.0 39.0 ± 5.0 52.0 ± 6.0 Bu15 
S 177 HERMESJ044947 − 525427 HADFS09 Ca14 04:49:47 −52:54:27.00 C D 98.0 ± 6.0 102.0 ± 6.0 72.0 ± 6.0 Bu15 
S 178 HATLASJ083153 + 014014 – – 08:31:53 + 01:40:14.43 C D 69.8 ± 7.3 93.0 ± 8.1 82.0 ± 8.6 Va16 
S 179 HATLASJ083546 + 002804 – – 08:35:46 + 00:28:03.75 C – 86.6 ± 6.6 94.5 ± 7.5 79.5 ± 8.0 Va16 
S 180 HATLASJ083817 − 004134 HerBS108 Ba18 08:38:17 −00:41:34.00 C – 84.5 ± 7.4 106.1 ± 8.2 93.0 ± 8.8 Ba18 
S 181 HATLASJ083859.3 + 021325 HerBS169 Ba18 08:38:59 + 02:13:25.87 C – 95.2 ± 7.5 105.2 ± 8.2 84.0 ± 8.7 Ba18 
S 182 HATLASJ083945 + 021023 HerBS171 Ba18 08:39:45 + 02:10:22.83 C – 71.3 ± 7.3 97.4 ± 8.1 83.4 ± 8.6 Ba18 
S 183 HATLASJ084259.9 + 024959 HerBS188 Ba18 08:43:00 + 02:49:59.02 C – 84.2 ± 7.4 101.5 ± 8.1 81.8 ± 8.6 Ba18 
S 184 HATLASJ085033 + 012914 – – 08:50:33 + 01:29:14.10 C – 182.5 ± 6.9 131.6 ± 7.7 74.7 ± 8.0 Ma18 
S 185 HATLASJ085126 + 014638 – – 08:51:26 + 01:46:38.37 C – 66.4 ± 7.4 92.3 ± 8.1 79.1 ± 8.5 Va16 
S 186 HATLASJ085309 − 005727 HerBS136 Ba18 08:53:09 −00:57:27.00 C – 68.3 ± 7.5 97.5 ± 8.2 87.7 ± 8.6 Ne17 
S 187 HATLASJ090953 − 010811 SDP.60 09:09:53 −01:08:11.00 C – 152.1 ± 7.2 109.3 ± 8.1 83.5 ± 8.4 Va16 
S 188 HATLASJ091454 − 010357 HerBS142 Ba18 09:14:54 −01:03:57.00 C D 69.0 ± 7.3 72.2 ± 8.1 87.2 ± 8.5 Ba18 
S 189 HATLASJ091809 + 001927 HerBS99 Ba18 09:18:09 + 00:19:27.27 C – 93.2 ± 7.4 116.6 ± 8.2 94.3 ± 8.7 Ba18 
S 190 HATLASJ091857 − 000047 – – 09:18:57 −00:00:47.00 C – 171.6 ± 6.4 145.7 ± 7.4 85.1 ± 7.7 Va16 
S 191 HATLASJ091949 − 005037 – – 09:19:49 −00:50:37.00 C – 150.7 ± 7.5 141.4 ± 8.4 90.4 ± 8.7 Va16 
S 192 HATLASJ092141 + 005356 – – 09:21:41 + 00:53:55.58 C – 71.2 ± 7.3 85.4 ± 8.2 79.6 ± 8.8 Va16 
S 193 HERMESJ100057 + 022014 HCOSMOS02 Ca14 10:00:57 + 02:20:13.70 C D 70.0 ± 6.0 85.0 ± 6.0 71.0 ± 6.0 Bu15 

COSBO3 
S 194 HERMESJ103958 + 563120 HLock17 Wa13 10:39:58 + 56:31:19.92 C – 62.0 82.0 67.0 Ca14 
S 195 HERMESJ104051 + 560654 HLock02 Wa13 10:40:51 + 56:06:54.14 C – 53.0 115.0 140.0 Ca14 

LSW102 
S 196 HERMESJ104140 + 570859 HLock11 Wa13 10:41:40 + 57:08:59.42 C – 97.0 112.0 80.0 Ca14 
S 197 HERMESJ105712 + 565458 HLock03 Wa13 10:57:12 + 56:54:58.25 C – 114.0 ± 7.0 147.0 ± 10.0 114.0 ± 8.0 Ca14 
S 198 HATLASJ113243 − 005109 HerBS71 Ba18 11:32:43 −00:51:09.00 C – 68.0 ± 7.0 106.0 ± 8.0 100.0 ± 9.0 Ma19 
S 199 HATLASJ113834 − 014657 HerBS119 Ba18 11:38:34 −01:46:57.00 C – 68.5 ± 7.2 85.6 ± 8.1 91.2 ± 8.6 Ba18 
S 200 HATLASJ114753 − 005832 HerBS85 Ba18 11:47:53 −00:58:32.00 C – 92.1 ± 6.6 104.2 ± 7.4 96.0 ± 7.7 Ba18 
S 201 HATLASJ115521 − 021332 HERBS179 11:55:21 −02:13:32.00 C D 67.3 ± 7.2 84.9 ± 8.1 75.7 ± 8.9 Va16 
S 202 HATLASJ115820 − 013754 HerBS66 Ba18 11:58:20 −01:37:54.00 C – 120.0 ± 7.0 124.0 ± 8.0 101.0 ± 8.0 Ma19 
S 203 HATLASJ120600.7 + 003459 HerBS74 Ba18 12:06:01 + 00:34:59.51 C – 88.7 ± 7.4 104.1 ± 8.1 98.8 ± 8.7 Ba18 
S 204 HATLASJ120709.2 − 014702 HerBS51 Ba18 12:07:09 −01:47:03.00 C – 143.2 ± 7.4 149.2 ± 8.1 110.3 ± 8.7 Ne17 
S 205 HATLASJ121348.0 + 010812 HerBS116 Ba18 12:13:48 + 01:08:12.59 C – 65.1 ± 7.4 96.6 ± 8.2 93.6 ± 8.5 Ba18 
S 206 HATLASJ121416.3 − 013704 HerBS164 Ba18 12:14:16 −01:37:04.00 C – 88.0 ± 6.4 99.3 ± 7.4 84.3 ± 7.7 Ba18 
S 207 HATLASJ121812.8 + 011841 HerBS83 Ba18 12:18:13 + 01:18:41.67 C D 49.5 ± 7.2 79.7 ± 8.1 94.1 ± 8.8 Ba18 
S 208 HATLASJ122034.2 − 003805 HerBS197 Ba18 12:20:34 −00:38:06.00 C – 81.9 ± 7.5 93.8 ± 8.2 84.8 ± 8.7 Ba18 
S 209 HATLASJ122117.0 − 014924 – – 12:21:17 −01:49:24.00 C – 146.6 ± 7.4 128.9 ± 8.2 87.2 ± 8.3 Va16 
S 210 HATLASJ122158.5 + 003326 HerBS124 Ba18 12:21:59 + 00:33:26.15 C – 135.7 ± 7.3 116.1 ± 8.2 89.8 ± 8.6 Ba18 
S 211 HATLASJ122407.4 − 003247 HerBS161 Ba18 12:24:07 −00:32:47.00 C D 56.5 ± 7.3 75.7 ± 8.1 82.4 ± 8.8 Ba18 
S 212 HATLASJ122459.1 − 005647 HerBS150 Ba18 12:24:59 −00:56:47.00 C D 53.6 ± 7.2 81.3 ± 8.3 92.0 ± 8.9 Ba18 
S 213 HATLASJ125105 + 261653 NGP.2070 12:51:05 + 26:16:52.62 C – 116.5 ± 5.5 125.3 ± 6.5 81.3 ± 7.7 Va16 
S 214 HATLASJ125653 + 275903 HerBS31 Ba18 12:56:53 + 27:59:02.98 C – 133.9 ± 7.5 164.1 ± 8.2 131.8 ± 8.9 Ne17 
S 215 HATLASJ125810 + 263710 – – 12:58:10 + 26:37:09.99 C – 131.6 ± 7.3 122.9 ± 8.3 78.8 ± 8.5 Ma18 
S 216 HATLASJ130601 + 231322 – – 13:06:01 + 23:13:21.65 C – 86.0 ± 7.3 88.0 ± 8.2 76.5 ± 8.6 Va16 
S 217 HATLASJ131001 + 264759 – – 13:10:01 + 26:47:59.05 C – 142.1 ± 7.3 124.1 ± 8.2 81.2 ± 8.9 Va16 
S 218 HATLASJ131020 + 253731 – – 13:10:20 + 25:37:31.47 C – 186.4 ± 7.3 158.7 ± 8.1 93.7 ± 8.5 Va16 
S 219 HATLASJ131609 + 254931 – – 13:16:09 + 25:49:31.15 C – 121.4 ± 7.3 108.2 ± 8.1 76.8 ± 8.7 Va16 
S 220 HATLASJ131642 + 251158 – – 13:16:42 + 25:11:58.38 C – 62.7 ± 6.9 71.5 ± 7.7 63.9 ± 8.1 Ma18 
S 221 HATLASJ131805 + 325018 HerBS173 Ba18 13:18:05 + 32:50:18.05 C – 73.3 ± 5.6 92.7 ± 6.0 83.3 ± 7.2 Ba18 
S 222 HATLASJ132128 + 282023 HerBS127 Ba18 13:21:28 + 28:20:22.74 C – 110.0 ± 5.5 122.7 ± 6.1 89.5 ± 6.9 Ba18 
S 223 HATLASJ132227 + 300723 – – 13:22:27 + 30:07:22.54 C – 48.0 ± 7.3 78.6 ± 8.2 25.0 ± 8.8 Va16 
S 224 HATLASJ132302 + 341650 HerBS30 Ba18 13:23:02 + 34:16:49.66 C – 124.2 ± 7.3 144.6 ± 8.2 137.0 ± 8.7 Ne17 
S 225 HATLASJ132419 + 320754 HerBS43 Ba18 13:24:19 + 32:07:54.43 C – 84.5 ± 6.8 116.0 ± 7.6 115.4 ± 8.0 Ne17 
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Table B1 – continued 

No. IAU name Alt. name Ref. RA Dec. Vis. class. Multiw. class. S 250 S 350 S 500 Ref. 
[h m s] [d m s] [mJy] [mJy] [mJy] 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

S 226 HATLASJ132909 + 300958 HerBS204 Ba18 13:29:09 + 30:09:58.23 C – 57.9 ± 5.5 95.3 ± 6.1 80.1 ± 7.1 Ba18 
S 227 HATLASJ133255 + 265529 – – 13:32:55 + 26:55:29.23 C – 192.5 ± 7.4 167.4 ± 8.1 116.6 ± 8.6 Ne17 
S 228 HATLASJ133256 + 342210 HerBS44 Ba18 13:32:56 + 34:22:09.50 C – 164.3 ± 7.5 186.8 ± 8.1 114.9 ± 8.7 Ne17 

NA.v1.267 
S 229 HATLASJ133440 + 353140 HerBS134 Ba18 13:34:40 + 35:31:40.17 C – 69.9 ± 5.9 97.3 ± 6.2 87.9 ± 7.3 Ba18 
S 230 HATLASJ133534 + 341837 HerBS76 Ba18 13:35:34 + 34:18:36.97 C – 108.5 ± 5.9 124.3 ± 6.0 98.5 ± 7.0 Ba18 
S 231 HATLASJ133623 + 343806 – – 13:36:23 + 34:38:05.88 C – 78.8 ± 7.4 83.2 ± 8.3 79.1 ± 8.6 Ma18 
S 232 HATLASJ133715 + 352058 – – 13:37:15 + 35:20:58.04 C – 69.9 ± 7.5 88.1 ± 8.3 69.4 ± 8.8 Ma18 
S 233 HATLASJ133905 + 340820 – – 13:39:05 + 34:08:20.20 C – 59.3 ± 7.3 82.7 ± 8.2 70.1 ± 8.7 Va16 
S 234 HATLASJ134124 + 354007 – – 13:41:24 + 35:40:06.58 C – 62.9 ± 7.3 79.9 ± 8.2 82.2 ± 8.5 Va16 
S 235 HATLASJ134139 + 322837 – – 13:41:39 + 32:28:37.34 C – 39.8 ± 7.4 42.7 ± 8.1 80.1 ± 8.8 Va16 
S 236 HATLASJ134403 + 242627 HerBS196 Ba18 13:44:03 + 24:26:26.95 C – 86.9 ± 5.7 92.3 ± 6.3 81.0 ± 7.1 Ba18 
S 237 HATLASJ134442 + 240346 HerBS133 Ba18 13:44:42 + 24:03:46.12 C – 85.4 ± 5.5 98.5 ± 6.1 88.1 ± 7.3 Ba18 
S 238 HATLASJ134654 + 295659 – – 13:46:54 + 29:56:59.06 C – 85.0 ± 7.6 82.0 ± 8.3 77.8 ± 8.6 Va16 
S 239 HATLASJ140422 − 001218 HerBS206 Ba18 14:04:22 −00:12:18.00 C – 79.3 ± 7.4 102.6 ± 8.4 80.2 ± 8.8 Ba18 
S 240 HATLASJ141118 − 010655 HerBS201 Ba18 14:11:18 −01:06:55.00 C D 52.2 ± 7.2 78.6 ± 8.2 80.5 ± 8.7 Ba18 
S 241 HATLASJ141810.0 − 003747 HerBS143 Ba18 14:18:10 −00:37:47.00 C – 77.7 ± 6.5 97.3 ± 7.4 87.1 ± 7.9 Ba18 
S 242 HATLASJ141955.5 − 003449 – – 14:19:56 −00:34:49.00 C – 76.4 ± 7.5 94.9 ± 8.0 80.2 ± 8.9 Va16 
S 243 HERMESJ142549 + 345024 – – 14:25:49 + 34:50:23.57 C – 48.0 ± 7.4 64.4 ± 8.3 52.9 ± 9.0 Ma18 
S 244 HERMESJ142558 + 332549 HBootes09 14:25:58 + 33:25:48.68 C – 69.0 81.0 60.0 Ca14 
S 245 HATLASJ142707 + 002258 HerBS130 Ba18 14:27:07 + 00:22:57.60 C – 119.4 ± 7.3 118.7 ± 8.1 88.8 ± 8.6 Ba18 
S 246 HATLASJ143403.5 + 000234 HerBS147 Ba18 14:34:04 + 00:02:34.34 C – 103.3 ± 7.4 103.3 ± 8.1 86.6 ± 8.5 Ba18 
S 247 HERMESJ143544 + 344743 HBootes12 14:35:44 + 34:47:43.37 C – 11.0 52.0 21.0 Ca14 
S 248 HERMESJ144030 + 333843 HBootes07 14:40:30 + 33:38:42.68 C – 86.0 88.0 72.0 Ca14 
S 249 HATLASJ144556.1 − 004853 G15v2.481 14:45:56 −00:48:53.00 C Unc. 126.7 ± 7.3 132.6 ± 8.4 111.8 ± 8.7 Ne17 

HerBS46 Ba18 
S 250 HATLASJ144608.6 + 021927 HerBS38 Ba18 14:46:09 + 02:19:27.01 C – 73.4 ± 7.1 111.7 ± 8.1 122.1 ± 8.7 Ne17 
S 251 HATLASJ145135.2 − 011418 HerBS126 Ba18 14:51:35 −01:14:18.00 C – 81.9 ± 7.2 95.9 ± 8.2 89.8 ± 8.8 Ba18 
S 252 HATLASJ145337.2 + 000407 HerBS137 Ba18 14:53:37 + 00:04:07.94 C – 86.0 ± 7.2 103.6 ± 8.0 87.7 ± 8.6 Ba18 
S 253 HATLASJ145754 + 000017 HerBS195 Ba18 14:57:54 + 00:00:17.07 C – 70.3 ± 7.3 92.7 ± 8.1 81.0 ± 8.8 Ba18 
S 254 HERMESJ161332 + 544358 HELAISN01 16:13:32 + 54:43:57.76 C – 123.0 129.0 88.0 Ca14 
S 255 HERMESJ170508 + 594056 HFLS07 Ca14 17:05:08 + 59:40:56.32 C – 115.0 92.0 69.0 Ca14 
S 256 HERMESJ170608 + 590921 HFLS03 Ca14 17:06:08 + 59:09:21.28 C – 98.0 105.0 81.0 Ca14 
S 257 HERMESJ170818 + 582845 HFLS05 Ca14 17:08:18 + 58:28:45.41 C – 40.0 75.0 74.0 Ca14 
S 258 HERMESJ172222 + 582611 HFLS10 Ca14 17:22:22 + 58:26:10.82 C – 52.0 50.0 32.0 Ca14 
S 259 HERMESJ172612 + 583742 HFLS01 Ca14 17:26:12 + 58:37:42.24 C – 107.0 123.0 98.0 Ca14 
S 260 HATLASJ222629.4 − 321111 HerBS144 Ba18 22:26:29 −32:11:12.00 C – 98.9 ± 8.4 116.5 ± 8.2 87.0 ± 11.5 Ba18 
S 261 HATLASJ224027.7 − 343134 HerBS97 Ba18 22:40:28 −34:31:35.00 C – 96.1 ± 6.0 98.5 ± 6.3 94.4 ± 7.7 Ba18 
S 262 HATLASJ224207.2 − 324159 HerBS67 Ba18 22:42:07 −32:41:59.00 C Unc. 73.0 ± 5.5 88.1 ± 6.2 100.8 ± 7.7 Ne17 
S 263 HATLASJ224400.8 − 340030 HerBS84 Ba18 22:44:01 −34:00:31.00 C – 105.1 ± 5.9 123.0 ± 6.4 97.0 ± 7.6 Ba18 
S 264 HATLASJ225324.2 − 323504 HerBS103 Ba18 22:53:24 −32:35:04.00 C – 126.1 ± 5.3 131.2 ± 5.7 93.5 ± 7.0 Ba18 
S 265 HATLASJ225339.1 − 325549 HerBS131 Ba18 22:53:39 −32:55:50.00 C – 85.5 ± 5.2 99.7 ± 5.5 88.0 ± 6.9 Ba18 
S 266 HATLASJ225611.6 − 325652 HerBS135 Ba18 22:56:12 −32:56:53.00 C – 85.4 ± 5.5 96.7 ± 6.2 87.8 ± 7.5 Ba18 
S 267 HATLASJ230002.6 − 315005 HerBS80 Ba18 23:00:03 −31:50:05.00 C – 122.7 ± 5.7 122.1 ± 6.3 97.7 ± 7.6 Ba18 
S 268 HATLASJ230538.5 − 312204 HerBS182 Ba18 23:05:39 −31:22:04.00 C – 89.0 ± 5.7 109.1 ± 6.2 82.3 ± 7.9 Ba18 
S 269 HATLASJ231205.1 − 295026 HerBS132 Ba18 23:12:05 −29:50:27.00 C – 86.7 ± 5.8 102.6 ± 6.0 90.6 ± 7.8 Ba18 
S 270 HELMSJ231857.2 − 053035 HELMS16 Na16 23:18:57 −05:30:35.00 C – 143.0 ± 7.0 183.0 ± 7.0 146.0 ± 8.0 Na16 
S 271 HATLASJ232200.0 − 355622 HerBS118 Ba18 23:22:00 −35:56:22.00 C D 60.0 ± 6.3 84.3 ± 6.6 90.9 ± 7.7 Ba18 
S 272 HATLASJ232419.8 − 323926 HerBS18 Ba18 23:24:20 −32:39:27.00 C – 213.0 ± 4.4 244.2 ± 4.8 169.4 ± 5.8 Ne17 

SC.v1.128 
S 273 HELMSJ232558.3 − 044525 HELMS17 Na16 23:25:58 −04:45:25.00 C – 190.0 ± 6.0 189.0 ± 6.0 142.0 ± 8.0 Na16 
S 274 HATLASJ232623.0 − 342642 HerBS37 Ba18 23:26:23 −34:26:42.00 C – 153.7 ± 4.4 178.3 ± 5.0 123.5 ± 6.2 Ne17 

SB.v1.202 
S 275 HELMSJ234014.6 − 070738 HELMS42 Na16 23:40:15 −07:07:38.00 C – 158.0 ± 6.0 154.0 ± 6.0 110.0 ± 8.0 Na16 
S 276 HELMSJ234951.6 − 030019 HELMS47 Na16 23:49:52 −03:00:19.00 C – 186.0 ± 7.0 167.0 ± 6.0 105.0 ± 8.0 Na16 
S 277 HERSJ010911.7 − 011733 HERS9 Na16 01:09:12 −01:17:33.00 D – 393.0 ± 8.0 220.0 ± 8.0 118.0 ± 9.0 Na16 
S 278 HATLASJ083345 + 000109 HerBS88 Ba18 08:33:45 + 00:01:09.41 D D 71.0 ± 7.6 96.0 ± 8.1 95.9 ± 8.8 Ba18 
S 279 HATLASJ090613.8 − 010042 HerBS165 Ba18 09:06:14 −01:00:43.00 D D 73.4 ± 7.4 80.2 ± 8.0 84.3 ± 8.7 Ba18 
S 280 HATLASJ091238 + 020050 – – 09:12:38 + 02:00:49.71 D – 173.2 ± 7.7 140.2 ± 8.2 97.6 ± 9.1 Ma18 
S 281 HATLASJ142004 + 014045 – – 14:20:04 + 01:40:44.73 D – 191.7 ± 7.5 150.1 ± 8.3 65.2 ± 8.7 Ma18 

Notes. Column (1): source reference number. Column (2): IAU name of the Herschel detection. Columns (3) and (4): alternative name and reference. Columns (5) and (6): ICRS RA 

and Dec. coordinate (J2000.0) of the Herschel detection. Columns (7) and (8): visual and multiwavelength lens classifications. Columns (9), (10), (11), and (12): SPIRE flux density 
at 250, 350, and 500 μm, and reference. 
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igure C1. From left to right panels: lens-subtracted image, best-fitting model of 
ack to the image plane, SNR map of the residuals obtained after subtracting the
econstructed background source with caustic curves (dashed line). Each of the fir
ens modelling. The second panel from the left also shows the critical curves (cont
he SNR > 3 region adopted for computing the magnification and source size. 

Figure C1. Co
the lensed source, SNR > 3 regions of the reconstructed source plane lensed 
 model of the lensed source from the input lens-subtracted image, and the 
st three panels shows the pixel mask (black-shaded region) adopted for the 
inous curve). In the source plane image, we highlighted with black contours 

ntinued. 
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