INAF

ISTITUTO NAZIOMNALE

2 ASTROFISICA

MATIRAL INSTITLITE
FOR ASTROFHYSICS

Publication Year 2021

Acceptance in OA 2022-03-09T11:41:19Z

Title Search for candidate strongly lensed dusty galaxiesin the Planck satellite catalogues

Authors Trombetti, T., BURIGANA, CARLO, BONATO, MATTEO, Herranz, D., De Zotti, G., Negrello,

M., Galluzzi, Vincenzo, MASSARDI, MARCELLA

Publisher's version (DOI) 10.1051/0004-6361/202140830

Handle http://hdl.handl e.net/20.500.12386/31537

Journal ASTRONOMY & ASTROPHY SICS

Volume 653




Astronomy & Astrophysics manuscript no. TTrombetti_strongly_lensed
August 4, 2021

A search for candidate strongly-lensed dusty galaxies
in the Planck satellite catalogues

T. Trombetti'-*, C. Burigana'-%3** M. Bonato"-*>*** D. Herranz®7-****, G. De Zotti’>-, M. Negrello®*,
V. Galluzzi®-%, and M. Massardi'#1

INAF, Istituto di Radioastronomia, Via Piero Gobetti 101, I-40129 Bologna, Italy

Dipartimento di Fisica e Scienze della Terra, Universita di Ferrara, Via Giuseppe Saragat 1, -44122 Ferrara, Italy
INFN, Sezione di Bologna, Via Irnerio 46, I-40127 Bologna, Italy

INAF, Italian ALMA Regional Centre, Via Piero Gobetti 101, 1-40129, Bologna, Italy

INAF, Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, I-35122 Padova, Italy

Instituto de Fisica de Cantabria, CSIC-UC, Av. de Los Castros s/n, E-39005 Santander, Spain

Departamento de Fisica Moderna, Universidad de Cantabria, 39005-Santander, Spain

School of Physics and Astronomy, Cardiff University, The Parade, Cardiff CF24 3AA, UK

Osservatorio Astronomico di Trieste, Via G. B. Tiepolo, 11 1-34143 Trieste, Italy

N R . . B NI VU R SR

Received ...; accepted ...

ABSTRACT

The shallow, all-sky Planck surveys at sub-millimeter wavelengths have detected the brightest strongly gravitationally lensed dusty
galaxies in the sky. The combination of their extreme gravitational flux boosting and image stretching offers the unique possibility
of measuring in extraordinary detail, via high-resolution imaging and spectroscopic follow-up, the galaxy structure and kinematics
in early evolutionary phases, thus gaining otherwise unaccessible direct information on physical processes in action. However the
extraction of candidate strongly lensed galaxies from Planck catalogues is hindered by the fact that they are generally detected
with poor signal-to-noise ratio, except for the few brightest ones. Thus their photometric properties are strongly blurred so that they
are very difficult to single out. We have devised a method capable of increasing by a factor of about three to four the number of
identified Planck-detected strongly lensed galaxies, although with an unavoidably limited efficiency. Our approach exploits the fact
that strongly lensed galaxies have sub-millimeter colours definitely colder than nearby dusty galaxies that constitute the overwhelming
majority of extragalactic sources detected by Planck. The sub-mm colours of the 47 confirmed or very likely Planck-detected strongly
lensed galaxies have been used to estimate the colour range spanned by objects of this kind. Moreover, most nearby galaxies and
radio sources can be picked up by cross-matching with the IRAS and PCNT catalogues, respectively. We present samples of lensed
candidates selected at 545, 857 and 353 GHz, comprising 177, 97 and 104 sources, respectively. The efficiency of our approach,
tested exploiting data from the SPT survey covering = 2, 500 deg?, is estimated to be in the range 30%—40%. We also discuss stricter
selection criteria increasing the estimated efficiency to =~ 50% at the cost of a somewhat lower completeness. Our analysis of SPT data
has identified a dozen of galaxies that can be reliably considered previously unrecognized Planck—detected strongly lensed galaxies.
Extrapolating the number of Planck—detected confirmed or very likely strongly lensed galaxies found within the SPT and H-ATLAS
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1. Introduction

2108.01113v1 [astro-ph.CO] 2 Aug 2021

=" An interesting and unexpected (but see [Negrello et al.[|[2007) re-
sult from Planck was the detection of ultra-bright strongly lensed
high-z sub-millimeter galaxies (SMGs) discovered by Herschel
with extreme magnifications, y, in the range 10-50 (Herranz
Eﬁ et al.[2013;/Canameras et al.[2015; [Harrington et al.[2016,[2021}
Diaz-Sanchez et al.|2017). These objects offer a unique oppor-
tunity to get detailed information on the internal structure, gas
properties and kinematics of high-z galaxies during their most
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survey areas, we expect from =~ 150 to =~ 190 such sources over the full |b| > 20° sky.

Key words. gravitational lensing: strong — submillimeter: galaxies — galaxies: high-redshift

active, dust-enshrouded star-formation phase (Fu et al.| 2012}
Nesvadba et al.|2016l 2019; |(Canameras et al.|2017blal |2018alb,
2021; Harrington et al. [2018} |2019; [Dannerbauer et al.|[2019;
Planck Collaboration Int. LV|2020).

This information is absolutely crucial to understand the
key processes governing the galaxy formation and early evolu-
tion. Current galaxy formation models envisage widely different
physical mechanisms for shaping the galaxy properties: merg-
ers, interactions, cold flows from the intergalactic medium, in
situ processes (for reviews see [Silk & Mamon|[2012; [Somerville
& Davé|[2015). All models have a large number of adjustable
parameters that allow them to be consistent with the available
statistical information (source counts, redshift distributions).

The only way to get direct information on physical processes
at work is to look inside the high-z star-forming galaxies. But
these are compact, with typical effective radii of 1-2kpc (e.g.,
Shibuya et al.[2015,[2019; Spilker et al.[2016;|Hodge et al.|2016j
Ikarashi et al.2017;|Enia et al.[2018}; [Fujimoto et al.[2018},2020),
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corresponding to angular radii of 0.1-0.2 arcsec at z ~ 2-3. Thus
they are hardly resolved even by ALMA and by the HST. If they
are resolved, high enough S/N ratios per resolution element are
achieved only for the brightest galaxies, probably not represen-
tative of the general population.

Strong gravitational lensing provides a solution to these
problems, allowing us to study high-z galaxies in extraordinary
detail, otherwise beyond reach of present-day instrumentation
(e.g.,/Sun et al.|2021). This happens thanks to the magnification
of the galaxy flux combined with a stretching of images. Since
lensing conserves the surface brightness, the effective angular
size is stretched on average by a factor u'/2.

A spectacular example are ALMA observations with a 0.1”
resolution of the strongly lensed galaxy PLCK_G244.8+54.9 at
z = 3.0 with ¢ ~ 30 (Canameras et al.|2017a): they reached the
astounding spatial resolution of =~ 60 pc, substantially smaller
than the size of Galactic giant molecular clouds. (Cafiameras
et al.| (2017a) have also obtained CO spectroscopy, measuring
the kinematics of the molecular gas with an uncertainty of 40-50
kmy/s. This spectral resolution makes possible a direct investiga-
tion of massive outflows driven by AGN feedback at high z, with
predicted velocities of ~ 1000 kms™! (King & Pounds|[2015).

Outflows are advocated by all the main galaxy formation
models to explain the star-formation inefficiency in galaxies
(only ~ 10% of baryons end up in stars). However the observa-
tional confirmation of outflows of the direct fuel for star forma-
tion (namely, molecular gas) is very difficult to achieve at high-z
due to the weakness of their spectral signatures (for a review see
Veilleux et al.[2020). Even when outflows are detected, a proper
assessment of their properties is limited by spatial resolution and
sensitivity of instruments.

Strong lensing allowed Spilker et al.| (2018) and |[Jones et al.
(2019) to detect, by means of ALMA spectroscopy, fast, mas-
sive molecular outflows in galaxies at z = 5.293 and 5.656, re-
spectively, discovered by the South Pole Telescope (SPT) survey.
Spilker et al.| (2020) found unambiguous evidence for outflows
in 8 out of 11 SPT lensed galaxies at z > 4.
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Fig. 1. Redshift distributions of the background lensed galaxies (solid
blue histograms) and of the foreground lenses (dashed red histograms)
detected by Planck compared with those of the 187 strong gravitational
lens candidates in the BELLS GALLERY survey parent sample (Shu
et al.|2016).

Prolific searches of strongly lensed galaxies have been car-
ried out in the optical (Cao et al.[2020; Talbot et al.[2021}, and ref-
erences therein). The mm/sub-mm surveys not only complement

Article number, page 2 of 18

the optical ones by extending the selection to dust-enshrouded
galaxies but also reach higher redshifts both of background
lensed galaxies and of foreground lenses, as illustrated by Fig. [I]
In fact, the mm/sub-mm region is exceptionally well suited to
reach high redshifts due to the large, negative K-correction and
to the strong cosmological evolution. A further advantage is that
lensed SMGs are generally free from blending with foreground
lenses, showing up in different wavebands.

Negrello et al.| (2007) predicted that essentially all high-z
galaxies brighter than Ss500,m = 100 mly detected by Herschel
surveys would have been strongly lensed (magnification u > 2)
and pointed out that they could be identified with close to 100%
efficiency since the other extragalactic sources above that flux
density limit would have been easily recognizable local galaxies
plus a small fraction of radio sources. This prediction proved to
be accurate and a total of about 170 candidate strongly lensed
galaxies with S 500,m > 100 mJy have been selected by Negrello
et al.| (2010, 2017), Wardlow et al| (2013) and |[Nayyeri et al.
(2016) respectively from the Herschel Astrophysical Terahertz
Large Area Survey (H-ATLAS; [Eales et al.|2010), the Herschel
Multitiered Extragalactic Survey (HerMES; [Oliver et al.[2012)
and the HerMES Large Mode Survey (HeLMS) plus Herschel
Stripe 82 Survey (HerS; |Viero et al.[2014) catalogues.

To enlarge the sample of Herschel-detected strongly lensed
galaxies it is necessary to go to lower flux densities, where these
objects are mixed up with an increasing fraction of unlensed
high-z galaxies. Methods proposed to extract strongly lensed
galaxies exploit the fact that they are located within arc-seconds
from the galaxy acting as the lens (Gonzalez-Nuevo et al.[2012}
2019; Bakx et al.[[2020). The latter galaxies are close enough
to the Herschel galaxies to be interpreted as their optical coun-
terparts by likelihood ratio techniques (e.g., Bourne et al.[|2016)
but cannot be the sources themselves because they generally are
massive ellipticals containing old stellar populations, hence with
negligible far-IR/sub-mm emission.

Planck sub-mm surveys are much shallower that the Her-
schel ones: their detection limits are more than one order of
magnitude higher. However, thanks to its all-sky coverage the
Planck mission had the unique capability of detecting the bright-
est strongly lensed high-z SMGs in the sky, i.e. those best suited
to get high spatial and spectral resolution follow-up data. In
fact, the shallowness of Planck surveys implies that only re-
ally extreme magnifications can boost high-z galaxy flux den-
sities above the detection limits. To put the argument in con-
text, let us remember that essentially all high-z SMGs brighter
than 100mJy at 600 GHz (500 um) were found to be strongly
lensed (Negrello et al.|2010}, 2017} Wardlow et al.[2013; Nayyeri
et al.|2016)), but the brightest candidate strongly lensed galaxy
detected over the 602 deg® of the Herschel Astrophysical Ter-
ahertz Large Area Survey (H-ATLAS; [Eales et al|2010) has
a flux density of 465.7 mly at 857 GHz (Negrello et al.[2017).
For comparison, the 90% completeness limit at this frequency
of the second Planck Catalogue of Compact Sources (PCCS2;
Planck Collaboration XXVI|2016) in the “extragalactic zone” is
of 791 mJy. Correspondingly, the estimated gravitational magni-
fications of Planck-detected lensed galaxies, mostly in the range
10 to 50 (Cafiameras et al.|2015; [Harrington et al.|2021)), are sub-
stantially higher than those of H-ATLAS lensed galaxies, which
are in the range ~ 5-15 (Negrello et al.|2017; |Enia et al.[2018).
The unique possibilities offered by the Planck selection are clear.

Searching the literature we have collected a total of 27
Planck-detected strongly lensed galaxies (Table[I)). All but two
of them are listed in the Second Planck Catalogue of Compact
Sources (PCCS2; Planck Collaboration XXVI|[2016), one in the
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Table 1. Confirmed strongly lensed galaxies detected by Planck. Flux densities are in mJy. They are taken from the PCCS2 catalogue ex-
cept for the source at RA=36.6416 deg, DEC=23.7579 deg which is in the PCCS2E catalogue (sources of unknown reliability) and for that at
RA=143.0985 deg, DEC=27.4167 deg, which is one of the Planck high-z source candidates (PHz catalogue; |Planck Collaboration Int. XXXIX
2016)). The redshifts of the source and of the lens are denoted by z and z;, respectively. In the first column, P stands for PCCS2, PE for PCCS2E;

the adjacent number is the selection frequency (GHz).

Planck name RA (deg) DEC (deg) S 353 S545 S857 Z 2 Ref
P353G293.74-69.76 17.4580 -47.0360 273 £49 - 741 +132 3.614 0.669 S16, R20
P545 G190.40-83.77 19.1949 -24.6172 - 684 +102 1138 +132 2.1245 0.4 H20
P545 G287.12-68.67 21.2800 -47.3987 226 £ 46 517+79 903 +£113 2.5148  0.305 W13
P545 G160.59-56.77 32.4210 0.2626 329+66 813109 1309+165 2.5534 0.202 HI16
PE857G149.41-34.16 36.6416 23.7579 498 +78 1174 +126 2263 +250 3.1190 0.34 H20
P857 G227.77-60.61 46.2943 -30.6084 - - 613+ 101 2.2624 0.1-0.5 H20
P545G157.43+30.34  117.2155 59.6982 407 +67 927+ 108 - 2.7544 0402 H20
P545G211.62+32.22  131.7090 15.0965 431 +58 1114 +89 1660 + 117 2.6615 0.1 H20
PHz G200.61+46.09 143.0985 274167 370+190 586 + 68 747 £ 78 ~3.0 0.6 C15
P545 G145.25+50.84  163.3439 60.8635 450 =50 782 + 90 - 3.6000 - C15
P545G244.76+54.94  163.4710 5.9392 444 + 49 915+091 1334 £ 131 3.0055 1.525 C15, H20
P857 G158.56+64.72  171.8060 46.1567 - - 886+ 128 1.3036  0.415 H20
P857G188.25+73.11  174.5230 32.9658 - - 882+ 145 2.0183 0.6 H20
P545G231.27+72.22  174.8406 20.4147 - 533 + 85 - 2.8584 0.57 C15, H20
P353G270.57+58.50  176.6579 -0.1922 287 £ 50 - 956 + 148  3.2592 1.2247 Fl12, Hel3, N17
P545G138.59+62.02  180.5320 53.5778 - 633 +77 835+106 24416 0.212 HI16
P353G076.26+79.96  201.6254 33.7353 255 +49 - - 2.9507 0.7856 N17
P545 G007.97+80.28  202.3920 22.7242 283 +56 921 £ 97 1612 £ 121 2.0401  0.443 D17
P545G104.43+66.26  204.1456 49.2204 - 539 + 80 852+ 126  3.2548 0.28 H20
P857 G052.27+77.90  206.1225 30.5094 - - 705+ 130 2.3010 0.6721 N17
P857 G030.03+62.79  222.4941 22.6436 - - 703 £ 125  2.1536 - H20
P545G045.11+61.10  225.6502 29.3475 333+ 64 498 + 86 - 3.4270 0.56 C15, Nel6
P545 G080.25+49.86  236.1350 50.3961 - 504 + 77 - 2.5988  0.673 C15, H20
P857G107.64+36.93  241.8242 73.7842 - - 761 =104  1.4839 0.65 H16, H20
P545G092.49+42.89  242.3240 60.7558 307 =45 788 +79 1240 + 113 3.2555 0.45 H16, H20
P545 G053.44-36.27 323.7983 -1.0478 337+57 775+ 109 947+ 165 23259 0.325 Swl0
P353 G325.97-59.46 353.0972 -53.9804 307 +£52 - - 2.73 - Su21

References. C15, Canameras et al.| (2015); D17, |Diaz-Sanchez et al.|(2017); F12, |Fu et al.| (2012)); H16, Harrington et al.| (2016));
H20, Harrington et al.| (2021)); He13, Herranz et al.| (2013)); N17, Negrello et al.[|(2017); Nel6, Nesvadba et al.| (2016); R20, Reuter
et al.| (2020); S16, |Spilker et al.|(2016); Su21,[Sun et al.|(2021); Sw10, |Swinbank et al.| (2010); W13, |Weil et al.| (2013)).

PCCS2E which contains sources with unknown reliability, and
one in the catalogue of Planck high-z source candidates, detected
in the cleanest 26% of the sky (PHz catalogue; [Planck Collabo-
ration Int. XXXIX|2016).

Canameras et al.| (2015) list 3 more sources as “Planck—
detected” (at RA, DEC in deg: 139.619, 51.7064; 171.8108,
42.4736; 217.3249, 59.3525). Other 4 sources are listed by
Harrington et al.| (2016) and/or |[Harrington et al.| (2021)
at: 200.5730, 9.3907; 200.7615, 55.6003; 217.0995, 35.4389;
348.4860, 1.1549. None of them appears in the last versions of
the online Planck catalogues.

Measured redshifts are in the range 1.3-3.6, implying that
a statistically well defined sample of Planck lensed galaxies
would be very well suited to investigate the structure of galaxies
across the peak of the cosmic star formation rate. However so
far searches have been fragmentary and over limited sky areas,
implying that the available sample is highly inhomogeneous and
incomplete.

Finding the rare Planck—detected strongly lensed galaxies
among the several thousands local dusty galaxies is not an easy
task, however. Statistical selection techniques such as those suc-
cessfully used to select Herschel-detected strongly lensed can-

didates fainter than Ssp0,m = 100mly (Gonzalez-Nuevo et al.
2012, [2019; Bakx et al.|2020), mentioned above, cannot be ap-
plied: the typical rms positional error of the relevant sources,
computed using eq. (7) of [Planck Collaboration XXVI| (2016),
is of 1.5 arcmin, i.e. a factor of 26 larger than the typical po-
sitional error for Herschel-SPIRE sources (3.4 arcsec; [Bourne
et al.[2016).

To look for counterparts to H-ATLAS sources, Bourne et al.
(2016) considered SDSS galaxies with rpege; < 22.4. Their sur-
face density is =~ 1.2 x 10* deg™2 so that within the 2 ¢~ search ra-
dius of 3 arcmin there are, on average, ~ 94 SDSS galaxies. Sim-
ilarly, the surface density of WISE galaxies is ~ 9.9 x 10° deg ™2
(Jarrett et al.|[2017) so that there are, on average, ~ 80 WISE
galaxies within a 3 arcmin radius. For comparison, the number
of chance associations within 10”, the search radius generally
used in the Herschel case, is ~ 0.09 (SDSS) or ~ 0.08 (WISE).
We could not find any valid criterion to identify plausible fore-
ground lenses among the many tens of galaxies lying within the
Planck search radius.

Another possibility would be to use Machine Learning tech-
niques to select lensed candidates. This would require mas-
sive simulations using, e.g. the Planck Sky Model (Delabrouille
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Fig. 2. Redshift distribution of Planck Early Release Compact Source
Catalogue (ERCSC:; Planck Collaboration VII[2011) galaxies detected
at 545 GHz (Negrello et al.|2013} no more recent redshift distribution
for a complete sample of Planck dusty galaxies is available). They are
all local (z < 0.1). At fainter flux densities, strongly lensed galaxies at
much higher redshifts (z 2 1) begin to appear, with nothing in between.
Plotted here is the redshift distribution of known strongly lensed galax-
ies detected by Planck (Table[T)). The broad gap among the two popu-
lations persists at least down to a flux density of 100 mJy at 600 GHz
(Negrello et al.[2017).

et al.|2013)) to produce a tailored training set. However, we have
preferred to resort to the work-intensive approach described in
Sect. [2] where we also present our results. In Sect. [3| we summa-
rize and discuss our main conclusions.

3.5

Seg57/Ssas

0.5 1 n

0.0 T T T T T T T
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Ss45/S353

Fig. 3. Distribution in the Sgs7/Ss45 VS Ss45/8 353 colour—colour plot
of Planck-detected galaxies with S's4s > 500 mJy. For this diagram we
have used the multi-band BeeP photometry (Planck Collaboration Int.
LV|2020). Radio sources were removed by cross-matching the sample
with the PCNT catalogue (Planck Collaboration Int. LIV|2018). The 10
confirmed strongly lensed galaxies in this sample (filled blue circles)
have colours at the red end of the distribution of the other galaxies (filled
red squares). Still redder objects are likely Galactic cold clumps (see
text).
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2. Method
2.1. Overview

As mentioned above, picking up strongly lensed galaxies from
Planck catalogues is not easy since they are a tiny fraction of
detected sources and their flux densities are generally near the
detection limit, as expected given the steepness of the bright
end of their source counts (Perrotta et al.|[2002, 2003; Ne-
grello et al.|2007; [Vieira et al.|[2010; [Mocanu et al.|2013]; [Ne-
grello et al.|2017; Everett et al.|2020). Sub-mm PCCS2 sources
at high Galactic latitude (|b| > 20°ﬂ are mostly nearby star-
forming galaxies with a small fraction of extragalactic radio
sources which dominate at cm and mm wavelengths (Planck
Collaboration Int. VII||2013). In addition there are galaxy over-
densities (Planck Collaboration Int. XX VII|[2015};[Planck Collab-
oration Int. XXXIX|[2016), Galactic cirrus (Herranz et al.|2013)
and Galactic cold clumps (GCC; |Planck Collaboration XXVIII
2016), intensity peaks of the cosmic infrared background (CIB)
plus the rare strongly lensed galaxies we are looking for.

Since we are interested in dusty galaxies, we have considered
only Planck channels at v > 353 GHz. As predicted by Negrello
et al.| (2007) and confirmed by the analysis of H-ATLAS data
(Negrello et al.|2017)), at the bright detection limits of the Planck
sub-mm surveys, unlensed dusty galaxies are at z < 0.1 (see also
Negrello et al.|2013) while lensed galaxies are at z > 1 (see
Fig.[2) and therefore have substantially colder sub-mm colours.

Thus sub-mm colours are a distinctive property of strongly
lensed galaxies. But can these sources be selected simply based
on colours? The PCCS2 photometry is frequently limited to one
or two frequencies, not enough to answer this question. Fortu-
nately multi-band photometry obtained with the Bayesian Ex-
traction and Estimation Package (BeeP) has been recently pub-
lished (Planck Collaboration Int. LV|2020). We selected sources
with Ss45 > 500 mJy at high Galactic latitudes (|| > 20°). This
flux density limit is slightly lower than the 90% completeness
limit in the “extragalactic zone” given by [Planck Collaboration
XXVI| (2016), 555 mJy, but consistent with the limit obtained
from the comparison between Planck and H-ATLAS photome-
try (Maddox et al.[2018)).

Radio sources were identified and removed by cross-
matching the BeeP sample with the Planck multi-frequency cat-
alogue of non-thermal sources (PCNT; [Planck Collaboration
Int. LIV|[2018). The distribution of sources in the Sgs57/S 545 Vs
Ss545/8 353 plane is shown in Fig. E} The 10 confirmed strongly
lensed galaxies comprised in the BeeP sample populate the red
end of the distribution but their positions in the diagram are
not clearly separated from those of unlensed galaxies. Hence,
colours are useful to remove most nearby galaxies but still these
are by far more numerous than lensed galaxies in any region
encompassing the colours of the latter. The reason is that the un-
certainties in the flux densities measured by Planck are so large
that the differences in colour between local and lensed galaxies
are blurred. Thus the selection must be refined.

Figure [3] also shows that there are objects with colours even
redder than those of strongly lensed galaxies. Two out of the
5 objects with the reddest colours (those at RA=83.9031 deg,
DEC=22.012 deg; RA=142.4874 deg, DEC=-23.2730 deg, with

! At low Galactic latitudes the reliability of source detection cannot be
accurately assessed because of the confusion from Galactic cirrus emis-
sion. Therefore the Planck Collaboration has adopted a set of Galactic
masks, defined by [Planck Collaboration XV|(2014), to exclude regions
to various levels of dust contamination. Our choice, |b| > 20°, roughly
corresponds to the region outside the Planck G65 mask.
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Fig. 4. Distributions of sub-mm colours Sgs7/S 545 and Ss45/5 353 of the 47 confirmed plus very likely Planck detected strongly lensed galaxies
solid blue histograms. The dashed red histograms show the distributions of the 27 confirmed strongly lensed galaxies only.

Sgs7/Ssa5 = 0.76, Ss45/S353 = 1.21 and Sgs7/Ss45 = 1.12,
S's45/S 353 = 1.56, respectively) are listed in the Planck catalogue
of Galactic Cold Clumps (Planck Collaboration XXVIII2016).
The other 3 (170.8088, -48.6199; 277.4627, 1.4644; 343.5329,
16.1255 with S357/S545 = 1.22, 5545/5353 = 186, Sg57/S545 =
103, 5545/5353 = 1.54 and Sg57/5545 = 045, S545/S353 = 0.84,
respectively) are also likely Galactic cold clumps, although the
data do not allow a firm classification yet.

The BeeP catalogue contains only sources listed in the
PCCS2+2E at 857 GHz. It misses some of the reddest sources
showing up at lower frequencies, including most of the known
Planck—detected strongly lensed galaxies. Thus, to achieve a
comprehensive selection of strongly lensed candidates we need
to go back to the PCCS2 catalogues at 353 and 545 GHz. Again,
we confined ourselves to sources at |b| > 20° but, to be as in-
clusive as possible, we did not impose any flux-density cut. We
adopted the Planck DETFLUX photometry because of its higher
sensitivity compared to APERFLUX, although the latter is more
robust at > 353 GHz (Planck Collaboration XXVI [2016). In
fact, using DETFLUX our selection criteria, specified in the sub-
sections below, recover more confirmed strongly lensed galaxies
than using APERFLUX. For example, at 545 GHz we recover 18
confirmed strongly lensed galaxies, while only 11 are recovered
using APERFLUX. This happens because APERFLUX yields
substantially lower signal-to-noise ratios for our faint sources.
Moreover, their colours are spread over the region occupied by
local dusty galaxies. Hence selection criteria based on colours
are much less efficient: going deeper is crucial for our purposes.

A first cleaning of the initial, |b] > 20°, samples at each
frequency was obtained cross-matching them with the IRAS
PSC/FSC Combined Catalogue (Abrahamyan et al.|2015) us-
ing a 3 arcmin search radius. Since the dust emission spectrum
of low-z galaxies generally peaks in the range 60—150 um (La-
gache et al|2003), i.e. within or close to the IRAS wavelength
range, IRAS is substantially more sensitive than Planck to these
objects. Not all IRAS galaxies are at low z. About 4% are at
z > 0.3 and a small fraction (0.7%) are hyper-luminous infrared
galaxies and dusty QSOs at z of up to =~ 4, including 4 strongly
lensed galaxies (Rowan-Robinson et al.|2018). However, none
of the IRAS galaxies with extreme IR luminosities, listed in Ta-
ble 5 of Rowan-Robinson et al.| (2018), has a PCCS2 counter-
part. Thus dropping PCCS2 sources with IRAS counterparts we
rid the sample of nearby dusty galaxies without affecting high-z
objects.

The removal of radio sources is slightly less straightforward.
Matches with the PCNT include dusty galaxies hosting radio
nuclei. As far as their sub-mm colours are dominated by dust
emission, they should be dealt with as the other dusty galax-
ies. We have therefore inspected the matches one by one check-
ing whether, after subtracting the radio contribution extrapolated

from lower frequencies, the sub-mm colours were consistent
with dust emission, i.e. the continuum spectra showed a steepen-
ing from mm to sub-mm wavelengths. Objects with spectra con-
sistent with being dust-dominated at sub-mm wavelengths were
kept. At first we thought that also sources with counterparts in
the Planck GCC catalogue should be removed, but we gave up on
that because we found that there are 8 confirmed strongly lensed
galaxies among GCC’s. This is not really surprising. Although
Planck Collaboration XXVIII| (2016) applied three independent
methods to remove extragalactic sources from their sample, they
didn’t have any way to identify strongly lensed galaxies which
have colours similar to GCC'’s.

To clean the samples further we made a selection based on
sub-mm colours. The obvious benchmark for this purpose is the
sample of confirmed strongly lensed Planck—detected galaxies
(Table E]) Since the number of these objects is limited, we have
complemented it with other Planck galaxies which have proper-
ties indicating that they are very likely strongly lensed.

Negrello et al. (2021, in preparation) carried out SCUBA 2
observations of a preliminary sample of candidate strongly
lensed galaxies with Ss45 > 500mly, detecting 12 of them.
The SCUBA 2 detection implies that these objects are point like,
i.e. not cold extended objects like cold clumps, proto-clusters of
high-z dusty galaxies or positive fluctuations of the CIB. Their
red colours imply substantial redshifts, but galaxies at substan-
tial redshifts are almost certainly strongly lensed. This point is
illustrated by Fig. [2] showing a striking bimodality of the red-
shift distribution of Planck—detected galaxies. On one side we
have nearby late-type galaxies, at z < 0.1, and hence easily rec-
ognizable in optical/near-infrared catalogues. On the other side
we have dust enshrouded, hence optically very faint, gravita-
tionally lensed galaxies at z 2 1. The bimodality is inherent
in shallow sub-mm surveys and was shown to persist down to
detection limits much deeper than Planck’s; it is seen in Her-
schel surveys for Siimeo0 = 100mJy (Negrello et al|[2017).
Planck—detected galaxies at z > 0.2 would be hyperluminous in-
frared galaxies (HyLIRGs, Lig > 10" Ly). HyLIRGs are not de-
tected at redshifts of a few tenths (Gruppioni et al.[2013); if they
were present, they would have been detected by IRAS (Rowan-
Robinson et al|2018). On the other hand, the probability of
SMGs undergoing strong lensing is heavily suppressed at z < 1
(Perrotta et al.|[2002; Negrello et al.|[2007; |[Hezaveh & Holder
2011). Only at higher redshifts there are enough very luminous
IR galaxies and the optical depth for strong gravitational lens-
ing is large enough to yield the extreme amplifications needed
to make galaxies detectable by Planck (to reach the Planck de-
tection limits, galaxies must be both intrinsically ultraluminous
and very highly magnified). Three of the 12 sources detected by
Negrello et al. (2021) with SCUBA 2 were later confirmed by
Harrington et al.|(2021)) to be strongly lensed.
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Furthermore, a cross-match of galaxies detected by Planck
with the catalogues of SPT galaxies (Everett et al.[2020) yielded
4 more sources with redshifts indicative of strong lensing. Fi-
nally we added the 7 galaxies listed as Planck—detected by either
Canameras et al.| (2015) or |Harrington et al.| (2016} 2021}, not
listed in the PCCS2 but present in earlier versions of the Planck
point source catalogues.

Most of these 47 sources don’t have PCCS2 photometry at all
3 frequencies of interest (353, 545 and 857 GHz), as necessary
to determine their sub-mm colours. To get uniform photometry
for the full sample we performed a multi-frequency analysis with
the “Matrix multi-Filter” methodology described by |Planck Col-
laboration Int. LIV|(2018)). This technique allowed us to get flux
density estimates or upper limits at all frequencies of interest
and also to improve the signal-to-noise ratio at the frequencies
for which PCCS2 flux densities are available.

We note, in passing, that there are significant differences be-
tween the BeeP and the MTXF photometry. The BeeP photom-
etry is based on the all-sky temperature maps at 353, 545, and
857 GHz from the Planck 2015 release (PR2; |Planck Collabo-
ration [/2016) which was also the source for the PCCS2 pho-
tometry. The Beep catalogue provides two sets of flux-density
estimates, based on different models for the spectral energy dis-
tribution: the Modified Blackbody (MBB) and the Free model.
The two sets are in good agreement with each other. We have
chosen the MBB flux densities which seem to benefit from a
better background subtraction.

The MTXF photometry, instead, exploits the most recent
publicly available release in the Planck Legacy Archive (PR3;
Planck Collaboration et al.|[2020). However we have checked
that using PR2 maps we get really minor differences, ~ 2%.
Much larger differences are produced by the different methods
for measuring source flux densities. The BeeP photometry is in
good agreement with the PCCS2 APERFLUX but not with DET-
FLUX. For example, at 857 GHz the DETFLUX values are on
average ~ 24% lower than the BeeP ones. Hence the BeeP pho-
tometry is close to aperture photometry.

In its current implementation, the MTXF method assumes
instead that sources are point-like, i.e. that their spatial profile
is that of the instrumental beam. It is therefore closer to DET-
FLUX and works well for the high-z sources we are interested
in. On the other hand, it is bound to underestimate the flux den-
sity of extended sources, such as nearby dusty galaxies. This is
indeed what we see. The ratio between MTXF and BeeP flux
densities is lower for the brightest sources which are very nearby
dusty galaxies. The mean MTXF/BeeP ratios for the 388 com-
mon sources in the parent sample are 0.78, 0.75 and 0.84 at
857, 545 and 353 GHz, respectively, close to the mean ratios be-
tween DETFLUX and BeeP flux densities. However, the ratios
approach unity if we restrict ourselves to the weaker sources of
interest here.

Another factor that may affect flux density estimates is po-
sitional accuracy. There are some differences between the posi-
tions where MTXF and BeeP locate the sources. Planck Collabo-
ration Int. L.V|(2020) argue that positional offsets can account for
up to a 5% differences between BeeP and PCSS2 APERFLUX.

The MTXF photometry at v > 217GHz of confirmed
strongly lensed galaxies in Table[I]is presented in Table[2] The
distributions of the Sgs7/S 545 and Ss545/S 353 flux density ratios
of all the 47 confirmed or very likely strongly lensed galaxies are
shown in Fig. E} All sources but one have Sgs7/S 545 < 2.75. The
highest S'gs57/S 545 ratio is very uncertain because the source has

a low signal-to-noise ratio (SNR) at 545 GHz (SNRsys =~ 1.5):
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Procedure for the definition of the sample of
lensed galaxy candidates

A 4

Sources selected at |b|>20° in the PCCS2
catalogues at each of the three highest Planck frequencies: 353, 545
and 857 GHz

A 4

Nearby galaxies and radio sources removed by cross-matching (with
a 3’ search radius) the samples with the IRAS PSC/FSC Combined
Catalogue and with the PCNT, respectively

\ 4

Selection based on sub-mm colours using colours of 47 confirmed or
very likely Planck-detected strongly lensed galaxies as templates

\ 4

Selected sources checked on the NED and on the Aladin Sky Atlas to
remove low-z galaxies escaping rejection by the previous criteria.

Fig. 5. Flowchart summarizing our procedure to select candidate
strongly lensed galaxies.

it has an rms error of 74% and the central value of the ratio is
higher than 2.75 by only 0.36 0.

The distribution of Ss45/S 353 ratios is substantially broader
and more uncertain. This is because the SNR is generally low at
353 GHz: about one third of sources have SNR3s53 < 3 and only
11 have SNR3s3 > 5. Thus this ratio does not help much with the
selection and we have ignored it. We did not impose any lower
limit to the Sg57/S s45 ratio because sources with low values may
be at higher redshifts than confirmed strongly lensed galaxies in
our sample and thus particularly interesting.

The application of the MTXF technique is quite demanding
in terms of computer time. It is therefore not practical to apply it
to all sources detected by Planck at frequencies > 353 GHz. We
have therefore chosen to first clean the 353 and 545 GHz samples
as far as possible exploiting the information already available
and to obtain the MTXF photometry to cleaned samples only. At
857 GHz we used the BeeP photometry.

Our procedure for selecting Planck—detected strongly lensed
galaxies is summarized in the flowchart of Fig. [5]

2.2. Selection at 545 GHz

As mentioned above, we adopted 545 GHz as our reference fre-
quency. This frequency is expected to maximize the ratio be-
tween the number of lensed and unlensed galaxies (although
this ratio is nevertheless extremely small) since, compared to the
857 GHz selection, it favours redder sources, while being more
sensitive to dusty galaxies than the 353 GHz channel.

After having removed IRAS galaxies and radio sources we
were left with 556 sources that constitute our parent sample.
Applying the Sgs7/S 545 < 2.75 criterion to the MTXF photom-
etry of the parent sample we obtained a sample of 202 candi-
date strongly lensed. A check made using the NASA/IPAC Ex-
tragalactic Database (NED) showed that some of these sources
are associated to nearby galaxies that escaped rejection based on
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Table 2. MTXF photometry of confirmed strongly lensed galaxies listed in Table Flux densities and errors are in mly, rounded to 1 mly.
Equatorial coordinates, RA and DEC, J2000, are in degrees. SN stands for signal-to-noise ratio at the frequency in the subscript.

RA DEC So17 S353 S 545 Sgs7 SN2j7 SNi3s3  SNsss  SNgs7  Sss57/Ssas Ssas/Sssz S353/S217
17.4579  -47.0363 8125 248 + 72 530 = 105 854 £ 187 3.2 3.5 5.1 4.6 1.61 2.14 3.06
19.1952 -24.6171 58 +27 264 + 67 650+ 111 1351 = 260 2.1 3.9 5.9 5.2 2.08 2.46 4.58
21.2802  -47.3991 83 +30 271 £53 618 +102 1078 =162 2.8 5.1 6.1 6.7 1.74 2.28 3.26
32.4206 0.2624 139 £35 459 +91 885 + 133 1384 + 240 4.0 5.0 6.6 5.8 1.56 1.93 3.31
36.6414 23.7581 103+36 424 +100 1320+163 2481 +413 2.8 4.2 8.1 6.0 1.88 3.11 4.12
46.2946  -30.6084 36 + 31 134 +77 415 + 98 694 + 163 1.2 1.8 4.2 4.2 1.67 3.09 3.76
117.2154  59.6986 48 + 36 465 =70 819 + 109 1141 + 250 1.3 6.6 7.5 4.6 1.39 1.76 9.71
131.7091 15.0964 101 £36 494+80 1387100 2347 +190 2.8 6.1 13.9 12.3 1.69 2.81 4.89
143.0986 27.4164 143+36 328+78 531 +97 672 + 188 4.0 4.2 5.5 3.6 1.27 1.62 2.30
163.3439 60.8635 139+31 505+64 862+ 114 1032 +215 4.4 7.9 7.6 4.8 1.20 1.71 3.62
163.4709 5.9392 62 +£29 37064 1027 =108 1852+ 197 2.1 5.7 9.5 9.4 1.80 2.77 6.02
171.8062 46.1568 88 +27 81 £55 142 + 95 529 + 161 33 1.5 1.5 33 3.73 1.75 0.92
174.5231 32.9658 44 +29 123 + 62 388+ 112 822 + 191 1.5 2.0 3.5 4.3 2.12 3.17 2.78
174.8401 20.4146 90 =29 222 + 68 505 +94 585 + 169 3.1 3.3 53 3.5 1.16 2.27 2.46
176.6581 -0.1923 61 =29 318 + 60 601 +113 1026 + 179 2.1 53 53 5.7 1.71 1.89 5.21
180.5322  53.5779 42 +27 168 + 63 544 + 94 909 = 152 1.6 2.7 5.8 6.0 1.67 3.24 3.96

201.6254  33.7353 47 27 308 + 66 344 + 101 518 =181 1.7 4.7 34 2.9 1.50 1.12 6.62
202.3920 22.7242 73 £31 247 £ 70 886+ 106 1687 + 183 2.4 3.5 8.3 9.2 1.90 3.59 3.38
204.1455  49.2205 50 £26 240 + 59 537 +95 946 + 176 1.9 4.1 5.7 5.4 1.76 2.24 4.79
206.1225 30.5094 40 + 31 131 +£73 376 + 98 631 + 169 1.3 1.8 3.8 3.7 1.68 2.87 3.24
222.4941 22.6436 59 +37 274 £ 97 543 + 106 912 + 184 1.6 2.8 5.1 4.9 1.68 1.98 4.66
225.6502  29.3475 72 +29 332 +70 608 +95 829 + 169 2.5 4.8 6.4 4.9 1.37 1.83 4.59
236.1350  50.3961 94 +27 220 + 49 488 £ 92 723 + 153 3.5 4.5 5.3 4.7 1.48 2.22 2.34
241.8239 73.7844 2521 132 £47 459 + 91 951 = 160 1.2 2.8 5.0 6.0 2.07 3.48 5.25
242.3240  60.7558 29 +£23 296 + 44 800 + 84 1508 + 162 1.2 6.7 9.5 9.3 1.88 2.70 10.30
323.7983  -1.0478 85+34 396 + 78 835+ 122 1154 £224 2.5 5.1 6.8 5.1 1.38 2.11 4.68
353.0980 -53.9802 686 +27 290+ 60 542 + 120 725 + 229 2.5 4.8 4.5 3.2 1.34 1.87 4.29

the cross-match with the IRAS catalogue. With the help of the
Aladin Sky Atlas (Bonnarel et al.|2000; Boch & Fernique|[2014)
we picked up 25 such sources that were removed from the sam-
ple, leaving 177 candidates, listed in Table[A.T]

We also considered a stricter criterion, Sgs7/Ss45 < 2.35.
Only 3 confirmed or very likely strongly lensed sources exceed
this limit and for two of them the ratio is quite uncertain. We
found 116 sources obeying this criterion. The check on the NED
showed that 5 of them are local galaxies, leaving 111 sources
with Sgs7/S 545 < 2.35 (see Table[AT).

A test of the efficiency of our selection of strongly lensed
candidates was carried out by singling out sources within the
SPT area, i.e. —65° < DEC < —40° and RA between 20h
and 7h (Everett et al.|[2020). In this area there are 15 sources
with Sgs7/Ss545 < 2.75, 8 of which have an STP counterpart
within 3 arcmin; the latter include 1 confirmed and 4 very likely
strongly lensed galaxies. The other 3 SPT matches are classified
by [Everett et al.| (2020) as dusty, unresolved sources and don’t
have any counterpart in the local universe; therefore they might
well be high-z strongly lensed galaxies. In that case our selec-
tion efficiency would be ~ 50%. One of the 7 sources lacking an
SPT counterpart (at RA=77.30626, DEC= -55.17907) is a PHz
source at Zphot = 2.61 (Planck Collaboration Int. XXXIX|2016);
it might be a proto-cluster of dusty galaxies. The other 6 sources
might be cirrus, although other possibilities cannot be ruled out.

Among the 177 sources with Sgs7/Ss45 < 2.75 there are
13 matches with PHz objects, all with Sgs7/Ss45 < 1.9, and
20 matches with GCC’s (Planck Collaboration XXVIII| 2016).
Seven of the PHz matches and also 7 of the GCC matches are
confirmed strongly lensed galaxies (see the last column of Ta-
ble[AT).

There are also 7 matches with Planck SZ clusters within 5
arcmirﬂ Studies of the strong lensing statistics have shown that

2 For cross-matches with cluster catalogues we have adopted a larger
search radius (5’ instead of 3”) on account of the larger positional un-

galaxy clusters contribute substantially to the probability distri-
bution at the very high magnifications typical of Planck—detected
lensed galaxies (Hilbert et al.|2008; Lima et al.|[2010; Robert-
son et al. 2020). In fact, 3 of the confirmed strongly lensed
galaxies (at RA, DEC 117.2155, 59.6982; 163.3440, 60.8636;
323.7983, -1.0478) are associated to clusters detected by Planck
via the Sunyaev-Zeldovich effect (Planck Collaboration XXVII
2016). A cross-match of the full catalogue of PCCS2 detections
at 545 GHz with the Planck SZ catalogue didn’t yield any other
association within 5’ apart from the chance alignment of the
nearby bright galaxy NGC 4523 which is the obvious identifi-
cation of the Planck source.

We have also cross-matched our candidates with other large
catalogues of confirmed galaxy clusters, namely the Massive and
Distant Clusters of WISE Survey (MaDCoWS; Gonzalez et al.
2019), the COnstraining Dark Energy with X-ray (CODEX)
clusters (Finoguenov et al.|2020), the Meta-Catalogue of X-ray
detected Clusters of galaxies (MCXC; Piffaretti et al.|2011) and
the catalogues of clusters detected via the SZ effect by the SPT
(Bleem et al.|2015) and by the Atacama Cosmology Telescope
(ACT; Hilton et al|2021) surveys. We found 13 matches of our
candidate strongly lensed galaxies with clusters in at least one of
these catalogues; these source have a “C” label in the last col-
umn of Table[A.T] A more complete analysis of associations of
our lensed candidates with galaxy clusters will be possible when
the eROSITA (extended ROentgen Survey with an Imaging Tele-
scope Array) catalogue, expected to contain ~ 10° galaxy clus-
ters (Merloni et al.|2012) will be available.

Restricting ourselves to Sgs7/Ss45 < 2.35, we have 12
sources in the SPT area, with the same 8 matches with SPT
sources. This corresponds to a success rate between 5/12 (taking
into account only the 5 confirmed or very likely strongly lensed)
to 2/3, in the case that all the 8 matches are strongly lensed. The

certainties of clusters compared to those of non-Planck point source
catalogues used in this paper.
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numbers of matches with PHz sources and SZ clusters remain
the same, the matches with GCCs decrease to 13.

2.3. Selection at 857 GHz

As shown in Table[l] some confirmed strongly lensed galaxies
were detected by Planck only at 857 GHz. The sample of can-
didates can therefore be enriched by means of a selection at
this frequency which favours lower z’s. The approach adopted
is analogous to that described above except that we exploited the
BeeP photometry which is available for all sources in the PCCS2
857 GHz list and includes 3000 GHz (100 um) flux densities ex-
tracted from the IRIS ma[ﬂ at this frequency. Having photomet-
ric data both at higher and at lower frequencies improves the
accuracy of the photometry at the selection frequency.

Again we started requiring |b| > 20° and removing objects
with IRAS or PCNT counterparts, but keeping PCNT sources
whose sub-mm emission is dominated by dust. BeeP photome-
try is available for 23 confirmed or very likely strongly lensed
galaxies. Apart from a few outliers, with low signal-to-noise
ratios, hence with very uncertain colours, these objects have
S857/S 545 < 2.75 (one outlier), Sgs7/S 3000 > 2.5 (two outliers,
including the previous one), detection significance SRCSIG >
5 and Sgs7 < 2.65Jy. We used these limits to select candi-
date strongly lensed galaxies, except for conservatively relax-
ing the one on Sgs7 to Sgs7 < 3Jy and adding the requirement
SNRR > 1 at each frequency, 353, 545 and 857 GHzﬂ These
criteria yielded a sample of 133 sources, including 21 confirmed
or very likely strongly lensed objects (one confirmed strongly
lensed galaxy with Sgs57/S 545 < 2.75 has SNR353 < 1).

Dropping the 25 sources included in the 545 GHz sample
(Table[A.T) and the 11 local galaxies found checking objects on
the NED, we are left with 97 objects, listed in Table[A.2] includ-
ing 8 confirmed/very likely lensed. The last column of Table[A.2]
shows that we have 7 matches with the GCC catalogue, one of
which is a confirmed strongly lensed galaxy. We also have 2
matches with the PHz catalogue, including a confirmed strongly
lensed galaxy. There are no matches with Planck SZ clusters.
There are however 4 associations within 5 arcmin with at least 1
of the catalogues mentioned in sub-sect. These sources are
tagged with a “C” label in the last column of Table[A.2]

Eleven of the 97 objects lie in the SPT area, 4 of which
have an SPT match including the strongly lensed galaxy at
RA=17.4822 deg, DEC=-47.0149. The source at RA=92.9950,
DEC=-55.2434 can be identified with the strongly lensed galaxy
DES J0611-5514 at z = 0.7 (Diehl et al.|2017), at an angular
separation of 0.76 arcmin, i.e. well within the Planck positional
error. The other 2 are unresolved by the SPT, don’t have any
nearby galaxy counterpart and therefore may well be at high z,
i.e. be strongly lensed. Of the 7 objects without SPT counter-
part, three (80.5288, -64.4013; 89.9582, -40.4288; 332.4487, -
58.7876) are located in cirrus regions; the other 4 might be CIB
fluctuations or proto-clusters of dusty galaxies. Restricting our-
selves to S'gs7/S 545 < 2.3 (75 sources) we have 8 sources in the
SPT area, including the 4 with SPT counterparts. In this case, the
selection efficiency for strongly lensed galaxies is between 25%
and 50%.

3 The IRIS maps are reprocessed IRAS maps generated by Miville-
Deschénes & Lagache| (2005).

* The SNRR at a given frequency is defined by (Planck Collaboration
Int. LV|2020) as the source average brightness divided the background
standard deviation brightness. The source detection significance is mea-
sured by SRCSIG.
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2.4. Selection at 353 GHz

The 353 GHz selection favours higher-z sources. Similarly to
what done at 545 GHz we started from the PCCS2 353 GHz cata-
logue selecting objects at |b| > 20°. We removed nearby galaxies
by dropping matches with the IRAS PSC/FSC Combined Cata-
logue (Abrahamyan et al.|[2015) and radio sources by dropping
matches with the PCNT (Planck Collaboration Int. LIV|[2018)
within a 3 arcmin search radius, except for sources with sub-mm
emission dominated by dust (6 objects). This yielded a sample
of 512 sources, including 19 confirmed or very likely strongly
lensed galaxies. As expected, the latter have redder colours com-
pared to those selected at the two higher frequencies: all of them
have Sgs7/Ss45 < 2. For uniformity with previous choices we
adopted, to select candidate strongly lensed, S gs7/S 545 < 2.3.

Removing sources in the 545 and 857 GHz samples (29 and
5 objects, respectively) we are left with 478 sources, for which
we have obtained MTXF photometry. The condition S gs7/S 545 <
2.3 leaves 228 objects. We further required a SNR at 353 GHz
SNR3s53 > 3 and dropped the 3 sources found, checking on the
NED, to be associated with low-z galaxies. The final sample,
containing 104 objects, is presented in Table [A.3] Thirteen of
the sources in this sample have a Planck SZ cluster within 5
arcmin. A cross-match with the catalogues mentioned in sub-
sect. [2.2) yielded 4 additional associations with galaxy clusters.
These 17 sources are tagged with a “C” label in the last column
of Table[A.3] We also have 6 matches with the PHz catalogue
and 7 matches with the GCC catalogue.

Twenty-one of the 104 sources in the final sample lie in the
SPT area, 5 of them have SPT counterparts within 3 arcmin.
The matches include 2 high-z sources at RA, DEC in degrees
(82.2573, -54.6264) and (87.4900, -53.9362) with z = 3.3689
and z = 3.128, respectively; these can be safely regarded as
previously unrecognized Planck—detected strongly lensed galax-
ies. Two sources (41.3710, -53.0432; 353.0972, -53.9802) have
galaxy clusters in the Planck SZ catalogue along their lines-of-
sight. The |[Everett et al.| (2020) catalogue identifies them with
cluster members. However the cluster redshifts, ~ 0.3 and ~ 0.4,
respectively, are in the “zone of avoidance” of Fig.[2] i.e. are ei-
ther too high or too low to belong to the Planck sources. Rather,
Planck sources are likely background galaxies lensed by the
clusters. The fifth source (338.2416, -61.2784) is unresolved by
the SPT and hasn’t any optical identification, suggesting that it
is a high—z dust-enshrouded galaxy.

Two out of the 16 sources in the SPT area lacking an SPT
identification (those at 15.7465, -49.2554; 342.2042, -44.5310)
are associated, in projection, with Planck SZ clusters. A search
in the NASA/IPAC Extragalactic Database (NED) has revealed
that the first one has, as a possible counterpart, a z = 4.16 galaxy
in the background of the “El Gordo” cluster at z ~ 0.87. The
region along the line—of—sight of the second is very complex. It
contains the cluster Abell S1063 at z = 0.3475 and other over-
densities at z = 0.742, z ~ 1.2 and z ~ 3.2. Several strongly
lensed galaxies have been discovered in this region, with z of
up to =~ 3. Our source might be one of them or may consist
of the summed emission of dusty galaxies in high-z overden-
sities. The source at (41.3768, -64.3372) can be identified with
the PHz source G284-48.60, a candidate high-z proto-cluster of
dusty galaxies.

Above SNR3s3 > 4 we have 41 sources, 14 of which lie in
the SPT area, with the same 5 SPT matches and the same asso-
ciations with SZ clusters. A selection efficiency between ~ 35%
and ~ 50% for very likely strongly lensed galaxies is thus indi-
cated in this case.
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3. Discussion and Conclusions

As a result of a systematic search for extreme strongly lensed
galaxies in Planck catalogues we have produced lists of candi-
dates selected at each of the three highest Planck frequencies,
353, 545 and 857 GHz. Our approach takes advantage of the
fact that, without the flux boosting by extreme gravitational lens-
ing, the shallow Planck surveys at these frequencies detect only
nearby (z < 0.1) dusty galaxies. But only at z 2 1 there are
enough ultraluminous galaxies and a sufficiently large lensing
optical depth to allow galaxies with extreme magnifications (of
up to a factor of 50; (Cafiameras et al.|[2015) to be detectable
by Planck, taking advantage also of the strongly negative K-
correction. The wide redshift gap between these two popula-
tions imply that they have quite different sub-mm colours, high-z
galaxies being, on average, substantially redder, although mea-
surement errors blur the difference.

We started by selecting sources at |b| > 20° in the PCCS2
catalogues at each of the three frequencies. Next we removed
nearby galaxies and radio sources identified by cross-matching
the samples with the IRAS PSC/FSC Combined Catalogue
(Abrahamyan et al.|2015) and with the PCNT (Planck Collab-
oration Int. LIV|[2018), respectively, using a 3 arcmin search ra-
dius.

Even with the benefit of extreme gravitational magnifica-
tions the flux densities of strongly lensed galaxies are close to
the detection limits. Hence they rarely have PCCS2 measure-
ments at all frequencies > 353 GHz, as necessary to compute the
colours. To deal with this problem we exploited the new BeeP
multifrequency photometry (Planck Collaboration Int. LV|2020),
which is also constrained by the IRAS 3,000 GHz photometry,
for the sample selected at 857 GHz. At the two lower frequen-
cies, at which the BeeP photometry is available only for a subset
of sources, we obtained new MTXF multifrequency photome-
try. The sub-mm colours of 47 confirmed or very likely Planck-
detected strongly lensed galaxies have been used as a benchmark
to select the colour range of lensed candidates. All sources in the
colour—selected samples were checked on the NED to remove
those associated to low-z galaxies that escaped rejection by the
adopted criteria.

Our main sample, selected at 545 GHz, comprises 177 lensed
candidates (Table [A.T)). The sample selected at 857 GHz con-
tains 97 sources, after having excluded those in the 545 GHz
sample (Table [A.2); the one at 353 GHz contains 104 sources
(Table[A.3), excluding those in the other two samples.

A test of the efficiency of our approach in selecting strongly
lensed galaxies was made considering that within the area cov-
ered by the SPT survey (=~ 2,500deg’; Everett et al|2020)
among sources selected with our method there are from 14 to
19 galaxies which are either classified as strongly lensed by inde-
pendent data (3) or can be safely regarded as previously unrecog-
nized Planck—detected strongly lensed galaxies. Since there are,
in total, 47 candidates in that area, the selection efficiency is in
the range 30—40%. We have discussed stricter selection criteria
that increase the efficiency to ~ 50% at the cost of a somewhat
lower completeness: the stricter criteria miss ~ 10% of the con-
firmed plus very likely strongly lensed galaxies recovered by the
baseline criteria.

Another test can be made with reference to the H-ATLAS
survey covering altogether ~ 600 deg?. Thirteen of the objects
selected with our method lie within the H-ATLAS fields. Three
of them, those at (RA, DEC: 176.6239, -0.22157; 201.6254,
33.7353; 206.1251, 30.5058) are confirmed strongly lensed

galaxies (Negrello et al.|[2017), corresponding to an efficiency
of ~ 23%, although with poor statistics (1 o range 11-46%).

All the other 10 sources have an H-ATLAS match within
3 arcmin. The matched sources however have Herschel/SPIRE
flux densities too faint to be identified with the Planck sources
(all have FSOOBEST < 80 mly). Their colours are red and they
don’t have possible identifications with low-z galaxies. This sug-
gests that Planck detections are high-z overdensities, to which
H-ATLAS sources belong.

On the whole, our analysis shows that probably more than
50% of sources in our samples are not strongly lensed galaxies
but a mixture of other objects with “cold” spectral energy distri-
butions, such as high-z proto-clusters of dusty galaxies, Galactic
cold clumps, CIB fluctuations and Galactic cirrus. Can we ex-
ploit specific searches for these objects to clean the samples? As
discussed below, unfortunately the answer is no. However, also
the discovery of new proto-clusters and GCCs by following up
our candidates would be a very interesting scientific result.

Planck Collaboration Int. XXXIX| (2016) published a cata-
logue of 2151 sources with red sub-mm colours, indicative of
z > 2. These high-z source candidates were extracted from
Planck high-frequency maps over the 25.8% of the sky with min-
imum thermal emission from Galactic dust. The source detection
was made using a specific component separation procedure that
allowed a much better sensitivity to this class of sources than
the PCCS2. [Planck Collaboration Int. XXVII (2015)), based on
the Herschel follow-up of 228 Planck high-z source candidates,
stated that more than 93% of them are galaxy overdensities, i.e.
candidate proto-clusters of dusty galaxies, while 3% are strongly
lensed individual galaxies. At first sight, this suggests that we
might exploit the PHz to remove candidate proto-clusters from
our samples or, at least, to estimate their fraction.

However, as already pointed out by|Planck Collaboration Int.
XXXIX| (2016)), the overlap between the PHz and the PCCS?2 is
extremely small. By cross matching the PHz with the PCCS2
catalogues at 353, 545 and 857 GHz we found only 29 distinct
associations; 21 of them meet our selection criteria, including 8
confirmed (7 sources) or very likely (1 source) strongly lensed
galaxies. The fraction of strongly lensed galaxies among PHz
sources included in the PCCS2 is thus far larger than in the
general PHz catalogue. Taking into account the strong incom-
pleteness of the sample of confirmed strongly lensed galaxies,
they may well be the majority in the PCCS2 sub-sample of the
PHz, and even more after our selection. Nevertheless, our cross-
matches with the SPT and H-ATLAS catalogues have high-
lighted that some of our high-z candidates may be resolved by
the SPT or by Herschel and may therefore be proto-clusters not
included in the PHz catalogue.

Another population that can meet our selection criteria be-
cause of their red sub-mm colours, similar to those of high-z
sources, are Galactic cold clumps (Planck Collaboration XX VIII
2016). Most of them are found close to the Galactic plane, but
some were detected also at high Galactic latitude. We found
99 matches within 3 arcmin between the GCC catalogue and
the PCCS2. Thirty-four of them, including 8 confirmed strongly
lensed galaxies, meet our selection criteria. The substantial frac-
tion of strongly lensed galaxies obviously implies that the pres-
ence in the GCC catalogue cannot be a valid criterion for drop-
ping sources from our lists. On the other hand, these objects
are of great interest per se since they provide key information
on early phases of star formation (Planck Collaboration XXVIII
2016).

Most published model predictions at sub-mm wavelengths
(Perrotta et al.[|2002} 2003}, Negrello et al.|[2007, 2017; |Béther-
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Fig. 6. Contributions of different source populations, specified in the
legend, to the integral number counts at 500 um (600 GHz), compared
with observational data. The counts of late-type, normal and starburst,
galaxies and of un-lensed dusty star-forming galaxies (DSFGs), inter-
preted as proto-spheroidal galaxies in the process of forming the bulk
of their stars, are from the [Cai et al.| (2013) model. The orange band
shows the counts of strongly lensed (magnification u > 2) DSFGs re-
computed by Negrello et al.|(2017) for magnification cutoffs, ., in
the range 10-15. The calculations were done exploiting the |Cai et al.
(2013) model coupled with the [Lapi et al.| (2012) formalism to deal
with galaxy—galaxy lensing. The counts of radio sources (dot-dashed
green line) are from the [Tucci et al.| (2011) model. The data points are
from |Glenn et al.| (2010), (Chen et al.| (2013)), |Casey et al.| (2013) and
Zavala et al|(2017). The purple star on the bottom-right corner shows
our estimate of the counts of Planck—detected strongly lensed galaxies.
As expected, such counts exceed predictions for galaxy-galaxy lens-
ing, consistent with being mostly contributed by galaxy-cluster lensing.
Adapted from Fig. 8 of Negrello et al.|(2017).

min et al.|201 1;|Cai et al.|2013) refer to galaxy-galaxy lensing. In
this case a maximal magnification pn,x =~ 15 is indicated by the
data (see Fig. 7 of [Negrello et al.[2017). But the extreme magni-
fications of Planck strongly lensed galaxies can be understood in
terms of lensing by galaxy groups or clusters (Frye et al.[2019).

Figure [6] shows our estimate of the integral number counts
of strongly lensed galaxies detected by Planck, compared to ob-
served and predicted counts of galaxy-galaxy lensed galaxies at
500 um (600 GHz). This estimate was obtained as follows. The
90% completeness flux density limit at our reference frequency
of 545 GHz is S's455im = 500mlJy (Planck Collaboration XX VI
2016; Maddox et al.[[2018). We can identify with good com-
pleteness and reliability Planck—detected strongly lensed galax-
ies only in areas covered by deeper, higher angular resolution
surveys, i.e. over the 3,100 deg’ surveyed by the SPT plus H-
ATLAS. We have 11 such sources in this area, 7 of which have a
flux density above S 545 1im. For a typical redshift z =~ 2 the proto-
spheroidal SED by (Cai et al.| (2013) yields S500.m/S s456H, =
1.2. After correcting for the 10% incompleteness we find N(>
500mly) = 2.5(+1.3,-0.8) x 1073 deg~? at 500 um, with Pois-
son errors computed following |Gehrels| (1986).
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The figure shows that indeed the counts of Planck strongly
lensed galaxies exceed the extrapolation of observed counts and
model predictions, both referring to galaxy-galaxy lensing. The
important role of galaxy-cluster lensing is supported by the re-
sults of our cross-match with cluster catalogues. We have found
a total of 20 associations of our lensed candidate samples with
the Planck SZ catalogue (Planck Collaboration XXVII [2016).
Such catalogue is not deep enough for a thorough search for
associations, but it the best one available at the moment, while
waiting for the eROSITA cluster survey; deeper catalogues cover
a small fraction of the sky. The Planck SZ catalogue contains
1653 clusters spread over ~ 34,500 deg®. Their mean surface
density is thus of ~ 0.048 clusters deg 2. The number of chance
associations within the total searched area =~ 71(5/60)? X Neand =
8.2 degz, Ncanda = 377 being the sum of candidates in our 3 sam-
ples, is 0.39. The Poisson probability of having by chance 20
associations when the expected number is 0.39 is vanishingly
small, confirming that our candidates have a strong excess of
foreground clusters.

Unfortunately, calculations including magnifications by
galaxy clusters (Lima et al.|[2010; |[Er et al.[2013) use outdated
models and do not extend their predictions to the flux densities
of interest here. Hence, a proper comparison of our count esti-
mate with model predictions cannot be done at this stage.

Summing up, how many Planck-detected strongly lensed
galaxies can we expect? Some useful indications are provided
by the cross-matches with the SPT and H-ATLAS surveys. The
two surveys contain a total of 17-22 confirmed or very likely
strongly lensed galaxies detected by Planck over an area of
3100 deg®. This corresponds to 149-192 such objects over the
full area at |b| > 20° (=~ 2.71 x 10* deg?).

We conclude that Planck—detected strongly lensed galax-
ies constitute a rich enough sample to provide, via high reso-
lution spectro-photometric follow up, a uniquely detailed view
of the internal structure and kinematics of galaxies across the
peak of the cosmic star formation. Moreover, this sample can
be exploited to study the spatial distribution of dark and lumi-
nous mass in galaxies or galaxy clusters acting as lenses over
a broader redshift range than is possible with optically selected
strongly lensed galaxies.

Follow-up work on candidates has started. SCUBA-2 pho-
tometric observations at 850 um (353 GHz) of a preliminary se-
lection (Proposal ID: M19BP010, P.I.: M. Negrello) have been
already mentioned; 4 of the detected sources were observed
spectroscopically with the Northern Extended Millimeter Array
(NOEMA; Proposal ID: S20BQ, P.I.: M. Negrello). Other sam-
ples were observed with the Australia Telescope Compact Ar-
ray (ATCA) at 5.5 and 94 GHz (project ID C3301, P1.: M. Bon-
ato, 95h of observing time) and with IRAM’s second genera-
tion Neel-IRAM-KID-Array (NIKA2) at 1 and 2 mm (project
ID212-19, P.I.: M. Bonato, 13.5h of observing time). The anal-
ysis of these data is in progress.
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Appendix A: Candidate strongly lensed galaxies selected at 545, 857 and 353 GHz

Table A.1. MTXF photometry of candidate strongly lensed galaxies selected at 545 GHz. P stands for PCCS2; all sources, except for
H G200.614+46.09 which comes from the PHz catalogue, were drawn from this catalogue. Flux densities and errors are in mJy, rounded to 1 mJy.
Equatorial coordinates, RA and DEC, J2000, in degrees. Notes: L for confirmed strongly lensed (Table[I); G for sources included in the Planck
Galactic cold clump catalogue (Planck Collaboration XXVIII|[2016); H for sources included in the Planck list of high-redshift source candidates
(Planck Collaboration Int. XXXIX|[2016); C for sources associated with galaxy clusters (see text); S for sources with counterparts within 3 arcmin
in the SPT catalogue (Everett et al.[2020).

Planck name RA DEC S 217 S 353 S545 S 857 S 857 /S 545 S 545 /S 353 Note
P G107.82-45.46 1.8930 16.1184  135+33 567 +83 922 + 131 1213 + 334 1.32 1.62 G,C
P G318.60-68.18 4.2517 -47.8788 40 +£26 184 + 65 414 + 94 602 + 151 1.45 2.26
PG116.05-45.04 7.7692 175577  119+£50 393 +144 1678 £417 4470+ 1327 2.66 4.27
P G120.01-43.19 10.6032 19.6206 60 + 36 307 + 81 610 + 136 638 + 339 1.05 1.98
P G124.53-28.73 14.5626 34.1135 76 £ 37 128 + 96 623 + 156 1514 + 432 243 4.85
P G128.89-71.39 14.7807 -8.6103 67 + 35 338 +79 812 + 142 2209 + 385 2.72 2.40
P G130.16-64.05 16.0164 -1.3606 52 +£32 179 + 80 569 + 122 1269 + 307 2.23 3.17
P G215.65-87.14 16.0636  -27.2274 49 +29 113 + 69 553 +113 615 £ 254 1.11 491 C
P G130.55-46.12 18.3579 16.4231 63+45 167145 1093 +329 2618 £911 2.40 6.52
PG131.05-48.15 18.4473 14.3667 88 + 38 283 +94 913 + 144 2505 + 323 2.74 3.22
P G190.40-83.77 19.1952  -24.6171 58 +27 264 + 67 650 = 111 1351 + 260 2.08 2.46 L
P G138.59-65.63 19.2684 -3.5471 76 £35 231 +112 983 +£240 2592 + 776 2.64 4.25
P G298.30-51.33 19.8435  -65.5378 40+ 25 204 + 61 412 + 106 732 + 190 1.78 2.01
P G271.10-79.07 199754  -36.2299 42 +28 185+ 75 365 + 100 627 £ 178 1.72 1.98
PG139.15-61.54 20.5090 0.3582 96 + 37 290 + 84 550 + 101 576 = 175 1.05 1.90 C
P G133.90-45.23 20.9152 16.9511 127+ 64 475+199 1748605 4739 +1710 2.71 3.68
PG129.75-21.87 21.2065 40.5538 80 + 39 146 + 93 615 + 154 1134 + 309 1.84 4.22
P G134.09-44.10 21.2687 18.0403 80+47 375+129 1408 £310 3768 + 940 2.68 3.76
P G287.12-68.67 21.2802  -47.3991 83 +30 271 £53 618 + 102 1078 + 162 1.74 2.28 L.G,S
P G134.33-43.70 21.5228 18.3991 169 +39 359+111 1423 +251 3734 +682 2.62 3.97 G
P G143.33-54.61 24.5773 6.3845 92 +41 259+104 636+ 169 1591 + 399 2.50 2.46
PG137.57-27.57 28.4543 33.5216 57 +£35 21175 568 + 101 794 + 199 1.40 2.70
P G156.56-55.28 31.2673 2.7090 46 £33 397 £91 648 + 126 1199 + 207 1.85 1.63
P G160.59-56.77 32.4206 0.2624 139+35 459 +91 885 £ 133 1384 + 240 1.56 1.93 LH
P G246.64-70.52 33.0350  -36.4832 59 +28 106 + 65 565 + 105 1192 + 179 2.11 5.36
PG267.97-65.11 33.2111  -46.1033 64 +25 172 + 74 402 + 103 780 + 163 1.94 2.34
P G189.71-67.30 345732 -16.5767 120+34 124+ 84 419 + 139 872 £ 318 2.08 3.39
P G249.97-68.08 35.2534  -38.5477  92+27 395 +70 704 + 104 1291 + 180 1.83 1.78 C
P (G254.36-56.45 48.6259  -44.8686 89 +31 226 + 64 638 = 111 786 + 193 1.23 2.83 H,S,.L
P G273.03-48.77 51.6471  -58.3662 37 +28 170 + 63 634 + 123 1697 + 311 2.68 3.74
P G252.49-48.14 60.4995  -45.8825 47 +27 178 £ 55 580 + 86 1048 + 153 1.81 3.26 S
P G216.25-45.47 61.5139  -21.1767 70+ 34 167 £ 72 568 £ 119 1027 + 235 1.81 3.40
P G224.54-44.72 63.9801 -26.6254 70+ 37 201 + 82 817 + 140 2000 + 303 2.45 4.07 G
P G224.66-40.72 68.3356  -25.7670 67 £33 125 +£ 65 422 +102 751 + 188 1.78 3.37
P G269.16-40.52 68.3701 -59.1677 57 +20 130 + 47 431 £95 895 + 222 2.07 3.31 S
P G263.13-36.40 773063  -55.1791 53+ 18 223 +£42 535+ 100 744 + 187 1.39 2.40 G,H
P G266.89-34.31 80.7708  -58.3758 2116 138 +41 346 + 90 599 + 166 1.73 2.50 S
P G270.96-33.08 82.8274  -61.8279 57 +21 145 + 56 370 £ 179 980 =514 2.65 2.54
P G257.55-31.95 84.5918 -50.5116 66 =24 196 + 53 585+ 105 955 + 196 1.63 2.99 S
P G246.14-28.90 86.7513  -40.3237 72 +28 283 +£78 826 + 162 1873 +367 2.27 2.92 G
P G254.73-29.78 87.4533  -47.8454 104+26 340zx73 849 + 177 1935 + 404 2.28 2.50 S
P G243.63-27.80 87.4816  -37.9216 59 +28 123 + 69 465 + 140 1188 + 351 2.56 3.78
P G245.77-25.95 90.3798  -39.3147 84 +32 329 £ 55 773 £ 119 1881 + 281 2.43 2.35
P G253.78-24.65 94.5621  -46.0018 80 +27 157 + 64 646 + 127 1505 + 311 2.33 4.11 S
PG183.69+23.25 113.2382  35.4110 71 +34 271 + 84 689 + 130 1538 + 263 2.23 2.54
PG169.24+27.10  113.8596  49.0247 49 £35 84 + 83 688 + 110 1889 + 258 2.74 8.15
PG170.60+26.93  113.9615  47.8044 42 + 35 184 + 99 543 +240 1363 + 681 2.51 2.95
PG162.74+28.47  114.5428  54.9187 65 + 34 298 + 86 636 + 130 1506 + 249 2.37 2.13
PG173.22+27.77 115.8472  45.6926 177 +36 599+92 2248 +171 6142 + 440 2.73 3.75 G
PG157.43+30.34  117.2154  59.6986 48 +£36 465 +70 819 + 109 1141 + 250 1.39 1.76 L.GC
PG172.28+30.23  119.1419  46.9228 69 + 35 202 + 86 718 + 169 1887 + 418 2.63 3.55
P G200.95+24.00  120.0011  20.7465 39+29 244 + 86 841 + 165 2001 + 392 2.38 3.45
P G204.80+24.05 121.4469  17.5030 54+36 337+103 1118209 2535 +519 2.27 3.32
PG205.99+24.29  122.1079  16.5904 61 +36 199 +93 513 £176 894 + 424 1.74 2.58
PG204.03+25.05  122.1371 18.5330 97 + 36 280 + 82 1098 = 155 2442 + 396 2.22 3.93
PG203.76+25.22  122.2073  18.8163 84 + 37 189 + 86 733 £ 162 1628 + 409 2.22 3.88
PG169.87+32.96  122.8599 49.2810 79 +33 177 + 85 335 +96 355 £ 206 1.06 1.89
PG206.60+24.99  123.0048 16.3534 132+36 494+107 1547250 3928 +676 2.54 3.13
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Table A.1 - continued from previous page

Planck name RA DEC S 217 S 353 S545 S 857 S857/S 545 S 545 /S 353 Note
PG175.85+34.02  125.0820 444130 105+32 471+112 1139+£262 2996 + 681 2.63 242
PG198.65+30.95  126.3556  25.0100 69+36 407+112 970 +223 2599 + 555 2.68 2.38 G
PG197.54+31.39  126.5022  26.0435 100+47 436+193 1148+£540 2772+ 1436 241 2.63
PG197.08+31.69  126.6979 265138  50+44 475+186 1325+504 33231251 2.51 2.79
PG198.25+31.82  127.1625  25.5988 80+49 161+141 768 £373 2083 + 1029 2.71 4.76
PG197.00+32.17  127.1862  26.7119 121 +37 258 +117 1154+313 2863 + 790 2.48 4.47
PG197.74+32.09  127.3076  26.0884 80+48 433+168 1136+489 2971 +1296 2.62 2.62
PG195.80+33.01  127.7840  27.9215 67 +32 320+ 79 944 + 157 2461 + 377 2.61 2.95
PG197.93+32.51  127.8007 26.0606 96+45 190+ 116 988 +237 2570 £ 670 2.60 5.20
PG197.69+32.58  127.8205  26.2703 82 +37 171 £93 773 £172 1995 + 401 2.58 451
PG216.43+28.25  129.7525 9.6715 54 +33 229 +78 886 + 118 2123 + 258 2.40 3.87
PG226.21+24.95 1309234  0.4012 87 +36 315+ 84 626 + 126 1082 + 243 1.73 1.99
PG227.25+24.770  131.1897  -0.5411 67 +32 152 + 88 633 + 132 1709 + 271 2.70 4.17
PG155.14+37.24  131.4813  61.0948 41 +34 56 + 80 387 £ 126 981 £ 316 2.53 6.94
PG211.62+32.22  131.7091  15.0964 101+36 494+80 1387 +100 2347 + 190 1.69 2.81 L,GH,.C
PG229.62+28.51  135.5394  -0.4026 73 £31 190 + 81 504 £ 110 986 + 221 1.96 2.65
PG240.21+22.31 1357292 -11.7916 61 £35 209 + 84 479 £ 108 1216 + 265 2.54 2.29
PG141.17+36.19  137.7384  72.0643 110+34 274+84 1045+£199 2843 + 582 2.72 3.82
PG235.21+29.01  138.6241  -4.2427 57+32 189 + 68 443 £ 102 920 + 177 2.08 2.34
PG244.13+26.10  141.0334 -12.3201 90+ 30 259 £ 85 470 + 107 802 + 239 1.71 1.81 C
HG200.61+46.09 143.0986  27.4164 143 +36 328 +78 531+97 672 + 188 1.27 1.62 LH,G
PG219.59+46.00  147.3224  14.8556  80+32 296 + 81 744 £ 107 1354 +222 1.82 2.52 H
PG170.37+50.67  149.4196  47.2408 115+38 242+59 490 + 84 772 + 157 1.58 2.03 C
PG260.85+25.21  151.3664 -23.7921 89 +30 25+76 657 + 127 1363 + 319 2.07 26.15
PG261.94+25.88  152.6572 -23.9099 47 +30 269 £81 1026 +153 2406 + 435 2.35 3.81
PG259.53+29.69  153.5413 -19.6195 35+31 173 + 84 723 £118 1235 +228 1.71 4.19
PG219.12+53.25  154.1703 179334 56 + 34 124 + 83 804 + 121 2115 + 268 2.63 6.46
PG176.13+55.77  155.1324 425998 65+ 36 230 £ 61 511 +86 960 + 175 1.88 222
PG153.57+49.93  155.4315  57.3361 46 + 31 198 £ 72 693 £119 1904 + 297 2.75 3.50
PG262.97+31.92 1574739 -19.7460 70 + 28 282 + 64 584 + 111 619 + 180 1.06 2.07
PG153.55+52.84  159.7831  55.6868 38 £35 54 £62 342 +90 510 + 149 1.49 6.34
PG271.86+25.51 160.5262 -29.4442 63 +34 307 + 81 824 + 132 1755 +283 2.13 2.69
PG229.85+57.45 160.7936  14.1816 86 +34 220+ 71 619 + 110 1248 + 193 2.02 2.81
PG220.55+60.08  161.1953  19.6531 120+39 472+97 1142+219 2578 £538 2.26 2.42 G
PG272.64+25.87 161.4368 -29.5054 170+34 290+78 626 + 142 1580 + 324 2.52 2.16
PG220.46+60.39  161.4863 19.8032 119+35 316+116 808 +230 1591 + 563 1.97 2.56
PG247.35+51.65  162.0435  2.6087 75+£32 86 + 69 279 + 88 454 + 153 1.63 3.23
PG274.26+25.75 162.8163 -30.3445 50 +29 295 + 66 634 + 108 1295 + 199 2.04 2.15
PG145.25+50.84  163.3439  60.8635 139+31 505+ 64 862+ 114 1032 + 215 1.20 1.71 L.C
PG244.76+54.94  163.4709 5.9392 62 +29 370 £ 64 1027 £ 108 1852 + 197 1.80 2.717 L
PG246.74+57.17  165.8991 6.5869 54 £ 31 183 77 720 + 146 1507 + 299 2.09 3.93
PG238.49+64.28  169.0560  14.1354 93 +26 69 + 62 388 +102 691 + 183 1.78 5.62
PG253.27+59.69  170.1151 5.9120 45+33  363+101 1180+220 2823 +468 2.39 3.25
PG199.44+69.85 170.1180  29.9714 44 +30 75+76 508 + 94 829 £ 175 1.63 6.76
PG252.29+60.37  170.2222  6.7379 153 £33 596+ 107 1430+228 3089 + 511 2.16 2.40 G
PG254.17+61.58  171.7317 6.9996 128 £35 410+101 1060 +240 2348 + 540 221 2.59
PG231.27+72.22  174.8401  20.4146 90 +29 222 + 68 505 + 94 585+ 169 1.16 227 LH
PG280.89+42.43 1759730 -17.5298 61 +28 142 + 78 519+ 98 709 + 209 1.37 3.65
PG134.01+51.26  176.6610  64.4504 61 £29 32173 1006 +£160 2504 +418 2.49 3.13
PG245.29+72.50  177.4604  16.9560 92 +38 367 + 88 897 + 146 1812 + 326 2.02 2.44
PG168.15+73.41 1779516  38.0217  62+29 242 + 62 686 + 107 1872 + 194 2.73 2.84
PG271.64+62.49  178.9655 3.0522 80 +33 237+93 508 + 152 1274 + 320 2.51 2.15
PG250.61+73.51  179.3181  16.4299  95+42 409+ 137 1232+402 2838 £922 2.30 3.02
PG249.57+74.02  179.5106 169908 143 +43 854+140 1697 +351 3912+ 734 2.31 1.99 G
PG254.26+73.65 180.1707  15.7903 160 +38 833 +124 2161+279 5010+ 634 2.32 2.59 C
PG138.59+62.02  180.5322  53.5779  42+27 168 + 63 544 + 94 909 + 152 1.67 3.24 L
PG251.58+75.04 180.6729 172790 150+34 38479 1072+124 2330 +295 2.17 2.79
PG136.61+60.31 1809115  55.5297  65+26 103 + 60 245 + 86 250 + 164 1.02 2.38
PG158.69+75.33  181.9448  38.6075  30+29 208 + 69 503 + 86 1127 + 179 224 2.42
PG143.96+68.94  182.0885  46.3811 88 +29 271+59  452+115 673 + 208 1.49 1.67
PG124.64+42.47  188.0904  74.5851 78 £ 28 466 + 68 992 + 120 2016 + 250 2.03 2.13
PG296.90+75.47  191.3130  12.6722 38 £33 174 + 65 394 + 85 419 £ 164 1.06 2.27
PG301.66+29.95 191.5511 -32.8997 78 £40 216 + 85 390 + 109 978 + 240 2.51 1.80
PG124.05+68.76 1922479 483583  35+25 128 + 62 568 + 95 802 + 159 1.41 4.45
PG120.89+69.90  193.8898  47.2046 51 +25 106 + 74 428 + 92 594 £ 173 1.39 4.05
PG313.51+81.93 1944218 19.1962 39 +34 257+ 71 621 + 117 687 + 198 1.11 242
PG306.61+59.50 194.7281  -3.3124 82 +36 215+82 472+ 104 1059 + 178 2.25 2.19
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Table A.1 - continued from previous page

Planck name RA DEC S 217 S 353 S545 S 857 S857/S 545 S 545 /S 353 Note
PGI121.98+46.90 194.7768  70.2109 66 +23 128 + 46 364 + 86 560 + 145 1.54 2.85
PG116.56+62.89  197.7940 539912 51 %26 159 + 61 426 + 107 1075 222 2.52 2.67
PG116.32+62.19  198.1820  54.6603 32+26 111 +65 598 + 106 1337 + 243 2.24 5.38
PG084.37+81.06  199.5588  33.9535 48 +£29 156 +£78 550 £ 105 697 + 200 1.27 3.53
PG323.71+70.55  199.7233 8.8007 27+32 172 + 74 441 £ 102 890 + 162 2.02 2.56
PG007.97+80.28  202.3920  22.7242 73 +31 247 £70 886 + 106 1687 + 183 1.90 3.59 L.C
PG331.60+68.86  202.9291 8.2619 45 + 34 354 +£76 793 £ 95 1017 + 164 1.28 2.24 H
PG104.43+66.26  204.1455  49.2205  50£26 240 £ 59 537 +95 946 + 176 1.76 224 L
PG098.67+69.31  204.8089 454988 60 +29 104 + 60 323 + 89 567 + 181 1.76 3.10
PG088.65+72.60  205.7301 409170 105 +34 250 + 67 485 + 90 380+ 179 0.78 1.94 H
PG107.93+46.39  220.5075 67.3860 34 +£22 197 + 46 534 + 87 1008 + 184 1.89 2.71
PGO081.67+58.67  223.3612  47.5081 55+27 85+ 57 487 + 89 758 £ 171 1.56 5.70 H
PG008.90+54.66  225.2252  9.3500 93 +40 255 + 86 719 £ 111 1030 + 173 1.43 2.82 H
PG045.11+61.10  225.6502  29.3475  72+29 352+70 608 + 95 829 + 169 1.37 1.83 L,GH
PG080.25+49.86  236.1350  50.3961 94 +27 220 + 49 488 £92 723 + 153 1.48 222 LH,.C
PG092.49+42.89  242.3240  60.7558 29 +23 296 + 44 800 + 84 1508 + 162 1.88 2.70 L,G
PG091.25+39.64 2492242  60.9445 52 +26 313+ 60 929 + 138 2551 £ 373 2.75 2.97
PG067.80+42.08  249.3604  43.0989 79 +30 132 +75 380+£93 447 + 170 1.18 2.88
PG090.38+39.23  250.3857 60.4017 160+36 479+119 1540+356 3550+ 1043 2.31 3.21 G
PG098.24+36.10  253.5277 67.2232 26+ 19 114 +39 306 + 88 707 + 168 2.31 2.69
PG050.24+33.90  257.0167 283045 61 +31 375 £ 86 906 + 209 2360 + 692 2.61 2.42
PG095.60+33.23  261.6471  65.6767 20+ 18 153 +£38 383 +91 652 + 194 1.70 2.51
PG090.61+32.02  265.0880 61.5781 33+£26 167 £ 61 550 + 105 1329 + 262 241 3.29
PG066.28+29.27  266.3066  40.5247 45 +28 178 £ 59 674 + 107 1215 + 226 1.80 3.79
PG076.11+27.80  270.6847  48.7104 60 £23 87+53 471 £ 110 971 + 214 2.06 5.44
PGO083.31+27.15  273.4877 54.8952  65+25 252 + 63 553 +100 983 +179 1.78 2.19
PG072.75+24.25 2747849 449905  32+24 195 + 48 524 + 116 1329 + 263 2.53 2.69
PGO091.83+23.18  283.8922  61.6503 37 +16 254 £ 47 549 + 98 1332 + 206 2.43 2.16
PG337.39-34.99  306.4514 -59.6130 80 +34 134 + 88 654 + 192 1615 + 544 247 4.90
PG014.95-38.34  313.4960 -29.8904 86+36 205+100 830 +221 2011 + 631 2.42 4.05
PG014.13-44.50 3204117 -31.6137 74+34  465+99 1378 +274 3782 + 831 275 2.96
PGO014.36-44.57 320.5267 -31.4572 127+38 279+119 1063 £326 2883 + 1000 2.71 3.81 G
P G046.00-38.65 3227808  -7.3297 128 +39 303 +99 992 + 215 2724 + 587 2.75 3.28
P G053.44-36.27 3237983  -1.0478 85+34 396 + 78 835+122 1154 + 224 1.38 2.11 L,G,C
PGO055.15-39.58  327.3209  -1.7852 54 £35 228 £79 885+ 130 2379 +334 2.69 3.88
P G054.19-48.48 3343415  -7.3234 69 +33 98 + 80 426 + 117 1076 + 271 2.52 4.33
PG082.21-32.10 ~ 337.0508  19.2092 27 £ 37 210 £+ 80 632 £ 178 1474 + 373 2.33 3.00
P G019.76-58.75 337.3150 -29.6680 70 + 30 94 + 66 397 + 89 653 + 157 1.64 4.23
PG049.33-54.19  337.7131 -12.8720 74 +33 274 +74 641 + 106 909 + 178 1.42 2.34
P G082.85-32.66 337.8604  19.1018 57 +38 254 +73 766 + 103 1850 + 205 242 3.02
PG060.49-55.29  342.2120  -8.0733 38 +34 124 + 64 714 + 102 1790 + 203 2.51 5.76
P G066.44-52.78 3425070  -3.7834 15131 576+92 1767+ 177 4785 +499 271 3.07
PG069.90-55.32  345.7537  -4.0425 70 £ 31 158+70  435+105 921 + 200 2.12 2.76
P G074.90-54.52 347.2862  -1.4839 33+27 114+ 73 530+ 103 719 + 229 1.36 4.66
PG083.73-51.69  349.7349  3.9999 62 + 30 172 £72 806 + 128 1988 +314 247 4.68
P G084.86-52.89 350.9817 3.3882 78 +33 357 +74 859 + 145 2155 +368 2.51 2.41
P G091.00-53.65 3545331  4.6149 52+£32 22973 706 + 134 1596 + 311 2.26 3.08
P G097.78-44.43 3545638 14.8336 94 +33 314+ 72 994 + 186 2611 + 560 2.63 3.16 G
PG041.26-74.44 3559913 -23.8715 56 +29 102 +£79 446 + 97 511 £ 165 1.15 4.38
P G102.83-40.24 356.6420  20.0803 104 +35 370+105 1135+242 2728 +737 2.40 3.07
P G087.85-61.51 356.9267  -3.0620 62 +32 249 £ 77 594+ 111 422 +236 0.71 2.38
PG105.01-38.14 357.6658 225999  140+37 441 +119 1644 +306 4516 +924 2.75 3.73
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Table A.2. BeeP photometry of candidate strongly lensed galaxies selected at 857 GHz. P and PE stand for PCCS2 and PCCS2E, respectively.

Units and notes as in Table

The errors were derived from the 97.725% confidence (=~ 2 o) upper and lower boundaries of the distributions
(S*H2SBU and S*L2SBU), taking the semi-difference between the boundaries and the central values to derive the ~ 1 ¢ errors. SRS stands for
SRCSIG, which is a measure of the source detection significance. SN stands for SNRR857, defined as the source average brightness divided the
background standard deviation brightness; Ry = Sgs57/S s45, R2 = S857/ 3000-

Planck name

RA

DEC

SRS

N 353

S 545

S 857

S 3000

SN

Ry

R, Note

P G126.60-24.47

P G293.78-69.78

P G132.16-47.01
PG138.41-61.22
PEG137.77-41.86
PE G138.84-31.60
PE G299.42-35.45
PE G145.18-33.98
P G243.74-69.08
PG170.56-57.15
PE G149.41-34.16
P G214.55-65.08

P G251.10-60.45

P G227.77-60.61
PEG172.87-43.51
P G264.72-52.48
PE G167.10-28.03
P G220.47-47.76
PE G177.89-28.86
P G206.71-38.90
PE G227.68-43.36
PE G274.79-34.59
P G274.15-33.87

P G246.88-26.54

P G260.64-28.24
PE G274.37-29.26
PE G263.64-27.48
PE G242.15-21.80
PE G273.06-27.78
PE G271.27-21.44
PG177.76+27.63
P G195.00+28.54
P G207.40+30.68
PE G156.34+36.46
PG180.36+41.24
PE G248.44+21.06
PE G248.43+21.23
PG174.71+44.71
PE G250.95+29.95
P G241.59+36.89
P G257.29+26.98
PE G266.97+21.81
PE G269.18+20.78
P G264.93+26.81
PE G257.85+37.17
P G244.31+48.54
P G256.49+40.45
P G257.39+39.85
P G232.52+64.41
P G257.23+58.57
PG134.18+46.86
P G272.86+47.85
PG179.18+70.94
PG188.25+73.11
P G270.56+58.54
P G268.02+66.48
PG261.42+74.24
P G287.06+66.90
P G139.00+81.71
P G286.40+83.04
PE G303.39+24.27
P G029.94+79.79

17.1239
17.4580
19.3765
20.2445
24.5465
28.3941
31.7309
33.1898
35.1448
36.5264
36.6416
40.5677
44.2520
46.2943
46.7736
50.5349
53.8819
59.9835
60.2776
65.1874
66.0179
78.6710
80.5288
89.9582
91.0354
91.2430
92.9905
94.1613
94.4646
107.0614
116.8282
122.7289
128.8025
129.5656
135.2606
139.5978
139.7301
140.1879
148.0759
148.1578
150.0573
153.8658
155.0889
155.6021
157.4712
158.4228
158.8357
158.9668
167.7648
170.9027
171.6429
172.8799
173.1686
174.5230
176.6579
179.5499
182.1263
186.6797
190.0659
190.7532
193.3978
204.2273

38.2704
-47.0360
15.3889
0.7600
19.6534
29.3364
-81.1507
25.3459
-36.0635
-3.3135
23.7579
-25.0993
-41.9078
-30.6084
5.8185
-51.9588
20.4359
-24.5896
13.1428
-12.2019
-28.5461
-64.8132
-64.4013
-40.4288
-52.7328
-64.8033
-55.2434
-34.9466
-63.5535
-60.6701
41.7347
27.2930
17.8476
60.2823
41.3647
-18.5756
-18.4566
45.4013
-14.3165
-3.8786
-20.3405
-29.9622
-32.0127
-24.8478
-13.0155
2.0004
-9.8370
-10.7410
16.4004
3.7288
68.3697
-10.3016
36.3264
32.9658
-0.1922
7.2905
14.9447
4.7951
35.0631
20.4464
-38.5955
26.1393

6.47
5.97
5.10
5.19
5.25
5.04
7.41

5.09
6.42
5.19
12.01
6.44
6.24
5.79
5.54
5.48
5.86
5.25
5.29
6.06
5.27
5.18
5.42
542
6.50
7.11

6.94
6.65
6.64
6.16
5.10
5.57
5.71

6.17
5.79
5.74
5.99
5.77
5.05
5.72
6.15
5.24
5.07
5.16
5.29
6.00
5.52
5.53
5.90
6.70
5.16
5.14
5.66
5.70
6.75
5.21

6.23
6.29
6.60
5.12
5.22
5.05

247(+69, —57)
324(+68, —-57)
293(+121, —80)
132(+55, —40)
107(+59, —34)
101(+50, —32)
220(+50, —39)
237(+102, —66)
52(+67,-18)
108(+68, —34)
358(+59, -51)
146(+53, —40)
169(+66, —47)
155(+89, —46)
279(+122, —80)
78(+51,-27)
298(+111, -76)
93(+45, -28)
327(+145,-90)
325(+109, -75)
129(+171, —48)
210(+257, —68)
189(+92, —55)
223(+63, —48)
153(+47, -38)
222(+49, -38)
125(+80, —34)
203(+60, —44)
184(+61, —42)
137(+57, -37)
90(+44, —28)
249(+89, —60)
220(+65, -52)
154(+57, —40)
264(+107, -74)
219(+51, —41)
407(+68, —59)
253(+76, —58)
352(+150,-97)
147(+55, -41)
220(+79, -55)
128(+57, -37)
137(+74, —45)
101(+41, -26)
297(+182,-91)
286(+88, —67)
212(+78, -55)
254(+86, —59)
154(+54, —41)
192(+68, —48)
176(+88, —53)
51(+63,-18)
184(+50, —47)
87(+32,-25)
273(+69, —54)
128(+60, —37)
169(+56, —41)
50(+22, -15)
129(+52, —36)
171(+70, —48)
152(+69, —43)
69(+40, —23)

633(+139, —116)
728(+142, -116)
875(+322, —196)
371(+116,-83)
296(+156, —76)
315(+109, -76)
487(+124, -90)
793(+256, —181)
154(+161, —47)
224(+135, -62)
1030(+149, —118)
503(+124, -97)
505(+155, —106)
395(+175, —96)
911(+339, —209)
231(+119, -63)
915(+294, —199)
347(+113, -80)
959(+406, —232)
803(+280, —177)
374(+432,-123)
669(+679, —194)
530(+228, —137)
856(+171,—138)
489(+118, -86)
565(+119,-93)
366(+219, -93)
443(+136,-91)
663(+166, —116)
406(+149, —96)
238(+90, —57)
566(+173,-119)
515(+134, —99)
522(+151,-103)
859(+223, —182)
662(+117,-95)
1249(+146, —130)
590(+158,—117)
957(+381, -232)
360(+116, -78)
623(+191, -123)
323(+130, -78)
299(+159, —93)
420(+107, =79)
883(+444, —221)
813(+208, —156)
575(+185, —128)
637(+192, —126)
402(+116,-87)
737(+171,-131)
560(+186, —125)
155(+140, —41)
517(+106, —94)
225(+65,-51)
590(+133,-101)
330(+131,-79)
406(+123, —84)
103(+34, -21)
382(+107,-77)
450(+162, —113)
591(+214, —142)
247(+83,-64)

1238(+364, —266)
1215(+302, —236)
1892(+890, —498)
735(+267, —175)
591(+400, —163)
649(+273, —170)
756(+264, —177)
1822(+739, —467)

307(+353, -98)
311(+237, -89)
1863(+363, —277)
1199(+280, —215)
1069(+334, —222)
647(+316, —166)

2231(+1006, —612)
504(+270, —137)
2033(+874, -514)
840(+291, —194)

2040(+1190, —584)
1307(+657, -351)
750(+932, —259)

1445(+1358, —445)
1064(+573,-311)
2288(+540, —408)
1164(+370, —251)
931(+254, —189)
763(+553, -217)
634(+260, —156)
1683(+464, —323)
839(+376, -222)
413(+187,-108)
1010(+344, —236)
906(+288, —197)
1229(+411, -259)
2019(+523, -417)
1354(+301, —228)
2853(+392, —343)
1027(+356, —241)
1963(+918, —502)
669(+264, —155)
1465(+522, —=325)
539(+288, —152)
431(+331, -150)
1144(+304, —219)

2295(+1117,-558)
2011(+604, —430)
1270(+471, -288)
1384(+439, —286)
901(+300, -211)
1960(+517, —382)
1244(+413,-292)

323(+282, —84)
1324(+294, —234)
468(+161,-111)
1003(+245, —181)
582(+244, —143)
752(+264, —167)

142(+57,-27)
773(+244, —165)
787(+376, -224)
1491(+748, —441)
613(+217, —154)

412(+353, -197)
220(+278, —109)
480(+613, -237)
93(+225, —46)
129(+360, —64)
44(+173,-22)
48(+138,-24)
327(+573, -162)
21(+407,-11)
7(+81,-4)
47(+134, -23)
272(+220, —134)
229(+198, —113)
18(+144, -9)
817(+744, —366)
139(+195, —69)
601(+563, —295)
104(+200, —52)
524(+748, —259)
56(+389, —28)
68(+634, —34)
168(+850, —84)
245(+580, —122)
700(+380, —312)
458(+304, —203)
30(+128, -15)
208(+536, —104)
13(+99, —6)
488(+351, -226)
124(+254, —62)
14(+79, -7)
363(+325, —180)
205(+265, —102)
238(+246,-117)
751(+584, —373)
137(+147, -67)

1.54
2.57
1.35
3.40
1.67
248
1.29
1.62
227
2.04
2.03
291
4.73
3.02
1.00
2.07
1.40
1.89
1.27
1.46
1.74
1.24
1.43
2.37
1.96
1.27
1.19
2.07
1.88
1.79
1.13
2.73
2.73
1.38
2.66
1.57

1041(+352,-268) 2.72

193(+278, -95)
749(+675, —368)
174(+221, -86)

19(+184, -9)
9(+195, -5)
213(+219,-103)

598(+349, -278)
235(+299, -117)
34(+269, -17)

362(+235, -175)
44(+123,-22)
267(+221,-132)
3(+14,-1)
87(+182, —43)
37(+156,-19)
222(+848, - 111)
205(+188, —102)

3.04
1.60
2.70
2.88
1.81
1.17
2.36
1.84
3.18
2.11
1.60
3.37
2.20
4.08
1.86
3.27
3.01
2.80
3.46
3.02
1.74
3.61
1.58
1.29
4.19

1.96
1.67
2.16
1.98
2.00
2.06
1.55
2.30
2.00
1.39
1.81
2.38
2.12
1.64
2.45
2.18
2.22
242
2.13
1.63
2.00
2.16
2.01
2.67
2.38
1.65
2.08
1.43
2.54
2.07
1.74
1.78
1.76
2.35
2.35
2.04
2.28
1.74
2.05
1.86
2.35
1.67
1.44
2.72
2.60
247
221
2.17
2.24
2.66
222
2.08
2.56
2.08
1.70
1.77
1.85
1.37
2.02
1.75
2.52
2.48

3.01

5.53
3.94
7.90
4.59
14.70
15.68
5.58
14.44
43.43
39.49
441

4.67
36.02
2.73
3.61

3.38
8.11

3.89
23.33
11.09
8.62
4.35
3.27
2.54
30.54 S,.G
3.67 S

50.46
3.45
6.78
28.51
2.78
4.42
5.16
2.69
9.88
2.74
5.32
2.62
3.84

L,S.C

L,G

S.G

aa

28.65
45.61
5.38

3.28
5.29
9.51

2.77
13.15
2.82
49.92
8.93
21.08
6.70
2.99

Qmcc

Continued on next page
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Table A.2 — continued from previous page

Planck name RA DEC SRS S 353 S545 S 857 S3()00 SN R] R2 Note
PG106.20+61.88 206.0419 53.4993 5.32 144(+52,-36) 402(+115,-83) 732(+242,-166)  30(+124,-15) 3.13 1.82 24.57
PG052.27+77.90 206.1225 30.5094 6.48 108(+39,-28) 262(+75,-52) 398(+144,-92) 5(+39,-3) 251 1527411 L
PG095.08+61.92 213.1240 50.5943 5.80 137(+47,-34) 339(+104,-69) 628(+223,-138) 147(+136,-71) 4.06 1.86 4.28
PG112.38+45.80 214.2527 69.5306 5.94 403(+106,-80) 1093(+232,-180) 2115(+498,-378) 412(+480,-204) 6.78 1.93 5.13
PE G332.22+36.22 217.8552 -20.8954 5.31 114(+81,-38) 319(+217,-91) 627(+523,-204)  82(+389,-41) 1.01 1.97 7.61
PE G330.84+33.46 218.1387 -23.8648 5.66 88(+45,-28)  273(+95,-63)  581(+214,-134)  78(+132,-38) 1.66 2.13 7.49
PG010.52+63.13  218.4476 14.6826 5.31 136(+49,-34) 247(+95,-58) 346(+171,-97) 42(+129,-21) 231 1.40 8.21
PG030.03+62.79 222.4941 22.6436 5.11 165(+59,-46) 427(+115,-91) 779(+231,-176)  92(+192,-46) 3.94 1.82 851 LH
PE G341.43+36.23 224.5331 -16.9901 5.46 143(+67,—-44) 458(+150,-106) 991(+407,-264) 101(+334,-50) 1.41 2.17 9.84
PG020.12+51.22 231.7510 13.4125 6.11 212(+89,-58) 477(+179,-112) 742(+340,-202)  40(+270,-20) 1.90 1.56 18.78
PG008.73+45.18 232.9734 3.8016 5.88 230(+71,-58) 527(+138,-104) 920(+286,-195) 241(+298,-119) 3.13 1.75 3.83
PE G007.18+42.95 234.1179 1.5931 6.22 158(+47,-38) 422(+96,-75)  813(+226,—-157) 154(+146,-76) 1.61 1.92 527 C
P G082.93+50.02 2349139 51.9484 6.14 150(+52,-36) 433(+129,-84)  833(+244,-171)  75(+140,-38) 4.59 1.92 11.07
PG107.64+36.93 241.8242 73.7842 6.10 229(+60,-48) 576(+133,-103) 1034(+297,-216) 135(+204,-67) 2.42 1.80 7.67 L
P G054.96+40.96 249.8702 33.4433 6.45 154(+42,-34) 364(+83,-65)  632(+178,-132) 103(+127,-51) 2.89 1.74 6.13
P G099.31+34.06 258.1953 68.5777 522 92(+58,-29) 267(+134,-72)  535(+298,-157)  76(+475,-38) 2.29 2.00 7.02
PE G054.78+20.34 273.0592 27.9778 5.01 252(+92,-69) 702(+229,-167) 1463(+681,-410) 569(+895,-283) 1.36 2.08 2.57
PE G345.34-22.70 285.8962 -51.4564 5.40 203(+118,-58) 608(+343,-150) 1180(+865,-333) 67(+532,-34) 1.57 1.94 17.55
PE G336.40-25.51 287.4608 -60.0417 5.25 319(+89,-67) 724(+196,-138) 1285(+450,-290) 442(+467,-218) 1.18 1.77 291
PE G106.16+23.83 291.4330 74.5266 8.40 257(+60,-49) 959(+163,-138) 2528(+545,-425) 828(+357,-281) 2.11 2.64 3.05
PE G015.04-23.88 297.8042 -25.7533 5.74 208(+63,-48) 522(+150,-102) 948(+344,-215) 144(+247,-71) 1.12 1.82 6.58
PEGO014.87-33.77 308.3849 -28.8693 5.58 94(+59,-31)  239(+136,-65) 415(+315,-126)  21(+140,-11) 1.85 1.74 19.51
PEG118.33+24.21 316.9182 84.9332 5.71 364(+118,-87) 1230(+333,-253) 2974(+1107,-744) 821(+585,-365) 1.49 242 3.62 G
PG004.55-42.72  317.3831 -38.3248 5.23 119(+48,-34) 323(+100,-72) 594(+215,-138)  40(+137,-20) 1.99 1.84 15.04
PE G046.59-33.70 318.6823 -4.4805 6.55 333(+180,-88) 891(+491,-237) 1618(+1121,-504) 110(+638,-55) 1.02 1.82 1470 G
PE G056.80-33.20 322.8504 2.9625 5.59 237(+108,-69) 691(+262,-166) 1506(+704,-399) 551(+703,-273) 2.33 2.18 2.73
PE G079.79-25.18 330.5532 23.1860 5.33 345(+124,-84) 1065(+316,-207) 2923(+972,-616) - 257275 -
PEG074.81-31.73 331.8080 15.3964 5.96 207(+73,-49) 590(+182,-120) 1516(+559,-346) - 237 257 -
PG332.95-47.82  332.4487 -58.7876 6.29 360(+71,-60) 730(+133,-111) 1179(+264,-205) 399(+297,-193 3.85 1.61 2.96
PGO079.13-35.60  337.2504 14.8849 6.44 84(+34,-25)  212(+80,-50)  453(+215,-116) - 1.22 2.14 -

P G058.99-54.74  341.2412 -8.4326 5.18 134(+61,-40) 317(+155,-95) 676(+468,-243) - 1.58 213 -
PE G095.76-20.92 341.3953 35.2191 5.95 180(+81,-53) 627(+219,-153) 1535(+675,-432) 489(+644,-243) 1.43 2.45 3.14
PE G079.99-48.54 3459349 5.1460 547 68(+31,-20)  197(+79,-50)  337(+207,-101) 4(+77,-2) 1.42 1.71 95.23
PG032.65-67.80  348.2116 -25.0753 5.26 97(+38,-30)  269(+81,-61)  662(+215,-151) - 3.14 246 -
PEG109.34-29.47 3589165 31.9255 5.52 89(+54,-29) 217(+139,-60) 393(+357,-126)  60(+327,-30) 1.72 1.81 6.51
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Table A.3. MTXF photometry of candidate strongly lensed galaxies selected at 353 GHz. Units and notes as in Table[A.T]

Planck name RA DEC S217 S353 S 545 Sgs57 SN3s3 Sgs7/Ss45 Ss45/S353 Note
PG345.90-77.07 19719 -36.1645 50+30 202+58 427+110 549+195 3.5 1.29 2.12 H
PG314.57-62.41 3.7358 -53.8762 75+31 287+65 422+89 577+147 44 1.37 1.47
PG123.48-41.23 13.3077 21.6338 66+33 374+89 432+114 942+263 4.2 2.18 1.16
PG127.01-82.91 13.3958 -20.0593 66 +28 255+68 290+115 653+277 3.7 2.25 1.14
PG297.94-67.76  15.7465 -49.2554 54 +28 334+69 294+89 271+156 49 0.92 0.88 C
PG215.84-85.99 17.3622 -27.2603 30+32 255+70 322+103 425+223 3.6 1.32 1.26
PG159.72-82.94 17.3930 -21.4059 46+32 228+72 306+111 626+246 3.2 2.04 1.34
PG266.70-81.83 18.6412 -33.5940 59 +31 243+73 380+113 772+195 3.3 2.03 1.56
PG159.29-71.93 23.7023 -12.1958 69«35 25170 540+111 789+197 3.6 1.46 2.15
P G240.65-74.71 29.0688 -33.2961 60+29 218+71 469+109 892+183 3.1 1.90 2.16
PG172.24-65.34 31.5870 -9.9270 53+35 263+79 445+101 557+174 3.3 1.25 1.69 H
PG276.79-61.36 32.7061 -51.5447 50«30 20567 289+90 445+163 3.1 1.54 1.41
PG262.01-66.10 34.3398 -43.5758 84 +27 271 +74 537+112 930+211 3.7 1.73 1.98
PG227.84-69.96 35.4412 -30.4563 54 +34 24666 275+105 429+173 3.7 1.56 1.12
PG164.17-51.13 37.3518 37185 77«39 290+90 253 +123 394221 32 1.55 0.88
PG276.46-54.42 40.9266 -56.5530 75+26 170+55 404+100 592+190 3.1 1.46 2.38 H
PG277.56-53.61 41.1531 -57.5790 66 +24 217+47 358+99 523+183 4.6 1.46 1.65
PG271.53-56.56 41.3713 -53.0432 5327 302+57 447+126 552+276 5.3 1.24 1.48 S,C
PG284.72-48.56 41.3768 -64.3372 38+22 216+53 343+97 534+184 4.1 1.56 1.59 H
PG223.64-62.24 443074 -28.7226 53 +33 25679 431+102 635+186 3.2 1.47 1.68
PG222.97-60.20 46.5849 -28.2199 54 +32 254 +81 256+103 404+170 3.1 1.57 1.01
PG288.74-40.75 49.8876 -72.0458 49 +24 236+54 314+129 571+322 44 1.82 1.33
PG194.88-48.95 52.1134 -9.3702 44 +34 256+84 667+140 1473 +321 3.1 2.21 2.61
PG222.03-45.79 62.3777 -25.1506 65«35 369+75 631119 895+185 49 1.42 1.71
PG210.18-41.68 63.6676 -15.7506 79 +34 368 +80 480139 424+294 4.6 0.88 1.30
PG252.28-44.18 66.1880 -46.2626 88 +26 250+59 577+107 1313+214 4.2 2.28 2.30
PG252.72-42.80 68.1375 -46.6978 48 £28 172+50 337+101 546+172 34 1.62 1.97
PG239.79-38.25 73.8011 -36.7322 68 +28 292+65 488+102 882+201 4.5 1.81 1.67
PG255.53-38.15 749057 -49.0662 72+26 240+54 513+101 822+172 4.5 1.60 2.14
PG262.35-33.58 82.2573 -54.6265 27 +16 218 +47 441+121 511+279 4.7 1.16 2.02 S
PG231.49-28.49 83.2327 -27.8126 85+30 284 +66 314+93 562+164 4.3 1.79 1.11
PG246.18-28.94 86.7075 -40.3677 48 +£25 246+68 699+ 162 1429+374 3.6 2.04 2.84 G
PG261.72-30.49 87.4899 -53.9363 85+20 29161 704+163 1497+379 4.8 2.13 2.42 S
PG254.19-27.46 90.7130 -46.9823 101 £23 414 +81 1229+ 160 2821 +373 5.1 2.29 2.97
PG159.70+26.61 110.5323 57.3138 95+31 296+69 408+106 554+234 4.3 1.36 1.38
PG227.04+27.61 133.5962 1.0897 87«29 29185 270+115 438+233 34 1.63 0.93
PG231.80+31.46 139.0426 -0.4368 75+33 307+68 200+120 373+207 4.5 1.86 0.65 C
PG225.05+40.06 143.6671 8.6510 68+35 30779 420+107 630+191 3.9 1.50 1.37
PG188.24+54.14 151.7416 35.9653 105+32 302+64 342+108 566+178 4.7 1.66 1.13
PG261.11+34.89 158.0973 -16.4464 76 +29 324+68 552+118 815+243 4.8 1.48 1.71 C
PG191.21+62.00 161.1758 33.8637 61 +£30 237+62 533+108 848+173 3.8 1.59 2.25 H
PG143.93+51.40 165.3948 61.0044 21 +27 289+54 362+100 550+161 5.3 1.52 1.25
PG241.50+60.85 167.0309 11.0082 72 +30 228+73 285+110 485+205 3.1 1.70 1.25
PG275.55+36.32 169.3954 -21.5087 37 +31 214+65 449+115 633+216 3.3 1.41 2.10
PG242.20+68.12 173.1852 15.1312 149+34 306+56 717+126 1588 +256 54 2.22 2.34 G
PG263.55+64.38 176.8315 6.5289 71 +34 281+79 651+120 1205+262 3.5 1.85 2.32 G
PG132.62+52.88 179.8096 63.2521 36+27 17257 258+95 403+180 3.0 1.56 1.50 G
PG251.91+73.87 179.8528 16.4121 72 +37 421 +110 866 +284 1838+579 3.8 2.12 2.06
PG129.64+47.81 180.4030 68.6606 54 +27 214+65 301+96 371+173 3.3 1.23 1.40 C
PG277.03+65.41 1823533 4.6765 63+34 236+76 227+92 474+168 3.1 2.08 0.96
PG143.56+69.33 182.5277 46.1006 45+27 198 +66 487 +118 574+192 3.0 1.18 2.46
PG157.89+76.75 183.3082 37.6623 44 +28 237+73 408+113 659+184 3.2 1.61 1.72
PG142.49+72.74 185.0319 43.1738 85+26 23167 398+91 498+156 34 1.25 1.72
PG125.62+45.73 186.9905 71.2714 43 +£23 188 +51 320+82 641+145 3.7 2.00 1.70
PG136.04+72.37 187.3606 44.1924 109 +29 279+92 556+215 817+640 3.0 1.47 1.99
PG133.50+69.63 187.4790 47.0520 67 +£27 215+65 356+106 546+181 3.3 1.53 1.66
PG124.70+42.41 187.9057 74.6433 100+27 574 +62 1122+110 2376 +235 9.2 2.12 1.96 G
PG278.90+81.27 189.1127 19.1145 62 +28 305+79 616+151 1031+284 3.9 1.68 2.02 C
PG296.80+54.40 189.2591 -8.2933 66+37 28365 259 +100 307180 4.3 1.18 0.92
PG122.55+72.74 193.0143 44.3817 26+28 166+54 345+96 424+189 3.1 1.23 2.08

Continued on next page
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Table A.3 — continued from previous page

Planck name RA DEC Sa17 S353 S 545 Sgs7 SNis3  Ss57/Ss545 Ss45/S353 Note
PG303.71+49.64 193.3784 -13.2265 127 +36 30099 296+109 546+193 3.0 1.84 0.98
PG323.69+78.31 197.1472 16.1371 112+35 281 +70 376+104 591+169 4.0 1.57 1.34
PG313.31+61.11 197.8533 -1.3524 68 +36 595+87 534+113 413+172 6.9 0.77 0.90 C
PG100.35+78.18 198.5782 37.9210 118 +30 19755 394+98 612+162 3.6 1.55 2.00
PG076.26+79.96 201.6254 33.7353 52+27 219+67 328+100 483+181 3.3 1.47 1.50 L
PG106.61+66.69 202.6467 49.1737 39«25 212+56 325+85 678+158 3.8 2.08 1.53 C
PG111.34+60.26 203.1017 55.9321 85+26 166+39 270+89 397+179 4.2 1.47 1.63
PG007.81+78.02 204.5114 21.5730 93+30 270+76 380+96 595+185 3.6 1.57 1.41
PG358.22+75.86 205.0830 18.5710 35+30 228+71 481+107 711197 3.2 1.48 2.11
PG026.55+74.41 209.9023 24.3731 108 +27 313+69 467+108 811+187 4.5 1.74 1.49
PGO010.22+68.85 213.2865 17.5363 36+39 278 +80 382+105 574+190 3.5 1.50 1.37 C
PG060.31+70.00 214.5112 34.6434 95+30 225+62 442+92 631+159 3.6 1.43 1.97 G
P G090.64+62.63 214.6777 48.6566 41 +29 205+53 364+95 612+181 3.9 1.68 1.77
PG097.77+58.70 214.8712 539103 59+33 212+56 341+92 598+179 3.8 1.75 1.61
PG348.16+56.12 216.1829 1.6775 84 +38 280+83 402+138 476+211 34 1.18 1.44 C
PG085.35+62.48 217.2119 46.9076 31 +28 183 +59 287+88 331+198 3.1 1.15 1.57
PGO071.19+63.27 220.7282 40.9293 90+27 194+61 552+96 757+169 3.2 1.37 2.85
PG031.91+64.24 221.2114 238177 114+39 317+65 343+116 661 +198 4.9 1.93 1.08
P G090.99+56.74 221.4609 52.7027 77+29 208+54 327+94 571+176 3.9 1.75 1.57
PG057.28+63.02 223.1382 349479 61 +30 243+67 399+91 588+163 3.6 1.48 1.64
PG021.93457.96 2259015 17.2454 35+38 282 +88 353+137 502+279 3.2 1.42 1.25
PG112.46+38.91 226.7890 75.3301 61 +25 191+£60 522+115 1146+233 3.2 2.20 2.73
PGO015.04+51.30 230.1174 10.6583 83 +39 339+78 437+104 522+179 4.3 1.19 1.29 C
PG105.01+42.16 232.4433 69.0311 37+19 141 +45 461+99 837+173 3.1 1.82 3.27
PG100.96+40.40 241.0374 67.5255 32+16 127+42 367+86 658+168 3.0 1.79 2.89
PG062.97+43.65 2472118 39.5797 79+37 462+86 392+102 595+204 54 1.52 0.85 C
PG072.64+41.48 250.0674 46.7262 29+31 492+71 317+99 327+162 6.9 1.03 0.65 C
PG052.16+36.48 254.5801 30.4520 54 +27 223+73 360+101 563+201 3.1 1.56 1.61
PGO055.60+31.86 260.6126 32.1479 38+28 417+68 271+95 506+176 6.1 1.87 0.65 C
PG055.86+31.05 261.6050 32.1624 105+29 183+60 310+89 550211 3.0 1.77 1.70
PG086.62+33.71 261.9285 58.1728 54 +27 236+45 296+90 532+178 5.2 1.80 1.25
PG062.77+27.02 268.1920 36.9959 17+26 208+62 292+103 576+177 34 1.97 1.40
P G056.55+24.25 269.4627 30.8290 42 +34 22668 593107 1057197 3.3 1.78 2.62
P G093.25+29.50 270.6105 63.8337 52+16 199+40 450+93 712+159 4.9 1.58 2.27 G
P G349.67-28.27 295.7143 -48.8606 104 +30 400+69 436+ 107 483+196 5.8 1.11 1.09
P G353.03-44.86 320.5751 -46.5724 76+29 196+62 389+106 512+182 32 1.32 1.99
PG327.56-43.95 329.6385 -64.0109 72 +30 257+59 294+91 534+187 4.3 1.82 1.14
PG327.39-48.75 338.2416 -61.2784 54 +26 265+62 532+86 861162 4.3 1.62 2.01 S,H
PG049.13-56.11 339.3857 -13.8882 28 +30 265+68 308+103 276+222 39 0.90 1.16
P G056.96-55.08 340.8430 -9.5821 74+32 256+66 270+102 385+231 3.9 1.43 1.05 C
PG349.46-59.94 3422042 -44.5310 59 +31 472+65 355+94 268+156 7.3 0.75 0.75 C
PG351.17-67.38 350.7150 -40.4515 74«34 25774 289+103 402167 3.5 1.39 1.12
P G325.97-59.46 353.0972 -53.9804 68 £27 290+60 542+120 725+229 4.8 1.34 1.87 L,S,C
P G083.63-69.02 359.5390 -10.3290 325+36 295+53 382+105 470+184 5.6 1.23 1.29
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