FLASH: Faint Lenses from Associated Selection with Herschel
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ABSTRACT

We report the ALMA Band 7 observations of 86 Herschel sources that likely contain gravitationally=lensed galaxies. These
sources are selected with relatively faint 500 um flux densities between 15 to 85 mJy in an effort to characterize the effect of
lensing across the entire million-source Herschel catalogue. These lensed candidates were identified by their close proximity
to bright galaxies in the near-infrared VISTA Kilo-Degree Infrared Galaxy Survey (VIKING) survey. Our high-resolution
observations (0.15 arcsec) confirm 47 per cent of the initial candidates as gravitational lenses, while lensing cannot be excluded
across the remaining sample. We find average lensing masses (log M /Mg = 12.9 £'0:5) in line with previous experiments,
although direct observations might struggle to identify the most massive foreground lenses across the remaining 53 per cent of
the sample, particularly for lenses with larger Einstein radii. Our observations confitmiprevious indications that more lenses exist
at low flux densities than expected from strong galaxy-galaxy lensing models alone, where the excess is likely due to additional
contributions of cluster lenses and weak lensing. If we apply our method across the total 660 sqr. deg. H-ATLAS field, it would
allow us to robustly identify 3000 gravitational lenses across the 660.square degree Herschel ATLAS fields.
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1 INTRODUCTION 1990’s had revealed a population of dust-obscured galaxies rivaling
the total galaxy evolution seen in optical wavelengths (Smail et al.
1997; Hughes et al. 1998; Ivison et al. 1998). The brightest dusty
star-forming galaxies (DSFGs) have observed star-formation rates
in excess of 1000 M/yr, resulting in an unsustainable evolutionary
phase through violent star-formation feedback (Andrews & Thomp-
son 2011; Rowan-Robinson et al. 2016). The evolutionary pathway
of these star-forming systems is still not adequately understood, as
demonstrated by the prevalence estimates from DSFG models, which
often predict three to four orders of magnitudes below what is ob-
served (Baugh et al. 2005). Because these galaxies are very rare
(a few / deg?), hydrodynamical models struggle to include enough
volume to simulate these galaxies accurately in order to test the evo-
lutionary pathways of these DSFGs (e.g., Narayanan et al. 2015).
As a consequence, the best path to understanding dusty star-forming
galaxies is through direct observations of complete samples. Gravi-
tational lensing offers an opportunity to study these DSFGs at high
resolution. Meanwhile, observations to date have revealed a large
source-to-source variation, with some sources showing stable rota-
tion (Dye et al. 2018; Rizzo et al. 2020), while other sources appear
to be in a state of rapid collapse (e.g., SDP.81; Dye et al. 2015; Ry-
* E-mail: tom.bakx @chalmers.se (Chalmers University) bak et al. 2015b; Tamura et al. 2015). In order to capture this large

Concentrated mass distributions, such as stars (Dyson et.al. 1920;
Kelly et al. 2018; Welch et al. 2022), galaxies (Treu 2010).and galaxy
clusters (Kneib & Natarajan 2011; Gonzdlez-Nuevoet al. 2012,2017;
Bonavera et al. 2019; Crespo et al. 2022; Fernandez et al. 2022) can
redirect light, extending the number of sightlines onto an object
resulting in so-called gravitational lensing. Particularly in the case of
strong gravitational lensing, defined as,a magnification y > 2, these
cases can offer a significant increase in”spatial and observational
sensitivity. This effect is determinéd by the foreground distribution
of matter, and can thus provide.a censtraint on the mass distribution
of our Universe (Kochanek 1992, 1996; Grillo et al. 2008; Oguri
et al. 2012; Eales 2015).

Especially given the low angular resolution of sub-mm obser-
vations, the.dncrease in angular resolution by gravitational lensing
resulted imyspectacular images of dust-obscured star-formation at
cosmic noon.(ALMA Partnership et al. 2015; Dye et al. 2015; Ry-
bak’etal. 2015a; Tamura et al. 2015). Initial observations in the late
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variation of sources, large samples (> 100) of lensed DSFGs are
needed to characterize the evolutionary pathway(s) of these extreme
star-forming systems.

Although lensing is a rare phenomena, large area surveys in sub-
mm and mm revealed a large population of ultra-bright sources, that
upon further inspection were revealed to be gravitationally-lensed
(Negrello et al. 2010, 2014, 2017; Vieira et al. 2013). The steep
bright-end of the luminosity function (i.e., brighter sources are in-
creasingly rare; Lapi et al. 2011) means that the unlikely gravita-
tional lensing magnification of fainter but more numerous sources
are statistically-preferred to observing non-lensed intrinsically hyper-
luminous sources. As a result, in the sub-mm domain, the wide-field
H-ATLAS (Eales et al. 2010) and HerMES (Oliver et al. 2012) sur-
veys with the Herschel Space Observatory have revealed a population
of dusty lensed sources by selecting sources at Ss5gp > 100 mJy (Ne-
grello et al. 2010). Similarly, the large-area nature of CMB-studies
with ground- and space-based telescopes means that these surveys
are also well-suited towards lens selection, with the all-sky Planck
survey showcasing exceptional lensing morphologies (Kamieneski
et al. 2023), and perfectly-circular Einstein rings shown in the South
Pole Telescope survey — revealed in high-resolution with ALMA
and JWST (Spilker et al. 2016; Rizzo et al. 2020). Finally, while
the mapping speed of ground-based observations at submm wave-
lengths is limited by the atmospheric transmission, the recent large-
area SCUBA-2 Large eXtragalactic Survey (S2XLS) is bridging the
border between lenses and intrinsically-bright sources (Garratt et al.
2023). The large beam-width of these selection techniques, how-
ever, mean that only time-expensive follow-up observations of these
sources can reveal the true nature of these galaxies (Bussmann et al.
2013, 2015; Spilker et al. 2016) — and worse yet, the intrinsic prop-
erties of the sample as a whole (Gruppioni et al. 2013).

One way to circumvent these limitations is by a search for the
foreground lensing systems at complementary wavelengths such as
optical or near-infrared. These foreground galaxies might be detected
in optical (SDSS; Gonzdlez-Nuevo et al. 2012, 2017, 2019; Bourne
etal. 2016) or near-infrared (NIR; e.g., VIKING; Fleuren et al. 2012;
Bakx et al. 2020a; Ward et al. 2022) surveys, while the dusty na-
ture of these DSFGs mean the background galaxies are likely not
detected in optical/NIR surveys. These tests vary in their sophisti-
cation, with several models simply identifying nearby foreground
galaxies (Roseboom et al. 2010; Negrello et al. 2010), to4nnovative
mathematical techniques (Fleuren et al. 2012; Bourne et al. 2016)
and statistical correlations accounting for redshifts and\spatial‘distri-
butions (Gonzdlez-Nuevo et al. 2019), even including:the,additional
spatial offsets due to gravitational lensing (Bakx et'al. 2020a).

These methods can statistically characterize the prevalence of
lensed sources across the full extent of the Herschel sample — near
one million dusty sources (Valianté et al, 2016; Furlanetto et al.
2018; Maddox et al. 2018; Shirley et al;, 2021; Ward et al. 2022) —
however, they have not been tested experimentally. The best way of
resolving gravitational lensing directly is through resolved sub-mm
observations to reveal.the.lensing structures (Spilker et al. 2016;
Amvrosiadis et al. 2018; Dye et al. 2018; Kamieneski et al. 2023).
While the easiest’lenses to identify are at the brightest flux densities
(> 100 mJy at 500 micron Negrello et al. 2010, 2014, 2017), both in
terms of theirmappatent brightness and their likelihood to be lensed,
the bulkof the Herschel population — and thus also the lenses — reside
at the lower flux densities (20 mJy > S509 > 40 mlJy). A thorough
test of the fidelity of a lens-selection method should thus focus on
these low flux-density sources.

In this paper, we report on the observation of 86 galaxies se-
lected using a method based on a VIKING (+ KiDS)-based analysis

from Bakx et al. (2020a). In Section 2, we describe the selection
method. Section 3 details the observations, and Section 4 describes
the implications of this survey on lenses within Herschel samples.
We conclude in Section 5. Throughout this paper, we assume a flat
A-CDM cosmology with the best-fit parameters derived from the
Planck results (Collaboration et al. 2018), which are Q,, = 0.315,
Qp =0.685 and h = 0.674.

2 LENS IDENTIFICATION AND SAMPLE SELECTION

In this section, we describe the method for finding lenses through
combined near- and far-infrared surveys, as well as the selected galax-
ies for this pilot survey.

2.1 Lens identification

The lens identifying method is based on finding a VIKING galaxy
which is statistically likely to be associated with a Herschelsource.
As a further requirement, the presumed foreground source should be
at a lower redshift than the estimated redshift of the submm source
— estimated from the sub-mm colours of the source (Pearson et al.
2013; Bakx et al. 2018) — and is therefore highly likely to be a lens
(Bakx et al. 2020a). The standard statistical way of finding associated
sources is by finding galaxies close enough'to the Herschel positions
that they are unlikely to be there'by chance (Bourne et al. 2016).
Our new method relies on.the fact that most high-redshift (z > 2)
submillimetre galaxies are not bright enough to be detected on wide-
area optical and NIR surveys such as SDSS and VIKING (Wright
et al. 2019), and o any/galaxy that is close to the Herschel position
on these images ‘could likely be the lens (Gonzdlez-Nuevo et al.
2017), althougha.subset of SMGs may not be NIR-faint (Gonzalez-
Nuevo et:al. 2012). The statistical tool used for identifying lenses is
called the likelihood estimator (Sutherland & Saunders 1992). This
likelihood estimator calculates an individual so-called likelihood of
an.association of a NIR source close to a Herschel-source given the
magnitude distribution of the NIR magnitude and spatial offset. The
likelihood reflects how unlikely each NIR-Herschel couple is through
a measure of how many similar fields one would need to see before
encountering a single one of these associations. The likelihood, L, of
lensing candidates is often in excess of several hundreds or thousands,
and is calculated as follows:

_atm(r)

n(m)

L (1)
In this equation, g (m) represents the probability distribution of gen-
uine counterparts at a magnitude m, n(m) represents the background
surface density distribution of unrelated objects (in units of arcsec_z),
and f(r) represents the distribution of offsets between sub-mm and
near-IR positions produced by both positional errors between both
catalogues and gravitational lensing offsets (in units of arcsec™2; see
Bakx et al. 2020a).

In order to arrive at a single probability — here called the reliability
(R;) — the likelihoods of each nearby NIR source are added together,
and include the possibility of the foreground source being too faint
to be detected in the VIKING survey (i.e., Q¢ = 0.82; Fleuren et al.
2012; Bourne et al. 2016; Bakx et al. 2020a):

_ Ly
S NiLi+(1-00)°

In this equation, the reliability of each potential match, j, is calculated
from the sum of the likelihoods of all nearby matches (3; L;) and the

R; 6)
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possibility that the foreground source is too faint to be detected. Bakx
et al. (2020a) have found that the SDSS also misses about half the
lenses, so an essential part of our method is that the search for the lens
is carried out in the Kg-band in the VIKING survey, where the lens
(often a massive ‘red-and-dead’ elliptical) is virtually always bright
enough to be detected (Bakx et al. 2020a). On top of this, unlike other
methods for finding associated sources, we calibrated our statistical
estimator on a sample of gravitationally-lensed galaxies: the Herschel
Bright Sources (HerBS; Bakx et al. 2018, 2020b). This resulted in
the insight that the angular distribution of lensed galaxies is not
simply described by a Gaussian distribution, but instead requires a
distribution that accounts for an additional offset due to galaxy-galaxy
and galaxy-cluster lenses. The likelihood estimator does introduce
biases in the types of lenses we can find. The VIKING survey is deep
enough to detect most lensing galaxies (M, > 108 M ). Meanwhile,
the radial probability distribution is non-zero out to = 10 arcseconds,
allowing us to find most cases of galaxy-galaxy lensing (< 10 arcsec;
Amvrosiadis et al. 2018). We do note, however, that the method
becomes increasingly less sensitive towards larger offsets between
the lensed galaxy and the deflector.

2.2 The FLASH sample: Faint lenses found through Associated
Selection from Herschel

This survey is based on the H-ATLAS 12-hour equatorial field (Eales
et al. 2010; Valiante et al. 2016), which has good coverage with the
VIKING NIR and the optical KIDS survey. This field contains 35 512
Herschel sources. The radio NRAO VLA Sky Survey (NVSS) survey
was used to remove blazars from the sample. A total of 350 H-ATLAS
sources fall within 10 arcseconds of an NVSS source, i.e., within the
typical combined angular precision of Herschel (~ 2 arcsec) and
NVSS (~ 7 arcsec). Here we note that this step could also remove
bright DSFGs in our sample, which is not an important drawback,
since we are mostly interested in the fainter DSFGs, and here choose
sample purity over completeness. The photometric redshifts of the
H-ATLAS sources is then estimated by fitting a modified black-
body SED to the 250, 350 and 500 um fluxes (Pearson et al. 2013;
Bakx et al. 2018). Subsequently, we impose a redshift cut for all
H-ATLAS sources, demanding zphee > 2.0. These sources were
then passed through the counterpart analysis of Bakx et al. (2020a),
which identifies counterparts on the VIKING Kg-band images, that
are likely to be statistically associated with the Herschel/sources.
This uses a standard likelihood estimator (Sutherland, & ‘Satnders
1992; Fleuren et al. 2012; Bourne et al. 2016;/Bakx=et-al. 2020a),
which provides a probability for a VIKING counterpart to be genuine.
A total of 7362 GAMA-12 Herschel sources have nearby VIKING
counterparts, no nearby NVSS radio sources, and-ie above zppor > 2.
Wright et al. (2019) have used the nine photometric bands of VIKING
and KIDS to produce photometric redshifts’and stellar masses for the
objects detected in the surveys. By comparing these redshift estimates
and their errors, in combination with the photometric redshifts for
the sub-mm sources andstheir.errors (assuming Az = 0.13(1 + z);
Pearson et al. 2013);.we identify the systems for which there was
only a 0.1 per cent chance (~ 3.10°) that the Herschel source and the
potential counterpart’ate ‘actually at the same redshift, for a total of
6 823 sourcesaln ordet to test the evolution of the lensing probability
with Hefschel flux density, we identify the most likely sources to
be gravitationally-lensed across a wide 500 ym flux density range,
selecting towards the highest reliabilities within each 10 mJy flux
density region that can be observed in a single observation by ALMA.
In order to efficiently observe these sources, we require each source to
be within ten degrees from a single phase-centre to observe all targets
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Figure 1. The photometric redshift distribution of the foreground (blue cir-
cles) VIKING and background (redisquares) Herschel sources. The z > 2
Herschel sources from the equatorial GAMA 12 field are indicated in grey
points. We link the associatedspointsitogether with a blue dashed line. The
redshift difference between the'sources provides confidence in being different
galaxies (or not the same ‘galaxy).ds the Herschel sources.

within a minimum number of Scheduling Blocks. Above 40 mly,
fewer sources eould be found in a single field that would be reliable
candidatesfor gravitational lensing, and as a result most of the sources
have'§500 between 20 and 40 mJy. As a consequence of the dearth of
likely-lensed sources at the higher fluxes, several sources have stand-
out properties such as large angular separations or lower reliabilities.
We 1ist the catalogue in Table 1, and show the redshift against the
500 pum flux in Figure 1. The sources are sorted from lowest S5qq to
highest.

2.3 The statistics of the FLASH selection

Although these sources are the most likely gravitationally-lensed
candidates with Ssg9 = 10 — 90 mly, with very high individual
probabilities, the large parent sample implies that there is a possibility
for chance encounters. In an example as to why this is the case: even
if there were no true lensing candidates, the size of our sample
would by chance pick up sources as lensing candidates. Figure 2
shows a schematic overview of the FLASH source selection, starting
from a perfect understanding of lensed (@) and non-lensed sources
(D). The photometric selection (zppot > 2) reduces the fraction of
lensed and non-lensed sources with Fzy and Fz v, respectively. The
subsequent cross-identification and removal of sources that are likely
at the same redshift reduces the fraction by an additional Fg and
Fk N, respectively. The sources can then be placed in four different
categories according to a confusion matrix proportional to

true positives = W = aFzpFkp,

false positives = X = bFzNFgnN,
false negatives = Y = a(l-FzpFkyr),and
true negatives = Z = b(l-FznyFgn).-
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Figure 2. A schematic overview of the FLASH source selection provides
insight in the total number of expected lenses in the FLASH sample and
the total number of lenses in the Herschel sample."True\lenses and non-
lenses are initially classified by a redshift cut ("> 2), followed by the cross-
identification analysis (Bakx et al. 2020a) and a 3:lo redshift difference
between VIKING and Herschel sourcest The subsequent confusion matrix
contains a measure for the true positives, the additional false positives, and
the completeness of the FLASH method.

The objective of these ALMA observations is to identify the true
positive sources, W, although it is not clear how many false positives
are included in'the FLASH selection. The ALMA observations will
be ableto identify the lens candidates from the sample, and provide
a measure of farma = W/(W + X). Rewriting this equation, we find

JALMA = 3)

a
a+0-1p’

with Q a representative of the quality of our FLASH selection,

_ ;ZL?KL . @)
ZNTKN

This allows us to find a rough estimate for the number of lenses we can
expect to detect with these ALMA observations. The lensing fraction
of sources decreases dramatically with decreasing flux density, which
thus drives up the false-positive fraction at the lower fluxes. For
instance, the lensing fraction predicted from cosmological models
(Cai et al. 2013) suggest that only one to two per cent of z > 2 sub-
mm sources is lensed at S509 = 30 mly, i.e., a/(a+b) = 0.01 -0.02.
The selection effects of the cross-identification is roughly Fgy =
0.82 (Bakx et al. 2020a), under the assumption that there are no
systematic differences between the brighter lens samples (i.e., S509 >
80 mlJy) and the bulk of lenses in Herschel. This is in line with a brief
comparison of the equatorial sources reported in both Negrello et al.
(2017) and Bakx et al. (2020a): for eight sources in the lensed sample
of Negrello et al. (2017), seven are strong lensing candidates'in Bakx
etal. (2020a),ora F ,’( 7, = 0.88+£0.12. The fraction of lower-redshift
lenses excluded (z < 2) can be estimated from thefraction of such
sources documented in Negrello et al. (2017). They=zreport fifteen
out of 80 lens candidates to have photometric redshifts below 2, or
Fz 1 = 0.82. By comparing the photometricredshifts of the Herschel
catalogues (Valiante et al. 2016; Furlanettovet al. 2018), we find that
around 46 per cent of sources in aflux-limited (S599 > 15 mly)
sample lie below z < 2; i.e., FZzn. = 0.54. The main uncertainty of
the method lies in our ability te_remove false positives through the
cross-identification analysis“(Bakx et al. 2020a). As a lower limit,
we can use the fact that Herschel and VIKING sources are excluded
to be at the same redshift'by Fxy < 0.001, although there are no
direct measurements of\ Fx ; possible without observations. For an
intrinsic lensing fraction of a/(a + b) = 0.01, we can expect a high
lensing fraction of fa;ma = 0.9, and a Q-value of 1250. We compare
the sources,in our sample against the lensing fraction predicted from
cosmoelogical models (Cai et al. 2013), and find a total of 82 out of
86 sources’are likely lensed based on the above predictions.

The/method further provides insight in the total number of lenses
in the Herschel samples. The completeness of the sample, C, is equal
to the number of lenses our method is able to identify among all true
lenses,

w
C=——=FkLFzL. 5
wey FkLFzL (5)
As aresult, an initial estimation of the completeness of the FLASH
selection is around C ~ 0.82 X 0.8175 = 0.7 £ 0.1.
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Table 1: FLASH catalogue

Name Herschel Position S250‘um S350;1m SSOO/Jm Zphot,submm VIKING Position [% Zphot, VIK Kg LHR M,
[hms dms] mly mly mly [hms dms] ] magap [0-1] Mg

FLASH-1 12:14:36.2 -01:24:06.9 23.0+59 324+74 122+7.7 2.08 12:14:36.2 -01:24:06.3  0.93 0.844:0'03’1 18.87 £0.02  0.997 11.21
FLASH-2 11:36:31.9 +00:40:21.7 30.8+7.5 425+8.1 19.7+8.7 2.18 11:36:31.9 +00:40:21.8  0.16 075i§?15 20.63 £0.10  0.997 10.07
FLASH-3 11:46:51.9 -00:00:44.1 24.6+6.1 18474 198+7.8 2.18 11:46:51.9 -00:00:45.1  0.97 llt(())%)% 20.26 +£0.05  0.995 11.05
FLASH-4 11:54:08.8 -01:44:16.1 332 +74 345+82 20.7+8.7 2.01 11:54:08.8 -01:44:16.6  0.57 1.25i0'250 20.75+0.12  0.995 10.95
FLASH-5 12:21:23.7 +00:28:34.7 28.7+73 339+82 21.9+8.8 2.32 12:21:23.6 +00:28:35.9  1.96 1.33f8"d% 18.94 +0.03  0.991 11.18
FLASH-6 12:16:56.5 -02:37:41.2 29.0+7.3 39.1+£82 222+85 2.36 12:16:56.5 -02:37:41.9  0.67 0.63f8"82 20.60 =£0.11  0.995 9.677
FLASH-7 11:59:32.4 +00:02:17.9 21.3+5.7 327+74 223+7.7 291 11:59:32.4 +00:02:17.9  0.36 0.19t8{8§ 20.24 +£0.05 0.997 8.983
FLASH-8 12:19:11.4 -00:30:36.9 294 +7.3 384+80 224+85 2.34 12:19:11.4 -00:30:36.8 0.9 1.31t8'8“f+ 19.86 £ 0.06  0.995 10.72
FLASH-9 12:15:14.0 -01:59:52.8 362 +7.0 399+78 22.6+8.2 2.04 12:15:14.0 -01:59:52.3  0.76 0.66t8'.82 18.76 £ 0.01  0.998 10.83
FLASH-10 11:45:49.3 +00:20:38.0 27.6+6.5 203+7.5 228+7.7 2.27 11:45:49.3 +00:20:39.2  1.51 1.28t8:8§ 20.60 + 0.07 0.99 10.67
FLASH-11  11:34:08.3 +00:27:47.9 302 +7.5 253+82 229+93 2.14 11:34:08.3 +00:27:48.8 099 1.12f8:2§ 19.85+0.04  0.995 11.25
FLASH-12  11:39:05.7 -01:10:30.7 27.8+7.5 332+82 232+86 2.44 11:39:05.6 -01:10:30.3 .. 0.93 0.4¥5f8':8%1 19.08 £0.03  0.997 10.41
FLASH-13  12:01:18.9 -02:23:28.8 355+7.2 356+8.1 23.6+8.7 2.06 12:01:18.9 -02:23:30.0"1\74 0.46i8'82 18.19 £0.01  0.994 10.74
FLASH-14  12:17:00.0 -00:35:14.8 342 +74 29.8+83 239+89 2.04 12:17:00.0 -00:35:45.3 ), 0.59 1.26J:8'.88 19.83 £0.04 0.997 11.23
FLASH-15  11:59:30.8 -01:04:52.5 29.1+64 29.0+7.3 243+7.6 2.4 11:59:30.8 -01:04:54.0° 1.65 0.69t8:69 18.78 £ 0.02  0.994 10.70
FLASH-16  12:19:34.2 +00:22:15.4 31.5+74 214+8.1 243+8.6 2.07 12:19:34.2 +00:22:15.4  0.17 O.95t8{8§ 18.67 +£0.02  0.999 11.38
FLASH-17  11:36:41.7 -01:17:26.6  29.5+7.3 343+82 246+84 243 11:36:41.8 .01517:26.4 0.2 1.05J:8'83 19.51 £0.02  0.998 11.04
FLASH-18  11:44:18.6 +00:04:54.3 30.0+6.5 28.0x7.5 247+7.7 2.35 11:44:18.5,+00:04:53.9  1.18 1.07f8:82 19.60 £0.04  0.994 11.01
FLASH-19  11:56:00.4 -01:49:55.2 32.7+7.5 319+82 248+8.6 2.23 11:56:00:4 -01:49:54.9  0.35 1.01t8:8§) 19.28 £0.03  0.998 11.02
FLASH-20  12:02:08.7 -02:34:13.6 37.1+7.2 379+8.1 249+8.6 2.08 12:02:08.7 -02:34:12.7  0.89 072J:88§ 18.87 £0.02  0.997 10.67
FLASH-21  12:14:25.6 -00:43:15.9 354 +6.5 39.0x7.5 250+77 2.18 12:14:25.6 -00:43:16.4  0.73 0.63J:8'82 20.45+£0.09  0.996 9.923
FLASH-22  11:50:34.9 -00:54:26.1 37.7+74 37.8+8.1 25.1+85 2.06 11:50:35.0 -00:54:24.9  1.42 1.02f8':8§1 18.98 +0.02  0.995 11.20
FLASH-23  11:57:23.2 +01:13:12.5 30.1+7.3 26.8+8.1 253+8.6 2.38 11:57:23.2 +01:13:12.6  0.15 1.32J:8'86 20.20 +£0.10  0.998 10.75
FLASH-24  11:56:49.2 +00:35:49.1 26.7+64 234+74 254+7.6 2,66 11:56:49.2 +00:35:47.9  1.39 072t§§% 19.55+0.03 0.994 10.65
FLASH-25  11:50:55.9 -01:33:54.9 338 +7.3 223+8.0 260=x38.6 2.04 11:50:56.0 -01:33:55.5 1.56 O.66f0' i 19.11 £0.06 0.994 10.59
FLASH-26  11:46:26.8 -01:45:41.4 384 +6.5 349+74 263+78 2.04 11:46:26.7 -01:45:40.4  1.51 I.Zi(())"?% 20.01 £0.06  0.992 11.07
FLASH-27  11:53:05.8 -00:37:46.0 31.8+7.4 354+83 264+88 2.42 11:53:05.7 -00:37:45.0  1.78 0.564:0'03’1 17.98 £0.01  0.994 10.97
FLASH-28 11:48:36.3 +01:01:10.7 30.8+7.3 235+8.1 .264+387 2.36 11:48:36.4 +01:01:10.7  0.85 098i§§§ 20.79 £0.12  0.994 10.36
FLASH-29  12:04:29.4 -00:42:43.4 29.7+7.1 337+7.8 2066+82 2.55 12:04:29.4 -00:42:43.3  0.63 1.06fo'0 19.88 £0.05 0.997 10.64
FLASH-30 12:14:41.5 +00:24:08.1 32.5+7.3 34.1 8.2, 267 +8.8 2.38 12:14:41.6 +00:24:07.5 0.81 0.67J:8"8§ 18.47 £0.01  0.998 10.92
FLASH-31  12:01:37.1 -00:04:19.1 348 +7.3 41,1 £82 269 +8.7 2.33 12:01:37.1 -00:04:20.2  1.03 0.69J:8:8% 19.29 +0.04  0.996 10.56
FLASH-32  11:59:37.8 -00:06:25.8 32.6 +6.5 355+%74 27.1+7.7 242 11:59:37.9 -00:06:23.8  2.58 O.73J:8:8ﬁ 20.45+0.07 0.964 10.06
FLASH-33  12:01:28.9 -01:10:15.9 263 +6.34,248+74 27.6+7.7 291 12:01:28.9 -01:10:16.0  0.21 0.89t8:82 19.28 £0.03  0.997 10.96
FLASH-34  12:25:09.9 -00:18:06.0  38.5+/7.3  35.8+8.1 27.6+8.6 2.12 12:25:09.9 -00:18:07.4  1.34 0.2.°5J:8'%1 20.59 +£0.09  0.989 9.012
FLASH-35  12:06:08.8 -00:34:57.5 34.1'+ 7.0.” 36.1 7.9 284 +83 242 12:06:08.7 -00:34:57.2  0.69 0.07J:8"8§ 20.31 £0.10  0.995 8.116
FLASH-36  11:54:37.3 +00:59:37.0 375+73 37.0+83 285+89 2.23 11:54:37.7 +00:59:33.9  6.41 054t§§§ 18.79 +£0.01  0.961 10.63
FLASH-37  12:17:23.4 -02:06:00.3/ 43.3+7.2 414+82 285+8.7 2.02 12:17:23.4 -02:05:59.2  1.06 1.06i%'_%2 19.71 £0.03  0.995 10.66

Continued on next page...
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Table 1 — continued from previous page

Name Herschel Position S250um $3500m S500m Zphot,submm VIKING Position [% Zphot, VIK Ks Rel. log o M.
[hms dms] mly mly mly [hms dms] 1 magap [0-1] logjgMo
FLASH-38  11:49:25.7-02:07:21.2 36.5+7.2 409 +83 285+8.7 2.33 11:49:25.7 -02:07:23.4  2.14 0.64f0'03 20.18 £0.09  0.982 10.00
FLASH-39  12:19:50.5 +00:33:35.5 394 +74 399+82 29.0+89 2.2 12:19:50.5 +00:33:41.6  6.08 0.59t§{§§ 19.01 £0.03  0.945 10.51
FLASH-40 11:59:41.3 +00:02:41.7 393 +6.5 385+74 29.0+7.7 2.19 11:59:41.2 +00:02:41.2 0.8 1.194:0'0f1 20.59 +£0.07  0.98 10.34
FLASH-41  12:13:489-01:03:11.4 43.0+6.5 405+74 294+7.7 2.05 12:13:48.8 -01:03:13.8  2.65 1.16i8'64 19.70 £0.06  0.975 10.80
FLASH-42  11:59:10.0 -01:20:58.1 31.1+6.6 27.0+7.5 30.1+7.38 2.71 11:59:10.0 -01:20:57.3  0.92 0.64J:8:8g 19.04 £ 0.04  0.997 10.47
FLASH-43  12:23:05.3-01:13:10.2 40.2+74 436+8.1 30.3+38.6 2.26 12:23:05.2 -01:13:12.1  2.27 0.17J:8:8§ 19.35+0.04 0.987 9.236
FLASH-44  12:00:47.6 -00:40:19.6  11.1+4.7 23.1+74 313+77 5.56 12:00:47.6 -00:40:18.8  1.03 0.75Jj}}:8§1 19.18 £0.04  0.996 10.85
FLASH-45 11:36:53.6 +01:16:32.9 322 +72 248+82 320+3838 2.76 11:36:53.6 +01:16:33.7  0.82 1.234:8'.8%1 19.19 +£0.01  0.997 10.99
FLASH-46  12:14:12.1 -00:52:13.6 34.6+6.5 33775 33.0x7.7 2.67 12:14:12.2 -00:52:13.7  1.17 0.44418:82 18.56 £ 0.01  0.969 10.57
FLASH-47  12:20:19.6 -00:39:12.3 508 +7.3 533+82 34.1+85 2.1 12:20:19.5-00:39:11.7  1.29 O.25t8:8§ 20.68 +0.11  0.992 8.972
FLASH-48 12:01:15.4-01:27:22.0 14650 205+74 342+78 5.1 12:01:15.5-01:27:23.0  1.53 0.96t8:8§ 19.38 £0.03  0.995 11.19
FLASH-49  11:58:05.5-01:55:47.6 432+6.8 362+7.6 343+79 2.25 11:58:05.4 -01:55:47.9  r45 0.95f8:82 19.23+0.02  0.986 10.78
FLASH-50  12:05:31.3 -00:37:00.5 39.1+7.0 438+7.8 347+83 2.54 12:05:31.3 -00:37:01.1 1.1 0.37f8:?7 19.34 £ 0.03  0.996 10.29
FLASH-51  12:01:41.9 -02:20:06.2 41.2+74 325+82 348+85 2.37 12:01:41.9 -02:20:04:6_ 1.85 0.69t8:8§ 18.41+£0.02 0.994 11.03
FLASH-52  11:50:09.4 -00:36:51.9 34.7+74 402 +83 351+8.8 2.8 11:50:09.4 -00:36:51.8 ) 0.42 1.43f8:89 20.24 +£0.10  0.997 11.02
FLASH-53  11:49:21.6 -01:03:02.1 40.6+7.1 41.8+8.0 352+84 2.48 11:49:21.6 -01:03:01.9  0.23 0.53i8:?§ 20.20 +£0.08  0.997 10.14
FLASH-54  12:08:06.2 +00:45:10.3 27.5+6.5 389+74 358+77 3.38 12:08:06.1,+00:45:10.3  1.05 0.87t§{§§ 19.54 £0.05 0.996 10.95
FLASH-55  11:55:00.7 -00:07:22.0 224 +6.8 31.8+83 36.3+87 4.04 11:55:00.6 -00:07:21.2  1.26 0.26t0' g 19.51 £0.05 0.994 9.235
FLASH-56  12:16:54.3-01:27:29.9 248 +7.1 409+8.2 36.6+3838 3.68 12:16:54.4-01:27:31.1  1.35 0.7t8:%% 19.93+0.04 0.994 10.19
FLASH-57 11:46:10.1 -00:50:28.4 394 +65 41.7+74 37.0+738 2.64 11:46:10.0 -00:50:27.4  1.67 1.43f013 19.93 +0.06 0.991 10.99
FLASH-58  11:43:59.8 -00:16:00.1 36.0+6.5 41.0+7.5 37.7+78 2.88 11:43:59.9 -00:16:01.1 1.4 0.44t§:8§ 18.46 +0.03  0.996 10.72
FLASH-59  12:22:11.4-01:41:53.8 37.6+7.3 394+8.1 37.8+85 2.8 12:22:11.4 -01:41:53.9 1.19 O.Zt%O% 20.70 £0.12  0.989 9.216
FLASH-60  11:50:55.0 -00:44:06.1 52.7+7.5 51.6+8.1 38.7+8.6 248 11:50:54.9 -00:44:06.6  1.09 0.33f0.'05 20.31 +£0.09 0.994 9.426
FLASH-61  12:14:27.1 -02:24:46.6 247+7.0 253+8.1 39.0+85 4:09 12:14:27.1 -02:24:45.5 1.23 0.59t8:8§ 19.98 £+ 0.06 0.994 10.15
FLASH-62  12:14:02.6 -01:43:07.4 4277+6.5 57.1+74 39.0+7.6 2.61 12:14:02.6 -01:43:04.9  2.83 0.92t8:g‘7? 20.87 +£0.19 0.944 10.35
FLASH-63  11:44:39.9 +00:54:32.4 482 +6.5 354+74 394+71 2.24 11:44:39.9 +00:54:30.9  1.61 O.93f8:86 20.31 £0.07  0.99 10.63
FLASH-64  11:58:50.0 -00:57:08.3 57.4+6.5 59.6+7.4 395+7%6 2.12 11:58:49.8 -00:57:08.3  3.97 0.474:8:68 18.28 +0.01 0.938 10.71
FLASH-65  12:10:58.0 -00:44:38.3 50.8+6.5 63.0+7.5 394+x7.8 2.36 12:10:58.0 -00:44:40.0 1.91 0.71i8:8§ 19.42 £ 0.04 0991 10.66
FLASH-66  12:13:58.5 +01:10:47.6 37.1+7.2 46.0+8.1 “409+89 3.0 12:13:58.5 +01:10:48.3 1.2 1.14J:8:82 19.71 £0.04  0.994 10.89
FLASH-67  12:24:46.0 -01:52:39.9 36.8+7.3 404+83 419+8.7 3.11 12:24:46.0 -01:52:39.7 0.2 0.07i§:§§ 20.86 £0.13  0.997 7.860
FLASH-68 12:18:20.7 +01:13:46.5 64.6+7.4 585 +8.1 443 +838 2.04 12:18:20.7 +01:13:48.5  2.07 I.Zt%gs 19.76 £ 0.03  0.988 11.15
FLASH-69 11:44:40.4 +00:26:49.2 59.1 6.4 544 +74 451+7.7 2.21 11:44:40.4 +00:26:50.4 1.14 0.614:0.'(?3 20.47 £0.12  0.992 10.02
FLASH-70  12:13:57.7 +00:09:11.0 389 +7.5 .41.9+82 45787 3.21 12:13:57.7 +00:09:11.0  0.15 1.34f8:?8 20.94 +£0.11  0.985 10.48
FLASH-71  12:24:07.6 -00:33:31.8 529+ 74,428 +8.2 459+84 2.44 12:24:07.6 -00:33:32.6  1.09 1.084:8:“l 20.46 +£0.08  0.993 10.77
FLASH-72  12:06:32.2 -00:33:11.2  58.0 (7.0 4,585+ 7.8 47.8 +8.2 2.38 12:06:32.1 -00:33:12.4  2.23 0.49t§:§§ 19.84 £ 0.08 0.983 9.985
FLASH-73  12:05:53.3-01:51:18.0 67.7 7.3~ 839+83 51.4+386 2.32 12:05:53.4 -01:51:18.0  0.42 0.6t8:%4 18.24 £0.01  0.985 10.92
FLASH-74  11:39:32.4 -01:54:58.5 74.4-+74 633 +8.1 524+88 2.04 11:39:32.4 -01:54:58.8 0.4 0.98f0'03 19.88 +0.04  0.998 10.84
FLASH-75  12:07:00.2 -01:13:03.3/ 59.1'+7.5 540+82 52.6+89 2.51 12:07:00.2 -01:13:03.2  0.13 O.63t§{§% 18.45+0.01 0.999 10.72

Continued on next page...
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Table 1 — continued from previous page

Name Herschel Position S250um $3500m S500m Zphot,submm VIKING Position [% Zphot, VIK Ks Rel. log o M.
[hms dms] mly mly mly [hms dms] 1 magap [0-1] logjgMo
FLASH-76  12:02:23.8 +01:03:17.3 73.0+x74 69.1 +8.1 52.6+38.6 2.14 12:02:23.8 +01:03:17.5  0.18 1.03f%'2)% 20.44 +0.10  0.998 10.28
FLASH-77  12:05:43.1-00:38:33.1 759+7.1 828+8.0 555+86 2.23 12:05:42.9 -00:38:34.3  3.07 0.7f8'06 19.55+0.05 0.955 10.78
FLASH-78  11:39:01.2 -02:14:12.1 512+74 614+8.1 555+8.7 2.96 11:39:01.1 -02:14:11.6  1.66 1.074:0"12 20.20 £0.07  0.99 10.89
FLASH-79  11:45:15.4 -00:08:44.9 46.6+6.5 57.7+7.5 564+7.7 3.23 11:45:15.3 -00:08:42.3  3.02 0.67i§'§£ 20.76 +0.13  0.812 10.24
FLASH-80  11:38:16.0-01:31:18.1 60.1 +7.4 748 +8.0 60.1 +85 2.77 11:38:16.1 -01:31:20.5  3.11 I.Zt?)'_% 20.45+0.08 0.945 10.76
FLASH-81  11:57:14.8 -00:28:41.9 842 +7.3 88.1+8.1 62.1+87 2.22 11:57:14.8 -00:28:40.8  1.45 0.95t0'0‘§ 1991 £0.05 0.993 10.85
FLASH-82  11:52:51.5-01:52:20.0 91.4+7.3 937+8.1 62.7+85 2.11 11:52:51.4 -01:52:19.1  2.56 1.28t8:85 20.41 £0.07 0.978 10.76
FLASH-83 11:44:04.4 +00:38:49.9 96.8+6.6 947+7.5 693+7.7 2.14 11:44:04.4 +00:38:43.8 6.14 1.04f8:8g 18.42+0.01 0.954 11.43
FLASH-84 11:36:16.6 +00:48:54.7 90.6+7.3 992 +8.1 71.7+8.7 2.34 11:36:17.0 +00:48:51.7  6.39 0.55J:8:82 19.50 £0.05 0.944 10.34
FLASH-85  11:37:39.2 -02:44:43.5 63.2+74 858+82 732+87 3.09 11:37:39.1 -02:44:45.0  2.23 0.57t8:8§ 18.65 £ 0.01 0.99 10.78
FLASH-86  11:54:33.7 +00:50:42.3 539+74 858+8.1 83.9+86 3.85 11:54:33.7 +00:50:42.1  0.5] 0.69f§:§£ 20.26 +0.13  0.997 10.57

Notes: Col. 1: Source name, sorted from lowest 500 ym flux to highest. Col. 2: RA and DEC positions in hms and dms units, respectively. Col. 3 - 5: The Herschel
photometry Col. 6: Photometric redshift of the Herschel source based on the fitting of the modified black-body template from Pearson et al. (2013). Typical errors on this
fit are on the order of 0.13(1 + z). Col. 7: The position of the VIKING-identified source from the catalogues described in\Wright et al. (2019) Col. 8: The angular offset
in units of arcseconds between the Herschel and VIKING source. Col. 9: The photometric redshift of the VIKING source based on both VISTA and KiDS photometry
best-fit (Wright et al. 2019). Col. 10: The AB-magnitude in the Kg-band photometry. Col. 11: The reliability (i.e., the'probability) of the Herschel and VIKING sources
to be associated. Note that this does not account for the inclusion of false positives in a large-area survey. Col. 12: The stellar mass estimate of the VIKING source
identified from the KIDS and VISTA photometry, as described in Wright et al. (2019). This table is available in"machine-readable form in the supplementary material.
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8 Tom Bakx et al.

Figure 3 shows the distribution of properties of the FLASH
sources. Unlike previous studies of gravitational lenses that focus
on S509 > 100 mJy (Negrello et al. 2017, or equivalent fluxes at
longer wavelengths; Vieira et al. 2013; Spilker et al. 2016; Harring-
ton et al. 2021; Kamieneski et al. 2023), this survey selects relatively
low 500 um fluxes. The reliability, or the statistical association of the
Herschel sources to VIKING galaxies, of these sources is high due
to a combination of low angular separation and bright foreground
galaxy selection. The angular separation is on the order of the typical
astrometric uncertainties (e.g., Valiante et al. 2016). In fact, most
association probabilities of FLASH sources are above the 9gth per-
centile. The foreground VIKING sources have information from both
VISTA (Z, Y, J, H, and Kg) and from the KiDS survey (u, g, r, and 1).
Spectral fitting (Wright et al. 2019) provides a stellar mass estimate
of the foreground objects, which suggests massive (M, > 1019M¢)
galaxy systems at lower redshifts. As previously mentioned, the sam-
ple is drawn from a relatively small patch of sky to facilitate efficient
ALMA observations. As a consequence, each distribution appears
to have one to three outliers source with a large separations (= 6";
FLASH-39, -83 and -84), a low reliability (R ~ 0.8; FLASH-79) or
a low stellar mass (M, ~ 107-8)1, o; FLASH-67), although each such
source is different, and do not suggest impurity of the sample.

3 ALMA OBSERVATIONS, REDUCTION AND RESULTS
3.1 ALMA observations and reduction

We observe using Band 7 continuum observations to test whether
these sources are actually lensed. The observation depth is based on
a Cycle 2 ALMA program of 16 bright Herschel sources that showed
that even short (2 minute) continuum observations were enough to
reveal the lensed structure with enough signal-to-noise and resolution
for a full lensing reconstruction (Amvrosiadis et al. 2018; Dye et al.
2018). In this study (2019.1.01784.S; P.I. Bakx), we have used the
same resolution (~ 0.15 arcsec) but scaled the integration times to
allow for the fainter flux densities of the sources by 50 per cent
deeper observations (see Table 2). The quasars J1058+0133 and
J1256-0547 were used as bandpass calibrators, and quasars J1217-
0029 and J1135-0428 were used as complex gain calibrators:.

Data reduction was performed following the standard”procedure
and using the ALMA pipeline. Then, we use CASA for imaging the
uv-visibilities using Briggs weighting with a robust parametet of 2.0
(to maximize the depth of the observations at the expense'of slightly
increasing the final synthesized beam size). The\resulting beam size
is 0”718 by 0”14 with a beam angle of —71hdegrees at a continuum
depth of 72 uJy/beam.

In order to test the effect of resolved observations and to facili-
tate aperture extraction, we also generate.images with a tapering of
0.5 arcseconds. The resulting continaum maps have a beam size of
07760 by 0”56 at the same beam angle of —71 degrees at a continuum
depth of 137 uJy/beam

3.2 ALMA photometry

The soufce fluxes are extracted from the tapered image using the
CASA IMFIT routine. For each source, the routine is repeated until
no obvious sources exist in the residual image (> 307). The resulting
positions and fluxes are shown in Table 3. For significantly sources
or sources where the lensing causes the emission to be spread across
multiple components, we mention the individual extracted positions,

Sso0 [M)y]
20 A
=2 10 4
O - . T
0 2 4 6 8
Angular separation [arcsec]
60 A
40+
=
20 A
O T T T
0.80 0.85 0.90 0.95 1.00
Reliability
20 A
=2 10 -
O -

8 9 10 11
logyg Stellar mass [Me]

Figure 3. The FLASH sources are selected with faint 500 um flux densities,
relative to the bulk of the lenses found by Herschel and other lensing surveys
(i.e., the expected or observed Ssoo of Planck, SPT, ACT are > 100 mly).
They are found close to bright VIKING sources, with most Herschel and
VIKING sources only 2 arcseconds removed from on the sky, within the
typical astrometric uncertainties. As a result of the close location on the sky,
the FLASH sources have high reliabilities (i.e., association probabilities) for
each Herschel and VIKING-association, with most association probabilities
above the 99 percentile. The foreground VIKING sources have information
from both VISTA (Z, Y, J, H, and Kg) and from the KiDS survey (u, g, r, and
i). Spectral fitting (Wright et al. 2019) provides a stellar mass estimate of the
foreground objects, which suggests massive (M, > 10'9M) galaxy systems
at lower redshifts. Interestingly, each distribution appears to have one to three
straggling sources with a large separations (= 6"; FLASH-39, -83 and -84), a
low reliability (R =~ 0.8; FLASH-79) or a low stellar mass (M, ~ 107'8M@;
FLASH-67), although each such source is different, and it does not suggest
impurity of the sample.
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Table 2. Parameters of the ALMA observations

Finding lenses in a FLASH

UTC start time Baseline length N, Frequency Tint PWV
[YYYY-MM-DD hh:mm:ss] [m] [GHz] [min]  [mm]
2021-05-10 03:08:31 14 - 2492 44 343.484 49.0 0.96
2021-05-16 03:21:37 14 -2517 47 343.484 48.8 0.96
2021-05-17 00:05:58 14 -2517 47 343.484 48.9 0.65
2021-05-17 01:55:18 14 -2517 48 343.484 49.0 0.64
2021-05-17 02:43:09 14 -2517 48 343.484 21.8 0.45
2021-05-18 00:13:21 14 -2517 49 343.484 423 0.62
2021-05-18 04:03:52 14 -2517 49 343.484 423 0.39

as well as the combined flux of the source. We indicate these sources
with italics.

The resulting images are shown in Figure 4. These images, whose
identification and FLASH-number are listed at the top, show the
VIKING image in the background, with foreground contours from the
high-resolution (white contours) and tapered (solid black contours).
Inset images provide the high-resolution (0.15 arcsec resolution, red
contours) for sources where zoom-ins are necessary. The images
are centered on the VIKING position (which is also the ALMA
phase center), and the orange cross indicates the Herschel position
from Valiante et al. (2016). The red squares indicate the individual
positions of the extracted fluxes.
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Figure 4. The VIKING images of the FLASH-Sources are shown in the blue background, with their FLASH-number and identification listed in the top of the
figure. Contours in the central panels show either the,robust parameter = 2 maps (white contours; beam =~ (.15 arcsec) or the tapered data (black contours; beam
~ 0.55 arcsec). The contours are drawnsat 3, 5, 8, 10 and 200. The beams are shown in the lower-left of the panels, and the images are scaled to include all
ALMA-identified galaxies. The angular scale is shown in the lower-right of each figure in units of arcseconds. The extraction positions of the sources in Table 3
are indicated with red boxes, and where applicable, we provide insets of each source using red contours on the scale to capture the entire emission. In order to
boost the fidelity of these insets, we lower'the contour levels to 2, 3,5, 10 and 200. The images are centered on the VIKING-position, and the orange cross
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Figure 4. Continued.
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Table 3: ALMA observations catalogue

Finding lenses ina FLASH 15

Name Lens? ALMA Position S1.1mm GALMA,VIK OALMA,Herschel
[hms dms] mly 1 1
FLASH-1INE C-grade  12:14:36.9 -01:24:03.0 2.14 £ 0.66 (3.307) 10.0 10.9
FLASH-INW 12:14:36.7 -01:24:11.7 1.17 £ 0.4 (2.90) 9.1 9.4
FLASH-2S C-grade 11:36:31.5 +00:40:22.4 6.81 = 0.3 (22.40) 4.7 4.6
FLASH-2NW 11:36:32.3 +00:40:14.5 2.1 £0.7 (3.00) 9.7 9.8
FLASH-3 A-grade  11:46:51.9 -00:00:45.0 0.96 = 0.19 (5.007) 0.3 1.0
FLASH-4E B-grade  11:54:08.9 -01:44:12.8 2.13 £0.32 (6.707) 39 33
FLASH-4C 11:54:08.8 -01:44:16.6 0.67 = 0.19 (3.50°) 04 0.5
FLASH-4S 11:54:08.3 -01:44:14.3 1.72 £ 0.58 (3.00) 8.2 7.9
FLASH-5E C-grade  12:21:23.8 +00:28:41.2 1.83 £ 0.4 (4.60) 6.2 6.7
FLASH-5W 12:21:23.3 +00:28:28.2 1.53 £0.57 2.707) 8.9 8.9
FLASH-6 C-grade  12:16:56.6 -02:37:42.2 0.49 + 0.28 (1.80°) 1.7 2.0
FLASH-7TW C-grade  11:59:32.4 +00:02:14.0 2.28 +£0.25 (9.107) 4.0 3.9
FLASH-7SW 11:59:32.2 +00:02:13.3 1.66 = 0.53 (3.107) 5.8 5.5
FLASH-8C B-grade  12:19:11.4 -00:30:36.8 4.01 £0.32 (12.70) 0.1 0.8
FLASH-8W 12:19:11.2 -00:30:44.4 1.03 £ 048 (2.207) 8.2 7.8
FLASH-9W B-grade  12:15:14.0 -01:59:57.6 1.44 +£0.28 (5.107) 5.3 4.8
FLASH-9C 12:15:14.0 -01:59:52.6 1.16 £ 0.37 (3.10) 0.4 0.9
FLASH-10 B-grade  11:45:49.3 +00:20:39.3 1.05 +0.28 (3.707) 0.1 1.6
FLASH-11 B-grade  11:34:08.3 +00:27:48.8 1.1 £0.34 (3.30) 0.2 1.1
FLASH-12 A-grade  11:39:05.7 -01:10:30.0 3.63 £0.23 (15.50) 1.9 1.2
FLASH-13 A-grade 3.68 £ 0.31 (11.780)
FLASH-13E 12:01:18.9 -02:23:28.9 24 +£0.21(11.50) 1.1 0.9
FLASH-13N 12:01:18.9 -02:23:30.6 0.98 + 0.21 (4.607) 0.8 1.9
FLASH-13SW 12:01:19.0 -02:23:29.7 0.3 +0.09 (3.20) 0.9 2.3
FLASH-14 A-grade  12:17:00.0 -00:35:15.4 1.7 £ 0.3 (5.60) 04 0.7
FLASH-15 C-grade  11:59:31.4 -01:04:51.4 5.46 +0.73 (7.40) 9.8 8.8
FLASH-16 B-grade  12:19:34.2 +00:22:15.3 0.71 £ 0.19 (3.80) 0:1 0.1
FLASH-17SW  B-grade  11:36:41.3-01:17:33.0 229 +£0.52 (4.40) 10.0 9.8
FLASH-17C 11:36:41.7 -01:17:26.4 1.41 +£0.32 (4.307) 0.2 0.2
FLASH-18 C-grade  11:44:18.7 +00:04:58.0 7.18 £ 0.32 (22.20°) 4.8 4.0
FLASH-19 B-grade  11:56:00.4 -01:49:54.8 0.46 +0.21 2.207) 04 0.8
FLASH-20 A-grade  12:02:08.7 -02:34:14.4 0.31 = 0.16.(1:90) 1.6 0.8
FLASH-21 A-grade 3.87 £ 0,29 (13:290°)
FLASH-21C 12:14:25.5 -00:43:16.9 2.77.4£0.22 (12:807) 0.7 14
FLASH-2IN 12:14:25.7 -00:43:16.3 1.1'% 0.19 (5.60) 1.5 1.1
FLASH-22SW  B-grade  11:50:34.8 -00:54:24.0 341+ 036 (9.50) 2.7 2.8
FLASH-22S 11:50:34.7 -00:54:25.2 2.35'+0.26 (9.107) 4.9 4.2
FLASH-23C A-grade  11:57:23.2 +01:13:127 1192 + 0.38 (5.007) 0.1 0.2
FLASH-23S 11:57:22.6 +01:13:09:9 0.57 £ 0.22 (2.607) 8.5 8.4
FLASH-24 C-grade 11:56:49.7 +00:35:4:1:4. 2.78 £ 0.62 (4.40) 9.5 9.9
FLASH-25 C-grade  11:50:55.6 -01:33:58.1 1.41 + 0.48 (3.00) 7.0 6.0
FLASH-26E A-grade  11:46:26.5-01:45:29.5 5.64 + 0.86 (6.607) 11.4 12.7
FLASH-26C 11:46:26.7 -01:45:40.6 1.56 + 0.36 (4.407) 0.2 14
FLASH-26NW 11:46:27.0 -01:45:45.4 0.9 £ 0.25 (3.60) 6.6 5.1
FLASH-27 A-grade 1.74 £ 041 (4.270)
FLASH-27E 11953:05.7 -00:37:44.0 0.68 = 0.2 (3.30) 1.0 2.3
FLASH-27N 11:53:05.7 -00:37:45.5 0.5+02(2.50) 0.7 2.0
FLASH-27SW 11:53:05.8 -00:37:44.8 0.56 = 0.29 (1.90°) 0.8 1.3
FLASH-28 A-grade 11:48:36.4 +01:01:10.7 1.74 £ 0.21 (8.40) 0.3 0.6
FLASH-29E C-grade’ 12:04:29.2 -00:42:48.9 1.01 £ 0.3 (3.40) 6.3 6.5
FLASH-29W 12:04:29.7 -00:42:36.9 1.07 £ 0.34 (3.207) 7.9 7.6
FLASH-29€C 12:04:29.5 -00:42:42.4 0.92 +0.33 (2.80") 2.1 1.6
FLASH-30NW. - A-grade  12:14:41.3 +00:24:12.1 2.1 +0.58 (3.70) 5.8 5.0
FLASH-30SE 12:14:41.8 +00:24:04.3 1.34 £ 0.37 (3.607) 4.5 54
FLASH-31 B-grade  12:01:37.3 -00:04:19.8 0.82 £ 0.35 (2.30) 2.2 2.3
ELASH-32 C-grade  11:59:37.8 -00:06:26.6 9.21 £ 0.26 (36.00°) 33 0.8

Continued on next page
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Table 3 — continued from previous page

Name Lens? ALMA Position S1.1mm OALMA,VIK OALMA,Herschel
[hms dms] mly 1 1
FLASH-33W C-grade  12:01:28.6-01:10:12.3 2.0+0.28 (7.10) 5.6 54
FLASH-33SE 12:01:28.9 -01:10:24.4 3.77 £0.77 (4.90) 8.4 8.5
FLASH-33C 12:01:28.7 -01:10:16.1 1.35+0.48 (2.80") 2.7 2.6
FLASH-34 A-grade  12:25:10.2 -00:18:05.8 0.89 +0.27 (3.207) 4.5 4.1
FLASH-35S B-grade  12:06:08.5 -00:34:57.4 4.9 +0.23 (20.90) 33 3.9
FLASH-35N 12:06:09.5 -00:34:52.9 5.99 + 1.01 (6.007) 12.4 12.0
FLASH-36SE C-grade  11:54:37.1 +00:59:39.4 2.78 £ 0.67 (4.207) 9.7 34
FLASH-36W 11:54:37.7 +00:59:24.7 1.88 + 0.67 (2.80) 9.2 13.6
FLASH-36N 11:54:38.2 +00:59:35.3 0.67 = 0.26 (2.607) 7.9 13.5
FLASH-37 A-grade  12:17:23.4 -02:05:59.9 10.42 + 0.25 (41.40) 1.0 0.8
FLASH-38W B-grade  11:49:25.9 -02:07:29.0 4.33 +0.34 (12.70) 6.4 8.4
FLASH-38SE 11:49:25.5 -02:07:16.5 3.15+0.39 8.10) 7.7 5.8
FLASH-38S 11:49:25.3 -02:07:20.8 1.14 £ 0.35 (3.30") 6.9 6.3
FLASH-39SW  C-grade 12:19:50.3 +00:33:33.4 3.63 +£0.48 (7.60) 8.8 4.4
FLASH-39W 12:19:50.4 +00:33:34.2 0.98 + 0.33 (3.00") 7.5 2.3
FLASH-40 A-grade 5.37 £ 0.55 (9.790°)
FLASH-40CS 11:59:41.2 +00:02:41.2 1.77 £ 0.19 (9.30) 0.8 15
FLASH-40NE 11:59:41.5 +00:02:45.6 1.47 £0.31 4.70) 6.1 5.3
FLASH-40CN 11:59:41.3 +00:02:41.0 0.9 £0.21 (4.30) 0.9 0.7
FLASH-40SE 11:59:40.9 +00:02:49.2 1.23 +0.35 (3.50) 9.6 9.5
FLASH-41 B-grade  12:13:48.8 -01:03:13.9 1.6 £ 0.37 (4.30) 0.1 2.7
FLASH-42S A-grade  11:59:09.9 -01:20:57.7 24 +£0.27 9.10) 1.0 1.3
FLASH-42N 11:59:10.4 -01:20:57.2 1.15+0.24 (4.70) 5.6 5.3
FLASH-43 B-grade  12:23:05.3 -01:13:07.9 5.54 £ 0.3 (18.50) 4.2 2.3
FLASH-44S B-grade  12:00:47.4 -00:40:19.8 7.55 +0.28 (27.207) 2.7 3.1
FLASH-44NW 12:00:48.1 -00:40:26.9 7.04 +0.78 (9.107) 11.0 10.0
FLASH-45S A-grade  11:36:53.7 +01:16:34.9 0.78 = 0.28 (2.80°) 17 2.3
FLASH-45NE 11:36:53.6 +01:16:33.6 1.0+ 0.37 2.70) 03 0.8
FLASH-46 A-grade  12:14:12.1 -00:52:14.6 2.57 +£0.23 (11.00°) 1.4 1.0
FLASH-47 A-grade 5.7 £ 0.31 (18.660°)
FLASH-47SW 12:20:19.4 -00:39:14.0 3.88 £0.22 (17.207) 2.8 33
FLASH-47E 12:20:19.6 -00:39:11.5 1.82 + 0.21 (8.80r) 0.2 1.3
FLASH-48 A-grade 7.69 + 0.44(17:60)
FLASH-48NW 12:01:15.6 -01:27:24.9 6.11 £ 0:34 (18.00°) 2.5 4.0
FLASH-48SW 12:01:15.5-01:27:22.7 1.58 + 0.27 (5:70) 0.5 1.0
FLASH-49 C-grade  11:58:06.0 -01:55:53.1 6.39'+ 0.72 (8.80) 10.7 9.7
FLASH-50 B-grade  12:05:31.5-00:37:04.3 6.47 % 0:26 (25.007) 4.8 4.6
FLASH-51 C-grade  12:01:42.1-02:20:12.0 6.27 # 0.38 (16.40°) 7.8 6.8
FLASH-52C A-grade  11:50:09.4 -00:36:52.1 412+ 0.3 (13.70) 0.3 04
FLASH-52E 11:50:09.6 -00:36:45.6, 1.69 = 0.54 (3.107) 6.6 6.9
FLASH-53SE B-grade  11:49:21.5-01:02:59:7 492 +0.21 (23.30) 2.9 3.1
FLASH-53S 11:49:21.1 -01:03:03.1 5.86 + 0.4 (14.807) 7.2 7.1
FLASH-54N A-grade  12:08:06.2°400:45:09.6 7.24 +0.29 (25.00) 1.8 0.9
FLASH-54SE 12:08:05.7 +00:45:16.9 1.46 = 0.33 (4.507) 8.6 9.3
FLASH-55W C-grade  11:55:00.5,-00:07:29.2 9.34 £ 0.39 (23.90") 8.4 7.9
FLASH-55NW 11:55:00.9-00:07:24.9 2.44 +0.28 (8.90) 6.0 4.7
FLASH-55S 11:55:00.4 -00:07:21.2 0.68 + 0.24 (2.90°) 43 53
FLASH-56E C-grade\  12:16:54.5-01:27:24.6 7.29 £ 0.3 (24.307) 6.7 5.7
FLASH-56S 12:16:53.8 -01:27:27.4 1.09 = 0.39 (2.80) 9.5 8.5
FLASH-56N 12:16:54.6 -01:27:29.7 0.95 + 0.38 (2.50) 4.1 4.5
FLASH-57 A-grade  11:46:10.0 -00:50:27.3 2.67 +0.48 (5.607) 0.1 1.7
FLASH-58 A-grade 6.47 + 0.68 (9.480)
FLASH-58S 11:43:59.9 -00:16:00.7 4.07 £ 0.46 (8.80") 0.8 0.6
FLASH-58N 11:44:00.0 -00:16:01.2 241 +0.5 (4.80) 0.2 1.6
FLASH=59SW  C-grade  12:22:11.2 -01:41:57.3 3.33+0.24 (14.10) 4.3 5.2
FLASH-59NE 12:22:11.7 -01:41:44.2 4.0 +0.89 (4.50) 11.4 10.7
ELASH-60N A-grade  11:50:55.1 -00:44:06.0 7.51 £0.25 (30.007) 2.8 1.8
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Table 3 — continued from previous page

Finding lenses ina FLASH 17

Name Lens? ALMA Position S1.1mm OALMA,VIK OALMA,Herschel
[hms dms] mly ] ]
FLASH-60C 11:50:55.0 -00:44:06.9 2.31+£0.18 (12.707) 0.9 0.9
FLASH-61 A-grade  12:14:27.0 -02:24:47.1 6.89 + 0.23 (29.90°) 2.3 2.1
FLASH-62C B-grade  12:14:02.6 -01:43:04.9 5.0+ 0.3 (16.90) 0.1 2.8
FLASH-62SW 12:14:02.4 -01:43:06.9 1.27 £ 0.21 (6.007) 33 4.0
FLASH-63 A-grade  11:44:40.0 +00:54:30.9 1.64 +0.19 (8.40) 14 1.7
FLASH-64NE B-grade  11:58:50.1 -00:57:02.0 1.57 £ 0.47 (3.30) 8.5 6.5
FLASH-64E 11:58:49.8 -00:57:07.4 0.84 £ 0.33 (2.507) 1.1 3.7
FLASH-64W 11:58:49.6 -00:57:13.4 0.56 + 0.23 (2.40) 54 7.7
FLASH-64NW 11:58:49.9 -00:57:11.1 0.33 £0.16 (2.00) 3.8 3.1
FLASH-65 A-grade 9.05 £ 0.47 (19.360°)
FLASH-65E 12:10:58.0 -00:44:38.6 5.53 +0.27 (20.80°) 14 0.5
FLASH-65SE 12:10:57.9 -00:44:38.4 3.52+0.38 (9.10) 1.6 1.1
FLASH-66 C-grade  12:13:58.2 +01:10:43.9 7.54 £ 0.3 (25.107) 6.6 54
FLASH-67NE  B-grade 12:24:46.4 -01:52:36.6 6.11 +0.34 (17.80°) 7.5 7.4
FLASH-67NW 12:24:46.3 -01:52:50.4 7.14 £ 1.02 (7.00) 12.0 11.8
FLASH-67N 12:24:46.2 -01:52:39.0 1.77 £ 0.27 (6.507) 39 3.9
FLASH-68 A-grade  12:18:20.7 +01:13:48.6 191 £0.2(9.70) 0.3 243
FLASH-69S A-grade  11:44:40.3 +00:26:50.5 2.05+0.2 (10.20) 1.7 2.1
FLASH-69NW 11:44:40.7 +00:26:45.6 1.01 £0.27 (3.707) 6.5 5.8
FLASH-70SE A-grade  12:13:57.4 +00:09:16.1 1.49 + 0.27 (5.40) 6.2 6.1
FLASH-70N 12:13:57.9 +00:09:09.6 1.35 £ 0.28 (4.90) 38 39
FLASH-70C 12:13:57.7 +00:09:10.8 0.76 + 0.23 (3.30°) 0.3 0.4
FLASH-71N A-grade  12:24:07.7 -00:33:31.4 7.09 +0.23 31.10) 2.6 1.6
FLASH-7INE 12:24:08.2 -00:33:26.2 3.02 £ 0.8 (3.80) 11.1 10.0
FLASH-72NE  B-grade  12:06:32.3 -00:33:11.1 393 +0.24 (16.10) 3.0 0.8
FLASH-72E . 12:06:32.1 -00:33:05.9 2.63 + 0.47 (5.60) 6.5 55
FLASH-72W 12:06:32.1 -00:33:11.0 0.95 + 0.25 (3.80") L5 1.5
FLASH-73 A-grade 14.26 + 0.63 (22.490)
FLASH-73N 12:05:53.4 -01:51:18.0 7.71 £ 0.27 (28.40°) 1.1 1.5
FLASH-73S 12:05:53.3 -01:51:18.1 3.85+0.47 (8.20) 0.3 0.2
FLASH-73E 12:05:53.4 -01:51:17.3 2.7 +0.33 (8.20) 0.9 1.2
FLASH-74C B-grade  11:39:32.4 -01:54:58.9 2.88 +0.19 (14.80r) 0.1 0.5
FLASH-74SW 11:39:32.3 -01:55:02.1 0.77 = 0.24.(3207) 3.8 4.2
FLASH-75NE  A-grade  12:07:00.1 -01:13:01.2 3.98 + 022 (18:00°) 2.9 2.8
FLASH-75S 12:07:00.0 -01:13:03.6 2.05 + 0.38 (5:40) 3.0 2.9
FLASH-76 A-grade 11.54 + 0.42 (27.5207)
FLASH-76W 12:02:23.8 +01:03:14.3 8.68 + 0.37 (23.707) 32 3.1
FLASH-76E 12:02:23.8 +01:03:18.0 2.86+ 0.2 (14.00) 0.6 0.8
FLASH-77N C-grade  12:05:43.1 -00:38:33.6 8.34 £ 0.24 (34.30") 34 0.7
FLASH-77TNW 12:05:43.2 -00:38:36.4 3.92 +0.43 (9.00) 52 3.8
FLASH-78E A-grade  11:39:01.1 -02:14:10:4 6.55 £ 0.23 (28.507) 1.4 1.9
FLASH-78NW 11:39:01.3 -02:14:17.7 1.82 + 0.55 (3.30) 7.1 5.9
FLASH-78C 11:39:014°-02:14:11.6 1.05 £ 0.37 2.90) 0.2 1.8
FLASH-79NE C-grade  11:45:15.6 -00:08:37.9 9.59 + 0.41 (23.20) 6.3 7.8
FLASH-79W 11:45:15.3,-00:08:48.5 0.89 + 0.25 (3.507) 6.3 4.0
FLASH-79E 11:45:15.5°-00:08:37.3 1.29 + 0.49 (2.60°) 5.6 7.7
FLASH-80 A-grade 13.24 + 0.45 (29.510)
FLASH-80N 11:38:16.3 -01:31:20.7 10.88 + 0.25 (44.307) 2.2 4.9
FLASH-80S 11:38:16.1 -01:31:20.5 2.36 + 0.38 (6.30) 0.3 2.9
FLASH-81SW  B-grade 11:57:14.7 -00:28:43.3 10.32 + 0.23 (44.00) 3.5 2.0
FLASH-8IN 11:57:15.2 -00:28:41.6 4.19 + 0.35 (12.00°) 5.6 6.5
FLASH-82NW  A-grade  11:52:51.4-01:52:20.3 7.86 £ 0.26 (29.90) 1.3 2.0
FLASH-82N 11:52:51.6 -01:52:21.6 3.07 £ 0.44 (6.90) 4.8 2.4
FLASH-83NE)~ A-grade 11:44:04.8 +00:38:46.8 394 +£036(1.10) 6.3 6.2
FLASH-83C 11:44:04.4 +00:38:43.9 1.0 £ 0.27 (3.70) 0.3 6.1
FLASH-83N 11:44:05.1 +00:38:48.3 3.03+0.9 (3.40) 11.6 10.5
ELASH-84S C-grade 11:36:16.5 +00:48:52.1 12.66 + 0.34 (36.90) 6.3 2.7

Continued on next page
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Table 3 — continued from previous page

Name Lens? ALMA Position S1.1mm OALMA,VIK OALMA,Herschel
[hms dms] mly 1 1
FLASH-84SE 11:36:16.6 +00:48:54.0 3.01 £ 0.3 (9.90) 6.2 0.6
FLASH-85 A-grade 35.19 £0.99 (35410)
FLASH-85NW 11:37:39.2 -02:44:46.0 18.64 + 0.65 (28.80) 1.2 2.7
FLASH-85N 11:37:39.2 -02:44:46.0 7.39 + 0.51 (14.50) 1.5 2.6
FLASH-85NW 11:37:39.2 -02:44:45.4 2.97 +0.24 (12.50) 1.2 2.0
FLASH-85SE 11:37:39.1 -02:44:44.77 444 +0.39 (11.40) 0.6 2.5
FLASH-85W 11:37:39.2 -02:44:44.9 1.76 £ 0.32 (5.50) 1.2 1.5
FLASH-86 A-grade 39.77 £ 0.52 (77.120°)
FLASH-86N 11:54:33.7 +00:50:42.0 30.82 + 0.39 (79.00) 0.2 0.7
FLASH-86S 11:54:33.6 +00:50:41.8 8.94 + 0.34 (26.50°) 0.9 0.6

Notes: Col. 1: Source name. We identify the fluxes of the individually-extracted fluxes (red boxes in Figure 4), and for extended or lensed
sources, we provide the total flux and weighted signal-to-noise ratios of the lensed components in the sources indicated with italies. The
additional letters in the naming convention refer to N, E (left in figures), S, W (right in figures) for North, East, South and West. € refers to
Centre, for sources closer to the centre than others. Col. 2: The identification of the source, as discussed in Section 4.1. Col. 3/The RAand
DEC position of the ALMA positions in units of hms and dms respectively. We do not provide the position for the combined lensed Sources, as
these do not represent any physical position. Col. 4: The 1.1 mm flux density followed by the signal-to-noise ratio of the detection invbrackets.
Col. 5: The angular offset between the ALMA and VIKING position in units of arcseconds. Col. 5: The angular offset between the’ ALMA and

Herschel position in units of arcseconds. This table is available in machine-readable form in the supplementary material.
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Figure 5. The observed ALMA flux densities (solid blue circles for single
sources; red squares for composite sources, where composite sources are
shown in italics in Table 3) are shown against the angular offset from the
phase centre, i.e., the VIKING source position. The solid black line and
fill indicate the ALMA primary beam sensitivity down to 3o-. The typical
flux densities of the sources are higher than the observation depth. Although
most sources are detected away from the edge of the ALMA beam, we cannot
guarantee that sources could lie outside of the Field-of-View. Similarly, several
sources scatter below the detection threshold, and particularly since lensed
sources could be extended, we cannot guarantee the sample observations are
complete.

3.3 ALMA observation completion

Several sources do not have bright emission in their reduced images.
Notably FLASH-6 (S599 = 22.2 mJy) does not show any emission
in the ALMA imaging. Here we explore the reasons for these non-
detections. The ALMA observations were centered on the VIKING
position, in order to accurately probe the lensing structure-expected
around the foreground lens. The field-of-view (FoV)‘of ALMA is
limited to ~ 15 arcseconds, however, and there exists the possibility
of sources falling outside of the primary beam <‘although this is in-
creasingly unlikely to be due to galaxy-galaxy lensing (Amvrosiadis
et al. 2018).

Figure 5 shows the observed offset between'the ALMA-identified
sources and the VIKING central seurce. The black line shows the
30 detection limit based on the 0.5 arcsecond tapered image used for
source extraction. The majority \of seurces have detected emission
within the FoV of ALMA, and importantly, the typical source flux
lies a factor of two orsmere.above the detection limit. However,
the individual sourcés, approach the end of the FoV of the Band 7
observations by /ALMAj, even though the selection towards large
values of the reliability means that these sources have a small distance
between the VIKING-and Herschel-estimated position for the source.
Even a shift of five arcseconds — common across the sample — could
push.sourees into a less sensitive part of the primary beam, and result
in/non-detections. The fact that lenses can be extended across the
source further increases the detection threshold, further complicates
this matter. On the whole, we have a large detection fraction for
most sources, although current observations cannot exclude faint,
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Table 4. The classification of FLASH sources

Ssoo [mJy] Nr.  A-grade B-grade C-grade

10-25 21 29 % 33 % 38 %
25-35 30 43 % 30 % 27 %

35-45 17 53 % 24 % 24 %
45-55 8 75 % 0 % 25 %
55-65 6 50 % 33 % 17 %
65-75 3 67 % 33 % 0 %
75-85 1 100 % 0 % 0 %

Notes: Col. 1: The 500 pm flux bin. Col. 2: The number of sources con-
tributing to each flux bin. Col. 3: The expected number of lenses based on the
false-positive considerations in the Sample selection (Section 2). Col. 4 — 6:
The distribution of sources in each bin.

extended, or cluster lenses to be completely accounted for in the
ALMA observations.

4 LENSING IN HERSCHEL SAMPLES

In this section we discuss the lensing nature of FLASH sources based
on the ALMA images. Here, we differentiatérobvious strong lenses,
investigate more difficult sources which could be lensed or not lensed,
and explore the effects of selection biases‘in the sample. Finally, we
zoom out to the complete perspective/of lenses to be found in the
Herschel samples with the.FLASH method.

4.1 Lensing nature of FLASH sources

The ALMAoebseryations reveal a large spread in the observed mor-
phologies (Figure 4). Some Herschel sources are easy to visually
identify asigravitational lenses, showing morphological features such
as, ares, multiple images and even near-complete Einstein rings.
Other sources have multiple nearby counterparts, making interpre-
tation ,0f their lensing nature more difficult. These systems could
be chance alignments, a situation where the Herschel source and
VIKING galaxy are the same source, or cases of cluster lensing,
where foreground clusters provide a speckled ALMA field with mul-
tiple sources, as well as the possibility of (proto-)cluster environ-
ments where overdensities in the cosmic web are seen through an
excess of ALMA sources. We summarize our knowledge on the lens-
ing nature of each source by a grade ranging from A (secure lens
identification) via B (some evidence for lensing) to C (no indications
for lensing, or the lack thereof).

In brief, we identify A-grade lenses as sources where robust
ALMA emission shows lensing features such as arcs or rings, or
where the ALMA emission is between 0.2 to 2 arcseconds removed
from the central VIKING galaxy. B-grade sources consist of sources
with emission either removed further than 2 arcseconds — but mor-
phologically appears to be consistent with lensing — or is within
0.2 arcseconds of the VIKING galaxy — where we cannot exclude the
ALMA observation of the VIKING galaxy. Sources without any of
these features are categorized as C-grade. Below, the lens identifica-
tion criteria are discussed in detail, and we summarize the results in
Table 4.

4.1.1 Identifying lenses in FLASH

We investigate the lensing features of sources visually, identifying
A-grade lenses by their extended or arced ALMA emission close to
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the central VIKING sources (i.e., < 2 arcsec). These sources were
selected with a small spatial separation between the Herschel and
VIKING positions. The combined source-to-source angular sepa-
ration of Herschel and VIKING sources, particularly at the lower-
significance levels, is on the order of one or two arcseconds. For
sources without obvious lensing features such as arcs or rings (e.g.,
FLASH-3), we interpret ALMA emission offset from the central
VIKING source by more than 0.2 but less than 2 arcseconds as
indications of strong gravitational lensing. At these separations,
the emission is likely not originating from the near-infrared emit-
ting VIKING galaxy given the accurate photometry of ALMA and
VIKING (< 0.1 arcsec; Wright et al. 2019), but instead is lensed
by the foreground source. On the other hand, if there exists bright
VIKING emission at the position of the ALMA emission, we exclude
the source as a lensing candidate, and award the source a B-grade.
These provide us with a first-pass estimate of the number of A-grade
lens candidates in the FLASH sample, for a total of 37 sources.

Since the sensitivity of our observations is not guaranteed to detect
extended lensing features for all sources, we measure the curve-
of-growth of ALMA emission through multiple annuli at different
widths (0.15, 0.3 and 0.5). We calculate the signal-to-noise ratio for
all pixels i within the annulus using the following equation,

Si

SNR = _—. 6

Z U\/Npibeeam ©
In this explicit equation, the per-beam flux density, S; [Jy / beam], is
converted to the per-pixel flux density by dividing by the number of
pixels per beam, Npeyn,- Subsequently, the per-pixel flux is summed
over all pixels in the annulus, Npix. and is normalized to the per-
field standard-deviation, o. The pixels are cross-correlated on the
scale of a beam, so this standard-deviation needs to be corrected
by the square-root of the number of pixels per beamsize, as well
as correct for the reduced uncertainty for the larger aperture, i.e.,
o/ \/Im, resulting in a noise profile with a unit variance
centered around zero.

Figure 6 shows the annuli-based curve-of-growth analyses for the
three sources where additional > 50 ring-like features were found
below the ordinary detection threshold: FLASH-30, FLASH-34 and
FLASH-75. These graphs show the 5.5 arcsecond surroundings of:
the VIKING sources, and fit annuli with three different widths (0.15,
0.3, and 0.5 arcseconds) in an effort to reveal lensing features. The
bottom panels show the signal-to-noise ratio as a function of-angular
distance. Direct observations of lensing features is ‘explicitly less
sensitive to larger lensing arcs, and all these featuresindicate Einstein
radii below 1 arcsecond. Several more sources have.~ 40, although
deeper observations are necessary to confirm these'sources to exclude
false-positives.

4.1.2 Confusion between fore- and background sources

Our source selection included a low probability (< 0.1 %) of overlap
between the redshift probabilities of VIKING galaxies and Herschel
sources. However, without, spectroscopic observations, both of the
VIKING galaxies and Herschel sources, we cannot exclude the pos-
sibility of observing the same object in VIKING as in Herschel.
Since these sources:are selected from roughly 50 square degrees, our
method.Could instead be an effective way for finding near-infrared
bright DSFGs (fo be VIKING-detected) with cold dust (resulting in
a yvast over-eStimation of the sub-mm photometric redshift).
Whilethe main goal of the ALMA observations was to unravel the
morphologies of these galaxies, the observations also offer spectral
information on these sources. Given the spectral coverage, we could

detect carbon monoxide (CO), atomic Carbon ([C1]) or atomic lines
of galaxies in the sample, see Figure 7. For most of these solutions,
the uncertainty in the photometric redshift is too large to use just
a single line for a robust redshift identification, particularly since
several of these sources were extracted at low flux densities.

Using the tapered data cubes, we initially inspect the galaxies at
the extraction position. These tapered data cubes are created by effec-
tively down-weighing the long baselines of ALMA. This allows us to
extract positions and fluxes with higher fidelity, since tapering results
in higher-significance detections at a moderate cost in resolution for
resolved sources. After a visual inspection of the spectra, we per-
form per-source based aperture photometry to extract the emission
line across the source.

In total, five sources show line emission at their ALMA position.
We note that these are tentative spectroscopic redshift solutions, and
require confirmation.

FLASH-28 (A-grade) has a line feature at 348 GHz, withsan exten-
sion at 348.3 GHz. The source is identified as a grayitational lens,
with an expected VIKING-lens redshift of z = 0.9 to 1:07. The back-
ground photometric redshift is zg,; = 2.36, and‘a potential redshift
solution could be z = 2.312 from CO(10-9).

FLASH-33C (C-grade) has a line feature at 350.2 GHz. This source
could be associated with the foreground VIKING source, and while
the background redshift (z5,;, = 2¢91)sthe, VIKING system has a
photometric redshift between z = 0.85,t0,0:93. The source is offset
by 2.7 arcseconds, and is likely not associated to the foreground sys-
tem. The curve-of-growth analysis finds a ringed system surrounding
FLASH-33, on top of the multiple components identified by direct
imaging. It is thus likély,that ibis a background source at zgpec = 2.62
for CO(10-9) forexample.

FLASH-49 (A-grade) has a line feature at 351 GHz. This ALMA-
detected source,, with zg,,;, = 2.25, is likely unrelated to the fore-
ground VIKING source between z = 0.91 to 0.98 given its spatial
offset” A potential solution would be the CO(10-9) line at redshift
7,=2.284.

FLASH-76W (A-grade) shows a line feature at 338.0 GHz with an
additional feature at 339 GHz. The Herschel source is expected to lie
at zs,p = 2.14, with the VIKING source between z = 0.95 to 1.13.
The ALMA morphology suggests it is a lensed system, although
no line emission was seen in the weaker counter-image. A potential
redshift solution could be that these are the CO(7-6) and [C1](2-1)
emission lines at z = 1.387. The fidelity of the second line is cur-
rently still too low to exclude any other solutions.

FLASH-86N (A-grade) shows an absorption feature at 336.2 GHz.
The source at z = 3.85 is lensed by a foreground VIKING source
between z = 0.63 to 0.73. The only bright absorption feature is the
CH™"(2-1) absorption line, confirming its redshift to be z = 3.965.

Although four of these five sources had already been confirmed to
be lensing systems through the visual identification methods, none
of the five sources with line observations provide indications of
confusion between the foreground and background source. At least,
this provides some confidence in the redshift cut between the fore-
and background source.

In Figure 8, we show the distribution of the photometric red-
shift difference between sources with different lensing classifications.
Simplistically, the assumption could be that the confusion between
fore- and background sources would show up as a lower average dif-
ference between the two sources. Instead, there does not appear to
be a significant difference between the redshift difference of A-grade
sources and the B- and C-grade classifications. There could thus
be a small contribution of confusion between fore- and background
systems, although so far there are no concrete indications from spec-
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Figure 6. Top panels show a 11 by 11 arcsecond view of the high-resolution (0.15 arcsec) ALMA continuum, with red contours at 2, 3, 5, 8, 10 and 200, with
the dashed contours indicating negative continuum at the same levels. The blue diamond shows the VIKING position, with ¢entred circles at 1, 2, 3, 4, and
5 arcseconds in radius. The filled contour indicates the most significant emitting annulus. The bottom panels show the annulus-integrated signal-to-noise of the
sources as a function of the ring radius for three different annulus widths. These three sources are the only seurees where lensing was not already identified
through direct observations, and the signal-to-noise in one of the three annuli exceeds 5o
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Figure 7. The ALMA observations have the ability to detect spectroscopic
features. As galaxies red-shift, different lines come into view. The black lines
indicate the CO lines, starting at CO(3-2) on the left-hand side. The blue
lines indicate alternative lines we can expect to.detect, such as [C 1], HO and
[N11]. The graph was made using the redshift-search-graph tool by Bakx &
Dannerbauer (2022), which highlightsiredshift regions where single CO lines
are targeted in orange, andswhere multiple lines are detected in blue. Since
no blue regions are seenjno redshift regions would expect more than a single
CO line detection, although,combinations of [C1], HyO and CO lines are still
possible.

troscopy or from the redshift difference distributions. The redshift
selection criterion in the selection technique appears robust.

C-grade
30 1 Il B-grade
HEl A-grade
D 25
(]
—
2
S 201
Y
o
= 15 A
(O]
Ke]
€
S 10 1
=2
5 -
0 -
0 1 2 3 4 5

Redshift difference

Figure 8. The distributions of the redshift difference between sources with
different lensing classifications. The redshift difference distributions do not
appear different between the A-, B- and C-grade sources, suggesting there is
no large contribution of confusion between fore- and background sources.

4.1.3 Cluster lenses and protoclusters in the FLASH sample

The sources in the FLASH sample are selected from Herschel cat-
alogues, which are extracted from the ~ 18 arcsecond-wide SPIRE
250 pum point-spread functions. This has increased the possibility of
source confusion, where multiple sources are confused as a single
emitting source. While the FLASH sources are selected as singular
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Herschel sources, they could instead be resolved into multiple sources
by ALMA. Particularly at fluxes of S509 = 20 — 40, the confusion
fraction can be around 40 per cent (Scudder et al. 2016) or higher (see
Bendo et al. 2023 for a more complete discussion). Based on number
counts from a hydrodynamical model by Lagos et al. (2020), about
half of the fields is predicted to contain an additional emitter at 3o,
although the Herschel source pre-selection increases this probability.
47 fields contain more than one emitter (excluding multiple images
from lenses), in line with the prediction from random pointings. This
does not mean that there is no indication of excess sources. Six-
teen fields contain more than two sources, of which FLASH-40 and
-64 contain four ALMA sources, far above the expected number of
fields with multiplicity. The FLASH-40 system has a A-grade lens,
while FLASH-64 has a nearby source that could indicate a lensed
galaxy, suggesting that source multiplicity is not the only driver of
such sources, but that gravitationally-lensed sources could also trace
environments with multiple sources (Overzier 2016).

On the other hand, the foreground imaging from VIKING reveals
around twelve fields with multiple NIR bright sources. Our selec-
tion method aims towards galaxy-galaxy lensing, but might also pick
up galaxy-cluster lensing. Using a visual identification, we iden-
tify two A-grade sources (FLASH-21 and -82), five B-grade sources
(FLASH-4, -35, -43, -44, and -62) and five C-grade sources (FLASH-
1, -6, -29, -56, and -77) with additional bright VIKING galaxies. The
grade identification relies on low angular separations, in line with
high-magnification galaxy-galaxy lenses, however our method might
not be as good at identifying cluster lenses with larger separations,
or galaxy-galaxy lenses with large separations and lower magnifica-
tions, perhaps in the range of weak lensing.

4.2 Effectiveness of the FLASH method

We robustly identify 40 lensed sources (A-grade), at 47 per cent of
the total sample. In 23 cases, there are some tentative indications of
lensing, which cannot be confirmed with current observations (B-
grade). For the remaining 23 cases, the ALMA observations provide
no indications of gravitational lensing (C-grade). Several stand-out
sources show-case lensing in near-complete Einstein rings, such as
FLASH-13, -27, -58, -73, -85 and -86 (see Appendix Figure Al).
Particularly the lensing nature of FLASH-13, selected at<a mere
Ss500 = 23.6 mly, confirms that our method is capable of selecting
lenses at four or five times lower apparent flux densitiesthan/previous
methods (Negrello et al. 2010, 2014, 2017; Vieira et al. 2013).Mean-
while, several A-grade sources do not have apparentcounter-images
in the ALMA observations, which could indicate\weaker lensing
below the strong-lensing regime of u > 2:

Figure 9 shows the distribution of source types.as a function of their
flux density. Equation 3 predicted a-high lensing fraction among the
sample (fapma = 0.9), however we areionly able to confirm lensing
for 47 per cent of sources (A-grade) through the ALMA observations.
Meanwhile, the method appears to be most successful at the highest
flux-densities, as expected-fromprevious lensing searches that focus
on sources with a higher prebability to be gravitationally lensed, such
as Negrello et al(2010):

The selection of foreground galaxies through VIKING could in-
troduce a biasiin the-rédshift selection. In Figure 10, the redshifts of
the fore<"and background sources of each grade are shown against
predictions from Lapi et al. (2012); Cai et al. (2013) and Eales (2015)
for the foreground distributions. The models are dependent on the
background source distribution. Here, we assume a lensed source
redshift of z; = 2.5, in line with the average redshift of our sample
(z1,FLASH = 2.5 £ 0.6). The redshift distribution of the foreground
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Figure 9. The fraction of sources in each classification is shown for each
flux density interval at Ssoo. The different categories-of sources are coloured
in blue and red, with A-grade lens candidates in blue, B-grade candidates
in dark red, and C-grade candidates in light red. The number of confirmed
lens candidates (A-grade) is highest fonthe brightest sources, although robust
lensed sources are seen at all flux densities.
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Figure 10. The fore- (hatched histograms) and background (filled histograms)
redshift distribution of sources in A- (blue), B- (dark red) and C-grade (light-
red). The foreground redshift distribution appears similar to the ones predicted
from cosmological models (Lapi et al. (2012); Eales (2015), assuming zs =
2.5). This suggests there is no obvious redshift bias in the foreground lensing
distribution.
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Figure 11. The distribution of sources as a function of their flux density
and reliability for different source grades. There does not appear to be a
clear correlation between the reliability and the nature of the source at these
high reliabilities, likely because these sources pre-select towards Herschel
positions scattered close to VIKING sources, which could pose a fundamental
limit to the highest-fidelity lens selection based on positions. Meanwhile, the
method can accurately select lenses, even at lower reliabilities, enabling large
lensing samples in the future. We show the underlying population of GAMA-
12 sources with a similar selection function as the FLASH survey, as well as
a line indicating the region where the FLASH observations are representative
of the underlying population.

sources in FLASH is similar to the distributions predicted by the
models, and there thus does not appear to be a preferential selection
to either low- or high-redshift lenses in the FLASH method.

In Figure 11, the reliability of each source is compared against their
500 pm flux density, highlighting the different nature of the sources
accordingly. There does not appear to be a clear split in reliability
between the C- and A-grade sources throughout the sample;with
several C-grade sources at reliabilities R ~ 0.995. The effect of the
false-positives might thus be less than expected from previous work
(Bakx et al. 2020a), which should increase rapidly*for-decreasing
reliabilities. FLASH targeted the most likely lens candidates, and is
representative of the sources with the highest reliabilities among the
GAMA-12 sources, with reliabilities between 0:9"and 0.99.

The angular offset of the ALMA/Sources from the Herschel posi-
tion is between 0.5 to 2 arcseconds evenifor’A-grade lens candidates.
This indicates that one of the core ingredients in the lensing identi-
fication method, namely the angular offset, could be more uncertain
than predicted. There thussexists’ an additional uncertainty in the
likelihood ratio, resulting'in scatter in the reliabilities of sources at
the high end of the reliabilities. Instead, there could be a fundamen-
tal limit to the reliability ‘of fainter sources, and consequently, there
could be a Certainslevel of false-positives that statistical estimators
for gravitational lenses are likely to include also in future works. The
method from Bakx et al. (2020a), as well as other methods such as
SHALOS (Gonzalez-Nuevo et al. 2019), offer the ability to include
the, effect of additional angular offset, however it is likely that the
highest reliability sources (R > 0.99) will always be those scattered
close to the nearby VIKING source. Conversely, the ability of this
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method to select lenses even at lower reliabilities suggests that it is
useful to target lower-reliability sources, enabling large lens samples
in the near future.

4.3 The lensed galaxies of the FLASH sample

The properties of a galaxy-galaxy lensing event are described per-
fectly in the geometric terms of general relativity, as a function of
the distances between the foreground and background galaxy, their
individual distances towards our telescope, and the mass distribution
of the source. For a Single Isothermal Sphere mass profile, the result-
ing angular separation between the centre-of-mass of the foreground
source and the dust emission, 0, can be simplified to the equation

95:4n(‘7—v)2%. %)
c D S

In this equation, the velocity dispersion o is taken to bey/GM /2ry,,
with the halo definition ratio (rj,) take as the ryg9 = 3M /(4x 200 =
Perit(27)), where perit(z7) is the critical density of the Universe at
redshift z; (Bartelmann & Schneider 2001)~M is, the total lensing
mass, Dy g is the angular distance between the sub-mm source and
the lens, and Dg represents the angular distance of the sub-mm
source.

The VIKING catalogue provides a, stellar mass based on a fit
to the optical and NIR fluxes (Wright'et al. 2019). In the case of
galaxy-galaxy lensing, these sources are assumed to be massive cuspy
systems, typically red-and-dead elliptical galaxies with little dust
obscuration. Although'the gasifraction of these galaxies is likely low
— and the baryonic mass is-thus locked up in the stars — the lensing
mass of galaxies'isidominated by the dark matter content of these
sources. CoSmological models predict roughly a stellar-to-halo mass
ratio of ~ 10— 1000, depending on the halo mass (Girelli et al. 2020).

The ALMA observations provide a high-resolution view at the
lensing,geometry, and thus an estimate for g . In Figure 12 we com-
pare'the observed separation against the one predicted from the equa-
tion,7< The observed separation are taken from the weighted average
of the positions of B- and C-grade lens candidates. For A-grade lens
candidates, we select the weighted average of the angular separation
of the sources that are the lensed counterpart (see Table 3). There
is a clear distribution of sources based on their observed separation,
although we note that this is part of the lensing grade identification.
The A-grade sources are distributed below 2 arcseconds. The B-
grade sources are roughly distributed in two clumps, one group lies
below 0.3 arcseconds separation, where it is not possible to clearly
differentiate between the foreground and background source, and the
other group lies at separations above one arcsecond. The C-grade
sources are seen above 2 arcseconds. A-grade sources are scattered
around and below the predicted separation (i.e., Mjepns = 100M,; see
for example Crespo et al. 2022; Fernandez et al. 2022), with masses
between 10 and 1000 times the solar mass of the foreground system.
Sources with B- and C-grades at higher separations could be more
massive (Mjens > 1000M.) lensing events that are difficult to con-
firm with our current data. It is important to note that, although the
Einstein radius used in equation 7 is correct for an SIS, the observed
angular separation from the VIKING source to the ALMA-observed
emission is an upper limit for 6. This measure also includes an ad-
ditional factor that accounts for the source plane impact parameter,
which can reduce the necessary mass to produce an observed offset.
As a result, the most conservative approach would be to take the
extreme offsets as upper limits.

We further compare the relative mass estimates of the sources in
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Figure 12. The expected separation based on the stellar mass estimates of
the VIKING sources compared for the different source types. The lensing
nature of the foreground sources depends on the total mass, including the
enclosed dark-matter halo. The A-grade sources are located at lower lensing-
to-stellar mass ratios. B-grade sources are split in two groups, with one group
at low separation, while the other group suggests higher lensing-to-stellar
mass ratios. C-grade sources are found at the highest separations, although
they could still be lensed through galaxy-cluster lensing at larger separations.

Figure 13, where we show the mass of the foreground system, based
on the angular offset between the ALMA and VIKING source, and
the stellar mass of the foreground source. The average mass for the
A-grade lens candidates is log;qg M /Mo = 12.9 = 0.5, and lies ap-
proximately one order of magnitude below the C-grade sources. The
uncertainty in the lensing mass is well below one order of magnitude,
and results from a combination in uncertainty in redshift and stellar
mass. The effect of redshift has been studied in Serjeant (2012),.who
reports a relatively minor variation (< 50 %) for a large deflector
redshift variation between z4 = 0.3 and z4 = 1.5 for a lenSed source
at redshift z; = 2.5. The uncertainty in the stellar massesis also rela-
tively low, however we should consider that these observations target
a very specific galaxy population, which could introduce a systemic
uncertainty in stellar masses. That said, the stellarmasses are unlikely
to exceed much beyond 10" Mo, and due‘to the square-root coeffi-
cient in equation 7, the resulting uncertainty will-also be below 50 %
(< 0.2 dex; Wright et al. 2019). We-estimate the halo-to-stellar mass
ratio of our A-grade lens candidates, which is around 102-2£0-1p7
with a source-to-source variation on'the order of 0.9 dex. These val-
ues are in line with previotsiworks from (Amvrosiadis et al. 2018;
Crespo et al. 2022; Fernandez.et al. 2022). Halo-to-stellar mass ra-
tios in excess of 100are high for dark matter haloes, although the
profile taken in equation7 assumes all the mass to be located solely
at fr. Similarly, galaxies could be lensed by a group (N < 5) of
sources, which would not be included in the stellar mass estimate
from Wright et al~(2019). The mass ratio is around 0.5 dex. higher
than_those. predicted in models from Girelli et al. (2020) for halo
mdsses around 10'2-2 Mg around z = 0 - 1.

In part, this could be because of weak lensing affecting the sample
(see further discussion of this in Section 4.4). Our lens identification
method skews towards high-magnification, galaxy-galaxy lenses with
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Figure 13. A histogram of the logarithm of the lensing mass expected from
the observed angular separation between/the foreground and background
source, and the stellar mass derived from the VIKING photometry (Wright
et al. 2019). It shows that the average mass of"an A-grade lens candidates
is logjg M /Mo = 12.9 + 0.5. The B-grade candidates are more broadly
distributed, and C-grade candidates lie at larger lensing masses if their ALMA
emission is lensed by foreground VIKING galaxies, necessitating galaxy-
cluster lensing events.

cuspy profilesyhowever the VIKING images appear to indicate sev-
eral fields withvmultiple galaxies, producing galaxy-cluster lensing
missed in this analysis. Empirically, Dunne et al. (2020) found that
weak lensing boosted the selection of even nearby (z = 0.35) galaxies.
As a-result of using direct ALMA observations to identify lensing,
weare'likely missing weak lensing events. As a consequence, higher-
mass haloes are likely contributing to the B- and C-grade sources, as
shown in Figure 13, although we note that it is necessary to account
for the additional effect of the impact parameter of the sources, which
is not perfectly represented by using the observed angular separation
as O in equation 7, as discussed above.

4.4 Total number of lenses in the Herschel catalogue

This is not the first search for gravitational lenses among the Herschel
sample, however it is one of the first study to comprehensively test
the method across the Herschel fluxes using high-resolution sub-mm
observations. In Figure 14, we compare the source counts of sub-mm
galaxies at 500 um for both purely-lensed candidate samples and
non-differentiated samples. We compare these against the source
counts of the lensed sources found by the FLASH method across
the 53.56 sqr. deg. GAMA-12 field. We use the success ratio of the
FLASH observations across the regime where the observations are
representative for the underlying GAMA-12 field (see Figure 11),
and calculate the number of lensed sources that the current FLASH
configuration will be able to identify. At the faintest flux end, we
include an adjustment to show the effect of the 250 um selection in
light red: in the original Herschel catalogues, sources are extracted
by their Sp5y flux density, removing some of the highest-redshift
galaxies. We adjust this by comparing the fraction of sources with
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low redshift (z < 2) to high redshift (z > 2) for the lowest two flux
bins when compared to the highest flux bins.

The lensed candidates from the SHALOS method from Gonzélez-
Nuevo et al. (2019) and the VIKING-based selection from Ward et al.
(2022) are compared against the non-differentiated selections from
Planck (Trombetti et al. 2021), the brightest Herschel galaxies from
Negrello et al. (2017), and the recent discovery of a lens among the
STUDIES sample (Pearson et al. 2023). Surveys from SCUBA-2 at
450 pm from Casey et al. (2013); Chen et al. (2013) and Zavala et al.
(2017) explore the lower flux-density regime. Note that all lensed
candidate samples are based on unresolved predictions. We com-
pare the sources against the different known 500 ym-bright emitters,
namely late-type local galaxies at the brightest end, radio sources,
lensed galaxies from the galaxy evolution model of Cai et al. (2013)
— assuming a maximum lensing magnification of ymax = 15 — and
finally unlensed DSFGs.

The predicted number of lenses found with the method described
in Bakx et al. (2020a) is in agreement with the predicted values from
Ward et al. (2022) and with those found in the SDSS-based esti-
mates by Gonzdlez-Nuevo et al. (2019), even though the SDSS have
been shown to be incomplete for the highest-redshift lenses (Bakx
et al. 2020a). Similar to previous statistical studies, we now robustly
confirm the elevated number of lensed sources starting at ~ 60 mJy
when compared to strong-lensing models. These models only ac-
count for galaxy-galaxy lensing, which misses galaxy-cluster lenses
that have already been shown to dominate at lower flux densities
through unresolved statistical studies (Gonzdlez-Nuevo et al. 2012,
2014). Although these galaxy-cluster lenses are an important contrib-
utor to the total number of lensed sources, identifying these systems
is difficult given the requirement for deeper observations at larger
fields-of-view. As noted in Ward et al. (2022), the likelihood estima-
tor is not well-suited for the large separations of galaxy-cluster lenses
(~ 20 arcseconds), and even misses the majority of galaxy-galaxy
sources with separations above 8 arcsec. Our research is unable to
quantify the galaxy-cluster lensing beyond a tentative visual tally of
twelve fields with excess VIKING sources, particularly in B- and
C-grade fields. Meanwhile, these sources would still not be able to
account for the 0.7 dex excess relative to the predicted models. The
most likely explanation is the contribution of weak lensing, since
the galaxy evolution models have a minimum classification of strong
lensing at 4 > 2, and some of our sources might be only weakly
magnified. This is corroborated by a visual inspection ofiour'sources
finds some sources with lensing identification (i.e., grade A) without
multiple imaging or a counter-image resolved in the'AlMA imaging.
Although this does not exclude strong lensing.~\The.contribution of
weak lensing from our sub-sample of eightéen sources without multi-
ple imaging (FLASH-3, -12, -14, -20, -28, -30,+34, -37, -46, -47, -52,
-54,-60, -61, -65, -68, -69, -71) would nearly double (18/40 = 45 %)
the number of strongly-lensed sources when compared to the ¢ > 2
strong-lensing criterion adopted\by’€ai et al. (2013). This is on the
same order as the excess of lenses seen between the lenses found by
FLASH against those predicted'in the galaxy evolution model of Cai
etal. (2013).

For submillimeter galaxies with a redshift around 2.5, the likeli-
hood of the flux at 250 micron being close to the detection limits
increases as the flux-dénsity at 500 micron becomes fainter. This is a
consequence of the detection strategy employed to construct the of-
ficial H-ATLAS catalogues, as previously mentioned. Consequently,
some of these sources are detected primarily due to lensing amplifi-
cation, even with relatively small amplification factors ranging from
5 per cent to 20 per cent. This phenomenon, known as magnification
bias, has received considerable attention in recent years and has been
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the subject of detailed measurement and analysis (Bonavera et al.
2022 provides a concise overview of the topic).

Notably, the halo masses of the lenses, derived from the analysis
of the cross-correlation function, exhibit a strong agreement with
those estimated directly from individual lensing events in the current
study, yielding an approximate range of 10127123 (Gonzilez-Nuevo
et al. 2017, 2021; Bonavera et al. 2019, 2021; Cueli et al. 2021,
2022). Furthermore, these studies have concluded that the majority of
magnification bias arises not from isolated galaxies, but from small
groups of galaxies featuring one or two dominant members and a
few satellites (see also Fernandez et al. 2022; Crespo et al. 2022).
Therefore, it is likely that some of the lensing events observed in the
current sample are also caused by small groups of galaxies. While
there are indications in the images, verifying these observational
findings would require data beyond the scope of this current study.

Finally, similar to the discoveries made by Dunne et al. (2020), a
few of the lensing events examined in this work can be considered, as
direct observations of magnification bias, which is typically studied
only at a statistical level. In the study by Dunne et al:y(2020), weak
lensing modestly biased their fluxes even in the low redshiftUniverse,
although further investigations of the cluster-lensing population is
necessary to see whether the excess is indeed due to galaxy-cluster
lenses or whether an excess of lensed/Sources exist — an important
point indeed, since this would requiresadditional masses to exist
beyond the ones predicted in our current’cosmological paradigm
(e.g., Eales 2015).

Accounting for the efficiency and the strict selection criteria of our
sample, a total of 3000 lenses are expected to be observable across the
660 square degree HYATLAS)survey. This assumes the existence of
complete VIKING-level’'observations, which are non-existent in the
Northern field to date. This is large relative to the SHALOS method
described in'Gonzdlez-Nuevo et al. (2019), that provides a sample —
adjusted for the.total 660 square degrees of H-ATLAS — of ~ 870
robust lensed candidates. The southern-field study of Ward et al.
(2022)has already demonstrated efficient selection of lensed sources
down to ~ 30 mJy at 500 pm, and they report the ability to find 13 730
lensed’sources across the entire H-ATLAS fields, which suggests it is
worthwhile to test the FLASH method more comprehensively down
to lower reliabilities as shown in Figure 11.

At the lowest 500 um flux densities, the H-ATLAS survey thins
out significantly due to the prior selection at 250 um in the cata-
logues. Lensed sources, located at redshifts above 2.5, would have
lower fluxes at 250 um. Our estimate based on the photometric
redshift estimates of the entire Herschel catalogues, the expected
number of sources across the full Herschel catalogues could be ex-
panded to 7000 sources (a 2.35 X increase if we remove our current
0250 ~ 7 mly criterion). These sources would be worthwhile to in-
clude in future lensing models, since (i) these sources have a larger
cosmic volume for foreground lenses to magnify the background
population, and more importantly, (ii), higher-redshift galaxies are
rarer in 500 pum-selected samples. Their steeper luminosity func-
tion (Gruppioni et al. 2013) ensures that more of the apparently-
bright high-redshift population is instead fainter gravitationally-
lensed sources. Future works could further improve lens selection
by investigating samples that explicitly overcome this 250 um se-
lection, either through re-extraction (Ivison et al. 2016; Oteo et al.
2017) or through 500 ym — 250 um difference maps (Asboth et al.
2016; Duivenvoorden et al. 2018). That said, the current methods
are already powerful enough to enable large sub-mm selected lens
samples (e.g., Eales 2015), and an ALMA survey of such large lens
samples could become an important cosmological tool in the near
future.
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Figure 14. Cumulative number counts at 500 pm for the lensed sources in
the FLASH sample and other samples — both pre-selected to contain lenses
and without lens-preselections. Red squares indicate the number counts for
all Herschel sources based on the FLASH-selection and light-red squares
show the source counts including an additional correction for the redshift-
incompleteness towards lower flux densities. The counts of late-type, normal,
and starburst galaxies and of unlensed dusty star-forming galaxies (DSFGs),
interpreted as proto-spheroidal galaxies in the process of forming the bulk of
their stars, are from the Cai et al. (2013) model, as well as the yellow line
indicating the source counts for lensed sources with a magnification cut-off
at umax = 15. As seen in previous studies, these counts exceed the predicted
number counts for lensed sources in the 10 — 60 mJy regime, as these models
only account for strong galaxy-galaxy lensing, and do not account for galaxy-
cluster lensing or weak lensing events potentially identified by the FLASH
method.

5 CONCLUSIONS

The Herschel Space Observatory detected near-one million sources
across 1000 square degrees from low to high redshift. In this study,
we observationally test the validity of the selection method through
resolved observations with ALMA, by targeting a sample of'86 likely
lensed sources identified by close, bright VIKING counterpartsyWe
find:

= The ALMA observations are able to confirm 407&7-per cent) of
these sources to be strong lenses (A-grade lens\candidates). For an
additional 23 (27 per cent) sources, there are tentative indications of
lensing, however our ALMA observations are notable to conclusively
indicate lensing (B-grade lens candidates). For the final 23 (27 per
cent), it remains unclear whether theseisources are lensed (C-grade
lens candidates).

» The number of robustlensed sources is below what is expected
from false-positive estimationsy,although we note that our current
false-positive estimations might not be a reliable estimator, and future
tests can focus on a' more comprehensive study of R > 0.9 sources
to verify the, FLASH ‘method and increase the number of lensed
Herschel sources we-can identify.

= Although we’do not find direct indication for sources where
the VIKING galaxy and Herschel source are the same object, near-
infrared spectroscopic confirmation of the foreground objects and
sub-mm/spectroscopic confirmation of the background sources is
important to exclude such sources, particularly for the B-grade lens
candidates below 1 arcsecond separation.

= Most of the lensing features would require a total lensing
mass between 10 and 1000 times that of the stellar emission re-
ported for these VIKING sources, with typical lensing masses of
logigM /Mo = 129 £ 0.5, in line with previous observations
(Amvrosiadis et al. 2018) and above what is predicted from mod-
els (Girelli et al. 2020). The ALMA identification method likely
misses several sources at larger angular separations, potentially due
to weak gravitational lensing.

» Our method will be able to find ~ 3000 lensed sources over the
entire H-ATLAS field, in excess of what is expected from the galaxy-
galaxy strong lensing predicted by the galaxy evolution models of
Cai et al. (2013).
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APPENDIX A: COMPILATIONOE-STRONG LENSES

We present a graphical depictioniof strong lenses detected across the
spread in 500 um flux densityin Figute A1, showing the capability
of FLASH to detect stronglenses:down to S5op = 20 mly.
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”

Figure A1. These six ALMA images (foreground red) indicate the ability of the FLASH method to select select strong lenses by matching Herschel and VIKING
images (Background images) from low- to high 500 pm flux densities. The images are 5 arcseconds across, except for FLASH-48,(7-arcseconds), FLASH-85
(4 arcseconds) and -86 (3 arcseconds). The red foreground is drawn at 1 o~ and beyond for FLASH-13, -27 and -58, and it is"drawn starting at 2o~ for FLASH-48,
-85 and -86 to best show the lensing behaviour and extent.
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