A large population of strongly lensed faint submillimetre galaxies in future
dark energy surveys inferred from JWST imaging
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ABSTRACT

Bright galaxies at sub-millimetre wavelengths from Herschel are now well known to be predominantly strongly gravitationally
lensed. The same models that successfully predicted this strongly lensed population also predict about one percent of faint
450 pm -selected galaxies from deep JCMT surveys will also be strongly lensed. Follow-up ALMA campaigns have so far found
one potential lens candidate, but without clear compelling evidence e. from lensing arcs. Here we report the discovery of a
compelling gravitational lens system confirming the lensing population predictions, with a z; = 3.4 + 0.4 submm source lensed
by a zgpec = 0.360 foreground galaxy within the COSMOS field identified through public JWST imaging of a 450 pm source in
the SCUBA-2 Ultra Deep Imaging EAO Survey (STUDIES) catalogue. These systems will typically be well within the detectable
range of future wide-field surveys such as Euclid and Roman, and since sub-millimetre galaxies are predominantly very red
at optical/near-infrared wavelengths, they will tend to_ appear in"near-infrared channels only. Extrapolating to the Euclid-Wide
survey, we predict tens of thousands of strongly lenseéd near-infrared galaxies. This will be transformative for the study of dusty
star-forming galaxies at cosmic noon, but will be a,econtaminant population in searches for strongly lensed ultra-high-redshift
galaxies in Euclid and Roman.
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1 INTRODUCTION 1995; Sonnenfeld et al. 2015; Collett et al. 2018) and detecting
substructures within the halo and along the line of sight (Mahdavi
et al. 2007; Vegetti et al. 2014; Hezaveh et al. 2016; Amorisco et al.
2022; He et al. 2022; Ostdiek et al. 2022; Wagner-Carena et al. 2023),
to helping understand galaxy formation and evolution by studying the
inner mass profile slope of the lens (Cui et al. 2017; Holanda et al.
2017; Sonnenfeld & Cautun 2021) and the properties of high-redshift
background sources (Swinbank et al. 2010; Danielson et al. 2011;
Dye et al. 2015; Geach et al. 2018; Salmon et al. 2018; Collett &
Smith 2020; Khullar et al. 2021). Specific types of strong lenses can
also aid in constraining cosmological parameters, with the matter
* E'mail james.pearson @open.ac.uk density m and dark energy equation of state parameters wq and wj

Strong galaxy-galaxy gravitational lensing is the phenomenon in
which light from a background galaxy (source) is bent around a
foreground galaxy (lens) due to gravity, resulting in a distorted view
of the source reaching aniobserver, typically in the form of extended
arcs, rings, and multiple,images of the source. Observations of these
objects can provide_awealth of information, from testing general
relativity’and dark-matter models by constraining the mass profile
of the foreground galaxy dark matter halo (Miralda-Escude & Babul
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constrained by double source plane lenses (Collett et al. 2012; Smith
& Collett 2021; Sharma & Linder 2022), while time delays between
different images of the same source can put constraints on the Hubble
constant Hy from lensed quasars (Treu 2010; Denzel et al. 2021; Li
et al. 2021) and supernovae (Collett et al. 2019; Bag et al. 2021;
Bayer et al. 2021).

These applications require large statistical samples of lenses. Fol-
lowing earlier work on the fraction of lensed submillimetre galaxies
(SMGs) in blank field SMG surveys (Chapman et al. 2002), an early
breakthrough of the Herschel space observatory was the observa-
tion that nearly all the bright SMGs (500 pm flux densities above
~100 mJy) are strongly gravitationally lensed, once obvious contam-
inant populations of blazars and very nearby galaxies are removed
(Negrello et al. 2010). This enabled a strong lens selection method
with an extraordinary ~100% efficiency. Further campaigns at longer
wavelengths with data from the South Pole Telescope found a simi-
larly efficient strong lens selection (Reuter et al. 2020). Since SMGs
are typically very red at optical and near-infrared wavelengths (e.g.
Chen et al. 2016; Michatowski et al. 2017; Lim et al. 2020; Shim
et al. 2022), follow-up redshift campaigns have mostly relied on CO
and [CI] transitions, yielding several hundred secure redshifts to date
(e.g. Neri et al. 2020; Reuter et al. 2020; Urquhart et al. 2022), which
in turn have enabled a very wide range of galaxy evolution studies
exploiting the strong gravitational magnification (e.g. Zavala et al.
2018; Bendo et al. 2023a; Hagimoto et al. 2023; Reuter et al. 2023).

The search for strong gravitational lenses is on the cusp of another
transformative change. Upcoming surveys such as Euclid (Laureijs
et al. 2011) and the Vera Rubin Legacy Survey of Space and Time
(LSST; Ivezi¢ et al. 2019) are set to discover around 10° of them
amongst a larger population of ~1 0° galaxies in the optical and near-
infrared, with near-infrared imaging of approximately 17000 strong
lenses (Weiner et al. 2020) also expected by the future Nancy Grace
Roman Space Telescope (Green et al. 2012; Spergel et al. 2015;
Akeson et al. 2019).

Most of the effort to date in making lensing predictions for these
future dark energy surveys, and in designing machine learning al-
gorithms to identify the lensed systems, has focused on the higher
angular resolution visible wavelength imaging (e.g. Laureijs et al
2011; Collett 2015; Metcalf et al. 2019). In this work, we show that
the relatively neglected near-infrared channels will also be a very rich
source of strong gravitational lenses. We do this by using new public
JWST imaging of the 450 pm SCUBA-2 SMGs in the COSMOS field
to search for strong gravitational lensing features, demenstrating that
the faint SMG population has a very high surface-density of strong
lensing systems visible in the near-infrared.

This paper is organised as follows. The,catalogue of SCUBA-2
SMGs in the COSMOS field and the corresponding JWST data are
discussed in Section 2. The results of the investigation are presented
in Section 3, including photometry and modelling of the identified
gravitational lens and its impact“on, the inferred number density
of strongly-lensed SMGs. ‘This i§ followed by a discussion of our
findings in Section 4 and.final conclusions in Section 5.

2 DATA
2.1 Submm Observations

The 450)pm imaging used in this work was taken by the Submil-
limetre Common-User Bolometer Array 2 (SCUBA-2; Chapin et al.
2013; Dempsey et al. 2013; Holland et al. 2013) on the James Clerk
Maxwell Telescope (JCMT) as part of the SCUBA-2 Ultra Deep

Imaging EAO Survey (STUDIES; Wang et al. 2017) within the 2
square degree Cosmological Evolution Survey (COSMOS; Scov-
ille et al. 2007) field. Centred on (ra, dec) coordinates (10:00:28.0,
+02:24:00) (Casey et al. 2013; Lim et al. 2020), STUDIES observa-
tions covered 450 square arcminutes down to a depth of 0.59 mlJy per
beam at 450 pm with the resulting data set containing 479 identified
SMGs (Gao et al., in prep.).

2.2 Infrared Observations

The JWST data consisted of publicly available Near Infrared Camera
(NIRCam) and Mid-Infrared Instrument (MIRI) observations of the
COSMOS field as part of the COSMOS-Web (Casey et al. 2022)
and Public Release IMaging for Extragalactic Research (PRIMER;
Dunlop et al. 2021) surveys. Within the COSMOS field, PRIMER in
part aims to cover 144 square arcmin in 8 NIRCam filterscand, 112
square arcmin in two MIRI filters. Likewise, COSMOS-Web aimsto
cover 0.54 square degrees in four NIRCam filters down to:So- depths
of ~28 magnitudes, and 0.19 square degrees in one, MIRI filter down
to 5o depths of ~26 magnitudes.

Data was acquired through the Space Tel€scopeiScience Institute
(STScI) Mikulski Archive for Space Telescopes (MAST) Portal, cov-
ering the STUDIES area using a search radius-of 15 arcmin centred
on the STUDIES central coordinates.following Lim et al. (2020). As
the COSMOS-Web and PRIMER surveys were not yet completed,
only 59 per cent of the search area had been surveyed at the time
of this work. All available.COSMOS-Web and PRIMER calibration
level 3 imaging data within the search area was acquired: COSMOS-
Web data was partially“available for all filters (NIRCam F115W,
F150W, F277W,(and F444W along with MIRI F770W); PRIMER
data was partially ayailable for eight out of ten filters (NIRCam
F115W, F200W;"E277W, F356W, F410M, and F444W along with
MIRI F1800W and F770W; missing NIRCam FO90W and F150W).

3 RESULTS
341 Photometry

At present, out of the 479 SMGs identified at 450 pm by STUDIES,
283 were found to have coordinates within regions imaged by JWST
in at least one filter: 63 SMGs were imaged in COSMOS-Web and
263 in PRIMER. From visually inspecting the corresponding JWST
NIRCam and MIRI imaging, a single strong lens candidate was dis-
covered, whose measured properties from STUDIES are given in
Table 1. The foreground lens of this lensing system corresponded to
the known galaxy WISEA J100023.99+021749.6, at (ra, dec) coordi-
nates (10:00:24.025, +02:17:49.54) with a spectroscopic redshift of
0.35978 £0.00018 (Damjanov et al. 2018), which has not as yet been
classed as a gravitational lens in previous studies. The SMG itself
has submm colours clearly strongly inconsistent with the foreground
lens redshift, as the 450 pm :850 pm (deboosted) flux density ratio
of ~1.9 (Table 1) requires a redshift of z > 3 (e.g. Lim et al. 2020),
indicative of a background source. Imaging at the SMG’s position
had only been taken in JWST MIRI filters F770W and F1800W, with
the central foreground lens and lensed background source seen in
both, as shown in Figure 1. The arc of the lensed background source
is clearly visible in the higher resolution F770W filter, and two sep-
arate objects are still resolved in the F1800W filter despite its lower
resolution.

For cross-matching, the background source in PRIMER imaging
is located at 10:00:23.98 +02:17:50.26, while the STUDIES 450 pm
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Table 1. STUDIES SCUBA-2 data for the 450 pm SMG. Columns are as follows: object name; right ascension (J2000) (deg); declination (J2000) (deg);

signal-to-noise ratio; raw flux density (mJy); instrumental noise at the 450 pm SMG position (mJy); deboosted flux density (mJy); total noise (consisting of

instrumental noise, flux-deboosting uncertainty, and confusion noise) at 450 pm (mJy); deboosted flux density of the SMG at 850 pm (mJy); and the total noise

at 850 pm (mlJy).

D RA (deg)

Dec (deg) SNR  Sys50,raw  0S450,raw  S450,t0tal 05450 10tal 5850, t0tal 05850, total

STUDIES-COSMOS-450-019/ 150.100117 2.297500 15.79
STUDIES-COSMOS-850-006

19.2 1.2 18.5 23 9.76 0.65
mly mly mly mly mly mly

2°17'51" 2°17'51"
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49"
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Figure 1. JWSTMIRIF770W (left) and F1800W (right) imaging of the strong
gravitational lens from PRIMER as 4.5 x 4.5 arcsec cutouts centred on the
visible foreground lens. The lensed background source lies just to its upper
right, clearly visible as an arc in the left image. ALMA imaging is presented
as overlaid contours on the right image, depicting the lensed background
source as a bright image and fainter counterimage, with no foreground lens
visible. The ALMA beam FWHM is shown as the dashed black line in the
right image. Cutouts have been reprojected to align their sky orientation with
figure axes, inline with ALMA observations.

source is located 1.054 arcsec away at 10:00:24.03 +02:17:51.00.
The point-spread function (PSF) of the SCUBA-2 beam has a full
width at half maximum (FWHM) of 7.9 arcsec for 450 pm (Dempsey
et al. 2013; Lim et al. 2020), hence neighbouring galaxies near the
lensing system could not be ruled out as candidates for the SMG from
this data alone. However, publicly available high-resolution Atacama
Large Millimeter/submillimeter Array (ALMA) submm observations
from the ALMA public archive confirmed the lensed background
source to be the SMG. This source was found to be the bright source
AS2CO0OS0005.1 observed in the 870 pm AS2COSMOS catalogue of
the brightest SCUBA-2 SMGs in COSMOS (Simpson-et.al. 2019,
2020), with a likely counter image detected close to the foreground
lens given by the nearby source AS2COS0005.25whichsis 4.0 + 0.7
times fainter than the main extended image. These'§70 pm ALMA
observations of AS2C0OS0005.1/5.2 are shown here as contours over-
laying the PRIMER JWST F1800W image in Figure 1.

PRIMER JWST photometry is given in Table 2 for the foreground
lens and background source separately, AS there existed no JWST
F1800W photometry for the lensing'system, the F1800W flux densi-
ties were calculated based onthe same lens and source segmentation
applied to the F770W phetometry, with uncertainties based on the
1o background. Photometry at other wavelengths exists for only a
single object: that of the,lens, the source, or the combined lensing
system, depending on the wavelength. Table 3 contains the publicly
available fluxidensiti€s of the lensing system in other wavelengths
or passbands, with those shorter than 5 pm and those longer than
100 pm corresponding to the lens and the source, respectively.

To obtain'a photometric redshift of the lensed source, the 450 pm
and 850 pm flux densities in Table 1 along with the Herschel SPIRE
and MAMBO photometry in Table 3 were used to fit a spectral energy
distribution (SED) using the “Eyelash” template, which was used to

fit the z > 2 SMG of the Cosmic Eyelash gravitational lens (see e.g.,
Swinbank et al. 2010; Iglesias-Groth et al. 2017; Duivenvoorden
et al. 2018), resulting in a redshift of zgoyrce = 3.41 = 0.14. However,
SMGs exhibit a range of intrinsic colour temperatures (e.g. Blain
etal. 2003), resulting in larger photometric redshift uncertainties'(e.g.
Casey 2020). Recently, Bendo et al. (2023b) compared spectfoscopic
redshifts in bright lensed Herschel galaxies with photo<z from the
Eyelash template, using submm and mm-wave data from ALMA and
SPIRE; the diversity of SEDs in that sample implies an irreducible
uncertainty in our photo-z of +0.4, so we adoptZsource ='3.4 =+ 0.4.

To verify that the photometry indicated a.€combination of lens and
source, the flux densities in Table 3 up to wavelengths of 4.6 pm were
then used to fit an SED for the lens at it§ muchrlewer redshift, taken to
be a 5 Gyr-old dustless early-type galaxy (initial mass function from
Chabrier 2003, metallicity log;(Z/Zs) = 0.0), using the Flexible
Stellar Population Synthesis for Python‘package pyTHONFSPS (Con-
roy et al. 2009; Conroy &.Gunn.2010)!. The resulting SEDs and
photometry are presented in Figure 2, which provides a good fit to
the overlaid JWST PRIMER photometry. To explore the robustness
of the lens SED(fitting, a ‘more flexible SED modelling was also
performed, fitting, assingle stellar population with free star forma-
tion history, dustextinction, and metallicity. This provided an almost
identical«fit, and-resulted in the following parameters for the fore-
ground lens: log;,(age/yr) = 9.8, extinction Ay = 0, star formation
rate 10gyo (SFR) = —1.43, and stellar mass logo(M./Mp) = 10.69,
which are consistent with an early-type galaxy. The stellar mass also
agreesS with the value obtained for the foreground lens from the hCOS-
MOS redshift survey (Damjanov et al. 2018), which used the MMT
Hectospec multifibre spectrograph to obtain a velocity dispersion
o =153 £25kms™! and stellar mass log;(M./Mo) = 10.5570-14.

While a limit could not be placed on the stellar mass of the
background source due to the effects of dust reddening, the star
formation rate of the background source could be estimated, for
which we used the latest Planck cosmology (Aghanim et al. 2020).
Integrating the fitted Eyelash SED presented in Figure 2 over the
mid and far infrared (8-1000um) produced a luminosity of Lpr =
6.8 x 10124~ Lo, where u is the magnification factor. Using the
conversion SFR(Mg yr~1) = 4.5 x 10_44L1:1R(ergs s~1) from Ken-
nicutt (1998), results in a star formation rate of ~1200 u‘lM@ y1r‘1
for a Salpeter initial mass function (IMF). The inferred SFR would
be a factor x1.5 lower for a Kroupa IMF (see Hayward et al. 2014,
also for other caveats on this calculation).

Public Hubble Space Telescope (HST) WFC3 imaging of the lens
was also available from the Cosmic Assembly Near-IR Deep Ex-
tragalactic Legacy Survey (CANDELS). However, while the fore-
ground lens was clearly visible across all available bands, there was
no obvious background source at these wavelengths. For example,
modelling and subtraction of the foreground lens light profile for
the near-infrared F160W image of the system was performed using

I https://doi.org/10.5281/zenodo.591505
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4  J. Pearson et al.

Table 2. PRIMER JWST MIRI F770W and F1800W data for the foreground lens and background source. Columns are as follows: object; right ascension (J2000)
(deg); declination (J2000) (deg); F770W and F1800W flux densities (mJy); F770W and F1800W AB magnitudes; and F770W ellipticity and position angle
counter-clockwise from north (deg). F1800W flux densities were not available from JWST photometry, so were calculated based on the same lens and source
segmentation used for F770W photometry, with uncertainties based on the 1-o background.

Object  RA(deg)  Dec (deg) Fy, F77ow (mly) Fy Fisoow (mly)  map F770Ww  MAB,F1800W e ¢ (deg)
lens 150.100134  2.297140  (17.59+0.07)x1073  (6.06+2.52)x10™>  20.787+0.004 21.95tg)-}8§ 0.082  -17.06
source  150.099914 2297295  (9.81+0.06)x1073  (7.87+2.77)x1073  21.421+0.007  21.66*V 0.675 42.98

-0.33

Table 3. Combined photometry for the lensing system, excluding JWST
and SCUBA-2 data, presented in Figure 2. Source references: (1) Adelman-
McCarthy et al. (2008) (2) Darvish et al. (2015) (3) Cutri et al. (2013) (4)
Ashby et al. (2015) (5) Spitzer Science Center (SSC) & Infrared Science
Archive (IRSA) (2021) (6) Casey et al. (2012) (7) Simpson et al. (2020) (8)
Bertoldi et al. (2007). SDSS data are obtained via best-fitting de Vaucouleurs
and exponential light models. VISTA K uncertainty is based on the 5o
depth of the UltraVISTA near-infrared imaging survey (McCracken et al.
2012). Spitzer IRAC data are corrected to total flux from a 2.4" aperture.

Wavelength / Observed Passband F, (mly) Ref.

4858 A (SDSS g) 0.0039+0.0005 (1)
6290 A (SDSS 1) 0.0191x0.0009 (1)
7706 A (SDSS i) 0.0309+0.0014 (1)
9222 A (SDSS 2) 0.044620.0061 (1)
2.2 um (VISTA Ky) 0.121£0.001  (2)
3.4 pm (WISE W1) 0.068+0.006  (3)
3.6 pm (Spitzer IRAC) 0.062+0.004 (4
4.5 pm (Spirzer IRAC) 0.056+0.004 (4
4.6 pm (WISE W2) 0.048+0.011  (3)
12.0 pm (WISE W3) <0.302 ©))
22.0 pm (WISE W4) <2.98 3)
24.0 pm (Spitzer MIPS) < 0.0328 ()]
250 pm (Herschel SPIRE) 16.5+2.6 (6)
350 pm (Herschel SPIRE) 25.5+4.5 (6)
500 pm (Herschel SPIRE) 22.6+6.4 (6)
870 pm (ALMA) 8.4704 @)
1.20 mm (MAMBO) 5.2+0.9 ®)

GALFIT, fitting the lens light with a Sérsic component and an expo-
nential disk component convolved with the HST F160W model, PSE,
with no visible background source detected down to a 26;, AB-magni-
tude depth of 25.5, as shown in Figure 3. For comparisen, Euclid has
an average 50 limiting AB magnitude of 24.5.in-the.near-infrared
(Euclid Collaboration et al. 2022), so for this lens‘it would also be
unable to detect the background source at'this wavelength, but the
SMG is both unusually faint in the optical and/at unusually high
redshift for this flux density (see Section 4).

3.2 Lens Modelling

Lens modelling was performed-on the F770W image with LENSTRON-
omy? (Birrer & Amara 2018; Birrer et al. 2021) using a singular
isothermal ellipsoid (SIE) lens mass model, along with elliptical
Sérsic profiles for the light models of the lens and source convolved
with the JWST model PSF for MIRI F770W. Lens modelling was
also performed for an elliptical power law (EPL) mass profile as
well-as,modelling with and without external shear, but these offered
no better. fit than an SIE alone. Due to limited resolution, the mass

2 https://github.com/lenstronomy/lenstronomy
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Figure 2. Spectral energy distributions (SEDs) of the foreground lens (blue
dashed line) and background source\(black solid line), with the shaded region
around the latter giving the 1o errors. The lens SED is of a 5 Gyr-old
dustless early-type galaxy described in the text at the observed spectroscopic
redshift of zjens = 0.35978, fitted to photometry from other surveys (orange
circles; see Table 3) primarily associated with the lens (those with wavelengths
shorter than ~5 pm'). The’source SED is the “Eyelash” template used to fit
the Cosmic Eyelash: gravitational lens, which gave a photometric redshift
of Zsources= 3.4 £,0.4 when fitted to the STUDIES SCUBA-2 photometry
(black diamonds; see Table 1) as well as the Herschel SPIRE and MAMBO
photometry. Also displayed are upper limits of photometry from other surveys
(green downward triangles; see Table 3) as well as the JWST MIRI F770W
and, F1800W photometry for the lens (red hexagon) and source (red square)
presented in Table 2.

models produced very similar images despite converging on different
parameters, indicating a degeneracy in the modelling. However, the
use of a power law or external shear resulted in higher chi-squared
errors and excessively elliptical lens mass profiles compared to the
lower-ellipticity lens light, indicating that the SIE alone provided the
best fit.

The resulting SIE lens mass model parameters are given in Table 4,
with Figure 4 presenting the reconstructed lens and source, the resid-
uals between the observed and modelled lens, and the convergence
and magnification maps from the modelling. We follow the definition
of ellipticity widely used in lens modelling: for axis ratio ¢ = b/a,
where a and b are the major and minor axes respectively, and position
angle ¢ of the major axis, complex ellipticity components are given
by

1- 1-
el = 1+Zcos2¢ ey = 1+Zsianﬁ (1)
such that the parameter space (e, e¢2) can be used for more effective
fitting.
The modelled lens light has an effective radius Re jens = 0.61 +

0.03 arcsec, a Sérsic index njeps = 5.0t%'12 consistent with an early-

type galaxy, and an axis ratio qjjgnt = 0.73 + 0.02 closely matching
its modelled mass profile. The resulting fit reconstructs the source
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Figure 3. GALFIT lens light modelling and subtraction for publicly-available Hubble Space Telescope (HST) F160W near-infrared imaging. The lens light was
fitted with a Sérsic component and an exponential disk component convolved with a F1I60W model PSF. From left to right: the observed cutout image; the
GALFIT model for the lens light; and the residual image. All cutouts share the same angular scale and sky orientation matching those of Figure 1, with the first
and second likewise presented with logarithmic scaling.

Reconstructed source

Observed Reconstructed

Figure 4. Results from lens modelling. From left to right: the observed cutout image, with original JWSZ sky orientation used for the modelling; the reconstructed
image from modelling; and the reconstructed source image centred on the source with the lens model caustic overlaid in yellow. All cutouts share the same
angular scale and sky orientation, and are presented with logarithmic scaling.

Table 4. Modelling parameters of the lens mass profile fitted to the JWST/F770W image, which is centred on the (ra, dec) coordinates (10:00:24.025,
+02:17:49.54) of WISEA J100023.99+021749.6. The lens mass was fitted,t0 a singular isothermal ellipsoid (SIE) model with the values given below for each
parameter: Einstein radius (arcsec); the two components of complex ellipticity e and e;; the corresponding axis ratio ¢ and position angle ¢ (deg) clockwise
from east; the central RA & Dec offset of the mass profile relative totheicutout centre (arcsec); and the total magnification of the lensed source p. The light
profiles of both the lens and source were modelled with elliptical Sérsic profiles.

O (arcsec) el [2) q ¢ (deg) RA offset (arcsec)  Dec offset (arcsec) )i
+0.01 +0.04 +0.03 +0.08 +11 +0.01 +0.01 +0.3
0.63%5 01 “0.11%50; 007G 53m0. 7725 o7 1067, 0.10%55, 0.15%570) 3.0553

image with an effective radius Re source = 0.17+4 0.01 arcsec, and
a low Sérsic index nsource = 0.507:92 consistent with a late-type
galaxy. The unlensed source is_also highly elliptical, with an axis
ratio gsource = 0.34 = 0.02, whichmmatches the general results of
previous samples of SMGs\(e.g.{Chen et al. 2022b; Cheng et al.
2022). The source’s majoraxis.aligns with the direction of elongation
of the lensed arc, resulting in a lower magnification than expected:
from the ratio of/the lensed and unlensed model source flux above
the 1o background, “a‘magnification of y = 3.0 £ 0.3 is required
to convert the, highly“elliptical source into the observed extended
arc. The/modelling also uncovered a faint point-source counterimage
within a region"of the lens light similar to the counterimage observed
with ALMA!

Lens modelling was also performed on the ALMA data in order
to constrain the SMG source properties at longer wavelengths. For
this, the lens model was constrained to the parameters in Table 4 of

the JWST F770W lens model, while the source parameters were left
unconstrained and initialised at those predicted by the F770W source
model. A magnification of u = 3.0‘:11'52 was required to produce the
ALMA source’s lensed image and counterimage, in agreement with
the magnification obtained from modelling the F770W data, with
the modelling limited by comparatively low resolution and a large
restoring beam FWHM. However, the modelled (ra, dec) position of
the unlensed source was found to be offset by (0.03 £ 0.03,-0.11 +
0.02) arcsec relative to that of the source at F770W. This suggests that
two different regions of the SMG are responsible for the emission
seen in JWST F770W and ALMA. Such a ~kpc-scale offset has
precedents in other strongly gravitationally lensed SMGs (e.g. Dye
et al. 2015).
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Figure 5. Integral blank-field galaxy number counts at 450-500 pm. The submm-bright strongly gravitationally lensed population of Negrello et al. (2017, 500
pm) is shown as blue filled circles. Our inferred 450 pm surface density of submm-faint strongly lensed galaxies.is shown as a green diamond, calculated based
on the 2 + V2 lenses found within the 59% of the 450 square arcminute effective area of STUDIES that has been mapped by JWST at the time of this work.
For this, we use the median 450 pm flux density of the STUDIES catalogue (Gao et al., in prep.) that was,searched to obtain the lens candidates. The unlensed
450um-selected populations are shown in red, as follows: Zavala et al. (2017), red circles; Chen et.als (2013), downward-pointing red triangles; Casey et al.
(2013), upward-pointing red triangles. The unlensed 500um-selected population of Glenn et al. (2010) is also shown as red squares. The lensed and unlensed
population models are shown as blue and orange curves, respectively (Negrello et al. 2017; Trombetti et al. 2021, Negrello, priv. comm.), with the blue shaded
area showing the lensed models when considering maximum magnifications in the range,10-15 experienced by the background source population as a whole.
The models are calculated for the Herschel SPIRE 500 pm filter, and are identicalfor the SEUBA-2 450 pm filter (see e.g., Geach et al. 2013) as the former’s
bandwidth encompasses that of the latter. Despite the extrapolation of over an.order'©f magnitude fainter than the Herschel lensed galaxy number counts, our
inferred source density agrees extremely well with the model predictions.

3.3 Inferred Number Density of Strongly-Lensed SMGs ties of a factor of ~ x10. For comparison we also show the model
unlensed number counts (orange line), strongly constrained by the
fit to the observed unlensed number counts (red data points). For the
Casey et al. (2013, upward triangles) and Zavala et al. (2017, red
circles) surveys, we report the integral counts in those studies, while
for the Chen et al. (2013, downward triangles) survey we have re-
calculated the integral counts using the reported differential number
counts, differing slightly from the methodology adopted in Negrello
et al. (2017) and Trombetti et al. (2021). We incorporate the asym-
metry of the reported uncertainties using the procedure’ in Appendix
B of Laursen et al. (2019). We also show the integral counts implicit
from the P(D) analysis of Glenn et al. (2010, red squares), using
the same methodology to incorporate asymmetric uncertainties; we
base our estimates on their differential number count constraints us-
ing a cosmic far-infrared background prior from the Far Infrared
Absolute Spectrophotometer (FIRAS). The unlensed model agrees
strikingly well with the FIRAS-constrained data and most of the other
blank-field survey data, with discrepancies attributable to large-scale
structure.

The strongly-lensed SMGs found within the area of the, COSMOS
field can be used to better predict the number density. of theSe ob-
jects across the sky (e.g. Chapman et al. 2002);*and=hence how
large a population may be visible in the near-infrared by telescopes
like Euclid and Roman. In addition to this lens) there is another
SMG strong lens candidate known to be presentin the survey area,
albeit without a distinctive arc morphology: ALMA follow-ups of
SMGs in the COSMOS field (Chen et al. 2022a) identify the galaxy
AS2COSMOS0002.1 as being strongly lensed. They found the SMG
to have a spectroscopic redshift ofiz =4.5956 +0.0006 and a 450 pm
flux density of 22+2 mJy=They also estimated the magnification to be
o= 3.0J:]0'.‘;, derived‘fromithe presence of several z ~ 1 foreground
galaxies, suggestive of aigalaxy group lens.

In Figure 5, we compare our inferred surface density of strongly
gravitationally,lensedgalaxies with the model predictions presented
in Trombetti et al: (2021). The lensed models (blue) fit the bright
lensed Herschel number counts from Negrello et al. (2017, blue cir-
clés) very well; our inferred lensing number count of 27 + 19 per
square degree (green diamond) based on the two lenses identified
within the JWST-mapped STUDIES area agrees strikingly well with 3 Implementation in Python at
the model prediction, despite the extrapolation to fainter flux densi- https://github.com/anisotropela/add_asym
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The flux densities for integral number counts are taken to be the
faintest end of the faintest bin of the corresponding differential num-
ber counts used for that measurement. For our data point we use
the median 450 pm flux density of the STUDIES catalogue (Gao et
al., in prep.), rather than the minimum SMG flux density or noise
limit, as the nature of the SCUBA-2 observations results in the noise
limit systematically increasing from the beam centre to the outskirts,
resulting in some SMGs with flux densities that reach below the
noise levels experienced by many others. Combined with our limited
sample size of lenses, we hence use the median flux density, which
is also almost identical to the median 3.50 background used as the
threshold for SMG identification.

4 DISCUSSION

Strong lensing models of SMGs have a firm prediction of a few tens of
strongly lensed faint SMGs per square degree (Figure 5). Since SMGs
are typically very red at optical/near-infrared wavelengths they are
also mainly detected at near-infrared wavelengths. As such, the near-
infrared imaging from the upcoming Euclid survey will provide one
of the best ways of finding these lensing systems. To investigate how
many may be observed in the VIS and H-band filters of the Euclid-
Wide survey (Laureijs et al. 2011), we perform an order-of-magnitude
estimation utilising the population of SMGs in Lim et al. (2020). We
restrict the sample to only Very Large Array (VLA) radio-identified
SMGs, as their shorter wavelength counterparts (used to distinguish
lensed SMGs) can be easily identified thanks to the higher resolution
of the VLA beam compared to that of the SCUBA-2 450 pm beam.
No cuts are applied to the sources, as the number density of faint
SMGs vastly outnumbers that of the bright population. We interpolate
their K-band and L-band AB magnitudes to Euclid H-band, and use
the R-band AB magnitude for the Euclid VIS filter. Comparing these
to the limiting AB magnitudes of Euclid VIS and NISP H-band (26.2
and 24.4 mag, respectively, Euclid Collaboration et al. 2022) suggests
that only 84% of these faint SMGs will be detectable in Euclid-Wide
VIS, but 99% will be detectable in Euclid-Wide NISP. For our value
of 27 + 19 strongly lensed faint SMGs per square degree within the
15000 square degree Euclid-Wide survey, these estimates imply a
projection of 62000 + 44000 NISP-only Euclid-Wide strongdenses,

Taking an alternative approach also yields a similar,€nd tesult,
albeit with both projections suffering from the large“uncertainties
incurred by our limited sample of 2 + V2 identified lensed SMGs in
the STUDIES area. For this approach, we first asSume-an“Eyelash”
SED, and sample from submm source counts following Geach et al.
(2013) and a redshift distribution followingithe model of Béthermin
et al. (2012). From this, we find that at 450um fluxes > 5mly,
57% of the galaxies are detectable inlNISP H-band above its limiting
magnitude, while only 40% are detectable in VIS, with these fractions
insensitive to the magnification distributions assumed. Again, based
on the Euclid-Wide survey drea and our number density, this implies a
projection of 70000+49000.NISP-only Euclid-Wide strong lenses. In
summary, the impliedthuge number of strongly lensed Euclid-NISP-
only galaxies is about asilarge as the entire strong lensing catalogue
predicted for, Euclid<VIS and famously regarded as transformative
for strong lensing(e-g. Collett 2015).

Anothier 'notable large population of near-infrared-only strong
gravitational lenses is the z > 6 lensed population. For example,
Mason et al."(2015) demonstrated that the Euclid-Wide survey will
detect ~100 Lyman-break galaxies at redshifts z > 8, nearly all of
which will be strongly gravitationally lensed, but none of which
will be detectable in the VIS instrument. These will appear as near-
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infrared arcs around nearby z ~ 0.5-2 galaxies, and will therefore
be superficially very similar to the lensed SMG population, which
enormously outnumber them. The degeneracy between dusty star-
bursts at redshifts z < 6 and ultra-high-redshift galaxies in JWST
surveys has already led to downward revisions of redshift estimates
(e.g. Zavala et al. 2023). This may be alleviated with the addition of
photometric data from LSST, albeit at lower angular resolution for
deblending the foreground lens from the background source. Promis-
ing candidates may also have dusty starburst interpretations tested by
follow-up submm/mm-wave photometry (e.g. Zavala et al. 2023).

Evolved red galaxies are a further potential source of near-
infrared-only lensed systems in future dark energy experiments.
For example, the population of extremely red objects (EROs, e.g.
Ryohnson — Kvega > 5) are approximately evenly split between
dusty star-forming galaxies and evolved red galaxies (e.g. Mannucci
et al. 2002), with the latter typically having Hag — Kap <41 (e.g.
Bergstrom & Wiklind 2004). The Euclid Hag < 24 limit would
therefore be equivalent to a K-band survey at least as deep as Roche
et al. (2002), implying surface densities of at least ~6000'deg ™ for
each of dusty star forming galaxies and evolved red galaxies. The
former is comparable to the surface density of the faintest SMGs in
Figure 5 (as expected given the overlap between EROs and SMGs,
e.g. Frayer et al. 2004) while the latter,is.clearly a comparably plen-
tiful population of very red background.soutces for lensing.

5 CONCLUSIONS

It is well established that the brightest sub-millimetre galaxies
(SMGs) at 450-500 pm wavelengths are almost exclusively strong
gravitational lenses, with such galaxies expected to appear very red
in the near-infrared. Making use of this, in this work we have searched
publicdWST NIRCam and MIRI imaging of the COSMOS field for
counterparts of SCUBA-2 450 pm sources in the STUDIES catalogue
and identified a strong gravitational lensing system. Modelling of the
lens indicates a mass distribution with Einstein radius 6 = 0.63 and
axis'ratio ¢ = 0.77 that distorts the highly elliptical source into an
arc with a magnification of y = 3.0. Performing SED fitting using
public photometry along with the known spectroscopic redshift of
the foreground lens (z; = 0.360), the background source was found
to be an SMG with a photometric redshift of zg = 3.4 + 0.4.

This, along with a previously discovered SMG lens in the survey
area, supports the prediction of around ten strongly lensed faint SMGs
per square degree, which in turn indicates a very large population of
tens of thousands of strong gravitational lenses undetectable in the
optical that would be prime targets for future dark energy surveys
that can image in the near-infrared, such as the Euclid and Roman
wide-field surveys.
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This work made use of AsTropPY:* a community-developed core
Python package and an ecosystem of tools and resources for/astron-
omy (Astropy Collaboration et al. 2013, 2018, 2022). Data analysis
made use of the Python packages NumPy (Harris et .al, 2020) and
SciPy (Virtanen et al. 2020). Some figures were madeiwith the
Python package matpLoTLIB (Hunter 2007). SEDifitting.involved the
Flexible Stellar Population Synthesis for Python package pyTHONF-
SPS (Conroy et al. 2009; Conroy & Gunn.2010), and‘lens modelling
was performed using the Python package LENsTRONOMY (Birrer &
Amara 2018; Birrer et al. 2021).
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DATA AVAILABILITY

The  Herschel ~SPIRE‘y,data can be downloaded at
https://www.h-atlas.org, while reduced and calibrated
science-ready ALMA/ data are available on the ALMA Sci-
ence Archive at https://almascience.eso.org/asax/. The
JCMT-Science Archive at the Canadian Astronomical Data Centre,
http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/jcmt/,

4 http://www.astropy.org

contains all raw and processed data from the JCMT’s current in-
strumentation. The COSMOS-Web and PRIMER calibration level 3
data, along with other publicly available JWST data, are available
through the Space Telescope Science Institute (STScl) Mikulski
Archive for Space Telescopes (MAST) Portal®.

REFERENCES

Adelman-McCarthy J. K., et al., 2008, ApJS, 175, 297

Aghanim N., et al., 2020, Astronomy & Astrophysics, 641, A6

Akeson R., et al., 2019, arXiv e-prints, p. arXiv:1902.05569

Amorisco N. C., et al., 2022, MNRAS, 510, 2464

Ashby M. L. N, et al., 2015, ApJS, 218, 33

Astropy Collaboration et al., 2013, A&A, 558, A33

Astropy Collaboration et al., 2018, AJ, 156, 123

Astropy Collaboration et al., 2022, ApJ, 935, 167

Bag S., Kim A. G., Linder E. V., Shafieloo A., 2021, ApJ, 910,65

Bayer J., Huber S., Vogl C., Suyu S. H., Taubenberger S., Sluse’D., Chan
J. H. H., Kerzendorf W. E., 2021, A&A, 653, A29

Bendo G. J., et al., 2023a, MNRAS, 522, 2995

Bendo G. J., et al., 2023b, MNRAS, 522, 2995

Bergstrom S., Wiklind T., 2004, A&A, 414, 95

Bertoldi F., et al., 2007, ApJS, 172, 132

Béthermin M., et al., 2012, ApJ, 757, L23

Birrer S., Amara A., 2018, Physics of the\Dark Universe, 22, 189

Birrer S, et al., 2021, The Journal of Open Source Software, 6, 3283

Blain A. W., Barnard V. E., Chapman S; C42003, MNRAS, 338, 733

Casey C. M., 2020, ApJ, 900,.68

Casey C. M., et al., 2012, ApJ;761, 140

Casey C. M., et al., 2013"MNRAS; 436, 1919

Casey C. M., et al., 2022 arXiv e-prints, p. arXiv:2211.07865

Chabrier G., 2003, PASP, 115, 763

Chapin E. L.#Berry D. S, Gibb A. G., Jenness T., Scott D., Tilanus R. P. J.,
Economou E,, Holland W. S., 2013, MNRAS, 430, 2545

Chapman Sy C., Smail I, Ivison R. J., Blain A. W., 2002, MNRAS, 335, L17

Chen'C.-C., Cowie L. L., Barger A. J., Casey C. M., Lee N., Sanders D. B.,
Wang W.-H., Williams J. P., 2013, ApJ, 776, 131

Chen Ci-C,, et al., 2016, ApJ, 820, 82

Chen/C.-C,, et al., 2022a, ApJ, 929, 159

Chen C.-C,, et al., 2022b, ApJ, 939, L7

Cheng C., Yan H., Huang J.-S., Willmer C. N. A., Ma Z., Orellana-Gonzdlez
G., 2022, ApJ, 936, L19

Collett T. E., 2015, ApJ, 811, 20

Collett T. E., Smith R. J., 2020, MNRAS, 497, 1654

Collett T. E., Auger M. W., Belokurov V., Marshall P. J., Hall A. C., 2012,
MNRAS, 424, 2864

Collett T. E., et al., 2018, Science, 360, 1342

Collett T., Montanari F., Rédsédnen S., 2019, Phys. Rev. Lett., 123, 231101

Conroy C., Gunn J. E., 2010, ApJ, 712, 833

Conroy C., Gunn J. E., White M., 2009, ApJ, 699, 486

Cui J.-L., Li H.-L., Zhang X., 2017, Science China Physics, Mechanics, and
Astronomy, 60, 80411

Cutri R. M., et al., 2013, Explanatory Supplement to the AIIWISE Data
Release Products, Explanatory Supplement to the AIIWISE Data Release
Products, by R. M. Cutri et al.

Damjanov 1., Zahid H. J., Geller M. J., Fabricant D. G., Hwang H. S., 2018,
ApJS, 234,21

Danielson A. L. R, et al., 2011, MNRAS, 410, 1687

Darvish B., Mobasher B., Sobral D., Scoville N., Aragon-Calvo M., 2015,
AplJ, 805, 121

Dempsey J. T., et al., 2013, MNRAS, 430, 2534

Denzel P., Coles J. P., Saha P., Williams L. L. R., 2021, MNRAS, 501, 784

Duivenvoorden S., et al., 2018, MNRAS, 477, 1099

5 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html

y20z fsenuer zo uo 1sanb AqQ 16581 //91 6EPRIS/SEIUW/EE0 L 0 /10P/3[21Ee-80UBAPE/SRIUW/WOD dNo dlwapede//:sdiy wWoll pepeojumod


http://dx.doi.org/10.1086/524984
https://ui.adsabs.harvard.edu/abs/2008ApJS..175..297A
http://dx.doi.org/10.48550/arXiv.1902.05569
https://ui.adsabs.harvard.edu/abs/2019arXiv190205569A
http://dx.doi.org/10.1093/mnras/stab3527
https://ui.adsabs.harvard.edu/abs/2022MNRAS.510.2464A
http://dx.doi.org/10.1088/0067-0049/218/2/33
https://ui.adsabs.harvard.edu/abs/2015ApJS..218...33A
http://dx.doi.org/10.1051/0004-6361/201322068
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A
http://dx.doi.org/10.3847/1538-3881/aabc4f
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A
http://dx.doi.org/10.3847/1538-4357/ac7c74
https://ui.adsabs.harvard.edu/abs/2022ApJ...935..167A
http://dx.doi.org/10.3847/1538-4357/abe238
https://ui.adsabs.harvard.edu/abs/2021ApJ...910...65B
http://dx.doi.org/10.1051/0004-6361/202040169
https://ui.adsabs.harvard.edu/abs/2021A&A...653A..29B
http://dx.doi.org/10.1093/mnras/stac3771
https://ui.adsabs.harvard.edu/abs/2023MNRAS.522.2995B
http://dx.doi.org/10.1093/mnras/stac3771
https://ui.adsabs.harvard.edu/abs/2023MNRAS.522.2995B
http://dx.doi.org/10.1051/0004-6361:20031608
https://ui.adsabs.harvard.edu/abs/2004A&A...414...95B
http://dx.doi.org/10.1086/520511
https://ui.adsabs.harvard.edu/abs/2007ApJS..172..132B
http://dx.doi.org/10.1088/2041-8205/757/2/L23
https://ui.adsabs.harvard.edu/abs/2012ApJ...757L..23B
http://dx.doi.org/10.1016/j.dark.2018.11.002
https://ui.adsabs.harvard.edu/abs/2018PDU....22..189B
http://dx.doi.org/10.21105/joss.03283
https://ui.adsabs.harvard.edu/abs/2021JOSS....6.3283B
http://dx.doi.org/10.1046/j.1365-8711.2003.06086.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.338..733B
http://dx.doi.org/10.3847/1538-4357/aba528
https://ui.adsabs.harvard.edu/abs/2020ApJ...900...68C
http://dx.doi.org/10.1088/0004-637X/761/2/140
https://ui.adsabs.harvard.edu/abs/2012ApJ...761..140C
http://dx.doi.org/10.1093/mnras/stt1673
https://ui.adsabs.harvard.edu/abs/2013MNRAS.436.1919C
http://dx.doi.org/10.48550/arXiv.2211.07865
https://ui.adsabs.harvard.edu/abs/2022arXiv221107865C
http://dx.doi.org/10.1086/376392
https://ui.adsabs.harvard.edu/abs/2003PASP..115..763C
http://dx.doi.org/10.1093/mnras/stt052
https://ui.adsabs.harvard.edu/abs/2013MNRAS.430.2545C
http://dx.doi.org/10.1046/j.1365-8711.2002.05760.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.335L..17C
http://dx.doi.org/10.1088/0004-637X/776/2/131
https://ui.adsabs.harvard.edu/abs/2013ApJ...776..131C
http://dx.doi.org/10.3847/0004-637X/820/2/82
https://ui.adsabs.harvard.edu/abs/2016ApJ...820...82C
http://dx.doi.org/10.3847/1538-4357/ac61df
https://ui.adsabs.harvard.edu/abs/2022ApJ...929..159C
http://dx.doi.org/10.3847/2041-8213/ac98c6
https://ui.adsabs.harvard.edu/abs/2022ApJ...939L...7C
http://dx.doi.org/10.3847/2041-8213/ac8d08
https://ui.adsabs.harvard.edu/abs/2022ApJ...936L..19C
http://dx.doi.org/10.1088/0004-637X/811/1/20
https://ui.adsabs.harvard.edu/abs/2015ApJ...811...20C
http://dx.doi.org/10.1093/mnras/staa1804
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.1654C
http://dx.doi.org/10.1111/j.1365-2966.2012.21424.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.424.2864C
http://dx.doi.org/10.1126/science.aao2469
https://ui.adsabs.harvard.edu/abs/2018Sci...360.1342C
http://dx.doi.org/10.1103/PhysRevLett.123.231101
https://ui.adsabs.harvard.edu/abs/2019PhRvL.123w1101C
http://dx.doi.org/10.1088/0004-637X/712/2/833
https://ui.adsabs.harvard.edu/abs/2010ApJ...712..833C
http://dx.doi.org/10.1088/0004-637X/699/1/486
https://ui.adsabs.harvard.edu/abs/2009ApJ...699..486C
http://dx.doi.org/10.1007/s11433-017-9054-5
http://dx.doi.org/10.1007/s11433-017-9054-5
https://ui.adsabs.harvard.edu/abs/2017SCPMA..60h0411C
http://dx.doi.org/10.3847/1538-4365/aaa01c
https://ui.adsabs.harvard.edu/abs/2018ApJS..234...21D
http://dx.doi.org/10.1111/j.1365-2966.2010.17549.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.410.1687D
http://dx.doi.org/10.1088/0004-637X/805/2/121
https://ui.adsabs.harvard.edu/abs/2015ApJ...805..121D
http://dx.doi.org/10.1093/mnras/stt090
https://ui.adsabs.harvard.edu/abs/2013MNRAS.430.2534D
http://dx.doi.org/10.1093/mnras/staa3603
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501..784D
http://dx.doi.org/10.1093/mnras/sty691
https://ui.adsabs.harvard.edu/abs/2018MNRAS.477.1099D

DunlopJ. S., etal., 2021, PRIMER: Public Release IMaging for Extragalactic
Research, JWST Proposal. Cycle 1, ID. #1837

Dye S., et al., 2015, MNRAS, 452, 2258

Euclid Collaboration et al., 2022, A&A, 662, A112

Frayer D. T., Reddy N. A., Armus L., Blain A. W., Scoville N. Z., Smail L.,
2004, AJ, 127, 728

Geach J. E., et al.,, 2013, MNRAS, 432, 53

Geach J. E., Ivison R. J,, Dye S., Oteo L., 2018, ApJ, 866, L12

Glenn J., et al., 2010, MNRAS, 409, 109

Green J., et al., 2012, arXiv e-prints, p. arXiv:1208.4012

Hagimoto M., et al., 2023, MNRAS, 521, 5508

Harris C. R., et al., 2020, Nature, 585, 357

Hayward C. C., et al., 2014, MNRAS, 445, 1598

He Q., et al., 2022, MNRAS, 511, 3046

Hezaveh Y. D, et al., 2016, ApJ, 823, 37

Holanda R. F. L., Pereira S. H., Jain D., 2017, MNRAS, 471, 3079

Holland W. S., et al., 2013, MNRAS, 430, 2513

Hunter J. D., 2007, Computing in Science & Engineering, 9, 90

Iglesias-Groth S., Diaz-Sdnchez A., Rebolo R., Dannerbauer H., 2017, MN-
RAS, 467, 330

Ivezi¢ Z., et al., 2019, ApJ, 873, 111

Kennicutt Robert C. J., 1998, ARA&A, 36, 189

Khullar G., et al., 2021, ApJ, 906, 107

Laureijs R., et al., 2011, arXiv e-prints, p. arXiv:1110.3193

Laursen P., Sommer-Larsen J., Milvang-Jensen B., Fynbo J. P. U., Razoumov
A. 0., 2019, A&A, 627, A84

Li N., Becker C., Dye S., 2021, MNRAS, 504, 2224

Lim C.-F,, et al., 2020, ApJ, 889, 80

Mahdavi A., Hoekstra H., Babul A., Balam D. D., Capak P. L., 2007, ApJ,
668, 806

Mannucci F., Pozzetti L., Thompson D., Oliva E., Baffa C., Comoretto G.,
Gennari S., Lisi F.,, 2002, MNRAS, 329, L57

Mason C. A, et al., 2015, ApJ, 805, 79

McCracken H. J., et al., 2012, A&A, 544, A156

Metcalf R. B., et al., 2019, A&A, 625, A119

Michatowski M. J., et al., 2017, MNRAS, 469, 492

Miralda-Escude J., Babul A., 1995, ApJ, 449, 18

Negrello M., et al., 2010, Science, 330, 800

Negrello M., et al., 2017, MNRAS, 465, 3558

Neri R., et al., 2020, A&A, 635, A7

Ostdiek B., Diaz Rivero A., Dvorkin C., 2022, ApJ, 927, 83

Reuter C., et al., 2020, ApJ, 902, 78

Reuter C., et al., 2023, ApJ, 948, 44

Roche N. D., Almaini O., DunlopJ., Ivison R. J., Willott C. J., 2002, MNRAS;
337, 1282

Salmon B., et al., 2018, ApJ, 864, L22

Scoville N, et al., 2007, ApJS, 172, 1

Sharma D., Linder E. V., 2022, J. Cosmology Astropart=Phys., 2022, 033

Shim H., et al., 2022, MNRAS, 514, 2915

Simpson J. M., et al., 2019, ApJ, 880, 43

Simpson J. M., et al., 2020, MNRAS, 495, 3409

Smith R. J., Collett T. E., 2021, MNRAS, 505, 2136

Sonnenfeld A., Cautun M., 2021, A&A; 651, A18

Sonnenfeld A., Treu T., Marshall P. 4., Suyu S..H., Gavazzi R., Auger M. W.,
Nipoti C., 2015, ApJ, 800, 94

Spergel D., et al., 2015, arXiv e-prints, p. arXiv:1503.03757

Spitzer Science Center (SS€)dnfrared Science Archive (IRSA) 2021, VizieR
Online Data Catalog, p. H/368

Swinbank A. M., etal:, 2010, Nature, 464, 733

Treu T., 2010, ARA&As48,87

Trombetti T., Burigana Cs, Bonato M., Herranz D., De Zotti G., Negrello M.,
Galluzzi V., Massardi M., 2021, A&A, 653, A151

Urquhart'S. A., et al., 2022, MNRAS, 511, 3017

Vegetti'S., Koopmans L. V. E., Auger M. W,, Treu T., Bolton A. S., 2014,
MNRAS;, 442, 2017

VirtanenP., et al., 2020, Nature Methods, 17, 261

Wagner-Carena S., Aalbers J., Birrer S., Nadler E. O., Darragh-Ford E.,
Marshall P. J., Wechsler R. H., 2023, ApJ, 942, 75

Strongly lensed submm galaxies in future surveys 9

Wang W.-H., et al., 2017, ApJ, 850, 37

Weiner C., Serjeant S., Sedgwick C., 2020, Research Notes of the American
Astronomical Society, 4, 190

ZavalaJ. A., et al., 2017, MNRAS, 464, 3369

ZavalaJ. A., et al., 2018, Nature Astronomy, 2, 56

Zavalal. A., et al., 2023, ApJ, 943, L9

y20z fsenuer zo uo 1sanb AqQ 16581 //91 6EPRIS/SEIUW/EE0 L 0 /10P/3[21Ee-80UBAPE/SRIUW/WOD dNo dlwapede//:sdiy wWoll pepeojumod


http://dx.doi.org/10.1093/mnras/stv1442
https://ui.adsabs.harvard.edu/abs/2015MNRAS.452.2258D
http://dx.doi.org/10.1051/0004-6361/202141938
https://ui.adsabs.harvard.edu/abs/2022A&A...662A.112E
http://dx.doi.org/10.1086/380943
https://ui.adsabs.harvard.edu/abs/2004AJ....127..728F
http://dx.doi.org/10.1093/mnras/stt352
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432...53G
http://dx.doi.org/10.3847/2041-8213/aae375
https://ui.adsabs.harvard.edu/abs/2018ApJ...866L..12G
http://dx.doi.org/10.1111/j.1365-2966.2010.17781.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.409..109G
http://dx.doi.org/10.48550/arXiv.1208.4012
https://ui.adsabs.harvard.edu/abs/2012arXiv1208.4012G
http://dx.doi.org/10.1093/mnras/stad784
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.5508H
http://dx.doi.org/10.1038/s41586-020-2649-2
https://ui.adsabs.harvard.edu/abs/2020Natur.585..357H
http://dx.doi.org/10.1093/mnras/stu1843
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.1598H
http://dx.doi.org/10.1093/mnras/stac191
https://ui.adsabs.harvard.edu/abs/2022MNRAS.511.3046H
http://dx.doi.org/10.3847/0004-637X/823/1/37
https://ui.adsabs.harvard.edu/abs/2016ApJ...823...37H
http://dx.doi.org/10.1093/mnras/stx1791
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.3079H
http://dx.doi.org/10.1093/mnras/sts612
https://ui.adsabs.harvard.edu/abs/2013MNRAS.430.2513H
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1093/mnras/stx041
http://dx.doi.org/10.1093/mnras/stx041
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467..330I
http://dx.doi.org/10.3847/1538-4357/ab042c
https://ui.adsabs.harvard.edu/abs/2019ApJ...873..111I
http://dx.doi.org/10.1146/annurev.astro.36.1.189
https://ui.adsabs.harvard.edu/abs/1998ARA&A..36..189K
http://dx.doi.org/10.3847/1538-4357/abcb86
https://ui.adsabs.harvard.edu/abs/2021ApJ...906..107K
http://dx.doi.org/10.48550/arXiv.1110.3193
https://ui.adsabs.harvard.edu/abs/2011arXiv1110.3193L
http://dx.doi.org/10.1051/0004-6361/201833645
https://ui.adsabs.harvard.edu/abs/2019A&A...627A..84L
http://dx.doi.org/10.1093/mnras/stab984
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.2224L
http://dx.doi.org/10.3847/1538-4357/ab607f
https://ui.adsabs.harvard.edu/abs/2020ApJ...889...80L
http://dx.doi.org/10.1086/521383
https://ui.adsabs.harvard.edu/abs/2007ApJ...668..806M
http://dx.doi.org/10.1046/j.1365-8711.2002.05108.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.329L..57M
http://dx.doi.org/10.1088/0004-637X/805/1/79
https://ui.adsabs.harvard.edu/abs/2015ApJ...805...79M
http://dx.doi.org/10.1051/0004-6361/201219507
https://ui.adsabs.harvard.edu/abs/2012A&A...544A.156M
http://dx.doi.org/10.1051/0004-6361/201832797
https://ui.adsabs.harvard.edu/abs/2019A&A...625A.119M
http://dx.doi.org/10.1093/mnras/stx861
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469..492M
http://dx.doi.org/10.1086/176027
https://ui.adsabs.harvard.edu/abs/1995ApJ...449...18M
http://dx.doi.org/10.1126/science.1193420
https://ui.adsabs.harvard.edu/abs/2010Sci...330..800N
http://dx.doi.org/10.1093/mnras/stw2911
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.3558N
http://dx.doi.org/10.1051/0004-6361/201936988
https://ui.adsabs.harvard.edu/abs/2020A&A...635A...7N
http://dx.doi.org/10.3847/1538-4357/ac2d8d
https://ui.adsabs.harvard.edu/abs/2022ApJ...927...83O
http://dx.doi.org/10.3847/1538-4357/abb599
https://ui.adsabs.harvard.edu/abs/2020ApJ...902...78R
http://dx.doi.org/10.3847/1538-4357/acaf51
https://ui.adsabs.harvard.edu/abs/2023ApJ...948...44R
http://dx.doi.org/10.1046/j.1365-8711.2002.05975.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.337.1282R
http://dx.doi.org/10.3847/2041-8213/aadc10
https://ui.adsabs.harvard.edu/abs/2018ApJ...864L..22S
http://dx.doi.org/10.1086/516585
https://ui.adsabs.harvard.edu/abs/2007ApJS..172....1S
http://dx.doi.org/10.1088/1475-7516/2022/07/033
https://ui.adsabs.harvard.edu/abs/2022JCAP...07..033S
http://dx.doi.org/10.1093/mnras/stac1105
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.2915S
http://dx.doi.org/10.3847/1538-4357/ab23ff
https://ui.adsabs.harvard.edu/abs/2019ApJ...880...43S
http://dx.doi.org/10.1093/mnras/staa1345
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.3409S
http://dx.doi.org/10.1093/mnras/stab1399
https://ui.adsabs.harvard.edu/abs/2021MNRAS.505.2136S
http://dx.doi.org/10.1051/0004-6361/202140549
https://ui.adsabs.harvard.edu/abs/2021A&A...651A..18S
http://dx.doi.org/10.1088/0004-637X/800/2/94
https://ui.adsabs.harvard.edu/abs/2015ApJ...800...94S
http://dx.doi.org/10.48550/arXiv.1503.03757
https://ui.adsabs.harvard.edu/abs/2015arXiv150303757S
https://ui.adsabs.harvard.edu/abs/2021yCat.2368....0S
http://dx.doi.org/10.1038/nature08880
https://ui.adsabs.harvard.edu/abs/2010Natur.464..733S
http://dx.doi.org/10.1146/annurev-astro-081309-130924
https://ui.adsabs.harvard.edu/abs/2010ARA&A..48...87T
http://dx.doi.org/10.1051/0004-6361/202140830
https://ui.adsabs.harvard.edu/abs/2021A&A...653A.151T
http://dx.doi.org/10.1093/mnras/stac150
https://ui.adsabs.harvard.edu/abs/2022MNRAS.511.3017U
http://dx.doi.org/10.1093/mnras/stu943
https://ui.adsabs.harvard.edu/abs/2014MNRAS.442.2017V
http://dx.doi.org/10.1038/s41592-019-0686-2
https://rdcu.be/b08Wh
http://dx.doi.org/10.3847/1538-4357/aca525
https://ui.adsabs.harvard.edu/abs/2023ApJ...942...75W
http://dx.doi.org/10.3847/1538-4357/aa911b
https://ui.adsabs.harvard.edu/abs/2017ApJ...850...37W
http://dx.doi.org/10.3847/2515-5172/abc4ea
http://dx.doi.org/10.3847/2515-5172/abc4ea
https://ui.adsabs.harvard.edu/abs/2020RNAAS...4..190W
http://dx.doi.org/10.1093/mnras/stw2630
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.3369Z
http://dx.doi.org/10.1038/s41550-017-0297-8
https://ui.adsabs.harvard.edu/abs/2018NatAs...2...56Z
http://dx.doi.org/10.3847/2041-8213/acacfe
https://ui.adsabs.harvard.edu/abs/2023ApJ...943L...9Z

	Introduction
	Data
	Submm Observations
	Infrared Observations

	Results
	Photometry
	Lens Modelling
	Inferred Number Density of Strongly-Lensed SMGs

	Discussion
	Conclusions

