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A B S T R A C T 

We compare forecasts for the abundance and properties of strong gravitational lenses in the COSMOS-Web survey, a 0.54 deg2 

survey of the COSMOS field using the NIRCam and MIRI instruments aboard James Webb Space Telescope ( JWST) , with the 
first catalogue of strong lens candidates identified in the observed NIRCam data, COWLS. We modify the lenspop package to 

produce a forecast for strong lensing in COSMOS-Web. We add a new mock galaxy catalogue to use as the source population, as 
well as the COSMOS-Web survey specifications, including the transmission data for the four NIRCam filters used. We forecast 
107 strong lenses can be detected in COSMOS-Web across all bands, assuming complete subtraction of the lens galaxy light. 
The majority of the lenses are forecast to have small Einstein radii ( θE < 1 arcsec) and lie at redshifts in the range 0 < z < 2, 
while the source redshift distribution peaks at z ∼ 3 and has a long tail extending up to z ∼ 11, unambiguously showing that 
strong lensing in JWST can probe the entirety of the epoch of reionization. We compare our forecast with the distributions of 
Einstein radii, lens photometric redshifts, and lens and source magnitudes in the observed lenses, finding that while the forecast 
and observed Einstein radii distributions match, the redshifts and magnitudes do not. The observed lens redshift distribution 

peaks at a slightly lower redshift than the forecast one, while the lens magnitudes are systematically brighter in the observed 

data than in the forecast. 
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 I N T RO D U C T I O N  

trong gravitational lensing – the deflection of light by a massive
bject that produces multiple images of the source – provides a
ealth of information about our Universe. The magnification of
istant sources has facilitated the study of high-redshift galaxies (Y.
. Hezaveh et al. 2013 ; A. M. Swinbank et al. 2015 ), while forward
odelling of the lensed images can provide insights into the mass

istribution of the inner part of lens galaxies (A. J. Shajib et al. 2021 ;
. Y. Tan et al. 2024 ) and the potential presence of low-mass dark

ub-haloes within the main lens or along the line of sight (S. Vegetti
t al. 2012 ; C. M. O’Riordan et al. 2023 ). 

A lensed transient source allows the time delay between separate
mages to be determined, which provides a measurement of H0 ,
he expansion rate of the Universe at z = 0 (S. Refsdal 1964 ; S.
. Suyu & others 2014 ; K. C. Wong & others 2020 ). Bayesian
ierarchical modelling enables constraints to be placed on other
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osmological parameters, such as the equation of state of dark energy,
 (N. B. Hogg 2024 ; T. Li et al. 2024 ). A further cosmological

pplication of strong lensing is the proposed measurement of the
eak lensing distortions to strong lensing images (S. Birrer et al.
017 ; S. Birrer, A. Refregier & A. Amara 2018 ; P. Fleury, J. Larena &
.-P. Uzan 2021 ; N. B. Hogg et al. 2023 ; T. Duboscq et al. 2024 ;
. B. Hogg et al. 2025 ), which may provide an independent and

omplementary constraint on the large-scale distribution of dark
atter in the Universe to that provided by traditional cosmic shear
easurements from galaxy surveys, e.g. T. M. C. Abbott & others

 2018 ), H. Aihara & others ( 2018 ), and C. Heymans & others ( 2021 ).
These scientific applications of strong lensing are naturally limited

y the number of strong lenses available to analyse, which is
urrently around 1000 (A. Sonnenfeld et al. 2020 ), but the very
arge numbers of lenses forecast to be observed in ongoing or
orthcoming wide-area surveys such as Euclid and the Large Synoptic
urvey Telescope (LSST) at the Vera C. Rubin Observatory should
ield huge developments in these fields of study (A. Sonnenfeld &
. Cautun 2021 ). For example, Euclid alone is expected to find
(105 ) strong lenses (T. E. Collett 2015 ; P. Holloway et al. 2023 ;
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. Ferrami & J. S. B. Wyithe 2024 ), bringing strong lensing into the
ra of precision astrophysics and cosmology, with a large number 
f strong lenses already identified in the Early Release Observations 
J. A. Acevedo Barroso & others 2025 ; R. Pearce-Casey & others
025 ; B. C. Nagam & others 2025 ; C. M. O’Riordan 2025 ) and the
uick Data Release, or Q1, observations (P. Holloway et al. 2025 ;
. Li et al. 2025 ; N. E. P. Lines et al. 2025 ; K. Rojas et al. 2025 ; M.
almsley et al. 2025 ). 
Understanding the strong lensing science return that can be 

xpected from a given survey relies on an accurate forecast of
he number of strong lenses that a survey will observe. However, 
ccurately forecasting the abundance and properties of strong grav- 
tational lenses can be difficult. First, the number of strong lenses
hat exist in the observable Universe, or some fraction of it, must be
alculated. To do this, knowledge of or assumptions about both the 
ource and deflector populations must be obtained or made. Secondly, 
nce the idealized strong lens population is characterized, lenses must 
e simulated and ‘observed’ according to the specifications of the 
arget survey. This then determines the number of lenses that will 
ot only exist in a given survey area, but will be detected by the
nstrument used to observe it. 

Furthermore, it is not straightforward to characterize the number 
f detectable lenses that will actually end up being identified and 
atalogued as such. This depends on the strategy used to inspect the
ata – for example, expert human visual inspectors versus machine- 
earning-led searches (P. J. Marshall et al. 2009 ; F. Lanusse et al.
018 ; A. More et al. 2024 ) or citizen science approaches (P. J.
arshall & others 2016 ; A. More & others 2016 ) – and the reliability

f that strategy; see K. Rojas & others ( 2023 ) for an investigation
nto the reliability of visual inspection. In turn, the success of an
nspection campaign can only be estimated if an accurate forecast 
or the number of detectable lenses is known. 

This work thus addresses the following question: how well do 
trong lensing forecasts match what is seen in real data? To answer
his question, we make a forecast for the number of detectable 
enses in the COSMOS-Web survey and compare their abundance 
nd predicted properties with the first COSMOS-Web catalogue of 
etected strong lenses, COWLS (COSMOS-Web Lens Survey; G. 
ahler & others 2025 ; J. Nightingale & others 2025 ). COSMOS-
eb is a survey of 0.54 deg2 of the COSMOS field, imaged using

he NIRCam and MIRI instruments onboard the James Webb Space 
elescope ( JWST ; C. M. Casey & others 2023 ). The COWLS
atalogue was constructed following expert visual inspection of 
IRCam data, the MIRI observations being omitted at this stage. 
ccordingly, our forecast is made for the NIRCam observations of 
OSMOS-Web alone. 
The forecasting tool we use is the Python package lenspop ,

hich was used to forecast strong lens abundances and guide 
bserving strategies for surveys such as Euclid and LSST (T. E.
ollett 2015 ; Y. Mellier & others 2025 ). The package was shown

o correctly predict the number of strong lenses found in the 
trong Lensing Legacy Survey (SL2S; R. A. Cabanac et al. 2007 ),
long with the distribution of their Einstein radii, validating the 
orecasting procedure. The package has since been used to forecast 
he strong lensing abundance for other forthcoming surveys, such as 
he Nancy Grace Roman Space Telescope (C. Weiner, S. Serjeant & 

. Sedgwick 2020 ) and the China Space Station Telescope (X. Cao &
thers 2024 ), as well as the abundance of strongly lensed supernovae
n LSST observations (A. Sainz de Murieta et al. 2024 ). 

Given the demonstrated accuracy of the lenspop model, we can 
se the results of the forecast to both interpret current data and guide
uture strong lensing searches in COSMOS-Web. We further compare 
ur results with the COSMOS-Web strong lensing forecasts made by 
. Holloway et al. ( 2023 ) and G. Ferrami & J. S. B. Wyithe ( 2024 ),
hich followed different methodologies, as we will later discuss. 
This paper is organized as follows: in Section 2 we describe the

earch for strong lenses in COSMOS-Web and the first catalogue of
etections. In Section 3 we describe our forecasting methodology. In 
ection 4 we present the results of our forecast, while in Section 5
e compare the results of the forecast with the observed data and
ther forecasts; we conclude with Section 6 . 

 COSMOS-WEB  A N D  T H E  SEARCH  F O R  

TRO NG  LENSES  

n this section, we first provide an overview of the COSMOS-Web
urvey, followed by a description of the search for strong lenses in
OSMOS-Web. 

.1 COSMOS-Web 

OSMOS-Web is a survey of a 0.54 deg2 area of the COSMOS
eld in the F 115 W , F 150 W , F 277 W , and F 444 W filters of NIRCam,
ith a 0.19 deg2 sub-area also imaged with the MIRI instrument 

n the F 770 W filter (C. M. Casey et al. 2023 ). The survey design
as motivated by previous efforts with the Hubble Space Telescope 

 HST ) to image certain areas of sky to as great a depth as possible
R. E. Williams et al. 1996 ; S. V. W. Beckwith et al. 2006 ; A. M.
oekemoer et al. 2007 ), allowing systematic study of galaxies at
igh redshift; and also by the Cosmic Evolution Survey (COSMOS; 
. Scoville & others 2007 ), which mapped a contiguous 2 deg2 sky

rea, far larger than all previous deep field studies, allowing galaxy
ormation and evolution to be connected to their environment and 
he large-scale structure over a vast redshift range, 0 < z < 6. 

COSMOS-Web emulates that philosophy, with a sky area suffi- 
iently sizeable to capture structures on the order of 100 Mpc, and
maging reaching 5 σ point-source depths of up to magnitude 28.2, 
iving it the ability to detect and observe thousands of galaxies up to
 ∼ 11 (C. M. Casey et al. 2024 ; M. Franco et al. 2024 ) as well as
robing both their immediate and wider surroundings. The primary 
cience goals of the survey are the discovery of galaxies in the epoch
f reionization, i.e. 6 � z � 11, as well as mapping the distribution of
eionization and investigating what drives it; the identification of rare 
uiescent galaxies at z > 4 that will allow constraints to be placed
n the formation of very massive galaxies; and the measurement of
he evolution of the stellar-to-halo mass relation in galaxies via weak
ravitational lensing. 
Furthermore, previous studies of the COSMOS field have yielded 

he discovery of over 100 strong gravitational lens candidates (C. 
aure & others 2008 ; N. Jackson 2008 ; A. More et al. 2012 ; S.
in et al. 2018 ; M. Pourrahmani, H. Nayyeri & A. Cooray 2018 ;
. O. Garvin et al. 2022 ; J. Pearson & others 2023 ; S. Jin et al.
024 ; W. Mercier et al. 2024 ). Due to COSMOS-Web, the known
trong lens candidates in the field now have high-resolution imaging 
n the four NIRCam filters in addition to the previous photometric
nd spectroscopic observations. At the survey’s inception, it was 
stimated that 90 new lenses would be discovered, due to the ability
f JWST to resolve small Einstein radii lenses and the unprecedented 
epth of the survey in the near-infrared (C. M. Casey et al. 2023 ). This
ork refines this estimation, and furthermore, provides predictions 

or the distributions of lens and source properties, which we can then
ompare with those of the newly discovered candidate lenses. 
MNRAS 544, 782–798 (2025)
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.2 The COSMOS-Web Lens Survey 

he initial search for strong lenses in COSMOS-Web was conducted
y members of the collaboration’s lensing working group, who
ndividually visually inspected images of the ∼ 43 000 most massive
alaxies in the COSMOS-Web data as identified as those brighter
han AB magnitude 23 in the F 277 W band, ranking each image as
ither ‘yes’ (the image contains a strong lens), ‘maybe’ (the image
aybe contains a strong lens), or ‘no’ (the image does not contain
 strong lens). Visual inspectors were presented with two colour
omposite images of each candidate, the same images with the lens
ight subtracted using a Sérsic light profile, and the Sérsic profiles
sed for the subtraction. There were 17 candidates that received
yes’ ratings by more than half the inspectors at this stage, and are
onsidered to be the most spectacular strong lenses in the COSMOS-
eb data. A detailed description of these 17 objects is presented in
. Mahler et al. ( 2025 ). 
Over 1000 images were ranked as ‘maybe’, and of these can-

idates, all that were ranked as ‘yes’ or ‘maybe’ by at least half
he visual inspection team, plus a significant number of edge cases
dentified by the lead inspector were selected for detailed follow-
p. The PyAutoLens graphic software (J. W. Nightingale et al.
021 ) was used to try to fit a lens model to each of the resulting
19 candidates. The images were then re-examined by six visual
nspectors using these lens models, along with a more detailed
anking system. Candidates were ranked as either of the following : 

(i) A: high confidence this is a strong lens. 
(ii) B: likely a strong lens, but there is ambiguity. 
(iii) U: unlikely to be a strong lens, but not impossible. 
(iv) S: a singly imaged strong lens feature/arc (i.e. without an

bserved counter image). 
(v) X: not a lens. 
(vi) I (Optional and independent): the candidate is interesting and

arrants follow-up investigation. 

Once each candidate had been graded, it was assigned a score, with
 points for an A grade and 1 point for either B or S. The highest
ossible score is therefore 12, for a lens ranked as A by all six
nspectors. This procedure led to a discovery of 42 strong lenses that
cored at least 8/12; there were 99 strong lenses that scored at least
/12. The lens modelling performed by J. Nightingale et al. ( 2025 )
eans that all of the candidates have an accompanying lens model;

ull details of the strong lens search and the resulting catalogue of
enses can be found in that paper. 

To facilitate the comparison with the forecast performed in this
ork, we label the 59 spectacular plus highly ranked candidates

17 + 42) as ‘high confidence’ strong lenses, and the 116 spectacular
lus highly and averagely ranked candidates (17 + 99) as ‘high and
edium confidence’ strong lenses. For the purposes of this paper,
e do not take into account any of the COWLS lens candidates with

cores of less than 6/12. We will discuss this, and other selection
ffects further in Section 5.3 . 

 FOREC A STING  M E T H O D O L O G Y  

e use the Python package lenspop 1 to perform our forecast.
he package works by computing the idealized number of strong

enses in the Universe, modelling all deflectors as singular isothermal
llipsoids (SIEs) and using galaxies drawn from a given mock
NRAS 544, 782–798 (2025)

 https://github.com/tcollett/LensPop . 

l
o
p

atalogue as sources ( lenspop originally contained one such
atalogue, but we have modified it to supply our own). The idealized
enses are then ‘observed’ according to the chosen survey, yielding
ot only a prediction for the number of lenses, but also a catalogue of
heir properties, such as Einstein radii and redshifts. In this section we
rovide an overview of the lenspop model, and refer readers to T.
. Collett ( 2015 ) for more details. We also describe our modifications

o lenspop , which allow us to use it to forecast for COSMOS-Web. 2 

.1 The deflector population in lenspop 

he lenspop package simulates a population of deflectors by
ssuming that the strong lensing cross-section is dominated by
lliptical galaxies, meaning that all deflectors are modelled by the
IE profile (R. Kormann, P. Schneider & M. Bartelmann 1994 ). The
IE convergence is given by 

( x , y ) = 1 

2 

( 

θE √ 

qx2 + y2 /q 

) 

, (1) 

here θE is the circularized Einstein radius of the lens, q is the
xis ratio of the ellipse, and the x, y coordinates are defined in a
oordinate system aligned with the major and minor axes of the lens.

The number density of deflectors is computed by integrating
 modified Schechter function expressed in terms of the velocity
ispersion, σv , derived by Y.-Y. Choi, C. Park & M. S. Vogeley
 2007 ) from the Sloan Digital Sky Survey (SDSS) DR5 data (D. G.
ork & others 2000 ; J. K. Adelman-McCarthy & others 2007 ), 

 N = φ∗

(
σv 

σ∗

)α

exp 

[ 

−
(

σv 

σ∗

)β
] 

β

	( α/β) 

1 

σv 
d σv , (2) 

here φ∗ = 8 × 10−3 h3 Mpc−3 , σ∗ = 161 kms−1 , α = 2 . 32, and
= 2 . 67. Here, α describes the low-velocity power-law index, and
describes the high velocity exponential cut-off index. The shape

nd normalization of this function do not evolve with redshift. 
Velocity dispersions for each deflector are drawn from equa-

ion ( 2 ), while redshifts for each deflector are drawn from the
ifferential comoving volume defined by the maximum deflector
edshift. In the original lenspop model this was set at z = 2, but
n this work we increase the maximum redshift to z = 3, since we
xpect that higher redshift lenses will be present in COSMOS-Web
ue to JWST ’s sensitivity to faint and red objects. For example, the
rst strong lens detected in the survey, the COSMOS-Web Ring, is
t z = 2 . 02, with a source at z = 5 . 10 (W. Mercier et al. 2024 ; M.
huntov et al. 2025 ). 
Since all deflectors are modelled as SIEs, 3 their Einstein radii are

iven by 

E = 4 π
σ 2 

v 

c2 

Dds 

Dos 
, (3) 

here Dds and Dos are the angular diameter distances between
eflector and source and observer and source, respectively. These
re computed from the redshift for each deflector and source (once
he source population has been drawn, see Section 3.2 ), in a spatially
at Lambda cold dark matter cosmology with �m 

= 0 . 3, �� 

= 0 . 7,
Above z = 3, we may expect that a larger proportion of the deflector popu- 
ation will be disc, spiral, or irregular galaxies, necessitating a modification 
f the deflector model to account for this. We leave the quantification of a 
otential z ≥ 3 deflector population to a future work. 

https://github.com/Jammy2211/PyAutoLens
https://github.com/tcollett/LensPop
https://github.com/nataliehogg/lenspop
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nd h = 0 . 7. The axis ratio for each deflector is drawn from a
ayleigh distribution, truncated at q = 0 . 2 to avoid highly elliptical
ass profiles. 
The deflector light profiles are modelled by an elliptical de 

aucouleurs profile (G. Vaucouleurs 1948 , equivalent to the Sérsic 
rofile with the Sérsic index n = 4) whose centre and ellipticity are
he same as those of the mass profile. Given a velocity dispersion,
he fundamental plane relation for elliptical galaxies yields the 
ffective radius and absolute magnitude for the deflector’s light. The 
enspop model employs the fundamental plane obtained by J. B. 
yde & M. Bernardi ( 2009a , b ) from SDSS DR4 and DR6 data. 
The quantities that describe each deflector are therefore its redshift 

lens , velocity dispersion σv , Einstein radius θE , axis ratio q, effective 
adius Reff , and absolute magnitude M in each band. Weak lensing by
ine-of-sight objects is not included in the model. We do not modify
ny part of the above computation for our work. 

.2 The source population in lenspop 

he source population parameters are the redshifts, light profiles, 
nd the absolute magnitudes in each observation band. The redshifts 
nd magnitudes are drawn from a given mock galaxy catalogue. In
he original lenspop model, the mock galaxy catalogue used was 
roduced for LSST by adding baryonic effects such as gas cooling, 
tar formation, supernovae, and active galactic nuclei to the dark- 
atter-only Millennium simulation (G. De Lucia et al. 2006 ; A. J.
onnolly et al. 2010 ). The catalogue covers a 4 . 5 × 4 . 5 deg2 area of

he sky, with the highest redshift objects being around z = 6 and the
mallest halo mass being 2 . 5 × 109 M�. 

The source light profiles are all assumed to be elliptical exponential 
rofiles, with the ellipticity drawn from a Rayleigh distribution 
runcated at q = 0 . 2, in line with the ellipticity distribution of the
eflector profiles. The effective radii of the source light profiles are 
iven by 

log 10 

(
Reff 

kpc 

)
=

(
M 

−19 . 5 

)−0 . 22 (1 + z 

5 

)−1 . 2 

+ N , (4) 

here M is the absolute magnitude and N is a normally distributed
andom variable with a scatter of 0.3. 

To improve the suitability of lenspop as a forecasting tool for
OSMOS-Web, we must modify the source population used. Since 
WST is a near-infrared telescope, it is sensitive to fainter and redder
ources than those in the surveys that lenspop was originally 
esigned to forecast for, such as LSST. To ensure that these faint
ources are present in our forecast, we added a new mock galaxy
atalogue to lenspop to be used as the source population. 

We chose to use the JAdes extraGalactic Ultradeep Artificial 
ealization (JAGUAR) mock catalogue (C. C. Williams et al. 2018 ), 
hich was originally created during the survey design of the JWST 

dvanced Deep Extragalactic Survey (JADES), a Guaranteed Time 
bservation program to observe the Hubble Deep and Ultra Deep 
elds using all three JWST instruments: NIRCam, NIRSpec, and 
IRI (D. J. Eisenstein & others 2023 ). 
The final JAGUAR mock catalogue comprises 10 realizations of 

n 11 × 11 arcmin2 area, with each realization containing roughly 
00 000 objects up to z ∼ 15, with the smallest halo mass being
 × 106 M� (C. C. Williams et al. 2018 ). The catalogue contains both
tar-forming and quiescent galaxies. A spectral energy distribution 
SED) is assigned to each mock galaxy using the BEAGLE tool 
J. Chevallard & S. Charlot 2016 ), with the complete catalogue 
roviding galaxy properties such as redshift, half-light radius, axis 
atio, and fluxes corresponding to observations in NIRCam filters. 
o ensure consistency in the properties of our source population, we
eplace the calculations of the effective radius and axis ratio for each
ource described above with their values provided in the catalogue. 
e use only a single realization of the mock. We note that the

AGUAR mock catalogue covers a relatively small area of the sky; the
ain effect this will have on our results is a potential underestimation

f the abundance of the most massive source galaxies in the Universe.

.3 Observing and detecting lenses 

fter the creation of the deflector and source populations following 
he procedure described above, the number of strong lenses poten- 
ially observable in the sky can be computed. First, equation ( 2 ) is
ntegrated with respect to redshift, which provides the number of 
alaxies that can act as deflectors. Whether a given deflector lenses
 source is computed in the following manner: a square box around
ach deflector is constructed such that it contains, on average, one
ource galaxy. This is done using the source area number density, d ,
uch that the length of the side of the box in arcseconds is given by
 = √ 

1 /d . For the source catalogue used in this work, l ≈ 1 . 2′′ . The
eflector is located at the centre of the box, while the source is placed
ithin the box at random. The source–deflector pair thus creates a

trong lensing system if and only if zsource > zlens and θ2 
E > x2 

s + y2 
s ,

.e. the source is located within the Einstein radius of the deflector
n the image plane. We note that if (large) external shear induced by
ine-of-sight objects were to be included in the lens model the latter
riterion would no longer necessarily hold, as the astroid caustics 
haracteristic of shear can extend outside the radial caustic associated 
ith the SIE potential, altering the strong lensing cross-section (C. S.
ochanek 2004, ; D. Huterer, C. R. Keeton & C.-P. Ma 2005 ; D.-W.
ee & S.-J. Kim 2014 ). 
In the original lenspop model, this calculation led to an ideal

opulation of 1 . 1 × 107 lenses; with our modifications, we find 2 . 8 ×
08 . This order of magnitude increase comes from the greater depth
f the new source population compared to the old, as well as its
ncreased redshift range. We also simulate deflectors up to z = 3,
ather than z = 2 in the original work of T. E. Collett ( 2015 ). 

At this point, the so-called transfer function is applied to determine
hich strong lenses from the idealized population could be observed 
y a given survey. To do this, the idealized lenses are evaluated on a
ixel grid, with a pixel scale given by the pixel scale of the chosen
urvey, and convolved with a Gaussian point spread function (PSF). 
oisson noise is added, and further specifications of the survey are

aken into account, including sky area, seeing (for ground-based 
elescopes), exposure time, zero-points, and filters. For the complete 
urvey specifications used in the original lenspop model, see 
able 1 of T. E. Collett ( 2015 ). 

For this work, we added the filter transmission data (C. Rodrigo,
. Solano & A. Bayo 2012 ) for the four NIRCam filters used in
OSMOS-Web to lenspop , along with the survey specifications 

or COSMOS-Web; see Table 1 for the specifications used. Note that
e apply the same pixel scale of 0.031 arcsec to all four bands,
hereas in reality the F 277 W and F 444 W bands have a pixel scale
f 0.063 arcsec. This is because lenspop currently only allows for
 single value to be passed as the pixel scale. 

Furthermore, we do not modify the PSF computation, with each 
mage still being convolved with a Gaussian PSF. We do not expect
his to significantly impact the forecast number of detectable lenses, 
s the dominant PSF-related selection effect for extended sources is 
hat of its size [full width at half-maximum (FWHM)] rather than
ts shape (A. Sonnenfeld et al. 2023 ). We change the default PSF
MNRAS 544, 782–798 (2025)
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Table 1. Properties of the COSMOS-Web survey used in our lenspop 
forecast. 

Property Value(s) 

Sky area (deg2 ) 0.54 
Exposure time (s) 257 
Pixel scale (′′ ) 0.031 
Filters F 115 W F 150 W F 277 W F 444 W 

PSF FWHM (′′ ) 0.04 0.05 0.092 0.145 
Sky brightness (mag arcsec−2 ) 30.96 29.96 28.96 28.15 
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4 The Euclid strong lens gradings are slightly more confident than those 
defined in this paper, with ‘A’ grade candidates considered to be ‘sure lenses’ 
and ‘B’ grade candidates considered ‘probable lenses’. 
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WHM used in lenspop to those of the NIRCam filters; the values
re listed in Table 1 . 

Lastly, for a lens to be deemed detectable, it must pass a number
f selection cuts. The criteria specified by T. E. Collett ( 2015 ), which
e also follow, are as follows: 

(i) multiple images of the source must be produced, θ2 
E > x2 

s + y2 
s ;

(ii) the image and counter-image must be resolved, θ2 
E > r2 

s +
 s/ 2)2 , where rs is the angular unlensed source size and s is the
eeing (PSF FWHM); 

(iii) tangential shearing of the arcs must be detectable, μtot rs > s,
tot > 3, where μtot is the total magnification of the source; 
(iv) the signal-to-noise ratio must be large enough that the previous

riteria are obviously satisfied to a human visual inspector, SNR tot >

0, where SNRtot is the total signal-to-noise ratio. 

 RESU LTS  

n this section, we describe our results. We note that the forecast
resented in this work was produced by NBH concurrently with the
rst round of visual inspection of the data, and there was no attempt

o keep the forecasted results blinded from the inspection team while
he visual inspection was ongoing. NBH also contributed to both
ounds of visual inspection described in G. Mahler et al. ( 2025 ) and
. Nightingale et al. ( 2025 ). 

.1 The forecast abundance of strong lenses 

ith the above-described modifications to lenspop , we predict
hat 107 strong lenses (i.e. objects that meet the four criteria outlined
n Section 3.3 ) will be detected in COSMOS-Web across all bands,
ssuming lens light subtraction. To estimate a lower bound on the
umber of detectable lenses, we can examine so-called difference
mages, produced by subtracting the data in a given band from
nother at a shorter wavelength (R. Gavazzi et al. 2014 ). We compute
he F 115 W −F 150 W , F 115 W −F 277 W , and F 115 W −F 444 W differ-
nces, finding that 14 lenses would be discovered in each. 

Our result compares favourably with the number of strong lenses
ound in COSMOS-Web after two rounds of visual inspection. After
he first round of visual inspection, 17 strong lenses were discovered
G. Mahler et al. 2025 ), which already exceeds the lower bound
n the abundance predicted in our difference images. The second
ound of visual inspection targeted the 419 most promising remaining
andidates; based on their scores, we identify 59 as high confidence
trong lenses, or 116 as high and medium confidence strong lenses. 

Considering just the number of high confidence strong lenses, and
ssuming the lenspop model is perfectly accurate, this implies that
otentially as many as 48 strong lenses are present in the COSMOS-
eb field that were not identified as such by the G. Mahler et al.

 2025 ) and J. Nightingale et al. ( 2025 ) visual inspections, or that
ome of the weaker candidates from those inspections should have
NRAS 544, 782–798 (2025)
heir scores reassessed and increased. These may only be identified
fter spectroscopic follow-up to obtain lens and source redshifts. On
he other hand, if instead the visual inspection is considered to be
erfectly accurate and that all true strong lenses in COSMOS-Web
re already included in the high confidence sample, this implies that
he lenspop model is significantly overpredicting the abundance
f strong lenses. 
With the small number statistics of COSMOS-Web, this difference

etween prediction and reality may be considered tolerable, but
or larger surveys such as Euclid , a detection of up to 50 per cent
ewer high confidence candidate lenses than predicted by T. E.
ollett ( 2015 ) may be dissatisfying. It is also worth noting that

he first systematic search for strong lenses in Euclid Early Release
bservations, which covered 0.7 deg2 of the sky, led to the discovery
f three ‘A’ grade and 13 ‘B’ grade candidates, 4 of which five were
uccessfully fit with a lens model (J. A. Acevedo Barroso et al. 2025 ).
xtrapolating to the full Euclid area, this implies 100 000+ 70 000 

−30 000 

trong lenses. The 170 000 strong lenses predicted by T. E. Collett
 2015 ) with lenspop sits on the upper limit of this extrapolation. 

.2 Simulated images 

he lens properties in our forecast catalogue can be used to simulate
mages of COSMOS-Web-like strong lenses. Four illustrative exam-
les are shown in Fig. 1 , produced using the lenstronomy graphic
ackage (S. Birrer & A. Amara 2018 ; S. Birrer et al. 2021 ). Each
anel shows a type of strong lens that could be seen in COSMOS-
eb, with different lens and source colours clearly visible. The

olours are representative and are produced by combining the data
imulated in three different NIRCam bands, F 150 W , F 277 W , and
 444 W . The images follow the same scale in magnitude and are
rdered from left to right in terms of decreasing magnitude of the
ens light in the F 444 W band. 

As is typical with strong lensing, the lensed source light in each
ase is faint compared to the light of the lens galaxy, and the small
instein radii mean that some lensed features are partially obscured
y or blended with the lens light. Since the lenspop model assumes
ll deflectors are SIEs, the arc features in the simulated images are
egular and easily identifiable as the product of strong lensing. This
s not the case in real data, where deflectors can have more complex
ravitational potentials, which, combined with complex lens and
ource light morphology, can lead to less obvious strong lensing
eatures. All of these problems were motivators for the second stage
f visual inspection by J. Nightingale et al. ( 2025 ), in which lens
odels were fit to the candidate lenses and inspected along with the

mages as an additional discriminatory factor. 

.3 Properties of the forecast strong lenses 

long with the calculation of the number of strong lenses in the
urvey, we can also examine the properties of the forecast systems.
n Fig. 2 , we show the distributions of Einstein radii, velocity
ispersions, and lens and source redshifts for our forecast catalogues.
he median Einstein radius is 0.55 arcsec, with 88 per cent of the

enses having Einstein radii smaller than 1 arcsec. The PSF in the
 115 W band provides a hard lower limit on the Einstein radius of
 detectable lens, 0.04 arcsec. Only 0.2 per cent of the lenses have

https://github.com/lenstronomy/lenstronomy
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Figure 1. Multiband images of four simulated COSMOS-Web-like lenses using properties of the forecast population. From left to right, there is a near-complete 
Einstein ring, an extended arc, a single image (the counter-image being obscured by the lens light), and a distinctive blue lensed source. The colours are 
representative and are produced by combining the data simulated in three different NIRCam bands ( F 150 W , F 277 W , and F 444 W ). 

Figure 2. The distribution of Einstein radii (top left), velocity dispersions (top right), lens redshifts (bottom left), and source redshifts (bottom right) for our 
forecast lenses. Each histogram is weighted so the total count sums to 107, the number of lenses we forecast for COSMOS-Web. 
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Figure 3. Distribution of the source redshifts in our COSMOS-Web-like 
forecast systems (solid purple) and the redshifts of galaxies in the JAGUAR 
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instein radii larger than 2 arcsec. In conjunction with the distribution 
f velocity dispersions, which peaks at 200 kms−1 , this implies that 
he majority of strong lenses detected in COSMOS-Web (and by 
xtrapolation, in other small area JWST surveys) will be low-mass 
alaxies. 

The bottom left panel of Fig. 2 shows that the lens redshift dis-
ribution peaks at z = 1, with a long tail extending to our maximum
llowed lens redshift, z = 3. The source redshift distribution, shown 
n the bottom right panel, peaks at z = 3 . 2. Despite the source
opulation containing galaxies up to z ∼ 15, the maximum source 
edshift in our catalogue of forecast lenses is z = 11 . 6, with 5.3
er cent of the sources lying between this value and z = 6. This
xplicitly demonstrates the potential that COSMOS-Web and other 
WST surveys have to find strong lens source galaxies that lie in the
poch of reionization. The difference between the distributions of 
he forecast source redshifts and that of the JAGUAR catalogue from
hich the source population is drawn is shown in Fig. 3 . 
mock catalogue from which the source population was drawn (unfilled black). 
MNRAS 544, 782–798 (2025)
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Figure 4. Distribution of the forecast unlensed source magnitude in the 
F 277 W band (solid red) and the unlensed source magnitude in the JAGUAR 

catalogue from which the forecast population was drawn (unfilled black). 
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The absence of the high-redshift tail in the forecast source redshift
istribution implies that lensing of extremely high-redshift sources
s rare (as expected due to the comparative rarity of galaxies at high
edshifts, meaning there are fewer sources to be lensed), and that even
f an extremely high-redshift source is lensed, the magnification is
ikely insufficient to lead to a detection in COSMOS-Web. However, a
iscovery of systems with source redshifts 6 � z � 11 in COSMOS-
eb data – possible if our forecast is correct – would represent the

ighest redshift lensed sources ever discovered. 
In Fig. 4 we show the distribution of the forecast unlensed source

B magnitude in the F 277 W band, along with the distribution of
he equivalent magnitude in the JAGUAR catalogue from which the
ources were drawn. We choose the F 277 W band as a representative
xample of the distribution of source magnitude in each of the four
ands. From this figure we can see that the majority of the sources
n the forecast are drawn from the brightest sources in the JAGUAR
atalogue, meaning that the forecast population is not underestimated
ue to lack of depth in the JAGUAR catalogue. We can also compare
ur forecast to the distribution of source magnitudes in the LSST
atalogue used for the source population by T. E. Collett ( 2015 ).
or example, in the z-band of the LSST catalogue, 2.0 per cent of
ources have magnitudes fainter than 28, whereas in our forecast for
he F 115 W filter of NIRCam, 5 6.8 per cent of sources are fainter
han magnitude 28. This highlights the importance of our use of the
AGUAR catalogue instead of the LSST catalogue of the original
enspop forecasts, as without it we would have possibly missed

he faintest sources discoverable in COSMOS-Web. 
The comparative lack of lenses with large Einstein radii in our

orecast is correlated with the features of the other distributions
escribed above. The lenses expected to be detected in COSMOS-
eb are low-mass galaxies, with 8.3 per cent occurring above z = 2.

he Einstein radius of an isothermal lens is proportional to Dds /Dos 

see equation 3 ), meaning that for a given source redshift, high-
edshift lenses have smaller Einstein radii. Given that large Einstein
adii lenses are typically easy to identify via visual inspection, they
re unlikely to have been missed in the COSMOS-Web data despite
heir expected rarity. As we will discuss further in Section 5.1 , this
xpectation is supported by the distribution of the observed Einstein
adii of the 17 spectacular lenses, which is skewed towards larger
NRAS 544, 782–798 (2025)

alues. 

 We select the LSST z-band for direct comparison to our forecast as it is the 
losest in wavelength to the F 115 W filter of NIRCam. 
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.1 Comparison with properties of the observed data 

esides the comparison of the abundance of strong lensing in
OSMOS-Web with our forecast, the lens modelling performed by

. Nightingale et al. ( 2025 ) allows us to compare properties of our
orecast lenses with properties of the observed strong lenses. 

.1.1 Einstein radii 

n Fig. 5 we show the forecast distribution of Einstein radii (yel-
ow histograms) compared to the distribution of this parameter
btained from modelling the observed strong lenses (black unfilled
istograms). Our forecast yields a single value for this parameter,
omputed using equation ( 3 ); the lens modelling of J. Nightingale
t al. ( 2025 ) was performed on a single band per candidate lens,
sing whichever band was judged to have the brightest source
ight. The Einstein radius was computed as the area within the
ritical curve for the inferred SIE mass model for the given
and. 
From Fig. 5 , we can see that, as expected, the 17 spectacular lenses

o not contain any very small Einstein radius systems, and larger
alues of this quantity are overrepresented compared to the forecast
istribution. In contrast, once the additional lenses identified in the
econd round of visual inspection are added, the distributions of
he Einstein radii become more similar to the forecast distribution,
lthough the number of very small Einstein radius systems is still
ess than predicted by our forecast. 

Assuming the lenspop forecast to be perfectly accurate, this
esult motivates re-inspection of the COSMOS-Web data, with a
ocus on lower mass galaxies, such as those observed by Y. Asada
t al. ( 2023 ), V. Gelli et al. ( 2023 ), and X. Lin et al. ( 2023 ), which
ill in turn have smaller Einstein radii. A less stringent magnitude

ut in the preparation of the data to be inspected may result in more
ow-mass galaxies and therefore more lenses with small Einstein
adii being identified; though, since many of these Einstein radii are
ikely to be close in angular size to the PSF FWHM of NIRCam,
ith the very smallest being unresolved in the longer wavelength
ands and approaching the PSF FWHM in the shorter wavelength
ands, they will be challenging for visual inspectors to correctly
dentify (K. Rojas et al. 2023 ). However, they may be an ideal
arget for machine-learning-led searches. The overrepresentation
f larger Einstein radius systems in the observed data compared
o the forecast can be understood from the fact that the observed
ata contains a number of group-scale systems (strong lensing by a
roup of galaxies), which is not taken into account in the lenspop
odel. 
We perform the two-sample Kolmogorov–Smirnov (KS) test (P.

prent 1998 ) to determine the similarity of the forecast and observed
istributions. The two-sample KS test measures the maximum ver-
ical distance between cumulative distribution functions associated
ith two samples of data. Our null hypothesis is that the observed
instein radii are drawn from the same distribution as that of our

orecast sample. We run the KS test on all three observed data sets:
he 17 spectacular lenses, the 59 high confidence lenses, and the 116
igh and medium confidence lenses (both of the latter including the
7 spectacular lenses). 
We find that the null hypothesis is rejected with 95 per cent

onfidence in the case of the spectacular lenses, with a p -value of
.006, but is not rejected for the larger samples, with p -values of 0.56
nd 0.78, respectively. The KS statistic decreases from 0.10 for the
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Figure 5. Our forecast distribution of Einstein radii (solid yellow) compared to the observed lenses (unfilled black). Left : the 17 spectacular lenses. Middle : the 
59 high confidence lenses. Right : the 116 high and medium confidence lenses. 
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igh confidence lenses to 0.06 for the high plus medium confidence 
enses, implying that the distribution of Einstein radii in the 116 high
lus medium confidence lenses is most similar to that of the forecast
istribution. 
A drawback of the KS test is that it is most sensitive to differences

n the centre of distributions rather than in the tails (N. M. Razali &
. B. Wah 2011 ). Since both our forecast and observed distributions
f Einstein radius are clearly positively skewed, we can instead use 
he Anderson–Darling ( AD ) test (T. W. Anderson & D. A. Darling
952 ), which is more sensitive to differences in the tails, to compare
he distributions. For the distribution of the Einstein radii of the 
pectacular lenses, the null hypothesis that this sample is drawn from
he same underlying distribution as the forecast sample is rejected 
t 95 per cent confidence by the AD test, with a p -value of 0.001.
owever, as with the KS test, the null hypothesis is not rejected at this

onfidence level for the distributions of the Einstein radius in the high
onfidence and high and medium confidence lenses, with p -values of
.16 and 0.25, respectively. The AD test statistics for the latter two
ases are 0.75 and 0.036, implying that, under the AD test, the 116
igh confidence lenses are also the most similar to the forecast distri-
ution. We summarize all the results of our statistical tests in tables in
ppendix A . 
It must be borne in mind that the overall similarity between the

orecast and observed Einstein radius distributions is driven in part 
y how the Einstein radii are computed; in the forecast, all lenses
re assumed to have SIE mass profiles, and all the candidate lenses
n the observed data were fit with SIE profiles, meaning that we
re comparing like with like. However, future modelling of the 
andidates may find that more complex mass profiles are preferred for 
ome of the lenses, making comparison with the lenspop forecast 
ess robust. 

.1.2 Lens redshifts 

n Fig. 6 we show the distributions of the lens redshifts in our
orecast (green histograms) and observed (unfilled black histograms) 
opulations. We use the estimated photometric redshifts of the 
trong lenses for our comparison; these redshifts have been checked 
gainst spectroscopic measurements where available, and are in good 
greement with those, albeit with some scatter above z = 1. We
hoose to use the photometric redshifts as they extend to z ∼ 4,
hile the spectroscopic redshifts only reach z ∼ 2, below the redshift

imit imposed in our forecast. More details on the redshifts of the
bserved strong lenses can be found in J. Nightingale et al. ( 2025 );
mportantly, there is no correlation between lens candidate ranking 
nd lens redshift. 

From Fig. 6 , we can see that, in general, the predicted distribution
oes not fully capture any of the observed populations at low
edshifts. The observed lens redshift distribution in all cases peaks 
elow z = 1, and slightly below the peak of the forecast distribution
n each case. For the 116 high and medium confidence lenses, it is
lear that the high-redshift tail of the distribution is more extended
n the observed data compared to the forecast. In particular, there
s a single lens, COSJ100151 + 022347, whose photometric redshift 
s estimated at z = 3 . 58, well above the limit we imposed in our
orecast of z = 3. This lens received a grade of 6/12, based on two
A’ grades, two ‘B’ grades, one ‘U’ grade, and one ‘X’ grade, and
oes not have a spectroscopic redshift. If the photometric redshift of
his and the other five lenses above z = 2 were to be confirmed with
pectroscopy, this would be indicative of the need to rerun the forecast 
ith an even higher upper limit for the lens redshift distribution. 
To explore the question of high-redshift lenses further, in the top

ow of Fig. 7 we show the five systems with the highest photometric
ens redshifts amongst the 116 high and medium confidence lenses, 
xcluding two of the spectacular lenses described in G. Mahler et al.
 2025 ). One of these two lenses is the COSMOS-Web ring, which has
een described in detail in W. Mercier et al. ( 2024 ), and at the time
f discovery was the highest known lens redshift at z = 2 . 02. The
enses and their associated photometric redshifts are listed in Table 2 .
n the bottom row of the same figure, we show a selection of five

imulated systems with the highest lens redshifts in our forecast. 
From this figure, we can see that, for the simulated lenses, the

olours of the lens and source are readily distinguishable, and clear
rc features are apparent in most of the systems despite their high
edshift and consequent faintness. This lends weight to the idea that
ore strong lenses at z > 2 are identifiable in JWST imaging. More

ariability is seen in the colours and morphology of the observed
andidate lenses than in the simulated ones; this is due to the
implicity of the lens and source models employed in our lenspop
orecast. 

Furthermore, we can use the AD test to quantify the differences
etween the forecast and observed distributions. In this case, the null
ypothesis of the two samples being drawn from the same underlying
istribution is not rejected in the case of the 17 spectacular lenses,
ut is rejected for both the 59 high confidence and 116 high and
edium confidence lenses, at 95 per cent confidence. The full test

esults are shown in Appendix A . 
The computation of the forecast lens redshifts relies purely on 

osmology, with no astrophysics involved. This implies that the 
MNRAS 544, 782–798 (2025)
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Figure 6. Our forecast distribution of lens redshifts (solid green) compared to the observed lenses (unfilled black). Left : the 17 spectacular lenses. Middle : the 
59 high confidence lenses. Right : the 116 high and medium confidence lenses. For the observed lenses we show the photometric redshifts. 

Figure 7. Top: RGB images of the five systems with the highest photometric lens redshifts ( zlens > 1 . 8) from the 116 high and medium confidence lenses, 
excluding two of the spectacular lenses presented in G. Mahler et al. ( 2025 ). Bottom: a selection of five systems with the highest redshifts in our forecast. The 
lens and source redshifts are denoted in the top left of each panel. Colours are representative and are produced by combining the data simulated in three different 
NIRCam bands ( F 150 W , F 277 W , and F 444 W ). 

Table 2. Details of the five lenses with the highest photometric redshifts 
in the COWLS catalogue, excluding two spectacular lenses presented in G. 
Mahler et al. ( 2025 ). 

Lens Score θE zlens 

COSJ100151 + 022347 6/12 0 . 33 arcsec 3.58 
COSJ100120 + 022435 6/12 0 . 86 arcsec 2.54 
COSJ100122 + 022132 9/12 0 . 52 arcsec 2.49 
COSJ100120 + 015834 7/12 0 . 62 arcsec 2.44 
COSJ100134 + 022037 7/12 0 . 52 arcsec 1.82 
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ifferences between the forecast and observed distributions stems
rom a selection effect in the observed data, rather than a fundamental
hysical difference in the creation of the two populations. For
xample, lenses at lower redshifts are likely to be brighter than those
t higher redshifts, and therefore easier to identify during visual
nspection. This may be a contributing factor in the discovery of

ore lenses at z < 1 than expected from the forecast. Confirmed
pectroscopic redshifts are needed for all lenses before definitive
onclusions can be drawn. 
NRAS 544, 782–798 (2025)
.1.3 Lens magnitudes 

ext, we can compare the lens magnitudes in our forecast and
bserved populations of lenses. In Fig. 8 , we show the distribution
f the AB magnitude of the lens galaxies in each NIRCam band in
ur forecast (red histograms) and in the 59 high confidence lenses
unfilled black histograms). For brevity we choose to focus on the 59
igh confidence lenses, but the overall behaviour of the distributions
n each band is the same for both the 17 spectacular lenses and the
16 high and medium confidence lenses. 
From Fig. 8 , we can see that the distributions of the observed

ens magnitudes tend to peak at brighter magnitudes than those of
he forecast. Furthermore, the difference between the observed and
orecast distributions increases with band wavelength. The AD test
ejects the hypothesis that the two distributions were drawn from the
ame underlying distribution at 95 per cent confidence for all of the
ands. 
There is also an indication of bimodality in the distribution of the

bserved lens magnitudes in each band. To investigate this further,
e performed a kernel density estimation to obtain the smoothed
robability density function from the binned samples, which allowed
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Figure 8. Our forecast distribution of lens magnitudes in each band (solid red) compared to the 59 high confidence observed lenses (unfilled black). 

u  

e  

d
M
d  

v
s
c

i  

t
c
e  

m  

b  

i

c
p
s  

i  

b
o  

a
a
b

i  

C
g  

c  

p  

t

t  

d
d
D  

σ  

g  

α  

g

o
C
a  

i  

t  

B  

p  

e

s
f  

b
v
(

 

c
v
(  

fi  

t  

d  

f
w

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/544/1/782/8313467 by U
niversite de Liege user on 25 August 2026
s to identify that there is only a single mode in the distribution in
ach band (B. W. Silverman 1981 ). We also carried out the dip test for
eviation from a unimodal (uniform) distribution (J. A. Hartigan & P. 
. Hartigan 1985 ), finding no significant difference from a unimodal 

istribution for any of the bands. From this we conclude that any
isual indication of bimodality is an artefact of the chosen binning 
cheme for the histograms and does not have an underlying physical 
ause. 

In general, we may conclude that the observed lenses are brighter 
n the F 227 W and F 444 W bands than would be expected from
he lenspop forecast. This finding has three possible underlying 
auses. First, the estimation of the lens magnitudes by J. Nightingale 
t al. ( 2025 ) may have picked up a systematic bias during the lens
odelling. However, if this were the case, we would expect all the

ands to be affected equally, rather than what we actually see, which
s that the effect is more pronounced in the long-wavelength bands. 

Secondly, if the lenspop model is considered to be perfectly ac- 
urate, our finding could indicate that there remains an undiscovered 
opulation of faint lenses in the COSMOS-Web data. This is possible, 
ince a magnitude cut was imposed before the beginning of the visual
nspection, with only objects brighter than magnitude 23 in F 277 W
eing considered (which is clearly apparent in the distributions of the 
bserved lens magnitudes in Fig. 8 ). This possibility could easily be
ddressed by carrying out another visual inspection of the data with 
 more optimistic magnitude cut, for example examining all objects 
righter than magnitude 26. 
Thirdly, we can consider the alternative possibility that the visual 

nspection is perfectly accurate, and that all lenses that exist in the
OSMOS-Web data have been identified as such (this is already 
lossing over the truth, as we do not present or discuss any lens
andidate that scored less than 6/12 in this work, an arbitrary but
otentially consequential cut-off). In that case, it is the accuracy of
he lenspop model that must be examined. 
Lens magnitudes in the lenspop model are computed using 
he fundamental plane from J. B. Hyde & M. Bernardi ( 2009a , b )
erived from SDSS data. The fundamental plane is an empirically 
erived relation between galaxy properties (S. Djorgovski & M. 
avis 1987 ; A. Dressler et al. 1987 ), and can be expressed as R ∝
α
v /I

β , where R is the effective radius of the light profile of the
alaxy, σv is the velocity dispersion, I is the surface brightness, and
and β are parameters needing to be fit using a sample of observed

alaxies. 
Again, considering that the visual inspection is perfectly accurate, 

ur result suggests that magnitudes of lens galaxies observed in 
OSMOS-Web may not follow the same fundamental plane relation 
s that used in lenspop , from galaxies catalogued in SDSS. This is
n line with the fact that the spectroscopic redshifts from SDSS used
o compute the fundamental plane do not extend above z = 0 . 35 (J.
. Hyde & M. Bernardi 2009a ), in stark contrast to our lens galaxy
hotometric redshift distribution, which peaks at around z = 1 and
xtends to above z = 3. 

While we cannot investigate this hypothesis in detail without 
pectroscopic redshifts and measurements of the velocity dispersions 
or the entire COWLS catalogue, we can make a related comparison,
etween a stellar mass distribution computed from our forecast 
elocity dispersions, and the stellar masses of the observed lenses 
obtained via photometry, see J. Nightingale et al. 2025 ). 

J. B. Hyde & M. Bernardi ( 2009a ) provide the best-fitting coeffi-
ients for linear and quadratic pairwise scaling relations between the 
arious galaxy properties that are linked via the fundamental plane 
table 1 of that work). In particular, they provide linear and quadratic
ts for the velocity dispersion as a function of stellar mass. We invert

he quadratic relation to obtain stellar mass as a function of velocity
ispersion. This allows us to compute a distribution of stellar masses
rom our forecast velocity dispersions, which can then be compared 
ith the observed data. We show this comparison in Fig. 9 . 
MNRAS 544, 782–798 (2025)
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M

Figure 9. Our forecast distribution of lens stellar mass (solid blue) compared to the observed lenses (unfilled black). Left: the 17 spectacular lenses. Middle: 
the 59 high confidence lenses. Right: the 116 high and medium confidence lenses. 

Figure 10. A scatter plot of lens redshift versus lens stellar mass for our 
forecast population (solid blue) and 59 high confidence observed lenses 
(unfilled black). 
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From this figure, we can see that the forecast and observed
istributions of stellar mass match well for the 17 spectacular lenses,
oth peaking at around M∗ = 1011 M�. As we increase the sample
ize, we see that lenses with stellar masses well below that predicted
y our forecast begin to appear, with a very large low-mass tail in
he distribution for the high and medium confidence lenses. 

One interpretation of this finding is that the velocity dispersion
unction produced by Y.-Y. Choi et al. ( 2007 ) cannot correctly predict
ens stellar mass at high redshifts, resulting in our forecast predicting
oo many massive galaxies at high redshifts, z > 2. A simple check
f this hypothesis is to plot our forecast and observed lens redshifts
gainst stellar mass, to see if the correlations are similar across the
wo populations. 

In Fig. 10 , we show a scatter plot of lens redshift against lens
tellar mass for our forecast and observed populations, showing the
9 high confidence lenses as a representative example. We also plot
he lines of best fit to these data computed via linear regression.
rom this figure, we can see that, at z < 2, i.e. at low redshifts,
ur forecast contains more massive galaxies than seen in the data.
onversely, as redshift increases, the two populations appear to be

n better agreement. However, since there are so few observed lenses
t z > 2, it is not appropriate to draw strong conclusions about the
rue agreement of the two populations. 

It was also pointed out in COWLS Paper I (J. Nightingale
t al. 2025 ) that the lens candidate score and lens stellar mass are
NRAS 544, 782–798 (2025)
orrelated, with higher scoring candidates tending to be the most
assive lenses. If we do trust the extrapolation of the Y.-Y. Choi

t al. ( 2007 ) velocity dispersion function to z > 2, our finding may
int that the low-scoring low-mass candidates are not true strong
enses, as they are not present in the forecast. We reiterate that this
omparison itself relies on the fundamental plane relations fit by J.
. Hyde & M. Bernardi ( 2009a ). A more robust test of how well
arious velocity dispersion functions match the data will only be
ossible with spectroscopy for our lens candidates. 

.1.4 Unlensed source magnitudes 

astly, we can compare the unlensed source magnitudes in our
orecast and observed populations of lenses, i.e. the magnitudes of
he sources in the source planes. In Fig. 11 , we show the distributions
f this quantity in each of the NIRCam bands for the forecast lenses
red histograms) and the 59 high confidence observed lenses (black
nfilled histograms). As with the lens magnitudes, we choose this
et of lenses as a representative example. From this figure, we can
ee that we have relatively good agreement in the overall shape
nd peak location of the source magnitude distribution in each band.
owever, the AD test rejects the null hypothesis of similarity between

he forecast and observed distributions. In particular, we can see
hat, as the wavelength increases, the observed lenses contain an
verabundance of faint sources and a lack of bright sources compared
o the forecast. 

However, the forecast source magnitudes are not computed by
enspop , but are instead taken directly from the JAGUAR source
atalogue. The explanation of the difference between the observed
nd forecast distributions therefore again has more than one possible
xplanation. First, the magnitudes in the JAGUAR catalogue may be
naccurate, but this is unlikely as the mock galaxies in the catalogue
ere produced from an empirical model based solely on observa-

ional data (C. C. Williams et al. 2018 ). One potentially relevant
actor in the production of the JAGUAR mock is the use of the G.
ruzual & S. Charlot ( 2003 ) stellar population synthesis model via
EAGLE ; differences in such models have been shown to propagate

o the galaxy SEDs (S. L. Newman & others 2025 ). Nevertheless,
nless the COWLSstrong lens sources are a particularly unusual
ample of galaxies, we can expect their properties to match well with
he galaxies in the JAGUAR mock catalogue. 

Secondly, the computation of the unlensed source magnitudes for
he observed lenses may carry some inaccuracies. The observed
ensed sources were reconstructed by J. Nightingale et al. ( 2025 )
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Figure 11. Our forecast distribution of unlensed source magnitudes in each band (solid red) compared to the 59 high confidence observed lenses (unfilled 
black). 
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sing a multi-Gaussian expansion and Voronoi mesh approach (Q. 
e & others 2024 ). The magnitudes are computed from the resulting

econstructed source, and will naturally depend on the inferred lens 
odel and final source mesh configuration. How much the modelling 

hoices affect the source reconstruction cannot be examined in detail 
ntil different lens and source models have been applied to the 
OWLS catalogue. 
A final contribution to the differences between the forecast and 

bserved distributions may be a selection effect, but we would 
enerally expect the visual inspection to select for preferentially 
righter sources rather than fainter ones, as bright images are easier 
or human visual inspectors to identify and examine than faint ones. 
ince we see almost the opposite effect here, this may lead us to
onclude that some bright sources have been missed in the visual 
nspection, while some of the (likely weaker) candidate lenses with 
aint sources may be false positives. 

.2 Comparison with other forecasts for COSMOS-Web 

.2.1 Holloway et al. ( 2023 ) 

. Holloway et al. ( 2023 ) performed a forecast for a number of JWST
urveys, including COSMOS-Web. Instead of relying on simulated 
enses, they used mock galaxies from the JAGUAR catalogue as both 
ources and lenses. Furthermore, they modified the effective radii of 
he deflectors to better match the Sérsic indices in the catalogue, and
ssigned halo masses from the DREaM catalogue (N. E. Drakos & 

thers 2022 ) to the JAGUAR galaxies using the subhalo abundance 
atching technique. This work predicted ∼ 65 strong lenses across 

ll bands in COSMOS-Web, compared to the 107 we forecast using
enspop and the 116 high and medium confidence lenses in the 
OWLS catalogue from the observed COSMOS-Web data. 
In order to investigate the source of the difference between the
orecasts, we first reran our lenspop analysis using the modified 
AGUAR catalogue produced by P. Holloway et al. ( 2023 ) as the
ource population. This resulted in the same number of strong lenses
redicted as well as distributions for the lens system properties 
onsistent with our original findings, meaning that the difference 
etween the results of this work and that of P. Holloway et al.
 2023 ) is not driven by the differences in the source catalogues.
owever, the P. Holloway et al. ( 2023 ) prediction of 3 . 1 × 109 strong

enses in the Universe is larger than our finding of 2 . 8 × 108 lenses.
ombined with the smaller number of strong lenses predicted by 
. Holloway et al. ( 2023 ), this implies that the difference in the
umber of detectable lenses in COSMOS-Web is likely the result 
f differences in how the survey specifications were applied to the
dealized lens population. 

Examining the properties of the forecast lens populations, we 
nd that < 1 per cent of our forecast lenses are fainter than the
agnitude cut applied by P. Holloway et al. ( 2023 ) in the F 115 W

and, with no lenses in any of the other three bands being fainter
han their respective cuts. The smallest Einstein radius of a lens
n the P. Holloway et al. ( 2023 ) forecast lens catalogue is 0.07
rcsec, while our forecast predicts 0.01 per cent of lenses having
instein radii between 0.04 and 0.07 arcsec. The source and lens

edshift distributions predicted by P. Holloway et al. ( 2023 ) are very
imilar to those produced by lenspop . The discrepancy between the 
redictions therefore cannot be explained by lenspop predicting 
ore fainter or smaller lenses in the population than the method of

. Holloway et al. ( 2023 ). 
Lastly, we note that P. Holloway et al. ( 2023 ) attempted to validate

heir forecast by comparing their predictions for lensing abundance 
n the COSMOS field with previous observations of the field made
sing HST . In particular, C. Faure et al. ( 2008 ) found 67 candidate
MNRAS 544, 782–798 (2025)
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trong lenses, compared to the prediction by P. Holloway et al. ( 2023 )
f 34. N. Jackson ( 2008 ) identified two certain, one highly probable
nd 112 further possible but unlikely lens systems, leading to 160
andidates in total; applying the same search criteria, P. Holloway
t al. ( 2023 ) found 80. Taken together, these results could indicate a
otential systematic underestimation of strong lensing abundance in
heir forecasts. This may be supported by the discovery of 116 high
nd medium confidence strong lenses in COSMOS-Web, but if only
he 59 high confidence strong lenses are considered, the forecast of
. Holloway et al. ( 2023 ) is in excellent agreement with the data. 

.2.2 Ferrami & Wyithe ( 2024 ) 

. Ferrami & J. S. B. Wyithe ( 2024 ) built a model for strong
ensing statistics which is more akin to the lenspop method, using
he assumption of all deflectors being SIEs to calculate the strong
ensing optical depth. However, instead of relying on a mock galaxy
atalogue to simulate the source population, they computed the
umber density of sources lensed by a given deflector analytically. 
Their work tested the effect of different velocity dispersion func-

ions on the number of lenses detectable by Euclid , with their fiducial
odel being that of C. A. Mason et al. ( 2015 ), which is redshift-

ependent. They compared properties of their forecast sample with
ne produced using the Y.-Y. Choi et al. ( 2007 ) velocity dispersion
unction employed in this work (equation 2). They found that the
ducial C. A. Mason et al. ( 2015 ) model results in deflector and
ource redshift distributions, which peak at a slightly lower redshift
ompared to the Y.-Y. Choi et al. ( 2007 ) model, and a distribution of
instein radii, which peaks at a higher value compared to the Y.-Y.
hoi et al. ( 2007 ) model. 
G. Ferrami & J. S. B. Wyithe ( 2024 ) did not produce a forecast for

OSMOS-Web using the Y.-Y. Choi et al. ( 2007 ) velocity dispersion
unction, but using their fiducial C. A. Mason et al. ( 2015 ) model they
redicted 46 lenses detectable in the F 115 W filter, 74 in the F 150 W
lter, and 121 in the F 277 W filter, all assuming lens light subtraction.
hese numbers are broadly consistent with our prediction of 107

enses across all bands. They did not produce a forecast for the
 444 W filter. 
However, the forecast distributions of deflector and source red-

hifts, velocity dispersion, and Einstein radii in each band do not
atch those predicted with our lenspop model. In particular, the

ource redshift distribution is consistent with zero at z ∼ 5, unlike
ur finding of source redshifts up to z ∼ 11, likely due to our use of
he JAGUAR catalogue, which contains sources up to z ∼ 15. 

Furthermore, the tail of our distribution of Einstein radii reaches
bout 2 arcsec, compared to around 3 arcsec in G. Ferrami & J. S.
. Wyithe ( 2024 ). As discussed in Section 4.3 , these differences are
orrelated, as Einstein radii are larger for lenses at lower redshifts
or a given source redshift. Given the similarity in the forecasting
ethods, the cause of these differences is likely the different velocity

ispersion function used by G. Ferrami & J. S. B. Wyithe ( 2024 ),
hich results in their forecast containing a larger number of massive
alaxies than ours. 

.3 Selection effects 

ll of the comparisons we have made so far are founded on the
ssumption that the observed and forecast lenses were selected in
xactly the same way. While the criteria of T. E. Collett ( 2015 ),
hich we also employ (see Section 3.3 ), are designed to select for

enses in the same way that visual inspectors decide whether an object
xhibits lensing features, the correspondence is not one to one. 
NRAS 544, 782–798 (2025)
For example, the first criterion that a candidate must meet to be
eemed a lens in our forecast is that multiple images of the source
ust be produced. This criterion is baked in to the calculation of

he strong lensing optical depth. But in the second round of visual
nspection described in J. Nightingale et al. ( 2025 ), inspectors had
he option to grade a lens as ‘S’, meaning that only a singly imaged
ensing feature was visible. 6 An ‘S’ grade contributed one point
owards the total score of a candidate; 47 candidates in the complete
OWLS catalogue received at least one ‘S’ grade (11.2 per cent). 
A full forward modelling of the selection function to understand

he bias of our lenses with respect to the parent galaxy population
oes beyond the scope of this paper. Such efforts have been made
or other lens populations, see e.g. A. Sonnenfeld ( 2022 , 2024 ). We
ere describe the various contributing factors to the selection of the
orecast and observed lenses and provide a brief discussion of how
hey may have affected the results described in this work. 

.3.1 Selection of the forecast lenses 

s a reminder, the criteria we use to call a forecast lens detectable
re that multiple images are produced, the image and counter-image
ust be resolved, and the total source magnification and signal-to-

oise ratio must exceed a given threshold. To investigate the effects
f these choices on the detectable lens population, we can modify
he chosen thresholds. 

Keeping the other criteria fixed, we first increased the signal-
o-noise ratio required to call a lens detectable from 20 to 40;
onsequently, the number of detectable lenses decreased to 55,
lmost exactly half the original number of 107. The distribution
f the Einstein radii of these lenses does not contain the very
mallest Einstein radii lenses of our original forecast, as expected
rom the fact that lenses with smaller Einstein radii will generally
ave lower signal-to-noise ratios. Furthermore, the distribution of
elocity dispersions does not contain the lowest-mass galaxies, and
he source redshift distribution misses the vast majority of sources
bove z = 6; the unlensed source magnitude distributions miss the
aintest sources. In contrast, the distribution of lens redshifts and lens
agnitudes remain consistent with our original result. 
Increasing the threshold for the minimum source magnification

rom 3 to 4 results in a forecast of 68 detectable lenses, with the
istributions of all the parameters remaining close to the original
esults. Increasing the resolution threshold at which a lens is
etermined to be detectable, from θ2 

E > r2 
s + ( s/ 2)2 to θ2 

E > r2 
s + s2 ,

esults in 104 lenses, with distributions again consistent with the
riginal results. This indicates that the signal-to-noise ratio threshold
s by far the most important criterion for determining strong lensing
etectability, excluding the requirement that multiple images of the
ource must be produced. 

.3.2 Selection of the observed lenses 

he first and most obvious explicit selection the COWLS catalogue
as subject to is the cut in magnitude that was imposed to choose
bjects for visual inspection. Only those objects brighter than AB
agnitude 23 in the F 277 W filter were inspected; while our forecast

redicts that 1.5 per cent of the COWLS lenses should lie above this
agnitude, by construction we find none. Furthermore, as we have

een, our forecast predicts significantly more fainter lenses in general
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han what is found in COWLS: 41 per cent of the forecast lenses are
ainter than magnitude 20 in the F 227 W in the forecast, compared to
ust 5 per cent in COWLS. 

Another important selection made in the preparation of this 
ork was the choice to only consider those COWLS candidates 
ith scores of 6/12 or more. The forecast, by construction, is

ompletely comprised of true lenses which should all score 12/12 
n an inspection; limiting our comparison with the forecast to only 
hose COWLS candidates that scored 12/12 (all 17spectacular lenses 
rom G. Mahler et al. ( 2025 ) plus two lenses from J. Nightingale et al.
025 ) would not have been justified from a statistical standpoint. A
ay to quantify the selection effect of the grading scheme would be

o have visual inspectors examine simulated images of the forecast 
enses, like those shown in Figs 1 and 7 , to see how many ostensibly
2/12 lenses are actually graded as such. This would still not be a
erfect test, as the SIE lens model in the forecast tends to result in
egular, unambiguous lensing features. 

The final, and implicit, selection effect is that of human fallibility. 
he first half of the first round of visual inspection in COWLS was
onducted by four inspectors, and the second half by five; the second
ound was conducted by six inspectors. When analysing the ability 
f a visual inspection team to correctly identify lenses, K. Rojas
t al. ( 2023 ) found that the minimum number of inspectors needed to
itigate noise is six. Future visual inspections of the COSMOS-Web 
eld for strong lenses could be aided by increasing the number of

nspectors or by using machine-learning search methods. 

 C O N C L U S I O N S  

n this work we made a forecast for the abundance and properties of
trong gravitational lenses detectable in the COSMOS-Web survey, 
 survey of the 0.54 deg2 COSMOS field using the NIRCam and 
IRI instruments aboard JWST . We used the lenspop model of T.

. Collett ( 2015 ) to make our forecast, after implementing several
odifications to improve its suitability as a forecasting tool for 
OSMOS-Web. In particular, we changed the mock galaxy catalogue 

rom which the source population is drawn to the JAGUAR catalogue, 
nd added the NIRCam filter data and COSMOS-Web survey 
pecifications. This led to a prediction of 107 lenses detectable across
ll bands, or a minimum of 14 detectable in the F 115 W −F 150 W ,
 115 W −F 277 W , and F 115 W −F 444 W difference images. 
Our forecast predicted the strong lenses in COSMOS-Web are 

ominated by small Einstein radius systems ( θE < 1 arcsec ) with a 
istribution of velocity dispersions that peaks at σv = 200 km s−1 . 
he distribution of lens redshifts is predicted to peak at z = 1, with a
ignificant tail up to z = 3. The distribution of source redshifts peaks
t z = 3 . 2, with a non-negligible fraction of the sources lying at
 > 6, directly probing the entire epoch of reionization. The highest
ource redshift in our forecast population is z = 11 . 6. 

We then compared the properties of the forecast strong lenses with 
hat of the observed data from the COWLScatalogue. Strong lenses 
ere identified in COSMOS-Web by two rounds of visual inspection; 

he first round found 17 strong lenses and the second round, which
ncluded modelling of 419 additional candidates, found 99 lens 
andidates that scored at least 6/12; there were 42 lens candidates 
hat scored at least 8/12. This yielded a total catalogue of 59 high
onfidence strong lenses, or 116 high and medium confidence strong 
enses. 

The distribution of Einstein radii in the 17 spectacular lenses does 
ot match that of our lenspop forecast, with both the KS and
D tests rejecting the null hypothesis that these samples were drawn 

rom the same underlying distribution at 95 per cent confidence. This
s driven by a lack of lenses with small Einstein radii in the observed
ample compared to the forecast. However, the null hypothesis is not
ejected by these tests when comparing the distribution of Einstein 
adii for the 59 high confidence lenses or the 116 high and medium
onfidence lenses. 

In contrast, the distributions of the lens photometric redshifts, lens 
agnitudes, and unlensed source magnitudes are not consistent with 

he forecast distributions for these quantities. In particular, there are 
ewer lenses above z = 1 in the observed sample than in the forecast,
nd the lens magnitude distributions peak at brighter magnitudes 
han expected from the forecast. This may be due to the computation
elying on a fundamental plane relation fit with SDSS data in which
he galaxies are at much lower redshifts than the typical COWLS
ens galaxy. 

The unlensed source magnitudes appear to be slightly fainter in 
he observed sample than would be expected from the forecast, 
articularly in the long-wavelength bands; the use of the JAGUAR 

ock catalogue means that the forecast should be a good represen-
ation of galaxies observable in COSMOS-Web, even up to high 
edshifts. Modelling the COWLS sample with a variety of lens and
ource models may yield better agreement in the source magnitudes 
han is currently seen. A more in-depth comparison of the lens and
ource galaxies with the lenspop forecast will only be possible 
nce velocity dispersion and spectroscopic redshift information are 
btained, which will require follow-up observations from JWST to 
btain the required precision at the redshifts in question. 
It is also important to note that the lenspop model has a number

f simplifications: first, the images are convolved with a Gaussian 
SF rather than the more complex PSF of JWST ; secondly, that all

he lenses are modelled as SIEs, meaning that the images produced
re typically simple rings, arcs, or multiple images, unlike realistic 
enses; and lastly that the weak lensing by line-of-sight objects (i.e.
external shear’) is not taken into account. However, it is unlikely
hat these assumptions significantly impact the forecast abundance 
f strong lenses. As described in Section 5.3 , the signal-to-noise
atio plays the largest role in the detectability, and signal-to-noise 
atio is not strongly correlated with the complexity of lensed image
orphology. 
Lastly, we reiterate that the MIRI observations of COSMOS- 
eb have not yet been inspected for strong lenses. Made using the

ingle F 770 W filter, the MIRI observations cover a smaller sky area,
.19 deg2 , than those using NIRCam, but we may expect another
andful of lenses to be detected in these data. This is because MIRI
bserves even longer wavelengths than NIRCam, which will reveal 
ven redder and potentially higher redshift systems than those in 
he current COWLS catalogue, akin to how NIRCam has revealed 
ery red lensed sources that are invisible in HST imaging (G. Mahler
t al. 2025 ). The MIRI-bright lenses are likely to have Einstein radii
omparatively larger than the majority identified in the NIRCam 

ata, due to the lower spatial resolution of MIRI, which means that
maller Einstein radius lenses are less likely to be resolved. 

In conclusion, we have shown that the lenspop strong lens 
orecast model can be successfully adapted for JWST observations, 
nd that the abundance of strong lenses and the distribution of
he Einstein radii of observed lenses in COSMOS-Web are in 
ood agreement with lenspop predictions. This implies that our 
hoice of source galaxy population, the JAGUAR mock catalogue, 
s a good match to strong lens sources from the current day
o high redshifts, 0 ≤ z ≤ 11, spanning 92 per cent of the Uni-
erse’s history. Furthermore, it supports the idea that the majority 
f strong lenses can be described by elliptical isothermal mass 
rofiles. 
MNRAS 544, 782–798 (2025)
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However, the distributions of the magnitudes of the observed de-
ectors and sources do not align as well with those from our forecast,
ith lenses in the observed data being systematically brighter than

xpected from the forecast. This result motivates detailed follow-up
f the entire COWLS catalogue to obtain spectroscopic lens and
ource redshifts and lens velocity dispersions, in order to better
nderstand the source of these discrepancies, as well as targeted re-
nspection of the COSMOS-Web field to search for the undiscovered
opulation of faint high-redshift lenses. 
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Table A1. Results of the statistical tests comparing the forecast with the 17 
spectacular lenses. The ‘H0 ’ column indicates when the null hypothesis is 
sustained with a tick (graphic) and when it is rejected with a cross (graphic). 

KS AD 

Quantity Statistic p -value H0 Statistic p -value H0 

θE 0.398 6 . 1 × 10−3 graphic 8.790 1 . 0 × 10−3 graphic 

zlens 0.218 3 . 8 × 10−1 graphic 0.190 2 . 5 × 10−1 graphic 

MF115W 

lens 0.361 2 . 2 × 10−2 graphic 2.864 2 . 2 × 10−2 graphic 

MF150W 

lens 0.418 3 . 3 × 10−3 graphic 4.229 6 . 6 × 10−3 graphic 

MF277W 

lens 0.658 9 . 5 × 10−8 graphic 33.390 1 . 0 × 10−3 graphic 

MF444W 

lens 0.807 1 . 7 × 10−12 graphic 48.953 1 . 0 × 10−3 graphic 

MF115W 

source 0.328 5 . 0 × 10−2 graphic 4.704 4 . 4 × 10−3 graphic 

MF150W 

source 0.218 3 . 5 × 10−1 graphic 1.595 7 . 1 × 10−2 graphic 

MF277W 

source 0.304 6 . 8 × 10−2 graphic 2.915 2 . 1 × 10−2 graphic 

MF444W 

source 0.195 4 . 8 × 10−1 graphic 1.023 1 . 2 × 10−1 graphic 

Table A2. Results of the statistical tests comparing the forecast with the 59 
high confidence lenses. The ‘H0 ’ column indicates when the null hypothesis 
is sustained with a tick (graphic) and when it is rejected with a cross (graphic). 

KS AD 

Quantity Statistic p -value H0 Statistic p -value H0 

θE 0.101 5 . 6 × 10−1 graphic 0.750 1 . 6 × 10−1 graphic 

zlens 0.224 5 . 3 × 10−3 graphic 3.479 1 . 3 × 10−2 graphic 

MF115W 

lens 0.238 2 . 8 × 10−3 graphic 5.511 2 . 3 × 10−3 graphic 

MF150W 

lens 0.268 4 . 3 × 10−4 graphic 5.370 2 . 6 × 10−3 graphic 

MF277W 

lens 0.517 6 . 3 × 10−15 graphic 69.439 1 . 0 × 10−3 graphic 

MF444W 

lens 0.602 1 . 2 × 10−20 graphic 96.381 1 . 0 × 10−3 graphic 

MF115W 

source 0.255 1 . 3 × 10−3 graphic 10.647 1 . 0 × 10−3 graphic 

MF150W 

source 0.197 2 . 1 × 10−2 graphic 5.966 1 . 6 × 10−3 graphic 

MF277W 

source 0.309 2 . 0 × 10−5 graphic 21.328 1 . 0 × 10−3 graphic 

MF444W 

source 0.293 6 . 7 × 10−5 graphic 22.360 1 . 0 × 10−3 graphic 

Table A3. Results of the statistical tests comparing the forecast with the 116 
high and medium confidence lenses. The ‘H0 ’ column indicates when the 
null hypothesis is sustained with a tick (graphic) and when it is rejected with 
a cross (graphic). 

KS AD 

Quantity Statistic p -value H0 Statistic p -value H0 

θE 0.061 7 . 8 × 10−1 graphic 0.036 2 . 5 × 10−1 graphic 

zlens 0.171 2 . 3 × 10−3 graphic 4.714 4 . 4 × 10−3 graphic 

MF115W 

lens 0.160 7 . 3 × 10−3 graphic 3.138 1 . 7 × 10−2 graphic 

MF150W 

lens 0.103 1 . 8 × 10−1 graphic 0.832 1 . 5 × 10−1 graphic 

MF277W 

lens 0.366 7 . 1 × 10−14 graphic 69.647 1 . 0 × 10−3 graphic 

MF444W 

lens 0.436 1 . 0 × 10−19 graphic 101.870 1 . 0 × 10−3 graphic 

MF115W 

source 0.302 9 . 8 × 10−9 graphic 39.868 1 . 0 × 10−3 graphic 

MF150W 

source 0.269 2 . 0 × 10−7 graphic 26.340 1 . 0 × 10−3 graphic 

MF277W 

source 0.419 3 . 6 × 10−18 graphic 91.412 1 . 0 × 10−3 graphic 

MF444W 

source 0.410 2 . 2 × 10−17 graphic 92.232 1 . 0 × 10−3 graphic 
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PPEN D IX  A :  SUMMARY  O F  STATISTICAL  

ESTS  

n this appendix we tabulate the results of the statistical tests used
o compare the forecast and observed data. For each test, the null
ypothesis is that the forecast and observed data were drawn from
he same underlying distribution. Table A1 shows the test results for
he comparison between the forecast and the 17spectacular lenses; 
able A2 shows the test results for the comparison between the 
orecast and the 59 high confidence lenses; Table A3 shows the test
esults for the comparison between the forecast and the 116 high and
edium confidence lenses. For the KS test, the null hypothesis is
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