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ABSTRACT

The Euclid mission is revolutionising the study of galaxy-scale strong gravitational lenses by providing high-resolution imaging over an un-
precedented survey area, increasing the number of known lenses by two orders of magnitude compared to previous surveys. Characterising this
unprecedented sample of lens-galaxies requires accurate measurements of their physical properties. However, standard catalogue photometry often
blends the light from the foreground lens and the lensed background source, limiting the reliability of derived galaxy parameters. We present a
homogeneous catalogue of photometric redshifts and physical properties for 9538 galaxy-scale strong lenses identified in Euclid’s DR1 strong-lens
sample. This catalogue will facilitate future investigations of galaxy evolution and strong lensing. We use deblended multiwavelength photometry
obtained from the lens modelling of Euclid and ground-based imaging data with PyAutoLens. The photometric redshifts of the lens galaxies are
estimated using the template-fitting code Phosphoros. The stellar masses, star-formation rates, stellar ages, and metallicities are inferred through
spectral energy distribution (SED) fitting with Prospector, adopting a flexible non-parametric star-formation history and a Salpeter initial mass
function. The robustness of the inferred parameters is assessed through comparisons with spectroscopic redshifts and external galaxy surveys.
The sample of lenses spans a broad redshift range of 0.13 < zppoe < 1.98, with a median zphe = 0.68:'8;3. The sample is dominated by massive

quiescent galaxies with a stellar mass range [10'°, 10'>!] M, and a median log,o(M. /M) = 11.39f8:§g. This catalogue represents one of the first
large-scale characterisations of strong-lens galaxies in the Euclid era. By combining deblended photometry with homogeneous photometric red-
shift and SED-fitting analyses, it provides a foundation for studies of galaxy evolution, lens-galaxy scaling relations, and the connection between

stellar and total mass in strong lenses. The methodology established here is scalable to the much larger strong-lens samples expected from future

Euclid data releases.
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1. Introduction

The Euclid space mission will transform observational cosmol-
ogy by surveying 14 000 deg? of the extragalactic sky with high-
resolution optical imaging and near-infrared (NIR) photometry
(Euclid Collaboration: Scaramella et al. 2022; Euclid Collabo-
ration: Mellier et al. 2025). Over the next few years, Euclid is
expected to resolve approximately 1.5 billion galaxies (Euclid
Collaboration: Mellier et al. 2025) and discover about 170 000
galaxy—galaxy strong lenses (Collett 2015), nearly two orders
of magnitude more galaxy-scale lenses than previously known.
This unprecedented sample will enable robust statistical stud-
ies of the strong-lens population, provide independent probes
of cosmology (Sharma et al. 2023) and time-delay cosmogra-
phy, test dark matter models on small scales through the detec-
tion of low-mass subhalos (O’Riordan et al. 2023; Vegetti et al.
2024), and constrain the internal structure and assembly histories
of massive galaxies (Shajib et al. 2025).

Characterising the lens galaxies requires not only accurate
lens models, but also robust measurements of their physical
properties. The lens redshift sets the physical scale of the lens,
while spectral energy distribution (SED) fitting provides stellar
masses, star-formation rates (SFRs), luminosities, and rest-frame
colours. These measurements enable statistical studies of the

lens population and comparisons with the general galaxy pop-
ulation.

While spectroscopic observations provide the most reliable
redshift measurements, they are not available for the vast major-
ity of strong lenses that will be discovered by current and future
imaging surveys. Consequently, accurate photometric redshifts
and homogeneous SED-derived physical properties have be-
come essential for exploiting these samples statistically. Within
the context of Euclid, accurate photometric redshifts are also a
fundamental requirement for achieving the mission’s primary
cosmological goals, including weak gravitational lensing and
galaxy clustering. To meet the mission requirements on redshift
precision [i.e. o, < 0.05 (1 + z)], the fraction of catastrophic
outliers (typically < 10%; Amara & Réfrégier 2007; Euclid Col-
laboration: Mellier et al. 2025), and the calibration of the mean
redshift in tomographic bins (Ma et al. 2006; Huterer et al. 2006;
Amara & Réfrégier 2007; Kitching et al. 2008; Euclid Collabo-
ration: Tucci et al. 2026), Euclid combines high-resolution VIS
imaging (Euclid Collaboration: Cropper et al. 2025) and near-
infrared NISP photometry (Euclid Collaboration: Jahnke et al.
2025) with complementary multi-band optical data from ground-
based surveys. The resulting homogeneous photometric data set
enables robust photometric redshift estimates and the derivation
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of galaxy physical properties for billions of sources across the
extragalactic sky.

Strong-lens systems represent a particularly challenging sub-
set of the Fuclid galaxy population because their observed pho-
tometry contains contributions from multiple objects at different
redshifts. In particular, accurate photometric redshift estimation
for the foreground lens galaxies is complicated by contamina-
tion from lensed source light, and crowded environments. The
reliability of the inferred photometric redshift, zphor, and stellar
population properties depends sensitively on the lens-to-source
surface brightness ratio, with significant degradation in systems
dominated by lensed-source source emission. At the same time,
lensing magnification enables the detection of intrinsically faint,
high-redshift background galaxies that would otherwise remain
inaccessible, extending such studies into the early Universe.
Therefore, a proper characterisation of strong-lens systems re-
quires sophisticated deblending and template-fitting techniques,
validated through spectroscopic constraints.

This paper presents the photometric redshift estimation and
multiwavelength characterisation of the first large sample of
strong gravitational lenses discovered by Euclid. Precise red-
shift estimates are essential for nearly all strong lensing applica-
tions, from deriving lens masses and physical scales to studying
the galaxy populations responsible for the lensing. The method-
ology adopted here was developed, tested, and validated using
328 galaxy—galaxy strong lenses presented in the Euclid Quick
Data Release (Q1; Euclid Collaboration: Walmsley et al. 2026a;
Euclid Collaboration: Rojas et al. 2026; Euclid Collaboration:
Lines et al. 2026¢; Euclid Collaboration: Li et al. 2026; Eu-
clid Collaboration: Holloway et al. 2026b; Euclid Collaboration:
Ecker et al. 2026), consisting of Grade A or B lens candidates
with a successful lens model. We apply this methodology to the
DR1 sample of similar Grade A and B lens candidates, identified
using improved machine-learning models for lens discovery (Eu-
clid Collaboration: Vincken et al. 2026b; Euclid Collaboration:
Lines et al. 2026b; Euclid Collaboration: Fogliardi et al. 2026).
Building on the methods established with the Q1 strong-lens
sample, Euclid Collaboration: Holloway et al. (2026a) describes
the discovery and validation of the DRI lens candidates, Euclid
Collaboration: Nightingale et al. (2026) presents the lens-mass
modelling of the systems, and Euclid Collaboration: Lines et al.
(2026a) introduces the full DR1 strong-lens catalogue. Here, we
derive photometric redshifts and characterise the lens galaxies
through measurements of their stellar populations, structural pa-
rameters, and scaling relations. Together, these studies provide a
comprehensive characterisation of the largest sample of galaxy-
scale strong lenses currently known, all discovered by Euclid,
and establish the framework for exploiting the much larger lens
samples expected from future Euclid data releases.

Our approach consists of deblending the light from the fore-
ground lens and the background source in both Euclid’s imag-
ing and complementary ground-based observations through lens
modelling techniques. We then perform SED fitting on the de-
blended photometry to infer the photometric redshifts and stel-
lar population properties of the lens galaxies. These measure-
ments form the basis of the catalogue of photometric redshifts
and physical properties of Euclid strong-lens galaxies released
with this paper. The catalogue contains physical and photomet-
ric measurements for more than 9500 lens galaxies and provides
a homogeneous characterisation of the largest sample of galaxy-
scale strong lenses. As new strong-lens systems are discovered in
future Euclid data releases, the catalogue will be expanded and
updated, enabling population studies with unprecedented statis-
tical power.
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Although the lens modelling provides deblended photometry
for both the foreground lens and background source, the analy-
sis presented here is focused on the foreground lens galaxies.
We do not derive photometric redshifts or physical properties for
the background lensed sources, as their characterisation requires
a separate treatment that accounts for the lensing configuration
and the additional uncertainties associated with their photometry
(Langeroodi et al. 2023). The analysis of the background sources
is beyond the scope of this paper.

This paper is organised as follows. In Sect. 2, we provide
an overview of the observational data sets and properties of the
sample. In Sect. 3, we briefly discuss the lens model that was
used to deblend the light of the lens from the background source,
and how we calculate the aperture photometry. In Sect. 4, we de-
scribe the grid model that was used to estimate zphoy With the
template-fitting tool Phosphoros, as well as the construction
of our physical model within Prospector to derive the stellar
population properties of the lenses. In Sect. 5, we present the
results of the SED fitting and place the strong-lens sample in
the context of galaxy evolution through comparison with exter-
nal galaxy surveys. In Sect. 6, we discuss the implications of our
findings, along with the limitations and caveats of the current
analysis. Finally, we summarise our results in Sect. 7. In this
work, we adopt the Planck 2016 flat ACDM cosmology with
Hy = 67.74kms™' Mpc™!, Q, = 0.3089, and Q5 = 0.6911
(Planck Collaboration: Ade et al. 2016).

2. Data and sample

Our working sample consists of 15072 DR1 strong-lens can-
didates (Euclid Collaboration: Lines et al. 2026a) in the Eu-
clid Wide Survey (EWS), together with 328 strong lenses from
Q1 (Euclid Collaboration: Walmsley et al. 2026b), which were
used to develop and validate the methodology. The DR1-EWS
MERged (MER) catalogue (Euclid Collaboration: Kiimmel et al.
2026) was selected to satisfy either I < 23 or Hy < 22.5, al-
lowing the inclusion of redder systems (Euclid Collaboration:
Holloway et al. 2026a). The DR1 strong-lens catalogue was then
constructed through a combination of machine-learning classi-
fiers, citizen-science inspection, and expert visual grading, as de-
scribed in Euclid Collaboration: Holloway et al. (2026a). From
the resulting catalogue, the top 15 072 highest-ranked candidates
(Grade A + B) were selected for detailed lens modelling with
PyAutoLens (Euclid Collaboration: Nightingale et al. 2026, see
also Sect. 3.1). Consequently, the final sample used in this work
is shaped both by the lens-finding selection function, and by the
requirement that the systems could be successfully modelled.
Lastly, systems classified as cluster-scale lenses, as well as sys-
tems with multiple or group-scale deflectors, are excluded from
the present analysis.

2.1. Photometric observations

We use images from Euclid’s VIS (Euclid Collaboration: Crop-
per et al. 2025) and NISP (Euclid Collaboration: Jahnke et al.
2025) instruments, as well as images from ground-based surveys
(EXT). In the northern hemisphere, we use imaging from the
Ultraviolet Near Infrared Optical Northern Survey (UNIONS;
Gwyn et al. 2025), combining data from: the Subaru Hyper
Suprime Camera (HSC; Miyazaki et al. 2018) for the g and z
bands; the Canada—France Imaging Survey (CFIS; Ibata et al.
2017) for the u and r bands; and the Panoramic Survey Tele-
scope and Rapid Response System (Chambers et al. 2016, Pan-
STARRS) for the i band. In the southern hemisphere, we use
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Fig. 1. Relative transmission curves for the photometric bands used in this study. The top panel shows the filters for the northern hemisphere,

whereas the bottom panel shows the filters for the southern hemisphere.

The profiles are normalised to a peak transmission of one.

Table 1. Average 50 and 10 o depths of the MER catalogues for Q1 and DR1 EWS respectively, along with the values of the ZPC applied to

fluxes, and the median FWHM of the PSF of each band.

Q1 DR1 EWS
Survey Band Depth ZPC PSFFWHM Depth PSFFWHM
[mag] [”] [mag] ("]
EWS I 26.0 1.05 0.20 24.8 0.20
EWS Y: 23.8 0.95 0.48 23.2 0.49
EWS Je 240 097 0.51 23.3 0.51
EWS H; 240 095 0.55 23.3 0.56
UNIONS CFIS u 24.1 1.00 1.02 23.2 1.02
UNIONS HSC g 25.8 1.00 0.80 24.5 0.96
UNIONS CFIS r 24.8 0.99 0.86 24.0 0.83
UNIONS Pan-STARRS i 23.9 1.09 1.28 23.6 1.29
UNIONS HSC z 24.1 1.00 0.61 23.0 0.77
DES g 254 1.00 1.27 24.7 1.26
DES r 25.1 1.00 1.13 24.3 1.13
DES i 244 1.00 1.07 23.8 1.05
DES Z 2377  1.015 1.03 23.0 1.01

Notes. The average depths and ZPCs for Q1 are taken from Table 1 of Euclid Collaboration: Tucci et al. (2026), whereas for DR1 EWS the depths
are taken from Euclid Collaboration: Kiimmel et al. (2026) and Euclid Collaboration: Enia et al. (2026a). The PSF FWHM values are the medians
of the FWHM measured on the MER PSF stamps at the positions of the lenses in our sample. For Q1, the PSF FWHM are consistent with those

reported in Table 2 of Euclid Collaboration: Romelli et al. (2026).

imaging from the Dark Energy Survey (DES; Abbott et al. 2021)
in the griz bands. Figure 1 shows the relative transmission curves
of the different filters in each hemisphere.

We accessed these images via the ESA Science Archive Ser-
vice and the ESA Datalabs platform (Navarro et al. 2024). All
VIS, NISP, and EXT images used in this work are provided
as MER mosaics, with the images resampled onto a common
pixel grid. We created cutouts for each strong lens candidate
with a field of view of 10”x10”(100 x 100 MER mosaic pix-
els, which are native instrument pixels up-sampled to 0”1 per
pixel). For each system, our cutout consists of a datacube that
contains the background-subtracted images observed in different
filters, the corresponding root mean square (RMS) noise maps,
and the point-spread functions (PSFs) of each instrument. The

PSF of a particular band is unique to the target depending on
its tile and sky coordinates (Euclid Collaboration: McCracken
et al. 2026b,a; Euclid Collaboration: Polenta et al. 2026b,a). The
construction and validation of these PSF models are described in
Euclid Collaboration: Romelli et al. (2026) and Euclid Collabo-
ration: Kiimmel et al. (2026).

In Table 1, we summarise the average photometric depths,
zero-point multiplicative corrections (ZPC), and the typical full
width at half maximum (FWHM) values measured on the PSF
stamps in the MER mosaics for each band. The average 5o
depths and ZPCs of Q1 were estimated by Euclid Collabora-
tion: Tucci et al. (2026, see their Table 1), whereas the aver-
age 100 depths of DR1 EWS are provided by Euclid Collab-
oration: Kiimmel et al. (2026) and Euclid Collaboration: Enia
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et al. (2026a). The average depths are derived from the signal-
to-noise ratio (S/N) distribution of VIS-detected sources, using
total fluxes in the /; band and 2 x FWHM aperture fluxes in the
remaining bands. Depending on survey and filter, the limiting
depths range from 23.7 to 26.0 mag at 50, and from 23.0 to
24.8 mag at 100, with the deepest data provided by Euclid in
the I; band.

The ZPCs were calculated by the Euclid photometric red-
shift Organisation Unit (OU-PHZ; Euclid Collaboration: De-
sprez et al. 2020) using the template-fitting tool Phosphoros
on the general Q1 source catalogue. These corrections were re-
quired to account for residual inconsistencies in the photometry
caused by various factors, such as imperfect photometric calibra-
tion, uncertainties in the filter transmission curves, PSF-related
aperture corrections, and mismatches between the observed pho-
tometry and the adopted SED templates. The offsets were de-
rived empirically by comparing observed fluxes with template-
predicted fluxes for stars and spectroscopically confirmed galax-
ies. Subsequently, the offsets were applied as multiplicative cor-
rections to the measured fluxes in the SED fitting stage. The de-
rived corrections are generally close to unity, corresponding to
flux rescaling of the order of 1% to 5%, with the exception of
the Pan-STARRS i band, which required a larger correction of
approximately 9%. In contrast, the improved photometric cali-
bration and homogenisation achieved in DR1 eliminate the need
for additional ZPCs.

Table 1 also lists the median FWHM values measured from
the PSF stamps in the MER mosaics for each band, for our sam-
ple of strong lens candidates in Q1 and DR1. The median values
we measure here are similar to those reported in Euclid Collabo-
ration: Romelli et al. (2026, see their Table 2). The standard ap-
proach to calculate aperture photometry across multiple wave-
bands is to first homogenise the PSFs by generating convolu-
tion kernels that match higher-resolution images to the lowest-
resolution band. For example, Euclid Collaboration: Romelli
et al. (2026) employed the kernel creation algorithm of Boucaud
et al. (2016), which builds convolution kernels based on Wiener
filtering with a tunable regularisation parameter. However, in the
case of strong lenses, we cannot perform reliable aperture pho-
tometry from the images because the light from the lens galaxy
and the background source is blended, an effect that becomes
more severe in lower-resolution images and leads to contamina-
tion in aperture photometry (Langeroodi et al. 2023). Therefore,
accurate measurements of the lens redshift and physical proper-
ties require deblending through lens modelling (Sect. 3.1). Since
the modelling provides unconvolved lens model images, we can
directly convolve these models in each band with the lowest-
resolution PSF, avoiding the need to construct separate convolu-
tion kernels to match the PSFs between bands.

2.2. Spectroscopic data

Spectroscopic redshifts provide an essential benchmark for as-
sessing the accuracy and potential biases of the photometric
redshifts derived in this work. Within the Euclid Collabora-
tion, dedicated catalogues have been compiled to gather spec-
troscopic redshifts from a wide range of existing surveys. We
cross-matched the strong-lens samples from both the Q1 and
DRI catalogues with these spectroscopic compilations, using the
updated v1.1 compilation for QI and the v1.0 compilation for
DR1 (Euclid Collaboration: Saulder et al., in prep.), in order to
obtain reliable spectroscopic redshifts for the lens galaxies.

The PRIMUS survey (Coil et al. 2011; Cool et al. 2013) pro-
vides a large compilation of low-resolution spectroscopic red-
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shifts. From this catalogue, we retained sources with reliable red-
shift measurements (ZQUALITY > 3) and excluded objects clas-
sified as stars. The OzDES survey (Lidman et al. 2020) provides
spectroscopic redshifts over the DES footprint. We used the DR2
reduced catalogue and selected only robust galaxy redshifts with
positive redshift estimates and high-confidence quality flags, ex-
cluding transient sources.

The Dark Energy Spectroscopic Instrument (DEST) DR1 cat-
alogue (DESI Collaboration: Abdul Karim et al. 2026) consti-
tutes the largest spectroscopic data set used in this work. Owing
to the size and complexity of the DESI data products, a merged
catalogue was constructed containing the most relevant quanti-
ties from the REDROCK, FASTSPECFIT, and large-scale structure cata-
logues. Stellar contaminants and problematic observations were
excluded by following the DESI quality recommendations to re-
tain only reliable galaxy spectra.

In total, 31 of the 328 Q1 strong lenses have a counterpart
in the most recent release of the DESI DR1 catalogue, while five
systems have spectroscopic information from OzDES, and seven
from the PRIMUS survey. In addition, 236 galaxies in our main
DRI strong-lens sample have spectroscopic redshifts from the
internally compiled DESI DR1 spectroscopic catalogues (Eu-
clid Collaboration: Saulder et al., in prep.; Euclid Collaboration:
Storfer et al., in prep.). For all surveys, only high-confidence
galaxy redshifts were retained after applying the corresponding
quality criteria provided by each collaboration. In total, we have
279 lens galaxies with a spectroscopic redshift measurement.

3. Lens modelling and aperture photometry

In this section, we describe the methodology used to obtain
reliable multiwavelength photometry for our sample of strong
lenses. First, we give an outline of the lens modelling proce-
dure adopted to deblend the lens and source light (Sect. 3.1), and
then present the approach applied to the resulting model images
(Sect. 3.2) to calculate the aperture photometry.

3.1. Deblending lens from source using PyAutoLens

To separate the foreground lens galaxy from the lensed back-
ground source, we use the strong-lens modelling pipeline
(ECLIPSE C; Euclid Collaboration: Nightingale et al. 2026),!
adapted from the lens modelling software PyAutoLens’
(Nightingale et al. 2021). Lens modelling in ECLIPSE C uses
the Euclid I, image as the primary modelling waveband, with an
automatic segmentation of the lens light, lensed source light, and
contaminants performed using AstroVink-TREX (Euclid Col-
laboration: Vincken et al. 2026a), a neural network developed to
enable scalable processing of the large DR1 lens candidate sam-
ple. The VIS imaging has the highest spatial resolution and depth
of the available data, making it the most informative dataset for
constraining the lens mass model. For each system, the fore-
ground lens light and lensed background-source light are fitted
with multi-Gaussian expansions (MGEs; Cappellari 2002; He
et al. 2024), together with a singular isothermal ellipsoid (SIE)
density profile and external shear. The lens mass is parametrized
by the angular Einstein radius 6; and axis ratio, while the exter-
nal shear is described by its magnitude and position angle. For
the lensed source, a single set of MGEs consisting of 30 Gaus-
sians is used. The maximum-likelihood SIE and external-shear

' https://github.com/Jammy2211/euclid_strong_lens_
modeling_pipeline
2 https://github.com/Jammy2211/PyAutoLens
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Fig. 2. Example multiwavelength model fit for one strong-lens candidate in DR1. Rows show the observed image-plane data, best-fitting Sérsic
model of the lens galaxy, lens-light-subtracted images, and the best-fitting lensed source model in the image plane. Columns show the ground-based
DES griz imaging, and Euclid I, Yg, Ji, and Hy imaging. The same /;-inferred lens mass model is used in every waveband, with per-waveband
astrometric shifts accounting for small offsets between the images. The cutouts have a field of view of 10”x10”(100 x 100 MER mosaic pixels,
which are native instrument pixels up-sampled to 0’1 per pixel). The circular mask is set by the extent of the lensed-source emission plus a buffer.

mass model from this fit is kept fixed in all subsequent fits used
to derive the deblended photometry.

With this mass model fixed, multi-wavelength fits are then
performed to provide the lens and source photometry required
for photometric-redshift estimation and SED fitting. These fits
assume Sérsic light profiles for the lens and source galaxies,
which provide a smooth, physically motivated description of the
light distribution across the full fitting region. The segmentation
map derived from the I; image is applied in all bands, so that the
lens, source, and contaminant regions are defined consistently
across wavelengths.

In the [; band, the lens and background-source light are fit-
ted with single elliptical Sérsic profiles, with the mass model
held fixed. The free parameters of each profile are its centre, el-
lipticity, Sérsic index n, and effective radius R.g, with a uniform
prior of 0.5 < n < 10. Here, R is defined along the interme-
diate axis of the half-light isophote, R = \/CE, where a and
b are its semi-major and semi-minor axes. So, the values quoted
throughout this paper are the commonly used circularised effec-
tive radii. The mass model fitted on the I; image is then used to
fit every available non-/; waveband, including all Euclid NISP
imaging and ground-based EXT imaging available for each lens.
The structural parameters of the lens and background source are
fixed to their I; values, while the flux normalisation is fitted in-
dependently in each band. For these fits, the only free non-linear
parameters are a two-dimensional (y, x) shift of the image centre
relative to the I; frame, which accounts for small astrometric off-
sets between wavebands. The fitted shifts are small: the median
offsets with respect to I;; are 18, 20, and 26 mas in Y;, J;;, and Hg,
and 86, 65, 56, and 50 mas in the DES g, r, i, and z bands. These
values are well below the PSF FWHM in each band (Table 1).
This approach ensures a consistent decomposition of the lens

and source light across wavelength while allowing their SEDs to
vary.

In each band, the lens flux is measured from the best-fitting
Sérsic model of the lens before convolution with the PSF. We
define the total lens flux as the sum of this unconvolved model
over all pixels within the circular mask used in the lens mod-
elling, whose radius is set by the extent of the lensed-source
emission plus a buffer (see Euclid Collaboration: Nightingale
et al. 2026). The ratio between the lensed source flux and the
intrinsic source flux predicted by the model provides an estimate
of the lens-model magnification. The resulting deblended pho-
tometry (Sect. 3.2) is used exclusively for photometric redshift
estimation and SED fitting. We should note here, that we derive
photometric redshifts and physical properties only for the lens
galaxies. The analysis of the background lensed sources, includ-
ing their photometric redshifts and physical properties, is beyond
the scope of this paper and will be presented in future work.

3.2. Aperture photometry of the lens galaxies

Since the lens modelling outputs the unconvolved lens model im-
ages, we can directly convolve them in each band to the lowest-
resolution PSE. This allows us to carry out aperture photometry
on the deblended lens images, avoiding the need to construct
convolution kernels. The use of the model images enables us to
separate the lens light from the background source contribution.
However, the model images do not contain the observational
noise properties of the data; therefore, we use the MER cata-
logue uncertainties to characterise the photometric errors (see
below). In most cases the band with the lowest resolution is the
DES g band for southern targets, and the Pan-STARRS i band
for northern ones.
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Fig. 3. Photometric versus spectroscopic redshifts. The main panels compare the photometric and spectroscopic redshifts obtained using different

redshift distribution priors: no prior, volume prior, luminosity prior, and
one-to-one relation and the red lines Show Zphot = Zspec

luminosity+volume prior (from left to right). The grey lines show the

+ 0.15 (1 + Zgpec), corresponding to the limits for outliers. In each panel, we report the total

number of lenses in Q1 and DR1 with spectroscopic redshifts, Ny, the bias computed after excluding outliers, the scatter, the NMAD, and the

outlier fraction. The corresponding subpanels show the residuals.

After convolving the unconvolved lens model images with
the PSF of the lowest-resolution band, aperture photometry was
measured for all bands within a set of circular apertures with
diameters fixed individually target-by-target to integer multi-
ples of the PSF FWHM of the lowest-resolution band, in the
same way as the MER catalogue (Euclid Collaboration: Romelli
et al. 2026). For the estimation of photometric redshifts, we con-
sider the lens flux enclosed within an aperture of diameter of
4xFWHM. As shown in Appendix A, this aperture provides pho-
tometric redshifts that are in better agreement with the available
spectroscopic redshifts than those obtained using apertures of 1,
2, or 3 x FWHM, or the total flux. Furthermore, we compare the
observed photometry from the MER catalogue and the photom-
etry measured from the deblended lens-model images produced
with PyAutoLens in Appendix A, for all available photometric
bands. For the subsequent SED fitting (Sect. 4), we use the to-
tal lens flux defined above, that is the unconvolved Sérsic model
summed within the circular mask, to infer physical properties
such as the total stellar mass and SFR.

We adopt as photometric uncertainties those provided in the
MER catalogue for 4 x FWHM aperture fluxes. These uncertain-
ties are computed by A-PHOT as the square root of the quadratic
sum of the pixels in the PSF-matched RMS map within the con-
sidered aperture (Euclid Collaboration: Romelli et al. 2026), and
therefore account for the observational noise properties of the
data. To include additional uncertainties associated with the lens-
modelling procedure, we add an empirical calibration term in
quadrature to the MER uncertainties (Appendix B). This calibra-
tion is motivated by the fact that the formal uncertainties derived
from the posterior distributions of the Sérsic fits are unrealisti-
cally small. In Sérsic profile fitting, uncertainties are often un-
derestimated due to simplifying assumptions, including that: (i)
a single Sérsic profile perfectly describes the galaxy light distri-
bution; and (ii) the image noise is Gaussian and well behaved
(e.g. van der Wel et al. 2012). The empirical calibration term is
derived from Sérsic modelling of non-lens galaxies and provides
a more realistic estimate of the uncertainty associated with the
deblended photometry.
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4. Estimating photometric redshifts and physical
properties with SED fitting

4.1. Photometric redshifts with Phosphoros

A common approach to derive photometric redshifts is by com-
paring observed fluxes to a grid-based library of synthetic SEDs.
In Phosphoros (Euclid Collaboration: Paltani et al., in prep.),
the model parameter space comprises redshift, z, galaxy SED,
internal colour excess E(B — V), and attenuation curve. The full
grid is generated prior to fitting the input catalogues.

To estimate the photometric redshifts for the strong lenses
in our sample we use the same SED library as in Euclid Col-
laboration: Tucci et al. (2026). The SED library is based on the
COSMOS templates of Ilbert et al. (2009) and includes 33 base
templates: eight elliptical/lenticular and 11 spiral models from
Polletta et al. (2007); two exponentially declining star-formation
histories, and 12 young star-forming templates generated with
Bruzual & Charlot (2003). Intermediate templates are produced
by interpolation in colour space. Nebular emission lines (H e,
Omn, HB, Hy, H6, and Om) are added assuming the UV-SFR
calibration of Kennicutt (1998), combined with empirical line
ratios (Euclid Collaboration: Paltani et al., in prep.), and broad-
ened with a velocity dispersion of 200kms™'.

The parameter grid covers redshifts z € [0.1, 2] with a spac-
ing of 0.01. Dust attenuation is applied to both the young and old
galaxy templates, with E(B— V) values ranging from 0 to 0.5 and
from 0 to 0.2, respectively, in steps of 0.05. We considered two
extinction prescriptions: the SMC law of Prevot et al. (1984); and
the modified Calzetti law with a 2175 A bump (Noll et al. 2009).
Absorption by the intergalactic medium is modelled according to
Inoue et al. (2014). In addition, Galactic foreground reddening is
applied to each SED using the Milky Way extinction curve from
Gordon et al. (2023), following the implementation described by
Galametz et al. (2017).

Reliable photometric redshift estimates require that all sig-
nificant sources of photometric uncertainty are properly ac-
counted for. Building on the observational, o(obs), and em-
pirically calibrated Sérsic-modelling, ox(mod), uncertainties de-
scribed in Sect. 3.2, we additionally include a 2% extra system-
atic error to the flux uncertainties. This term accounts for resid-



Euclid Collaboration: A. Nersesian et al.: ECLIPSE D — Photometric redshifts and stellar properties of DR1 strong lenses

T T T T T II T 1.0

-
(=}
T

—o—
e
—e—
1
o
o
a —e—
—~e—
e
=N
.
—e—i
—e—
[=]
(=2}

Zphot (this work)
(=}
o0
T

(=}
=N
T
———i
‘e
o e e—
=2 =
s
o
= o
e
e
e
e
1
1
o
~

Flux ratio in Ig (source/lens)

L
<
)

AN |

0.2 0.4 O:6 0{8 1:0 1.2 1.4
Zphot (OU-PHZ)

Fig. 4. Comparison for the Q1 lenses between the photometric redshifts
derived in this work using the deblended lens-galaxy photometry and
the Euclid OU-PHZ photometric redshifts obtained from the original,
non-deblended photometry, for the Q1 lenses. Points are colour-coded
by the ratio of the Iz-band flux of the lensed source to that of the de-
blended lens galaxy, indicating the relative level of source contamina-
tion. Star symbols denote systems with available spectroscopic redshifts
for the lens galaxy. The grey line show the one-to-one relation and the
red lines show Zphor = Zou-puz £ 0.15 (1 +zou-puz), corresponding to the
limits for outliers.

ual calibration systematics not absorbed by the ZPCs and the un-
certainties in the underlying stellar population models. The total
flux uncertainty is given by

O'i(total) = o-,%(obs) + o-f(mod) + (ﬁka)z, (1)

with B¢ = 0.02 in all bands.

Phosphoros implements the probability that a galaxy of ap-
parent magnitude my is at redshift z and belongs to a particu-
lar morphological type. This follows the procedure developed in
Benitez (2000) and implemented in the Le Phare code (Ilbert
et al. 2006). Phosphoros further incorporates two optional pri-
ors: (i) a redshift prior proportional to the differential comoving
volume (with an effectiveness parameter of 0.3) that can suppress
spurious solutions at very low redshift; and (ii) a top-hat lumi-
nosity prior on the DES r-band absolute magnitude, restricted to
the interval —24 < M, < 0 (AB), which can mitigate catastrophic
outliers at z > 2 (Euclid Collaboration: Tucci et al. 2026), albeit
at the cost of potentially excluding a small number of intrinsi-
cally bright high-redshift galaxies. These priors can be applied
individually, jointly, or omitted altogether.

Strong-lens galaxies are a biased subset of the general galaxy
populations (Sonnenfeld et al. 2023). Since the photometric red-
shift priors in Phosphoros are calibrated on general galaxy pop-
ulations rather than strong-lens samples, their applicability to
lens galaxies is not guaranteed. Therefore, we evaluate the im-
pact of the redshift priors empirically by comparing the resulting
photometric redshifts with the available spectroscopic ones.

The primary product of Phosphoros is the redshift poste-
rior probability distribution (zPDF), sampled over z € [0.1,2]
with Az = 0.01 and marginalised over all template and attenua-
tion parameters. Several summary statistics are derived from this
distribution; by default, the adopted photometric redshift corre-

sponds to the median of the zPDF, since this estimator provides
robust performance and minimises the fraction of outliers.

Figure 3 compares the photometric redshifts obtained with
no prior, a volume prior, a luminosity prior, and a combined
luminosity+volume prior. Based on Ny, = 279 lenses with
spectroscopic redshifts, all four configurations yield similar re-
sults. The volume prior gives the highest outlier fraction (7.5%).
However, this prior is not suitable for a sample of gravitation-
ally strong lenses, since the sample selection is not representa-
tive of the underlying galaxy population as a function of vol-
ume. The bias remains similar in all configurations (Az < 0.04),
and the normalised median absolute deviation (NMAD) varies
only marginally. To reduce potential catastrophic outliers, we
adopt the luminosity prior as our fiducial configuration, with
NMAD = 0.037 and outlier fraction of 4.3%. For the full sam-
ple of Q1 lenses we measure a median photometric redshift of
Zphot = 0.67f8:§1, while for DR1 zphot = 0.68f833. For the final
sample of lenses, the zPDFs give a median photometric-redshift
uncertainty of o /(1 + zppe) = 0.046.

Having established our fiducial photometric-redshift config-
uration, we compare the resulting redshifts for the Q1 lenses with
the corresponding Euclid OU-PHZ photometric redshifts. Such
a comparison can be really valuable to assess the impact of lens-
source deblending. Figure 4 compares the photometric redshifts
derived from the deblended lens-galaxy photometry presented
in this work with the Euclid OU-PHZ photometric redshifts ob-
tained from the original, non-deblended photometry. The points
are colour-coded by the ratio of the I;-band flux of the lensed
source to that of the lens galaxy, providing a proxy for the level
of source contamination. We notice a trend in which the largest
discrepancies between the two photometric-redshift estimates
occur preferentially in systems with high source-to-lens flux ra-
tios. This indicates that contamination from the lensed source
can significantly bias photometric-redshift estimates when the
lens and source are not deblended. In contrast, systems with
faint lensed sources generally lie close to the one-to-one relation,
suggesting that the deblending procedure primarily improves the
photometric redshifts for strongly contaminated systems.

4.2. Physical properties with Prospector

To derive the physical properties of the lens galaxies, we use
Prospector (Johnson et al. 2021), a Bayesian SED-fitting
code that combines models of stellar, nebular, and dust compo-
nents into composite stellar populations. Prospector generates
model SEDs on the fly using the Flexible Stellar Population Syn-
thesis (FSPS) code (Conroy et al. 2009) and explores the param-
eter space using Monte Carlo sampling techniques. We fix the
redshift of each lens to its spectroscopic value when available,
and otherwise to the Phosphoros photometric redshift, and in-
fer the physical properties of the lens galaxies from their total
fluxes within a self-consistent Bayesian framework.

Our adopted model follows closely those presented by Leja
et al. (2017, 2018, 2019b) and Euclid Collaboration: Nersesian
et al. (2026). Stellar population spectra are generated using
FSPS, adopting the Medium resolution Isaac Newton Library of
Empirical Spectra (MILES; Sanchez-Blazquez et al. 2006) and
the Mesa Isochrones and Stellar Tracks (MIST; Choi et al. 2016).
Throughout this work we assume a Salpeter (1955) initial mass
function (IMF). Adopting a Chabrier (2003) or Kroupa (2001)
IMF would lower the stellar masses by about 0.2 to 0.25 dex, a
systematic offset that does not affect the relative trends within the
sample. The model contains 12 free parameters describing the
stellar population, star-formation history (SFH), and dust atten-
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Table 2. Free parameters and their associated prior distribution functions in the Prospector physical model.

Parameter Description Prior distribution
z Redshift® fixed: Phosphoros photometric redshift zpno
logio (M./My) Total stellar mass formed uniform: min = 8, max = 12.5
Z. 7o) Stellar metallicity uniform: min = 0.1, max = 1.6
SFR ratios Ratio of adjacent SFRs in the Student’s t-distribution with
eight-bin nonparametric SFH, oc=03andv=2
seven free parameters in total
T qust, 2 Diffuse dust optical depth clipped normal: min = 0, max = 2, mean = 0.2, 0 = 0.3
Tdust, 1 Birth-cloud dust optical depth clipped normal in (Tqust, 1 /Tdust,2): min = 0, max = 1, mean = 0.5, 0 = 0.3
ny Slope of Kriek & Conroy (2013) dust law uniform: min = -1, max = 0.4

Notes. > When available, the spectroscopic redshift, zyec, of the lens is considered and held fixed during the SED fitting. Otherwise, we adopt the
photometric redshift derived with Phosphoros, corresponding to the median of the zPDF.

uation. A summary of all free parameters and prior distributions
is provided in Table 2.

We model the SFH using the non-parametric continuity
parametrization of Leja et al. (2019a). This approach de-
scribes the SFH as a series of piecewise-constant star-formation
episodes while imposing a prior that favours smoothly varying
histories over sharp transitions in SFR(#) (Ocvirk et al. 2006;
Tojeiro et al. 2007). The SFH is parametrized using eight time
bins defined in lookback time. The first two bins are fixed to
[0, 30] Myr and [30, 100] Myr to capture recent star formation,
while the oldest bin is placed at [0.9, 1] #y(z), where tg(z) is the
age of the Universe at the galaxy redshift. The remaining bins
are spaced uniformly in logarithmic time between 100 Myr and
0.9 ty(2).

The stellar metallicity is treated as a free parameter with
a uniform prior in linear space. Previous studies have shown
that, when fitting broadband photometry, a uniform prior in log-
arithmic space can bias the inferred metallicities towards ar-
tificially low-metallicity solutions (Euclid Collaboration: Ab-
durro’uf et al. 2025; Euclid Collaboration: Nersesian et al.
2026). We therefore adopt a uniform prior in linear parameter
space following Nersesian et al. (2024, 2025) and Euclid Col-
laboration: Nersesian et al. (2026).

Dust attenuation is described using the two-component
model of Charlot & Fall (2000), implemented following Leja
et al. (2017). Attenuation from stellar birth clouds and diffuse
interstellar dust is treated separately, while the attenuation curve
is allowed to vary through a free power-law slope. The strength
of the UV bump is tied to the attenuation curve according to the
empirical relation of Kriek & Conroy (2013). This flexible pre-
scription enables a broad range of attenuation curves consistent
with those observed in nearby and distant galaxies. The birth-
cloud component attenuates stellar emission from stars with an
age up to 10 Myr, and its optical depth is given by

Faus 1 = T1(4/550 nm) ™' )

The diffuse dust component has a flexible function that attenu-
ates both stellar and nebular emission of a particular galaxy, us-
ing a power-law-modified starburst curve (Calzetti et al. 2000),
extended with the Leitherer et al. (2002) curve. Following Noll
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et al. (2009), the diffuse optical depth is

S B A"
faus2 = 7ozl <A>+Du>]( av) , 3)

where k(1) is the original Calzetti et al. (2000) attenuation
curve, and D(Q) is a Lorentzian-like Drude profile characterising
the UV bump at 2175 A in the attenuation curve. The normalisa-
tion of the optical depth of the birth-cloud and diffuse dust com-
ponents, along with the power-law index n,, which describes the
shape of the attenuation curve for the diffuse dust component,
are set as free parameters in our model.

Finally, the parameter estimation is performed using the
nested sampling algorithm dynesty (Skilling 2004, 2006; Ko-
posov et al. 2022). The dynesty sampler efficiently explores the
posterior distribution and provides robust estimates of parameter
uncertainties. Example posterior distributions and the degenera-
cies between the main parameters are shown in Appendix C. The
known degeneracy between age and dust attenuation is present
but it is moderate.

5. Results

In this section, we present the derived physical properties of the
lens galaxy populations in the Q1 and DR1 samples. We investi-
gate their stellar populations, structural parameters, and scaling
relations in order to characterise the nature of the lens population
and place it in the broader context of galaxy evolution. In particu-
lar, we compare lens galaxies with the general galaxy population
at similar redshifts using standard colour diagnostics and galaxy
scaling relations, allowing us to identify the parent population of
strong-lensing galaxies.

5.1. Quality cuts

We apply seven quality cuts to define the final sample. We keep
only lenses that: (i) have DET_QUALITY_FLAG < 4 in the MER
catalogue; (ii) have a successful lens model, based on expert vi-
sual inspection, with > 75% of expert votes classified as Suc-
cess. Lenses classified as No Consensus are also retained; (iii)
are detected in at least six photometric bands, since with fewer
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Table 3. Quality cuts applied to the lens sample.

Cut Ql DRI1 Total
All lenses 328 15072 15400
All lenses with deblended photometry 328 14281 14609
(i) DET_QUALITY_FLAG < 4@ 314 13766 14080
(i1) Successful lens model 314 11500 11814
(iii) Npands = 6 303 10683 10986
(iv) PHZ_FLAGS = 0® 283 10594 10877
(v) Constrained zppot 283 10557 10840
(vi) Prospector fit flag 277 9700 9977
(vii) logyo(M../My) > 10 275 9538 9813

Notes. © Quality flags given in the MER catalogue during the detection
process. ¥ Lenses without an OU-PHZ entry are kept.

bands the SED is poorly constrained; (iv) have PHZ_FLAGS = 0
in the OU-PHZ catalogue; (v) have a well-constrained photo-
metric redshift, i.e. a 70% credible interval of the Phosphoros
zPDF narrower than one (lenses with an almost flat zZPDF are re-
moved); (vi) are not flagged as poor fits by Prospector, where
a fit is flagged if the y? of the photometry is too large to be ex-
plained by the photometric uncertainties (p < 0.01), or if any
band deviates from the best-fit model by more than 50 and
(vii) have log (M, /M) > 10.> Below this mass limit the stel-
lar masses are less reliable. This limit also matches the mass
range of previous galaxy-scale lens surveys (Auger et al. 2009;
Brownstein et al. 2012). Table 3 gives the number of lenses left
after each cut. The final sample contains 9813 lenses, 275 from
Q1 and 9538 from DR1.

In Fig. 5, we show the stellar mass—redshift distribution of
the DRI and Q1 lens galaxies. The hexagonal bins are colour-
coded by the median S/N in the H; band. The H; band con-
tributes most strongly to the stellar-mass constraints (Euclid
Collaboration: Kovacic¢ et al. 2025). We do not apply a cut on
S/N(H;). Most lenses have S/N(H;) 2 100, so the stellar masses
are not driven by low-S/N NIR photometry. Lenses removed by
the quality cuts are shown as grey open circles.

3 The stellar mass reported by Prospector corresponds to the surviv-
ing stellar mass, accounting for both living stars and stellar remnants.

5.2. Recovering the stellar properties

Figure 6 shows the distributions of the main global properties
of the final sample lens galaxies. Each property was estimated
based on the median of its posterior distribution. The depicted
properties are the surviving stellar mass M., the present SFR,
the specific SFR (sSFR = SFR/M,), the mass-weighted stellar
age . mw, the light-weighted stellar age ¢, weighted by the
bolometric luminosity, the stellar metallicity Z., the dust opacity
of the birth-clouds T4y, 1, and the diffuse dust component 74y, 2
in the V band. We also show the distributions of the effective ra-
dius R.s in kpc, and the Einstein radius Ry, in kpc, as measured in
the I; band with PyAutoLens. The combined DR1 and Q1 sam-
ple of lens galaxies covers the redshift range z € [0.13, 1.98],
probing galaxies from about 1.7 to 10.5 Gyr in lookback time.
We measure a median stellar mass of log;o(M./My) = 11.39
and a median value of log;o[SFR/(M, yr~!)] = 0.15. Further-
more, we measure ¢, nw = 4.4 Gyr, and log0(Z./Zy) = —0.06.
From the lens modelling we measure a median effective radius
of R.g = 5.7kpc, and an Einstein radius of R; = 6.4 kpc.

5.3. The UVJ colour-colour diagram

Figure 7 shows the rest-frame UVJ diagram for the final sam-
ple of lens galaxies. The rest-frame colours are derived from the
best-fit Prospector SED models. Each lens is colour-coded by
the mass-doubling number, D, defined as

D(z) = sSFR(z) X ty(2), 4

where 1y(z) is the age of the Universe at redshift z; D(z) is the
number of times the stellar mass doubles within the age of the
Universe at the current sSSFR (Tacchella et al. 2022). For mas-
sive early-type galaxies at z ~ 0.8, Tacchella et al. (2022) define
galaxies with 1/20 < D(z) < 1/3 (-1.3 < logjo D < —0.48) as
transitioning, and galaxies with D(z) < 1/20 (logjo D < —1.3)
as quiescent. The UVJ diagram separates quiescent from star-
forming galaxies. It combines the U — V colour, which is sensi-
tive to stellar age and dust, with the V — J colour, which mainly
traces dust reddening (Williams et al. 2009). We use the quies-
cent selection of Muzzin et al. (2013), shown as solid black lines
in Fig. 7. Galaxies above these lines are classified as quiescent.
The grey contours show galaxies from the Deep-JWST-Archive
(DJA, Valentino et al. 2023), selected with the same stellar-mass
and redshift limits as our sample. The DJA combines deep JWST
and HST photometry in several extragalactic fields (CANDELS,
Koekemoer et al. 2011; 3D-HST, Brammer et al. 2012; Skel-
ton et al. 2014; Momcheva et al. 2016; PRIMER; GOODS; and
CEERS). It provides photometric redshifts, rest-frame colours,
and stellar-population properties.

Most lenses lie in the quiescent region of the UVJ plane,
where the DJA contours also trace the massive quiescent popula-
tion. Based on the UVJ colours alone, 87% of the lenses are clas-
sified as quiescent. This is expected, since galaxy-scale lenses
are mostly massive early-type galaxies with high central mass
densities. The median sSFR is log o(sSFR/yr™!) = —11.3, con-
sistent with old stellar populations and little ongoing star forma-
tion. A smaller group of lenses lies closer to the star-forming
region and has higher sSFRs. These galaxies may host younger
stellar populations or more dust.

The Muzzin et al. (2013) boundaries do not separate our
lenses cleanly in sSFR. In total, 72% of the lenses with logo D >
—1.3 lie inside the quiescent region, while 38% of the lenses in
the quiescent box are transitioning. The Sérsic indices broadly
support the UVJ classification: 91% of the UVJ-quiescent lenses
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tion of Muzzin et al. (2013) for0 < z < 1.

have n > 2.5. However, 72% of the lenses outside the quies-
cent region also have n > 2.5. The UV/J selection therefore picks
a mostly early-type population, but star-forming and quiescent
lenses overlap in D(z) and Sérsic index.

The scatter around the empirical UV J boundaries can arise
from both physical and modelling effects. For example, differ-
ences in the underlying photometry and in the methodology used
to derive rest-frame colours can lead to discrepancies (Martorano
et al. 2024). Furthermore, stochastic episodes of star forma-
tion can temporarily shift otherwise quiescent galaxies in UVJ
colour space (Faisst & Morishita 2024). Conversely, galaxies lo-
cated within the nominal quiescent region but exhibiting elevated
sSFRs may represent systems transitioning towards quiescence,
or dusty star-forming galaxies whose attenuation produces red
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optical colours. The structural information therefore provides a
useful complementary diagnostic, but does not by itself uniquely
determine the star-formation state of an individual galaxy.

5.4. Scaling relations

Figure 8 (top) shows the lens galaxies in the SFR—M,. plane. We
compare them with the star-forming main sequence (SFMS) of
Leja et al. (2022) and Euclid Collaboration: Enia et al. (2026b).
Star-forming galaxies are usually located on the SFMS, ei-
ther forming a substantial fraction of their stellar mass while
maintaining sustained star formation (Leitner 2012) or passing
through the sequence as their star formation activity evolves
(Abramson et al. 2015). Quiescent galaxies, on the other hand,
lie below the SFMS and populate the quiescent red sequence.
Consequently, studying the relationship between SFR and M.,
across different redshifts provides insights into the evolution of
galaxies and their SFHs. (e.g. Noeske et al. 2007; Leja et al.
2022).

We divide the lenses into three redshift bins to account for the
evolution of the SFMS. Most lenses lie below the SFMS at their
redshift. They have lower sSFRs than star-forming galaxies of
the same stellar mass. This is clearest in the two higher-redshift
bins. Only 4.7% of the lenses lie within 0.3 dex of the SFMS of
Leja et al. (2022) at their redshift, and 1.8% of Euclid Collabo-
ration: Enia et al. (2026b). The median lens lie 1.1 dex below the
SFMS. The lens population is therefore dominated by massive
galaxies with low or moderate star formation. This agrees with
the UVJ diagram, where most lenses are quiescent (Sect. 5.3).
It also agrees with previous studies of galaxy-scale lenses (e.g.
Treu 2010).

The physical properties in the Euclid catalogue are derived
with the Nearest-Neighbour Photometric Redshifts (NNPZ) algo-
rithm (Euclid Collaboration: Tucci et al. 2026; Euclid Collabo-
ration: Enia et al. 2026b). Its reference sample consists of SED
models generated with Bagpipes (Carnall et al. 2018), using
the Bruzual & Charlot (2003) SPS models and delayed exponen-
tial SFHs. In this work, we use Prospector, with FSPS models
and a non-parametric SFH (Sect. 4.2). In Appendix D, we ex-
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Fig. 8. Scaling relations. Top: SFR as a function of M, for 0.1 <z < 1.5.
Small black points show the individual lenses, and the coloured con-
tours show their distribution in each redshift bin. Solid and dashed lines
show the SEMS of Leja et al. (2022) and Euclid Collaboration: Enia
et al. (2026b) in the same bins, in matching colours. The typical uncer-
tainty is shown in the bottom right corner. Bottom: Circularised effective
radius at rest-frame 5000 A as a function of M, for 0.5 < z < 1, with the
lenses shown as small black points and black contours. Red and blue
squares show the median sizes of quiescent and star-forming galaxies at
0.5 < z < 1 from van der Wel et al. (2014). The shaded regions show
their 16" to 84" percentiles. Dashed lines extend the relations beyond
the last mass bin, using the slopes of van der Wel et al. (2014). In both
panels, the contours come from a two-dimensional KDE and enclose 5,
25, 70, and 95 per cent of the lenses, from the innermost to the outer-
most contour. All reference relations are converted to a Salpeter IMF.

plore and quantify any differences in the physical properties that
arise from these model assumptions and methods. We find that,
with the same photometry and redshifts, Prospector gives stel-
lar masses 0.23 dex higher and SFRs 0.55 dex lower than NNPZ.

The bottom panel of Fig. 8 shows the size—mass relation of
the lenses at 0.5 < z < 1. We compare it with the size distri-
butions of quiescent and star-forming galaxies at 0.5 < z < 1
from van der Wel et al. (2014), based on CANDELS. Our R is
circularised, so we use their circularised sizes. We correct our I,
sizes to rest-frame 5000 A with the colour gradients of van der
Wel et al. (2014). We also convert their sizes and stellar masses
to our cosmology and to a Salpeter IMF.

The lenses follow a clear size—mass relation. More massive
lenses are larger. At all masses, the lenses lie close to the quies-

cent relation of van der Wel et al. (2014). The median offset is
0.04 dex. It is at most 0.2 dex in any mass bin, within the scatter
of the relation. The largest offsets are at the lowest and highest
masses, where the lenses are slightly larger. The lens sample is
therefore not a structurally extreme population. It represents the
massive end of the normal quiescent galaxy population at these
redshifts.

5.5. Einstein radius as a function of stellar mass

Figure 9 shows the Einstein radius in kpc Ry as a function of stel-
lar mass for the lens galaxies. We compare them with the strong
lenses compiled by Oguri et al. (2014), from SLACS, SL2S,
BELLS, CASTLES, and SQLS+AO. The Euclid lenses occupy
the same region of parameter space as these samples. They span
about one order of magnitude in R; over the stellar-mass range
of this work.

More massive lenses have larger Einstein radii. This is ex-
pected, since both the stellar and the dark-matter mass increase
with galaxy mass. The Spearman and Pearson coefficients are
p = 0.61 and r = 0.57, and the correlation is highly significant
as indicated by the very low p-value (p < 1073%), quantifying
the statistical significance of the observed correlation.

Massive galaxies are also larger. The M,.—R; correlation
could therefore be driven by the size—mass relation. To test this,
we use partial correlation coeflicients, following Scholz-Diaz
et al. (2024). The partial correlation measures how strongly two
variables A and B are correlated at a fixed value of a third vari-
able C. It is computed from the Spearman coefficients of the
three pairs of variables (Bait et al. 2017; Bluck et al. 2020):

PAB — PAC PBC )
\/(1 - F’IZAC) (1 - p§30)

The Einstein radius traces the total projected mass within R;. At
fixed R.¢, M., and R; remain correlated (o = 0.47, p < 107390y,
At fixed M., it is almost independent of R.g (0 = 0.13). The
total mass within the Einstein radius therefore follows the stellar
mass, and depends little on the size of the galaxy. We will study
the link between lensing mass, stellar mass, and galaxy structure
in a future paper.

Compared with the previous lens samples, the Euclid lenses
extend to lower stellar masses, down to logo(M./My) =~ 10,
and to higher redshifts (inset of Fig. 9). At fixed stellar mass,
the SLACS lenses have smaller Einstein radii than the Euclid
lenses, by 0.3 dex on average. The offset is the same if we use
only Euclid lenses in the SLACS redshift range. It decreases for
samples with more distant sources: —0.15 dex for BELLS and
~ 0 for SL2S and CASTLES. SLACS lenses were selected from
emission lines of the background source in SDSS spectra. This
selection favours small Einstein radii, because the lensed images
must fall within the 3”7 SDSS fibre. It also favours low-redshift
background sources (zg = 0.6). This lensing geometry accounts
for about 0.1 dex of the offset. The remaining difference may
come from the different selection of the samples.

&)

PABC =

6. Discussion

This work presents a first systematic measurement of photomet-
ric redshifts, inference of stellar masses, and stellar population
properties for a large sample of galaxy-scale strong lenses iden-
tified in Euclid’s DR1. By combining SED fitting with the lens-
modelling measurements from the ECLIPSE catalogue, we are
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Fig. 9. Einstein radius as a function of stellar mass for the lens galaxies in this work (grey points). Open symbols show the strong lenses from
SLACS, SL2S, BELLS, CASTLES, and SQLS+AO compiled by Oguri et al. (2014). The top and right panels show the KDEs of M, and Ry for
each sample. The inset shows the KDEs of the lens redshift distributions. The box gives the correlation coefficients discussed in Sect. 5.5.

able to characterise the physical properties of more than 9000 of
these lens galaxies. The resulting catalogue provides a uniform
set of galaxy properties, including stellar masses, star-formation
rates, stellar ages, and metallicities, that can be directly linked to
the lensing observables.

The distributions of the derived properties (Fig. 6) confirm
that galaxy-scale strong lenses are predominantly massive sys-
tems. This is expected from the strong dependence of the lens-
ing cross-section on galaxy mass, which naturally selects galax-
ies with large central mass concentrations. At the same time, the
broad range of redshifts and stellar populations represented in
the sample highlights the diversity of galaxies capable of produc-
ing strong lensing configurations. The catalogue therefore pro-
vides an opportunity to study not only the most massive early-
type galaxies, which have traditionally dominated lens samples,
but also a wider variety of systems spanning different evolution-
ary stages.

A key result of this work is the ability to place a large popu-
lation of strong lenses within the framework of well-established
galaxy scaling relations. The location of the lens galaxies in the
star-forming main sequence (Fig. 8, upper panel), the size—-mass
plane (Fig. 8, lower panel), and UVJ diagram (Fig. 7) demon-
strates that, while strong lenses are generally among the most
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massive galaxies, their global stellar population properties are
broadly consistent with those of non-lensing galaxies of similar
mass and redshift. This suggests that strong-lens samples can be
interpreted within the broader context of galaxy evolution stud-
ies, while also providing additional information through direct
measurements of their total mass distributions.

The combination of lensing and stellar population measure-
ments is particularly powerful because it enables comparisons
between stellar and total mass estimates. Whereas photometric
analyses constrain the baryonic component of galaxies, strong
lensing directly probes the projected total mass within the Ein-
stein radius. The availability of both measurements for a large
and homogeneous sample opens the possibility of investigating
the relative contributions of stars and dark matter in galaxy cen-
tres across a broad range of masses and redshifts. Such studies
have previously been limited to relatively small samples (e.g.
Auger et al. 2010; Tortora et al. 2010b; Sonnenfeld et al. 2013),
but Euclid will provide the statistical power necessary to explore
these questions with unprecedented precision.

The scaling relations presented in this work provide a first
glimpse of this potential. In particular, the observed correlations
involving stellar mass, effective radius, and Einstein radius indi-
cate that the lensing properties are closely connected to the struc-
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tural properties of the host dark matter halo. While the present
analysis focuses on establishing these trends, future studies will
explore their physical interpretation in greater detail, including
the role of total mass density, stellar-to-total mass fractions, and
the position of lens galaxies within the fundamental plane (Kor-
mendy & Djorgovski 1989; Cappellari 2016) and related scaling
relations.

The ECLIPSE catalogue represents a unique resource for
galaxy evolution studies. The combination of sample size, ho-
mogeneity, and the availability of both lensing and stellar popu-
lation information will enable investigations that have not been
possible with previous lens surveys. As the survey progresses
and the number of confirmed lenses increases, the catalogue will
provide a statistical benchmark for understanding the formation
and assembly of massive galaxies, the evolution of their stellar
populations, and the interplay between baryonic matter and dark
matter over a significant fraction of cosmic history.

The results presented here therefore constitute not only a
characterisation of the current Euclid lens sample, but also pro-
vide the foundation for investigating the physical processes that
shape the evolution of massive galaxies over time. By com-
bining robust measurements of stellar masses, photometric red-
shifts, and lensing observables for a large and homogeneous
sample spanning 10'° < M, /M, < 10'>! and extending to red-
shifts up to 1.98, this catalogue enables systematic studies of
the galaxy population responsible for strong lensing across an
unprecedented region of parameter space. In combination with
detailed lens mass models, these data will allow the evolution of
fundamental scaling relations, such as the stellar-to-total mass
relation, dark matter fraction, and total mass-density slope, to
be investigated as functions of stellar mass and redshift. Such
measurements will provide stringent constraints on the physical
mechanisms driving galaxy assembly and can be directly com-
pared with predictions from cosmological simulations, offering
new insight into the formation and evolution of massive galaxies
(e.g. Busillo et al. 2023, 2025; Tortora et al. 2025).

6.1. Limitations and caveats

While this catalogue provides homogeneous measurements for
a large number of strong-lens galaxies, there are several caveats
and limitations that we have to consider when interpreting the
derived physical properties. We have identified four main limita-
tions with our current methodology.

First is the fact that our lenses are not a complete or random
sample of massive galaxies. The lens search starts from a mag-
nitude cut (/; < 23 or H; < 22.5), so only bright galaxies are
inspected (Euclid Collaboration: Holloway et al. 2026a). Lenses
with high S/N and large R; are more likely to be found (Eu-
clid Collaboration: Holloway et al. 2026a). The selection also
depends on other properties, such as the colour difference be-
tween the lens and the source. The full selection function of the
Euclid lens sample is not yet known and will be presented in
future work. Strong lensing itself also favours massive galax-
ies with a high central density. Our own cuts (Sect. 5.1) add to
this. For these reasons, the lenses may differ from field galax-
ies at the same mass and redshift. This should be kept in mind
when we compare them with the SFMS and the size-mass rela-
tion (Sect. 5.4), and with other lens samples (Sect. 5.5). We do
not correct for selection effects in this work.

Another source of systematic uncertainty arises from the
light-profile modelling procedure. In order to obtain consistent
measurements across the Euclid and ground-based images, we
keep the Sérsic structural parameters fixed to those derived from

the high-resolution /; band. In a recent study by Martorano et al.
(2023) it has been reported that the Sérsic index shows only
a weak dependence on the wavelength, regardless of redshift,
galaxy mass, or type. On the other hand, the wavelength depen-
dence of the effective radius is well-established. Numerous stud-
ies have shown that the effective radius can vary systematically
with wavelength as a result of stellar population gradients, dust
attenuation, and differences in the spatial distribution of stellar
populations (e.g. Kelvin et al. 2012; HauBler et al. 2013; Vulcani
etal. 2014; Kennedy et al. 2016; Nersesian et al. 2023; Baes et al.
2020, 2024). Consequently, the adopted model images may not
perfectly reproduce the true galaxy light distribution in all bands,
potentially introducing systematic biases in the recovered fluxes
and colours. Such effects may propagate into the photometric
redshifts and the inferred stellar population properties. We note,
however, that the photometric uncertainties used throughout this
work include both statistical and model-related contributions,
and the empirical error calibration applied to the catalogue par-
tially accounts for these modelling imperfections. Nevertheless,
residual systematic effects may remain and should be explored
in future analyses using fully multiwavelength structural mod-
elling. In addition, the total lens flux is measured within the cir-
cular mask used in the lens modelling. For lenses whose light
extends well beyond the mask, this flux is a lower limit on the
true total flux. The effect is largest for the ~9% of lenses with
Sérsic indices close to the upper prior limit (n > 9.5), whose ex-
tended wings contain a significant fraction of the light (Graham
& Driver 2005). The stellar masses of these systems may there-
fore be underestimated. The aperture photometry that is used to
measure the photometric redshifts in this work is unaffected by
this effect, since the 4 x FWHM aperture lies within the mask in
most cases.

A third limitation concerns the lens modelling itself. The
adopted lens models are designed to provide robust measure-
ments across a heterogeneous population of lens galaxies. While
the majority of systems are massive early-type galaxies, a non-
negligible fraction of the sample consists of disk-dominated
galaxies. In these systems, dust attenuation can significantly alter
the observed surface-brightness distribution of both the lens and
the lensed source. The current lens-modelling framework does
not explicitly account for internal dust attenuation, and the re-
sulting impact on quantities such as magnification, Ry, enclosed
mass, or other lensing observables has not yet been quantified.
Assessing the role of dust in strong-lens modelling, particularly
for highly inclined disk galaxies, will require dedicated follow-
up studies and may become increasingly important as the Euclid
lens sample expands.

Finally, the photometric redshift and SED-fitting analyses
rely on stellar population models calibrated primarily on the
broader galaxy population rather than on strong-lens galaxies
specifically. While there is no evidence that lens galaxies con-
stitute a fundamentally distinct class of objects, their extreme
masses and central mass concentrations may place them in re-
gions of the parameter space that are less represented in conven-
tional SED template libraries. In practice, this limitation is mit-
igated by the use of flexible stellar population synthesis models
within Prospector, where galaxy spectra are generated self-
consistently from physical parameters rather than selected from
a finite set of empirical templates. Nevertheless, potential mis-
matches between the assumed stellar population prescriptions
and the true stellar content of lens galaxies remain a source of
systematic uncertainty that should be investigated in future work.
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6.2. Outlook

The catalogue presented in this paper provides a homogeneous
characterisation of the Euclid strong-lens population and will
be expanded as additional data become available. In particu-
lar, forthcoming spectroscopic observations from the 4MOST
Strong Lensing Legacy Survey (4SLSLS; Collett et al. 2023)
and future DESI data releases will provide spectroscopic red-
shifts for a substantial fraction of the lens sample. These mea-
surements will provide an important benchmark for validating
the photometric redshifts and improving the accuracy of the de-
rived physical properties.

The combination of the lens-modelling measurements and
the SED-derived stellar properties also provides a basis for
studying the connection between stellar and total mass in strong-
lens galaxies. The scaling relations presented here will be used
in future work to investigate the fundamental plane of strong-
lens galaxies and the relation between galaxy structure, stellar
mass, and total mass. As the Euclid lens sample grows, these
analyses can be extended to larger and more representative sam-
ples, providing a powerful framework for studying the evolution
of massive galaxies and their mass distributions, provided that
the selection function is properly characterised (Euclid Collabo-
ration: Holloway et al. 2026a).

7. Summary and conclusions

We have measured photometric redshifts and physical properties
for 9813 galaxy-scale strong-lens candidates (Grade A and B)
from Euclid Q1 and DR1. We separated the lens from the lensed
source with Sérsic models fitted to the /; image. We then applied
these models to all Euclid and ground-based bands to obtain de-
blended lens photometry. We derived photometric redshifts with
Phosphoros and physical properties with Prospector. Com-
pared with 279 spectroscopic redshifts, our photometric redshifts
have NMAD = 0.037 and an outlier fraction of 4.3%. Deblend-
ing matters most when the lensed source is bright. In these sys-
tems, our redshifts differ most from the Euclid OU-PHZ val-
ues, which are based on blended photometry. The lenses span
0.13 < Zpnor < 1.98, with a median of zppo = 0.68*935.

The lenses in our sample are predominantly massive galax-
ies with a stellar mass range [10'9, 10'>11 M, and a median
logio(M./Ms) = 11.397033, occupying the upper end of the
galaxy mass function. Based on the UVJ colours alone, 86% of
the lenses are classified as quiescent. The sample follows the
expected scaling relations of quiescent galaxies, including their
position relative to the star-forming main sequence and the size—
mass relation. We also find clear correlations between Einstein
radius, stellar mass, and galaxy sizes, suggesting a more funda-
mental connection between lensing mass and galaxy structure.

The unprecedented combination of sample size, wavelength
coverage, and homogeneity enabled by Euclid represents a major
advance for strong-lensing studies. Previous lens samples were
assembled from heterogeneous surveys with differing depths,
resolutions, and analysis methodologies, often limiting statisti-
cal investigations. In contrast, the ECLIPSE catalogue provides
a uniform framework for studying the interplay between galaxy
structure, stellar populations, and total mass distributions across
a large and well-defined lens sample.

8. Data availability

The lens catalogue, as well as results from the lens modelling
and photometric redshift and SED fitting are available on Zenodo
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at https://zenodo.org/uploads/19654904. Public Euclid
data, including all the catalogues and imaging used in this work,
are available to download from https://eas.esac.esa.int/
sas/ and are described at https://www.cosmos.esa.int/
web/euclid/data-release-drl.
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Appendix A: Magnitude comparison

To determine the aperture size that provides the most reliable photometric redshifts for the foreground lenses, we empirically tested
different aperture measurements against available spectroscopic redshifts. As described in Sect. 3.2, we convolved the multiwave-
length model images with the PSF of the lowest-resolution band. The models consist of a Sérsic profile with the Sérsic index and
effective radius fixed to the I;-band values, allowing the intensity in each band to vary. Then, we performed aperture photometry
using circular apertures with diameters of 1, 2, 3, and 4 x FWHM.

1 x FWHM 2 x FWHM 3x FWHM 4 x FWHM TOTAL OU-PHZ
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Fig. A.1. Photometric versus spectroscopic redshifts. The main panels compare the photometric and spectroscopic redshifts obtained using different
apertures: 1 x FWHM, 2 x FWHM, 3 x FWHM, 4 x FWHM, total, and from OU-PHZ (from left to right). The grey lines show the one-to-one
relation and the red lines show Zppoi = Zgpee + 0.15 (1 + Zgpec), corresponding to the limits for outliers. In each panel, we report the total number
of lenses in Q1 and DR1 with spectroscopic redshifts Ny, the bias computed after excluding outliers, the scatter, the NMAD, and the outlier
fraction. The corresponding subpanels show the residuals.

We also estimated the total flux of each lens in each band by summing the flux over all pixels assigned to the lens. Following
Sect. 4.1, we used Phosphoros to derive photometric redshifts from each photometric measurement for the lenses with available
spectroscopic redshifts. Figure A.1 compares the resulting photometric redshifts with the spectroscopic measurements, together with
the corresponding OU-PHZ measurements. The OU-PHZ photometry uses the total /;-band detection, defined within a Kron aper-
ture, combined with 2 x FWHM aperture photometry in the other bands, rescaled to the total /;-band flux. The comparison contains
Nipee = 73 objects, rather than the 279 shown in Fig. 3, because a great number of lenses has no photometric-redshift measurement
in the OU-PHZ catalogue. The OU-PHZ photometry has a marginally lower outlier fraction, with two outliers in our measurements.
However, our photometry provides better statistics for the non-outlier population in terms of bias, scatter, and NMAD. Among the
different deblended apertures, the 4 x FWHM aperture shows the best overall agreement with both the spectroscopic and OU-PHZ
redshifts. We therefore adopt the deblended 4 x FWHM photometry to estimate the lens photometric redshifts in the ECLIPSE
catalogue. The total flux measurements are subsequently used to derive the global physical properties of the lenses, with the redshift
fixed to the value obtained from the 4 x FWHM photometry.

Figure A.2 compares the magnitudes measured from the deblended lens-galaxy models produced with PyAutoLens to the
corresponding MER catalogue photometry for the DR1 and Q1 lens samples. The distributions are generally concentrated around
the one-to-one relation, indicating good agreement between the two measurements. A systematic offset is present in several bands,
with the PyAutoLens magnitudes being fainter on average than the MER values. This behaviour is expected, since the PyAutoLens
photometry is measured from models in which the lensed background source has been explicitly removed, whereas the MER
photometry is obtained directly from the imaging data and can therefore contain residual contamination from the light of the
background source. The scatter increases towards fainter magnitudes, consistent with the lower S/N of these measurements. The
scatter is also larger in the bluer u, g, and r EXT bands, which is expected given the lower spatial resolution of the ground-based
EXT imaging, making the deblending more challenging in these bands (Langeroodi et al. 2023). The agreement is strongest in the
Euclid bands, while the larger scatter in the EXT bands indicates somewhat less precise agreement there. Overall, the comparison
supports the reliability of the deblended PyAutoLens photometry, particularly in the Euclid bands, while highlighting the increased
uncertainties associated with the ground-based EXT data.

Appendix B: Empirical calibration of Sérsic-based uncertainties

We estimated the photometric uncertainty introduced by the Sérsic-based deblending procedure empirically using a control sample
of non-lens galaxies processed with the same PyAutoLens pipeline as the lens sample. We constructed the control sample from the
Euclid Q1 field to reproduce the distribution of the strong-lens sample in redshift and observed photometric properties. The parent
catalogue contains approximately 83 000 galaxies with secure spectroscopic redshifts and photometry measured in the four Euclid
bands (I, Yz, J&, and Hy). For each galaxy, we defined a feature vector consisting of the spectroscopic redshift and the logarithm of
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Fig. A.2. Comparison between the observed photometry and the photometry measured from the deblended lens images for all available bands,
within a 4 X FWHM aperture. The panels show the magnitude residuals, Am = mygr — mpar, as a function of observed magnitude, providing
an assessment of the accuracy of the lens-light decomposition and photometric measurements. The contours are derived from a two-dimensional
KDE and enclose 20, 70, and 90 per cent of the galaxy population, progressing from the innermost to the outermost contour. The total median
offset of the combined two data sets in each band is also given.

the Euclid fluxes within an aperture of 4 x FWHM in the four bands. All features were standardised to zero mean and unit variance
prior to matching. A nearest-neighbour search was then performed in this multidimensional parameter space using the strong-lens
galaxies as the reference sample. For each lens, the 30 nearest non-lens neighbours were identified, and one galaxy was randomly
selected from this subset. This procedure was repeated until a final sample of 500 unique non-lens galaxies was obtained. The
randomised nearest-neighbour approach preserves the overall distributions of redshift and photometric properties of the lens sample
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while avoiding biases associated with deterministic one-to-one matching.

Table B.1. Magnitude-dependent Sérsic-model uncertainty calibration derived from the control sample of non-lens galaxies. The table reports the
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Band Magnitude bins O model [Mag] Global 0-yodel [Mag]
Euclid I, 21.0-21.6,21.6-22.2,22.2-22.8,22.8-23.4,23.4-24.0 0.068, 0.070, 0.084, 0.089, 0.073 0.061
Euclid Yy 21.0-21.6,21.6-22.2,22.2-22.8,22.8-23.4,23.4-24.0 0.064, 0.066, 0.067, 0.067, 0.067 0.067
Euclid J 21.0-21.6, 21.6-22.2,22.2-22.8,22.8-23.4,23.4-24.0  0.090, 0.070, 0.059, 0.059, 0.059 0.059
Euclid Hy 21.0-21.6,21.6-22.2,22.2-22.8,22.8-23.4,23.4-24.0  0.060, 0.060, 0.060, 0.060, 0.060 0.060
[CFIS u] 21.5-22.2,22.2-22.9,22.9-23.6, 23.6-24.3,24.3-25.0  0.170, 0.104, 0.122, 0.129, 0.109 0.109
[HSC g] 24.0-24.3, 24.3-24.6, 24.6-24.9, 24.9-25.2, 25.2-25.5 0.170, 0.104, 0.122, 0.129, 0.109 0.109
[CFIS r] 21.5-22.0,22.0-22.5, 22.5-23.0, 23.0-23.5, 23.5-24.0  0.080, 0.080, 0.110, 0.105, 0.038 0.073
[Pan-STARRS i] 20.0-20.8, 20.8-21.6, 21.6-22.4,22.4-23.2,23.2-24.0  0.073, 0.070, 0.077, 0.073, 0.070 0.073
[HSC z] 22.0-22.4,22.4-22.8, 22.8-23.2, 23.2-23.6, 23.6-24.0  0.077,0.077, 0.077, 0.077, 0.077 0.077
DES g 24.0-24.3, 24.3-24.6, 24.6-24.9, 24.9-25.2, 25.2-25.5 0.170, 0.104, 0.122, 0.129, 0.109 0.109
DES r 21.5-22.0,22.0-22.5, 22.5-23.0, 23.0-23.5, 23.5-24.0  0.080, 0.080, 0.110, 0.105, 0.038 0.073
DES i 20.0-20.8, 20.8-21.6, 21.6-22.4, 22.4-23.2,23.2-24.0  0.073, 0.070, 0.077, 0.073, 0.070 0.073
DES 7 22.0-22.4,22.4-22.8, 22.8-23.2,23.2-23.6, 23.6-24.0  0.077,0.077, 0.077, 0.077, 0.077 0.077

Each control galaxy was modelled using the same PyAutoLens configuration adopted for the lens sample. A single Sérsic light
profile was first fitted in the /. band, where the higher S/N and spatial resolution provide the strongest constraints on the galaxy
morphology. The structural parameters of the /;-band fit (e.g. effective radius, and Sérsic index) were subsequently held fixed in
all other bands, while only the flux normalisation was allowed to vary. Although this approach neglects possible colour gradients
by assuming an identical Sérsic profile at all wavelengths, such gradients are expected to be relatively weak in massive early-type
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galaxies that dominate our sample, and are therefore unlikely to significantly affect the derived photometry (e.g. Tortora et al. 2010a,
2011).

Aperture photometry was then measured from the model images in each band and compared to the corresponding catalogue
photometry using identical apertures. For each band, we computed the magnitude residuals between the model-derived and catalogue
photometry and removed the median offset to correct for small systematic biases. The remaining scatter was quantified using the
NMAD, providing a robust estimate of intrinsic dispersion while minimising the impact of catastrophic outliers. To isolate the
uncertainty associated with the Sérsic modelling itself, the catalogue photometric uncertainties were subtracted in quadrature from
the total observed scatter. The resulting model uncertainty was estimated as a function of magnitude independently in each band
using binned calibrations, with smoothing and fallback interpolation applied in sparsely populated bands. The typical residual scatter
was about 0.07 mag, corresponding to an approximately 6% multiplicative uncertainty in the flux, although the final correction
applied to each source depended on its magnitude and observing band.

The calibrated model uncertainty was converted into a fractional flux uncertainty and propagated to the deblended lens pho-
tometry on a band-by-band basis according to the magnitude-dependent calibration derived from the control sample. The final flux
uncertainty for each lens galaxy was computed by adding in quadrature the original photometric uncertainty and the empirically
calibrated Sérsic-model uncertainty. This procedure accounts for residual systematics associated with profile mismatch, PSF convo-
lution, fixed-morphology assumptions across bands, and deblending imperfections that are not captured by the formal uncertainties
returned by the Sérsic fitting procedure.

Because the control sample was selected from galaxies with secure spectroscopic redshifts from DESI, the majority of the
matched non-lens galaxies are primarily covered by DECam imaging. Consequently, robust empirical calibrations could be derived
for the DECam optical bands and the Euclid I, Y;, J;, and H; bands. In contrast, the number of galaxies with available HSC,
MegaCam, and Pan-STARRS photometry was insufficient to derive statistically stable independent calibrations. For these bands,
we adopted the calibration of the closest equivalent DECam filter. Specifically, the HSC g and MegaCam u bands were assigned
the DECam g calibration, the MegaCam r band adopted the DECam r calibration, the Pan-STARRS i band adopted the DECam i
calibration, and the HSC z band adopted the DECam z calibration. This approximation is justified by the similarity of the filter
transmission curves and by the fact that the dominant contribution to the uncertainty budget arises from the Sérsic-based modelling
and deblending procedure rather than small differences in filter response.

Finally, because most galaxies in the control sample have DESI spectroscopic redshifts, the sample inherits the DESI selection
function and is probably biased towards luminous red galaxies. This is not a major concern, since the control sample is used only
to calibrate photometric uncertainties for galaxies similar to the lenses. However, residual differences in galaxy type between the
control and lens samples may introduce a small systematic in the calibration.

Appendix C: Posterior distributions and parameter degeneracies

In this appendix, we show how well the physical properties of the lens galaxies are constrained. Figure C.1 shows the posterior
distributions for three lenses at zppoe = 0.44, 0.67, and 0.98. We show five quantities: M., sSSFR, Tqus,2, Z, and #, my. The stellar
mass, Tqust,2, and Z, are free parameters of the model (Table 2). The sSFR and #, n,, are derived from the SFH of each posterior
sample. The sSFR is the SFR in the youngest SFH bin (0-30 Myr) divided by M,. The mass-weighted age is the mean age of the
SFH bins, weighted by the mass formed in each bin. The stellar mass is the best-constrained quantity, with a typical 1o uncertainty
of 0.08 dex. The typical uncertainties on Tgys, 2 and 7. nw are 0.18 and 0.7 Gyr, respectively. The sSFR posteriors are broad and have
a long tail towards low values. This is expected for quiescent galaxies, since the photometry mainly sets an upper limit on the recent
star formation. The metallicity posteriors are also broad and peak close to the upper limit of the prior.

To quantify the degeneracies, we compute the Spearman rank correlation coefficient, ps, between pairs of parameters in each
posterior. We do this for the three lenses in Fig. C.1 and for 48 additional lenses drawn at random from the same batch. The well-
known age—dust degeneracy is visible in all three lenses: an older stellar population can be compensated by less dust. However, the
correlation is moderate. For the three lenses we find p; = —0.59, —0.40, and —0.43. For the 51 lenses the median is p; = —0.47,
with 94% of the lenses having p; < —0.3. We find a positive correlation of similar strength between the sSFR and 74y, » (median
ps = 0.50). Both correlations reflect the same effect. A red SED can be reproduced either by an older population with little star
formation or by a younger, dustier one. The strongest correlation is between M, and ¢, n,, (median p; = 0.72). This is expected,
since older populations have higher mass-to-light ratios. The age—metallicity correlation is weak (median p; = —0.06). This is partly
because Z, is poorly constrained by the photometry. Overall, the degeneracies are present, but they do not dominate the posteriors.
Although the model has more free parameters than there are photometric bands, the posteriors of M., Tqys 2, and t. my are well
defined and unimodal in most cases.

Appendix D: Comparison of SED-fitting methods

In this section, we investigate differences in the physical properties of the Q1 lens galaxies derived from two methods. The first is our
Prospector fit (Sect. 4.2). The second is the Euclid PHZ-PF pipeline (Euclid Collaboration: Tucci et al. 2026), which employs the
NNPZ algorithm and SED models generated with Bagpipes (Carnall et al. 2018), based on the Bruzual & Charlot (2003) SPS models
and delayed exponential SFHs. We perform an apples-to-apples comparison using identical photometric measurements and redshifts.
Specifically, we fit with Prospector the same photometry as described in Euclid Collaboration: Tucci et al. (2026), while fixing
the redshift to the values used by NNPZ. Therefore, differences between the inferred physical properties can be attributed primarily
to the different SED-fitting approaches, including the adopted stellar population models, SFHs, dust prescriptions, priors, and
parameterisations. We also compare the NNPZ results with the Prospector measurements based on the deblended lens photometry
to assess the effect of photometric blending.
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Fig. C.1. Posterior distributions of M., SSFR, Tqus 2, Z, and ¢, n for three randomly chosen lens galaxies from the DR1 sample. The contours
show the 10~ and 20 levels. The dashed lines in the diagonal panels show the median of each distribution. The right-hand panels show the observed
photometry (circles), the best-fit model photometry (open squares), and the best-fit model spectrum (solid line) of each lens. The shaded areas
show the 16™ to 84" percentile range of the model spectra from the posterior distribution.

Figure D.1 shows the distributions of the physical properties obtained from the three analyses. The M, distributions are relatively
narrow, but show a systematic offset, with NNPZ yielding lower masses than Prospector. For the same photometry and redshift,
the median bias is

Aloglo M* — loglO(M*Prospector, blended/MENPZ) = +0.23 dex. (D.l)

The median offset between the two Prospector runs (blended versus deblended) is only 0.09 dex. This suggests that photometric
blending has a measurable effect on the inferred stellar mass, but it does not fully account for the difference between NNPZ and
Prospector. The SFR distributions show a larger difference. NNPZ yields higher SFRs, with a median offset of

Alogo SFR = log;o(SFRProspector.blended )gpRNNPZY — _() 55 dex. (D.2)

The two Prospector measurements differ by 0.7 dex, with blending tending to increase the inferred SFR. This is expected because
the blue light from the background lensed source can contaminate the blended photometry. The NNPZ distribution is also consider-
ably broader and includes individual values exceeding 100 M yr~!, which are unrealistically high for the massive, predominantly
quiescent lens population considered here. The mass-weighted ages show another prominent difference. The Prospector distri-
butions are relatively concentrated around 4.4 Gyr, whereas the NNPZ distribution is substantially broader and includes a larger
contribution from younger stellar populations. The median mass-weighted ages offset is

Prospector, blended
At*,mw = l‘*,r:,::&),ec or. blended _ II:IEEVZ =2.93 Gyr (D3)

The difference in the inferred age distribution is particularly relevant for interpreting the M, offset, because the stellar mass inferred
from an SED depends directly on the stellar mass-to-light ratio. For a fixed observed luminosity, an older stellar population cor-
responds to a higher mass-to-light ratio and hence a larger inferred stellar mass. Finally, the metallicity distributions show a more
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Fig. D.1. Comparison of the physical properties inferred from the different SED-fitting methods for the Q1 lens galaxies. From left to right, the
panels show the distributions of M., SFR, ¢, nw, and Z,.. The blue, green, and purple curves show the results from Prospector using deblended
photometry, Prospector using blended photometry, and NNPZ, respectively. For the SFR comparison, only galaxies satisfying SFR > 107> M yr~!
in all three measurements are included. Vertical lines indicate the corresponding median values.

modest systematic offset, with NNPZ yielding higher metallicities by

Aloglo Z* — loglo(Z*Prospector,blended/ZENPZ) = —0.14 dex. (D,4)

Part of this difference arise from the upper metallicity limit allowed by the SPS models adopted in this work (Sect. 4.2), whereas
NNPZ allows a broader range of metallicities. As shown below, however, metallicity does not exhibit a strong correlation with the
M. offset.

To investigate the origin of the offset in M., Fig. D.2 compares the Prospector-to-NNPZ M, ratio with the corresponding ratios
of SFR, mass-weighted age, and metallicity, using the fits based on the blended photometry. The strongest trend is found with mass-
weighted age: galaxies with larger Prospector-to-NNPZ mass ratios also tend to have larger age ratios. This suggests that differences
in the recovered stellar-population ages and SFHs are closely associated with the M, offset. Since older stellar populations have
higher mass-to-light ratios, assigning an older population to a galaxy naturally leads to a higher inferred stellar mass for a given
luminosity. A similar tendency for Prospector to favour older and more massive solutions has also been reported by Leja et al.
(2019b) and Popesso et al. (2023). The SFR shows an opposite trend, with the Prospector-to-NNPZ SFR ratio decreasing towards
larger M, ratios. This is consistent with the results in Fig. D.1: NNPZ tends to assign more recent star formation while yielding lower
stellar masses. This behaviour may reflect differences in how the two SED-fitting methods partition the observed light between
young and older stellar populations. In contrast, the Z, ratio shows a substantially weaker dependence on the M, ratio. Despite
the two methods produce systematically different metallicities, the comparison does not indicate metallicity as the main origin
of the mass offset. This controlled comparison shows that systematic differences between Prospector and NNPZ remain when
the photometry and redshift are fixed. The results indicate that differences in the recovered stellar-population ages and SFHs, and
consequently in the stellar mass-to-light ratios, are more closely associated with the M. offset than differences in metallicity. The
comparison does not imply that age alone causes the mass difference, since age, SFH, dust, and metallicity are coupled in broadband
SED fitting, but it identifies the stellar-population age and SFH as the parameter most strongly associated with the observed mass
offset.

IOgIO(MPmsPecmr/MNNPZ)

1Og10(1‘/[Prospector/IWNNPZ)

loglo(MProspector/MNNPZ)

N
~

Lo 1of 1of
08| ] 0.8 ] 038 ]
0.6F . 0.6F 0.6F .

0.4
0.2 0.2
0.0F : 0.0 0.0f -
IR IR B B R B I N B IR B P N T PR B B
-20 -1.5 -1.0 -05 0.0 0.5 1.0 -0.5 0.0 0.5 1.0 1.5 2.0 -0.4 -0.2 0.0 0.2 0.4
P NNPZ Pros P
loglO(SFR rospeclor/SFR ) loglo(t*’rr?]svlv)ector/ty’ﬁl;z loglo(Z* rospector/ZyNPZ)

Fig. D.2. Relation between the difference in stellar mass and other physical parameters derived with SED fitting on the blended lens pho-
tometry. From left to right, the panels show log;o(SFR™®=r /SFRNNPZ)  Jog (5ol //NNPZ) " and log,o(ZE P /ZNPZ) a5 a function of

*, MW
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