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ABSTRACT

We report the discovery of a complete Einstein ring around the elliptical galaxy NGC 6505, at z = 0.042. This is the first strong gravitational lens
discovered in Euclid and the first in an NGC object from any survey. The combination of the low redshift of the lens galaxy, the brightness of the
source galaxy (/g = 18.1 lensed, /g = 21.3 unlensed), and the completeness of the ring make this an exceptionally rare strong lens, unidentified
until its observation by Euclid. We present deep imaging data of the lens from the Euclid Visible Camera (VIS) and Near-Infrared Spectrometer and
Photometer (NISP) instruments, as well as resolved spectroscopy from the Keck Cosmic Web Imager (KCWI). The Euclid imaging in particular
presents one of the highest signal-to-noise ratio optical/near-infrared observations of a strong gravitational lens to date. From the KCWI data we
measure a source redshift of z = 0.406. Using data from the Dark Energy Spectroscopic Instrument (DESI) we measure a velocity dispersion for the
lens galaxy of o, = 303 + 15kms~'. We model the lens galaxy light in detail, revealing angular structure that varies inside the Einstein ring. After
subtracting this light model from the VIS observation, we model the strongly lensed images, finding an Einstein radius of 2’5, corresponding
to 2.1kpc at the redshift of the lens. This is small compared to the effective radius of the galaxy, Ry ~ 12”/3. Combining the strong lensing
measurements with analysis of the spectroscopic data we estimate a dark matter fraction inside the Einstein radius of fpy = (1 l.ljgig‘)% and a

stellar initial mass-function (IMF) mismatch parameter of aqvr = 1.26*003, indicating a heavier-than-Chabrier IMF in the centre of the galaxy.

Key words. gravitational lensing: strong — surveys — galaxies: individual: NGC 6505
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1. Introduction

In galaxy-galaxy strong gravitational lensing, the light from a
distant source galaxy is distorted and magnified by the grav-
itational field of a foreground lens galaxy, such that multiple
images of the source galaxy are formed. When the source is
resolved, that is, not point-like, and close to the projected cen-
tre of the lens in the source plane a so-called ‘Einstein ring’
is formed. Both Einstein rings and lensed point sources have
tremendous scientific value and have been used in a wide vari-
ety of applications. When the source is time-varying, the time
delay between the strongly lensed images can be used to con-
strain the Hubble constant nt and other cosmological param-
eters (Suyu et al. 2010; Wong et al. 2020; Birrer et al. 2020).
Precise modelling of the lensed images can be used to infer
the properties of dark matter (Minor et al. 2021; Bayer et al.
2023; Nightingale et al. 2024; Ballard et al. 2024; Vegetti et al.
2023, and references in that review). Strong lenses can be
used as ‘cosmic telescopes’ to achieve higher spatial resolu-
tion when studying the lensed sources (Barnacka et al. 2016;
Oldham et al. 2017a; Hartley et al. 2019), and to test general rel-
ativity (Collett et al. 2018).

The most prevalent application of galaxy-scale strong lens-
ing is in studying the lens itself, which is most often an
early-type galaxy (ETG). Methods to separate the dark mat-
ter component from the stellar mass have not yet reached a
consensus on the inner dark matter structure of these systems
(Sonnenfeld et al. 2012; Oldham & Auger 2018a; Shajib et al.
2021) but are building up a picture of ETGs as having bottom-
heavy stellar initial mass functions (IMFs) in their inner
regions (e.g. Auger et al. 2010) which decline to more Milky
Way-like IMFs within the inner few kpc (Collett et al. 2018;
Sonnenfeld et al. 2018). This view is supported by studies using
dynamics (Oldham & Auger 2018b; Mehrgan et al. 2024) and
stellar population modelling (Conroy et al. 2017; Sarzi et al.
2018), and seems to point towards a two-phase evolution sce-
nario in which the inner regions of the ETG form at early
times in situ and the outer envelope is accreted later, the two
components being distinct and therefore having distinct stellar
population properties (Oser et al. 2010; Naab et al. 2014). Low-
redshift lenses are unique laboratories for testing this picture
because the Einstein radius is typically at a smaller physical
scale that encloses only the central region of the lens galaxy.
The mass within the Einstein radius of these objects is dom-
inated by stellar mass, thus facilitating a robust measure of
the central stellar mass and IMF. So far, only ~5 such sys-
tems are known: J2237+0305 (Huchra et al. 1985), J1343-3810,
J2100-4225, J0141-0735 (SNELLS, Smith et al. 2015), and
J0403-0239 (Galbany et al. 2018).

In this paper we present the discovery of a new low-
redshift strong gravitational lens around NGC 6505 at z =
0.042. The lens galaxy has been known since Swift (1886), and
observed in Henry etal. (1995, X-rays) and Brinkmann et al.
(1999, radio). However, its Einstein ring was unknown until
its observation by the Euclid space telescope. The primary
scientific goal of Euclid is to obtain cosmological constraints
from weak lensing and galaxy clustering over 14000 deg?
of the sky (see Euclid Collaboration: Mellier et al. 2025, for
a mission overview). As a consequence of observing such
a large area at the depth and resolution of Euclid, it is
forecast to discover >10° new strong gravitational lenses
(Collett 2015). Results based on Euclid Early Release Obser-
vations show encouraging evidence that this forecast is correct
(Acevedo Barroso et al. 2024).

A145, page 2 of 13

T A&A, 694, A145 (2025)

Here we present imaging data for this new strong
lens from the FEuclid VIS and NISP instruments (see
Euclid Collaboration: Cropper et al. 2025; Euclid Collaboration:
Jahnke et al. 2025, for detailed descriptions), as well as spec-
troscopy collected from the Keck Cosmic Web Imager (KCWI,
Morrissey et al. 2018). We also make use of data from the Dark
Energy Spectroscopic Instrument (DESI). From these data, we
obtain results on the properties of the lens galaxy, and the red-
shift of the lensed source.

The paper is organised as follows. In Sect. 2, we describe
the imaging and spectroscopic data used in the rest of the paper.
In Sect. 3, we present modelling results for the lens galaxy and
the strongly lensed emission. In Sect. 4, we discuss the rarity
of the lens and its properties in the context of similar objects.
In Sect. 5, we summarise our results. Throughout the paper we
assume a Planck 2015 cosmology with Hy = 67.8 kms~! Mpc™!
and €, = 0.308 (Planck Collaboration XIII 2016).

2. Data
2.1. Euclid VIS and NISP imaging

The lens was discovered serendipitously by B. Altieri when
looking at early data in the Performance Verification (PV) phase
of the ‘contamination scan’ CALBLOCK-F-014 aimed at check-
ing ice contamination in the Phase Diversity Campaign (PDC).
Although the initial observation was deliberately defocussed as
part of the PDC, the Einstein ring was clearly visible, and its
nature was confirmed in the subsequent focussed observations.
Following the discovery, we adopted the nickname ‘Altieri’s
lens’ for this spectacular object. Later, NGC 6505 was observed
in the first visit to the Euclid Deep Field North (EDF-N) at the
edge of the field.

Figure 1 shows the imaging data from VIS Iz and NISP
Yg, Jg, and Hg. Table 1 gives their properties. The data com-
bine four observations from separate visits to the self calibra-
tion field, a subset of EDF-N, during the PV phase (Observa-
tion IDs: 65765, 65776, 65803, and 65811). Each observation
includes tens of exposures. The result is much deeper imaging
than in typical Euclid Wide or Deep observing configurations.
The individual VIS and NISP exposures are processed by their
respective pipelines before being combined with external data
from ground-based surveys into a single data product by the
MERge processing pipeline (MER). The MER pipeline resam-
ples all individual observations, with different pixel scales and
pointings, on to a north-aligned grid with the pixel scale of VIS,
that is, 0””1. The deep VIS and NISP data used here were pro-
cessed by MER in August 2024, and are available in the MER
tile with index 101832848.

2.2. Ancillary imaging

Ground-based observations serve as supplementary imaging
data to complement Euclid’s VIS and NISP imaging, and are
especially used to ensure FEuclid obtains accurate photomet-
ric redshifts. In 2017, The Ultraviolet Near Infrared Opti-
cal Northern Survey (UNIONS) collaboration was established
to provide additional data, particularly in optical and ultra-
violet wavelengths, that extend the wavelength coverage of
Euclid (Euclid Collaboration: Mellier et al. 2025). The ancil-
lary imaging consists of mosaic observations from three facil-
ities; the Canada-France-Hawaii Telescope (CFHT)/Canada-
France Imaging Survey (CFIS) (Ibata et al. 2017), the Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS;
Chambers et al. 2016), and Subaru/Hyper Suprime-Cam (HSC)
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Fig. 1. Euclid imaging data used in this work, and in which Altieri’s lens was discovered. The main panel shows a composite false colour image
produced by combining the VIS and NISP data. The higher resolution broadband VIS Iz image is used to set the brightness, with the colour
provided by the lower resolution NISP Yg, Jg, and Hg passband images. The central light of the galaxy is suppressed to make the lensed arc more
visible. The inset shows only the higher resolution VIS data in the central 8" of the image, indicated by the square in the main panel. The angular
scale and the physical scale at the redshift of the lens are given in each frame.

(Miyazaki et al. 2018). In particular, the u and r bands are
obtained using the CFHT, Pan-STARRS provides an image in
the i band, while observations in the g and z bands were collected
with Subaru. The properties of these data are given in Table 1
with that of the Euclid data. The UNIONS data used here are
available in the MER tile with index 102158889.

2.3. Keck Cosmic Web Imager and other spectroscopy

We obtained spectroscopy of the central 16”5 x 2074 of
NGC 6505 with the KCWI using the medium slicer and the low
resolution grating (R ~ 1800, rectangular pixels 0”29 x 0768).
We obtained a single 1000s exposure on-target and a single
300 s exposure on-sky for the blue side (wavelength range 3500—
5600 A) and three 300's exposures on-target and two 140 s expo-

sures on-sky for the red side (wavelength range 5400-10 800 A)
at twilight on the night of 31st March 2024. Both sides were
reduced using the default settings of the KCWI Data Extraction
and Reduction Pipeline (kderp, Neill et al. 2023), and the dat-
acubes were flux calibrated using observations of standard stars
observed on the same night!. Kinematics measured from these
spectra will be presented in a future paper.

We also retrieved the reduced spectrum of NGC 6505 from
the DESI early data release®. The spectrum has a median signal-
to-noise ratio of ~140 and an aperture diameter of 1”5 (hence
not including the source galaxy).

' https://github.com/Keck-DataReductionPipelines/
KcwiDRP
2 https://data.desi.lbl.gov/doc/releases/edr/
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Table 1. Imaging data properties.

Filter Pixel scale PSFFWHM Neyp,  fing
[arcsec] [arcsec] [s]
Euclid]Ig 0.100 0.16 122 40123
Euclid/Yg,Jg,Hg ~ 0.300 0.35 70 6107
CFIS/u 0.185 ~0.70 - 640
CFIS/r 0.185 ~0.70 - 1664
Pan-STARRS/i 0.258 ~0.80 - -
HSC/g 0.170 ~0.70 - -
HSC/z 0.170 ~0.70 - -

Notes. Columns are: the telescope and filter used, the image pixel scale,
the full-width at half-maximum (FWHM) of the instrument point spread
function (PSF), the total number of exposures, Ney,, from each instru-
ment at the location of NGC 6505, and the total integration time, #y,,
of those exposures. The PSF FWHM for the ground-based imaging is
an estimate and in practice depends on observing conditions. Exposure
information for some ground-based imaging was unavailable.

3. Results
3.1. Lens galaxy spectrum

We first extracted kinematics from the DESI spectrum follow-
ing the method described in Oldham et al. (2017b), using stellar
templates of A, F, G and K stars from the Indo-US Stellar Library
of Coudé Feed Stellar Spectra (Valdes et al. 2004) and modelling
the spectrum as the sum of the light from these stars and a con-
tinuum component which we treated as a seventh-order polyno-
mial. We tested the robustness of our extraction by repeating the
modelling process with pPXF (Cappellari 2012) and found that
both methods agreed within 1o. We measure a central velocity
dispersion 0, = 303 + 15km s~! within the 175 DESI aperture,
imposing a 5% uncertainty floor due to the choice of stellar tem-
plates.

Following this, we used Prospector (Lejaetal. 2017;
Johnson et al. 2021) to simultaneously fit the photometric spec-
tral energy distribution (SED) and DESI spectrum within an
aperture of 1”5 in diameter. We use the broadband photome-
try of the MegaCam-u from CFHT, the HSC-g band from Sub-
aru, and the four Euclid bands (/g, Yg, Jg, and Hg). We do not
include the MegaCam-r, and HSC-z bands in the fitting due
to the overlap of their filter response curve with the one of Ig
band from Euclid. Furthermore, the Pan-STARRS-i flux is sig-
nificantly lower than the rest of the SED, rendering it essentially
unusable.

Prospector is an SED fitting code that utilises Bayesian
and Monte Carlo sampling techniques to explore a multidimen-
sional parameter space. Prospector is capable of generating
gridless, ‘on-the-fly’ SEDs by integrating stellar, nebular, and
dust models into composite stellar populations. One of the key
strengths of Prospector is its ability to handle photometric and
spectroscopic data with a flexible spectrophotometric calibra-
tion. Additionally, it offers nonparametric star-formation histo-
ries (SFHs) with various prior distributions and parameteriza-
tions, allowing for the analysis of SFHs without imposing a spe-
cific functional shape.

We generated a physical model of 21 free parameters based
on recent spectrophotometric studies (e.g. Johnson et al. 2021;
Tacchella et al. 2022; Nersesian et al., in prep.). We adopted
the MILES stellar library (Sdnchez-Bldzquez et al. 2006) and
the MIST isochrones (Choi et al. 2016), from the Flexible Stel-
lar Populations Synthesis (FSPS) code (Conroy etal. 2009;
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Conroy & Gunn 2010), and a (Chabrier 2003) IMF. We used
a ‘smooth’ nonparametric SFH with a Student’s-t prior distri-
bution (Leja et al. 2019) and ten time elements, based on the
regularisation schemes by Ocvirk et al. (2006) and Tojeiro et al.
(2007). Finally, we treated the dust effects in the UV and opti-
cal regime by using a flexible two-component attenuation law
(Charlot & Fall 2000; Noll et al. 2009; Kriek & Conroy 2013),
that differentiates the dust attenuation in birth-clouds from the
diffuse dust in the interstellar medium (ISM). An error floor of
5% is introduced to account for various systematics in the under-
lying stellar models (e.g. the thermally pulsing asymptotic giant
branch (TP-AGB) phase, convective overshooting, stellar rem-
nants Maraston et al. 2006; Conroy 2013).

The observational data of NGC 6505 from Euclid, CFHT,
and DESI along with the fitted model are shown in Fig. 2. We
measure a redshift for the galaxy of zg = 0.04243 +£0.00003. It is
evident that our model fits the observations well, with the residu-
als, for both photometry and spectroscopy, being distributed very
close to 0. Another measure of the goodness of the fit is the y?
statistic, defined as:

, (0 -P)
K=

where O; represent the flux densities of the observations, P;
are the model fluxes, and o; their uncertainties. The number of
degrees of freedom, Ny, is calculated as the number of wave-
length samples Ny, spec + Ny, phot minus the free parameters in our
model. We measure y? = 42.3 with Ngo; = 21.

From the best-fit model we measure the physical properties
of the central 1”75 of NGC 6505. In particular, we measure a stel-
lar mass of M, = (2.51 + 0.06) x 10'© M, assuming a Chabrier
(2003) IMF, a stellar metallicity of log,((Zs/Zo) = O.l81f8:ggg,
a mass-weighted stellar age of 7, = 9.01*)7% Gyr, and a SFR =
0.0lfgzggg Mg yr~'3. We also measure a stellar velocity disper-
sion of o, = 301 + 9kms™', in excellent agreement with our
pPXF measurement. When necessary, to convert the stellar mass
and SFR from Chabrier (2003) to Salpeter (1955) IMFs, we can
rescale these quantities by dividing them with a constant factor
of 0.61 and 0.63, respectively.

From our analysis, we also recover the SFH of the very cen-
tral 1”75 of NGC 6505. We define the SFH using the sSFR(?),
which is a better indicator of quiescence, defined as the fit-
ted SFR of each time bin in our physical model, normalised
by the total stellar mass formed up to that time bin. We also
plot the transition boundary (green region) from star forming
(sSFR = 1/ [3 y4]) to quiescence (sSFR = 1/[20 ty]), as defined
by Tacchella et al. (2022, see also Pacifici et al. 2016), where g4
is the Hubble time at a redshift z = 0.0424. We find a gradually
declining star formation with time up to redshift ~0.5. Then, at
a lookback time of ~3 Gyr, the galaxy started slowly transition-
ing from actively star forming to quiescence, a period that lasted
2.3Gyr.

ey

3.2. Lens galaxy light distribution

We model the lens galaxy light profile in a square 8" X 8" cutout
of the Iy image, centred on the brightest pixel of the lens galaxy,
using the Galfit code (Peng et al. 2010). We use a composite of
seven Sérsic profiles, each with independent multipole perturba-
tions. The model fit is performed iteratively, adding complexity

3 The mass-weighted stellar age is the lookback time when 50% of the
stellar mass has been formed.
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Fig. 2. Photometry and spectroscopy for the lensing galaxy. Top left: in the upper panel, blue points indicate the observed photometry from CFHT
(MegaCam-u), Subaru (HSC-g), and Euclid (Ig, Y, Je, and Hg), while open squares indicate the model photometry of the same bands. The red
line shows the best-fit model SED, and the grey region marks the spectral region from DESI. The lower panel shows the residuals, defined by
(data — model) /0. Top right: The recovered SFH (red line) and the transition boundary (green shaded area) from star forming (dashed black line)
to quiescence (solid black line). Bottom: in the upper panel, the spectroscopic data from DESI, with zg = 0.0424, are shown in blue, while the
best-fit model spectrum is shown in red. The vertical dotted lines indicate the central wavelength of various spectral features. The associated lower
panel shows the residuals, defined by (data — model) /0.
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Fig. 3. Modelling of the lens galaxy light profile. Left: Isophotes from the final light model plotted with data isophotes in the inner region of NGC
6505. The lensed source emission and emission from other compact sources are visible in the data isophotes. Middle: The difference between the
data and the model, normalised by the noise in each pixel. Empty pixels are those masked from the fitting procedure. The residuals here show no
evidence of a central strongly lensed image. Right: The lens light subtracted data, to be used for strong lens modelling presented in Sect. 3.4. The
white circle indicates the compact source of emission included in the lens model.
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Fig. 4. Properties of the lens galaxy isophotes as a function of the ellip-
tical semi-major axis. Top panel: the axis ratio, ¢ = b/a, middle panel:
the position angle of the major axis, bottom panel: the total amplitude
of multipole perturbations of orders m = 1,3,4. The multipole pertur-
bations are formulated such that a positive order m = 4 amplitude pro-
duces boxiness. The dotted horizontal line and shaded area indicate the
median m = 4 amplitude measured by the lens modelling only, and its
uncertainty respectively. The vertical dashed line indicates the elliptical
radius at the critical curve, equivalent to the Einstein radius.

until the reduced chi-squared statistic, Y2 = x?/Ngor, does not
improve. An iterative fit also allows us to progressively mask the
many compact sources in the lens galaxy light, which are not
visible until most of the lens light is removed. The lensed source
emission is also masked. A detailed model of the light profile
gives us lens light-subtracted data for strong lens modelling, as
well as information about the structure of the galaxy, interior to
the Einstein ring.

Figure 3 shows the light model fit and the resulting light-
subtracted data used for strong lens modelling in Sect. 3.4. The
final model has x> = 21474 with Ngoy = 21040. In Fig. 4,
we plot the properties of the isophotes as a function of radius.
Isophotes are first fit with ellipses and the position angle, ¢, and
axis ratio, ¢, of the fitted ellipse are measured. Fourier modes,
m = 1,3, 4, are also fit to the isophotes to measure the strength of
the non-elliptical components. If the elliptical radius at an angu-
lar position (6, 6,) is defined 6 = (¢6,)*+6;, then the multipole
perturbations act as a small correction to the elliptical radius as
a function of angle, ¢, such that

00, 8) =0+ Y [ancos(@ = gu)+bysin(@ - g1)], ()

m={1,3,4}

where a,, and b,, are the cosine and sine amplitudes of each mul-
tipole with order m. Whenever a ‘multipole amplitude’ is dis-
cussed, this is the total strength of a single mode, or the quadratic
sum of a,, and b,. These modes are aligned with the position
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angle such that a positive mode m = 4 indicates boxiness. The
m = 2 perturbation is not included as it describes simple ellip-
ticity, already part of the model. No evidence is found for modes
beyond m = 4. A visual explanation of the effect of the different
modes is available in O’Riordan & Vegetti (2024, their Fig. 2).
The multipole amplitudes can be interpreted as the distance that
a perturbed isophote would be from its purely elliptical equiva-
lent, relative to the size of the semi-major axis.

We find a positive ellipticity gradient between the centre
of the galaxy and the Finstein radius, as well as a slight anti-
clockwise isophote twist. We also find significant boxiness that
peaks at an amplitude of 2% just inside the Einstein radius. At
larger radii there are also m = 1 and m = 3 perturbations.
The perturbations found here are very typical of the isophotes
of elliptical galaxies (Hao et al. 2006).

After subtracting the lens light model from the I image, the
S/N in the brightest pixels of the lensed images exceeds 300.
Following the method of O’Riordan et al. (2019), we calculate
the integrated S/N in a mask which includes all strongly lensed
emission 20~ above the background. The integrated S/N with this
definition is 1490. This is extremely high for an optical strong
lens observation.

Finally, we measure the stellar mass within the Einstein
radius, found by strong lens modelling in Sect. 3.4 tobe 2”/5. We
repeat the light modelling with Galfit in the other photomet-
ric bands (Y, Jg, and Hg) using the same composite of Sérsic
profiles. We then perform aperture photometry on the Galfit
model within the Einstein radius, and fit the photometric SED
with Prospector, finding M = (1.06 + 0.02) x 10" M.

3.3. Source and lens redshift

The white-light images built by summing up the wavelengths
from the red arm of the KCWI data clearly display an excess
of flux at the location of the lensed images identified in Euclid
data. The contribution of the lens galaxy dominates over the
source flux, preventing a clear spectral deblending of the lens
and source from those raw data. Consequently, we subtract a 2D
luminosity profile of the lens galaxy for each wavelength slice.
We could not use the Euclid-derived luminosity profile of the
lens as a model because of the absence of a point-like image
in the KCWI data. Instead, we use a single Sérsic profile, with
parameters initialised based on the observed Euclid VIS mor-
phology. Following a procedure similar to Braibant et al. (2014)
and Sluse et al. (2019), this model is fit to each wavelength slice
using a Levenberg—Marquardt algorithm, which minimises a y*
merit function. An additional pedestal flux, constant over the
frame but different at each wavelength, has been added to that
model. Since the lensed image flux contributes between 4% and
20% of the total flux (at ~6000 A), even an approximate model
of the lens light, that is, a single Sérsic, enables us to isolate the
source with reasonable accuracy. The same procedure has been
applied to the red and blue arms of the KCWI data. The images
of the source are clearly detected after this subtraction and a
spectrum is extracted within a circular aperture of 2 pixels radius
centered on each lensed image on the cubes. The four spectra
display the same features (although the detection is marginal
for the faintest lensed image), confirming the lensed nature of
the source. Figure 5 shows the spectrum which is typical of an
ETG and does not display any line emission associated with star
formation. A redshift z = 0.4058 + 0.003 is derived by match-
ing the wavelengths of the main absorption lines (Ca K, G-band,
Mg1b, Na1D) to those seen in the data. As evident from Fig. 5,
those absorption lines are well separated from the spectrum
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Fig. 5. Upper: KCWI spectrum of the lensed source galaxy smoothed
with a 5 pixels kernel, and, lower: of the lens galaxy. The shaded grey
region marks sky absorption. The main absorption lines from the source
are identified with blue dashed lines on both panels. A template of an
ETG (offset vertically to ease legibility) at the same redshift as the
source is also shown for comparison. Differences in the global shapes
of the continua of the source and template reflect uncertainties in the
absolute flux calibration of the KCWI data. The absence of coincidence
between the absorption lines from the lens galaxy and from the source
supports marginal contamination from the lens and confirms the robust-
ness of the source redshift estimate.

of the lens, further supporting that they are not observational
artefacts.

Quickly after the lens discovery in September 2023, we
requested DDT time on the MISTRAL spectrograph mounted on
the 1.93 m telescope at Observatoire de Haute Provence, which
was well suited for this high-latitude target. On December 2nd
2023, we observed the source for 30 minutes with a long slit
oriented to maximise the flux coming from the lensed ring. We
therefore covered the south east and north west lensed images.
No prominent emission line could be found, but an indication of
alow S/N emission line near 7860 A was observed, suggesting a
source redshift of zg ~ 1.1. This was subsequently disproved by
the deeper KCWI IFU data described previously. Reconsidering
the MISTRAL spectrum with the knowledge of the lensed source
redshift, no significant absorption lines were visible in the north
west lensed image. We did however find an isolated absorption
line with S/N > 2 in the south east image which could corre-
spond to the K line at z; = 0.4057 + 0.0001.

3.4. Strong lens modelling

Using the VIS Ig image with the light model described in
Sect. 3.2 and Fig. 3 subtracted, we model the strongly lensed
emission using the pronto software (Vegetti & Koopmans
2009; Rybak etal. 2015; Rizzoetal. 2018; Ritondale et al.
2019; Powell et al. 2021; Ndiritu et al. 2024). We briefly sum-
marise the method here but the cited papers should be consulted
for more details.

The lens galaxy total mass-density distribution is described
by an elliptical power-law (Barkana 1998; Tessore & Metcalf
2015), with Einstein radius, g, axis ratio, ¢, position angle, ¢,
and slope, y. We also test models that add an external shear com-
ponent, and the boxiness already observed in the light profile
(see Fig. 4), modelled as an m = 4 multipole perturbation for-
mulated as in O’Riordan & Vegetti (2024). We use a Gaussian

prior of mean zero and standard deviation 1% for the multipole
amplitudes. The posterior distribution of the non-linear model
parameters is found using the MultiNest nested sampler which
also returns the Bayesian evidence, &, for a given combination
of model and data (Feroz et al. 2009). The source surface bright-
ness distribution is reconstructed on an irregular Delaunay grid
in the source plane. For each set of non-linear model parame-
ters, the best-fit source is found by solving a linear system which
includes the image plane brightnesses, the deflection angle in
each pixel, and the PSF blurring. A regularisation scheme is
applied that minimises local curvature in the source plane sur-
face brightness. The strength of this regularisation, Ay, is a free
parameter. Larger values of A, increase the Bayesian evidence,
so that simpler sources are favoured over complex ones, implic-
itly accounting for Occam’s Razor.

During modelling, we make two modifications to the typical
method used in the other pronto papers cited above. These are
necessary to deal with the very high S/N in the lensed images.
First, the linear system used to find the source surface bright-
ness only includes eight out of every nine pixels. In other words,
in each 3 x 3 square of pixels, all but the pixel in the top-left
corner are solved for as described above, with the brightness in
the corner pixel interpolated from its neighbours. This is done to
prevent overfitting, which occurs when all pixels are included,
because the dynamic range in the source plane is large enough to
allow all image plane noise to be absorbed in the source model
for low values of A;. Second, the regularisation strength, A, is
multiplied by a per-pixel weighting factor that depends expo-
nentially on the S/N in each pixel. This mitigates overfitting
but, more importantly, enforces smoothness on the low-surface
brightness ring and allows for sharper gradients at the centre
where the source is cuspy.

In all models, we fit the data within a mask enclosing the
Einstein ring and excluding pixels belonging to any of the bright
compact objects revealed in the lens light subtraction. One com-
pact object, highlighted in Fig. 3, is too close to one of the lensed
images to be masked, so we fit a circular Sérsic profile to its
emission in the image plane simultaneously with the strong lens
modelling described above. We also test a model that includes
a mass component for this object, but it is not preferred by the
data (Alne = —4.5 against the first model in Table 2), so only
its light is modelled. Assuming that the object is at the redshift
of the lens, its absolute magnitude is M(Ig) = —11.8, and the
inferred Sérsic profile effective radius is Reg = 48f‘3‘ pc which is
consistent with a small globular cluster (see e.g. He et al. 2018).

The modelling results are printed in Table 2, and the best
model is shown in Fig. 6. The yex+m4 model, including both
external shear and boxiness in the mass distribution, returns the
largest value of e. It also has the smoothest source reconstruc-
tion, indicated by the largest A value. The amplitude of the box-
iness found in the mass model is 1.24*312%. This is similar to
the amplitude measured in the isophotes in the region where we
expect strong lensing to be sensitive to the mass distribution, that
is, at and just inside the Einstein radius (see Fig. 4). This would
suggest that the total mass and light distributions share similar
morphologies in the inner region of NGC 6505.

We measure the magnification of the lensed images by cast-
ing a quadrilateral enclosing each image’s brightest pixel to the
source plane, using the best lens model found here. The ratio of
the pixel area in the source and lens planes gives a point esti-
mate of the magnification. This is printed in Table 3 with the
relative angular positions of the four images, measured by fit-
ting the PSF kernel to each image in the image plane. Although
this is a reliable way to find the centroid of each image, the PSF
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Table 2. Comparison of strong lensing models.

Additions Ok 0% q oL [Vextl my As  Alne
YVext+M4 2/500 2.03 0.702 1433 0.027 0.012 203 1333
Yext+tmg+GC 27500 2.13  0.684 1433 0.019 0.018 198 128.9
Vext 27503 197 0.714 1437 0.032 - 181 95.9
my 277500 2.33 0.637 144.6 - 0.037 175 78.6
None 277496 226 0.698 144.6 - - 148 0.0

Notes. The deflector is an elliptical power-law (EPL) to which we add either an external shear, y.y, or an m = 4 multipole representing boxiness,
or both. One model includes both angular additions plus a mass component for the assumed globular cluster (GC). The columns give the maximum
a posteriori values for: the Einstein radius, 6g, the power-law slope, vy, the axis ratio, ¢, the position angle, ¢ , the absolute strength of the external
shear component, |yey|, the strength of the m = 4 multipole, m,, the source regularisation strength A, and the difference in log-evidence versus
the simplest model. The number of significant figures given indicates the mean uncertainty on that parameter across the different models (see also

Sect. 4.3).

Data (arb.)
0.0 0.6 1.2 1.8 24

Model (arb.)
30 00 0.6 1.2 1.8 24

6y (arcsec)

-3 -2 -1 0
6, (arcsec)

(Data - Model) / o Source (arb.)
-3 -2 -1 0 1 2 3 o1 2 3 4 5 6 7 8

Fig. 6. Elliptical power-law plus external shear and multipole model of the strongly lensed images. (A) the VIS data with the four lensed images
labelled as in Table 3, (B) the maximum a posteriori model, both in arbitrary flux units, (C) the normalised residuals, and (D) the pixellated source
reconstruction in the same units as the data and model. Solid curves in the image plane and source plane are the critical curves and caustics respectively.
In (A) and (B) the mask used to model the data is indicated by the dotted white shapes. The physical scale in the source plane is indicated.

Table 3. Lensed image properties.

Image 0 0, u

1 1755 1793 143
2 2737 =079  10.1
3 -1743  -1788 13.0
4 -1757 2706 9.9

Notes. The angular x and y positions and the scalar magnification u
for each lensed image. The images are numbered in the clockwise
direction starting with the brightest image, as in Fig. 6, frame A.
The angular coordinates are given relative to the centre of the lens at
RA °M'm”$17°51/77746, Dec +50"/78. Magnification values are given to
a fiducial precision of one decimal place, discussed in Sect. 4.3.

proves to be a poor fit to the profile of the lensed images, indicat-
ing that there is no strong point-like emission in the images. The
total magnitude of the strongly lensed emission inside the mask
shown in Fig. 6, panel A, is Ig = 18.1. The total magnitude of
the unlensed emission in the source plane, using the yex+m4 lens
model presented here is Ig = 21.3.

3.5. Stellar initial mass function and dark matter content

We combine the stellar velocity dispersion from the DESI
spectrum with a measurement of the Einstein radius to con-
struct a simple two-component model of the central region of
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NGC 6505. We assume a spherical NFW halo whose normalisa-
tion we infer, using a Gaussian prior centred on Msgy = 4.1 X
10'3 M, as measured with the SZ effect by Pratt & Bregman
(2020), and a prior width given by the measurement uncertainty
on Msg (0.14 dex, Kettula et al. 2015). We assume a concentra-
tion c¢sgp = 3.27 (cp90 = 4.96 for Myyy = 5.5 X 103 M) given
by the halo-concentration relation from Ishiyama et al. (2021).
We use a multi-Gaussian decomposition of the lens light profile
which yields a measurement of the effective radius, Reg ~ 12%3.
We allow the stellar mass-to-light ratio (constant across the
galaxy) to be a free parameter, along with a constant anisotropy
parameter 8 = 1 — (0¢/o)? where o and o, are the tangen-
tial and radial anisotropies respectively. We calculate model
velocity dispersions within DESI’s 1”’5 aperture using the Jeans
Anisotropic Modelling (JAM) code from Cappellari (2008). We
construct a simple y? likelihood comparing the model predic-
tions of the velocity dispersion and Einstein radius with our
measurements. We then sample the posterior probability distri-
bution using emcee (Foreman-Mackey et al. 2013). We convert
the inference on the stellar mass-to-light ratio to an IMF mis-
match parameter as

mod
M

Chab’
M *

3)

QIMF =

where M™¢ is the stellar mass within the Einstein radius inferred
from the lensing+dynamics model, and M$" is the stellar mass
within the Einstein radius measured from SED fitting in Sect. 3.1.
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Fig. 7. Posterior distributions for the velocity anisotropy parameter, 3,
and IMF mismatch parameter, apyr, from combining the DESI velocity
dispersion with the Einstein radius measurement. The model favours
a slight radial anisotropy, and an IMF that is heavier than Chabrier
(avr = 1) and lighter than Salpeter (apr ~ 1.7).

We measure a projected stellar mass within the Einstein

radius of M = (1.36*)9%) x 10" Mo, and an anisotropy 8 =

0.26f8:}g. This gives a projected dark matter fraction within the
Einstein radius, fpm = (11.1*33)%. The constraint on the stellar
mass translates to an inference on the IMF mismatch parameter,
QIMF = 1.26’:8:8;. Figure 7 shows our inference on the anisotropy
and IMF mismatch parameter, ayyr, of the lens. We note that this
implies an IMF in the central regions of NGC 6505 that is heav-
ier than Chabrier but lighter than Salpeter.

Figure 8 compares the projected dark matter fraction within
the Einstein radius as calculated from the SED modelling, which
assumes a Chabrier IMF, and mass modelling inferred from
combining the strong lensing and dynamics, which makes no
assumptions about the IMF. This is compared to the dark mat-
ter fraction as a function of NFW halo mass, given that the mass
enclosed by the Einstein radius is 1.53x 10'! M,, and accounting
for an uncertainty of +0.14 dex in halo concentration. We note
that the (M — o) relation from Giiltekin et al. (2009) implies a
central SMBH mass of log,, (Mpu/My) = 8.95 + 0.34. Since
this corresponds to only (0.5779%)% of the mass within the

-0.31
Einstein radius, we do not include it in our analysis.

4. Discussion
4.1. Serendipity of discovery

Low redshift lenses are intrinsically rare because there is very
little volume at low redshift. Integrating the volumetric velocity
dispersion function measured in SDSS (Choi et al. 2007) implies
that there should only be ~2400 galaxies with o, > 250kms~!
and z < 0.05. That we observed one in the early days of Euclid
is unremarkable, but for it to be an obvious strong lens is quite
exceptional. Using the lens population model of Collett (2015),
we find that an isothermal 300 km s~! galaxy at z = 0.04 has only
a 1 in 2000 chance of producing a strong lens system with Ig <

0.5 T T T T
Chabrier IMF
Halo mass (SZ7)

0.4k — Stars.+ NFW ' |
Lensing+dynamics

o
)
T
L

S:’
o

Dark matter fraction within 6g

e

0.0
13.0

13.2 13.4 13.6 13.8 14.0

Dark matter mass (log;q (Maoo/Ms))

Fig. 8. Dark matter fraction within the Einstein radius as a function
of halo mass. The solid curve gives the estimated fraction with dotted
lines representing the scatter uncertainty in the concentration. The gray
region indicates the halo mass from SZ measurement with 1o~ uncer-
tainty. The blue-shaded area represents the dark matter fraction inferred
using the Chabrier IMF and photometric data, while the red-shaded area
is derived from lensing and dynamics.

19. NGC 6505 has a 1 in 30 (1 in 6) chance of multiply imaging
a source to brighter than 22nd (24th) magnitude in /g. Such faint
arc systems would be much harder to detect serendipitously.

The exceptional nature of Altieri’s lens means it is unlikely
that Euclid will find another lens below z = 0.05 with a ring
as bright as that observed here (P = 0.01). However, Euclid’s
14000 deg2 dataset should contain 4 (20) lenses below z = 0.05
with ring magnitudes brighter than 22nd (24th) magnitude in Ig*.
These numbers are increased by a factor of 9 if lenses below
z = 0.1 are considered low redshift. Euclid should therefore
increase the number of known low redshift lenses by at least a
factor of ~5.

4.2. Peculiar velocity of NGC 6505

Since our Universe is expanding, most galaxies are moving away
from us and we observe their spectra to be redshifted. In the
nearby Universe, the cosmological redshift is proportional to
the distance to the galaxy. However, galaxies are also moving
relative to the Hubble flow. The observed redshift is a mix of
the cosmological redshift and the Doppler shift resulting from
the galaxy’s peculiar velocity. Much of the peculiar velocity
of galaxies comes from large scale bulk flows as matter flows
towards superclusters and away from voids. The recession veloc-
ity of NGC 6505 is approximately 1.3 x 10*kms~!. Most of
this is due to the expansion of the Universe, but the recession
velocity is not so great that the peculiar velocity of NGC 6505
can be completely ignored. The low-redshift cosmic flow model
of Kourkchi et al. (2020) suggests that 3% of the redshift of
NGC 6505 comes from a bulk flow away from us. On top of the
bulk flow peculiar velocities of individual galaxies are typically
present at the 150kms™' level. Combining these two effects

4 These forecasts are for lenses with a velocity dispersion, o, >
250kms~!, a minimum Einstein radius of 07’5 and a total source mag-
nification of at least 3.
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results in a cosmological redshift of z = 0.041 + 0.001 for

NGC 6505.

4.3. Strong lens modelling considerations

Our modelling results presented in Table 2 show a preference
in the data for an external shear component in the lens model,
i.e, any model with y.x. We attribute this to a lack of appropri-
ate model complexity, rather than the shearing effect of a nearby
object. This is for three reasons. First, the measured strength of
the external shear component is small (2.7%) and its orientation
(49 deg) is almost exactly that of the semi-minor axis of the lens.
These are conditions identified by Etherington et al. (2024) in
other spurious external shear measurements. Second, in the mod-
els that use external shear, the axis ratio (ellipticity) of the lens
is increased (decreased), suggesting a degeneracy between the
two. Third, there is no obvious culprit in the vicinity of the lens
for such shear; if the source of the shear were on the lens plane
it would require substantial density. It should be noted though,
that Henry et al. (1995) find evidence in X-ray emission that the
galaxy is part of a small group.

The isophote properties in Fig. 4 show significant changes in
the angular structure of the stellar component within the Einstein
radius. This cannot be fully accounted for by the simple power-
law plus multipole (or shear) model used here. Nevertheless, the
measurement of the Einstein radius should be robust, as evident
in the similarity of the inferred values in Table 2, despite the very
different angular structure of the models. The inferred values of
the axis ratios between mass in Table 2 and light in Fig. 4 also
differ significantly, and this depends on whether shear or multi-
poles or both are included. Similarity between the two should be
expected only if the dark-matter contribution inside the Einstein
radius is small, and if its morphology is similar to that of the
stellar component. In this case the former is likely true, based
on the analysis of Sect. 3.5. To determine if the latter is true, a
joint mass-light model should be used on the unsubtracted data.
If the dark matter component is, for example, more elliptical than
the stellar component, it would explain the more elliptical model
inferred by the strong lens modelling compared to the isophotes.

It should be noted that in Tables 2 and 3 values for the model
parameters and magnifications are given to a precision which is
indicative of the uncertainty on those values. Exact values for
the uncertainty are not meaningful in this case. This is because
the extreme S/N of the observation means the error budget is
dominated by the systematic uncertainty intrinsic to the strong
lens modelling. It is well known that models which present a
poor fit to strong lensing data can be constrained with high
precision. The uncertainties indicated here should therefore be
considered lower-bounds which only account for measurement
uncertainty, and include no contribution from the systematic
uncertainty. In future works, more complex and appropriate
models will be used which also incorporate information from
the stellar light distribution and dynamics. This can mitigate
the systematic uncertainties in the strong lensing-only modelling
work. We will also assess the lens modelling systematics in a
similar manner to Galan et al. (2024). In that work, it was also
shown that a sub-pixel PSF model, as opposed to the pixel-level
PSF used here, can mitigate systematic uncertainties on the lens
parameters when the source is cuspy.

4.4. IMF measurement

With a simple combination of lensing and dynamical con-
straints, we infer a stellar mass-to-light ratio suggesting an
IMF heavier than Chabrier, and lighter than Salpeter, amr =
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1.26*0°. Newman et al. (2017) measured aqvr for two low-
redshift (SNELLS) lenses using lensing and dynamics. They
similarly found mismatch parameters lighter than Salpeter. In
contrast, measurements at higher redshift, such as SLACS
(Auger et al. 2010; Treu et al. 2010), infer an IMF consistent
with Salpeter. Since low-redshift lenses only probe the IMF in
the very central regions (6g/R.g ~ 0.2 in Altieri’s lens), the IMF
measurement presented here underlines the challenge that these
low-redshift lenses present to the currently favoured scenario in
which the IMF varies radially and is more bottom-heavy in the
centres of ETGs than in the outskirts.

It is important to note that our model of the dark matter halo
is limited to a spherical NFW profile with a fixed concentra-
tion (see Sect. 3.5) while more flexible models are possible. We
make this choice due to the lack of mass constraints at large
radii. However, it is possible that not allowing full flexibility
may bias the inference of the IMF mismatch parameter. Using
a generalised NFW where the inner slope is a free parameter
would especially help to mitigate the mass-anisotropy degener-
acy. We leave to a future paper the task of jointly inferring a more
flexible dark matter halo mass using 2D lensing and kinematic
information. Given the ~20 tension between the IMF inferred
from lensing and dynamics, with that inferred from stellar popu-
lation modelling reported in Newman et al. (2017), it will also be
important to compare these results with a full stellar population
model of the spectrum within the Einstein radius.

5. Summary

Euclid is forecast to discover 10° new strong gravitational lenses
and, alongside other surveys, usher in a new era of big data for
the field. In this paper we present imaging and spectroscopic data
for the very first of these new strong lenses. A complete Ein-
stein ring (z; = 0.4058) was discovered around the nearby galaxy
NGC 6505 (zq = 0.042) which was identified in Euclid imaging
for the first time, lensing a compact object at z; = 0.4058.

The lens is significant also for the very low redshift of the
deflector, with only ~5 other lenses known at such a distance.
Strong lenses at low redshift have Einstein radii that are compar-
atively small in physical terms and allow for a detailed study
of the composition and structure of the central region of the
galaxy. In this paper we presented initial results from these stud-
ies. As well as imaging data from Euclid VIS and NISP, we also
obtained resolved spectroscopy from KCWI and spectroscopy
for the central region of the galaxy from DESI.

From the DESI spectrum we inferred a central velocity dis-
persion of oy, = 303 + 15kms~'. We modelled the light pro-
file of the lens galaxy in detail, finding a complex and vary-
ing isophotal structure inside the Einstein ring. Subtracting this
light model from the VIS data, we modelled the strongly lensed
emission using a pixellated source reconstruction and an ellipti-
cal power-law mass model. We measured an Einstein radius of
O = 27500 £ 07001 and a strong preference (Aloge = 37.4)
for boxiness in the total mass profile, consistent with that in the
light.

With the Einstein radius inferred from strong lens modelling
and the velocity dispersion inferred from the DESI spectrum,
we used JAM to infer the properties of the central region of
NGC 6505. We found a heavier-than-Chabrier IMF in the central

region, with mismatch parameter app = 1.26f8j8§, and a dark

matter fraction inside the Einstein radius of fpym = (11.1739)%.
Simulations indicate that the discovery of this object was

highly improbable, with such a large galaxy at this redshift hav-

ing only a 1 in 2000 chance to lens a source as bright as that
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observed here. Between 4 and 20 low-redshift lenses should
remain to be discovered in the Euclid survey area, although typ-
ically with much dimmer sources. We propose the nickname
‘Altieri’s lens’ for the object, in recognition of the incredible for-
tune of its discoverer, B. Altieri, when inspecting early Euclid
VIS data in September 2023.
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