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ABSTRACT

We study the total and baryonic mass distributions of the deflector SDSS J0100+1818 through a full strong lensing analysis. The
system is composed of an ultra-massive early-type galaxy at z = 0.581, with a total stellar mass of (1.5 ± 0.3) × 1012 M� and a
stellar velocity dispersion of (450 ± 40) km s−1, surrounded by ten multiple images of three background sources, two of which are
spectroscopically confirmed at z = 1.880. We took advantage of high-resolution HST photometry and VLT/X-shooter spectroscopy
to measure the positions of the multiple images and performed a strong lensing study with the software GLEE. We tested different
total mass profiles for the lens and modeled the background sources first as point-like and then as extended objects. We successfully
predict the positions of the observed multiple images and reconstruct over approximately 7200 HST pixels the complex surface
brightness distributions of the sources. We measured the cumulative total mass profile of the lens and find a total mass value of
(9.1±0.1)×1012 M�, within the Einstein radius of approximately 42 kpc, and stellar-over-total mass fractions ranging from (49±12)%,
at the half-light radius (Re = 9.3 kpc) of the lens galaxy, to (10 ± 2)%, in the outer regions (R = 70 kpc). These results suggest that
the baryonic mass component of SDSS J0100+1818 is very concentrated in its core and that the lens early-type galaxy (or group)
is immersed in a massive dark matter halo, which allows it to act as a powerful gravitational lens, creating multiple images with
exceptional angular separations. This is consistent with what has been found in other ultra-high-mass candidates at intermediate
redshift. We also measured the physical sizes of the distant sources, resolving them down to a few hundred parsecs. Finally, we
quantify and discuss a relevant source of systematic uncertainties on the reconstructed sizes of background galaxies, associated with
the adopted lens total mass model.
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1. Introduction

In the last few decades, several studies have suggested the
presence of a significant amount of dark matter (DM), both
in elliptical (e.g., Loewenstein & Mushotzky 2003) and spi-
ral (e.g., Rubin 1983) galaxies. These studies have measured
total mass-to-light ratios considerably higher than the stel-
lar ones and observed a remarkable difference between the
visible, that is, stellar plus gas, and total mass estimated
from galaxy dynamics (e.g., Rubin et al. 1970; Gerhard et al.
2001; Cappellari et al. 2006). Since then, cosmological observa-
tions of the cosmic microwave background (Smoot et al. 1992;
Hinshaw et al. 2013; Planck Collaboration VI 2020), of baryon
acoustic oscillations (Efstathiou et al. 2002; Eisenstein et al.
2005; DES Collaboration 2022), and of Type Ia supernovae
(Riess et al. 1998; Perlmutter et al. 1999; Scolnic et al. 2018)
have all supported the currently accepted Λ cold dark matter
(CDM) model, according to which ≈30% of the Universe is com-
posed of baryons and CDM and the remaining ≈70% is a poorly

understood component, known as dark energy, that is responsi-
ble for the accelerated expansion of the Universe. However, the
ΛCDM model, which has been very successful at large scales
(&1 Mpc), cannot accurately predict the properties of structures
at smaller scales, such as the value of the inner slope of DM halos
(e.g., Gnedin et al. 2004; Newman et al. 2013a,b; Martizzi et al.
2012). Hence, the interplay between DM and baryons on galactic
scales is still being intensively investigated.

N-body simulations of DM particles show that, at equilib-
rium, they are distributed following an almost universal mass
density profile, ρ(r), first described by the Navarro-Frenk-White
profile (Navarro et al. 1997). This profile has a characteristic
slope, which varies from ρr�rs ∝ r−1 at small radii, and thus has
a central cusp, to ρr�rs ∝ r−3 at large radii. Recent simulations
with higher resolution (e.g., Golse & Kneib 2002; Graham et al.
2006; Navarro et al. 2010; Gao et al. 2012; Collett et al. 2017;
Dekel et al. 2017) and with realistic models that describe the
baryonic components predict mass density profiles that deviate
from the Navarro-Frenk-White one. This mainly depends on
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processes such as gas cooling, which allows baryons to con-
dense toward the center of a galaxy (e.g., Blumenthal et al.
1986; Gnedin et al. 2004; Sellwood & McGaugh 2005;
Gustafsson et al. 2006; Pedrosa et al. 2009; Abadi et al. 2010;
Sommer-Larsen & Limousin 2010), active galactic nuclei feed-
back (e.g., Peirani et al. 2008; Martizzi et al. 2013; Li et al.
2017), dynamical heating in the central cuspy region, due to
infalling satellites and mergers (e.g., El-Zant et al. 2001, 2004;
Nipoti et al. 2004; Romano-Díaz et al. 2008; Tonini et al. 2006;
Laporte & White 2015), and thermal and mechanical feedback
from supernovae (e.g., Navarro et al. 1996; Governato et al.
2010; Pontzen & Governato 2012).

In this context, the observation of very massive (and DM-
rich) galaxies and the measurement of their inner total, DM, and
baryonic mass profiles represent a key step in understanding how
the different mass components are distributed, and inferring how
galaxies formed and evolved over cosmic time. These studies
can be addressed by exploiting very massive galaxies that act as
gravitational lenses.

Strong gravitational lensing represents a powerful tool for
studying galaxy evolution and for exploring the properties of the
Universe (e.g., Bartelmann 2010; Treu 2010). Given the fact that
the deflection of the light emitted by a source only depends on
the total gravitational potential of the lens, gravitational lens-
ing is sensitive to both luminous and DM mass and allows one
to obtain some of the most precise total mass measurements,
with relative errors on the order of a few percent, in extragalac-
tic astrophysics (e.g., Grillo 2010; Zitrin et al. 2012). Together
with the results obtained by exploiting the most massive lenses,
such as galaxy clusters, about the slope value of the mass den-
sity of the DM halos in their inner regions (Sand et al. 2004;
Grillo et al. 2015; Annunziatella et al. 2017; Bergamini et al.
2019), the measurements of the cosmological density param-
eter values (Jullo et al. 2010; Caminha et al. 2016; Grillo et al.
2020), and the value of the Hubble constant (Grillo et al. 2018),
galaxy-scale strong gravitational lenses have provided several
key results (e.g., Suyu et al. 2013, 2017). In particular, it has
been possible to characterize the physical properties of the lens,
for instance to reconstruct the total and DM mass distribu-
tions, and thus the DM over total mass fraction (Gavazzi et al.
2007; Grillo et al. 2009; Suyu & Halkola 2010; Sonnenfeld et al.
2015; Schuldt et al. 2019) and the mass density slopes (e.g.,
Treu & Koopmans 2002; Koopmans et al. 2009; Barnabè et al.
2011; Shu et al. 2015), to infer the most likely lens stellar initial
mass function (IMF; e.g., Cañameras et al. 2017b; Barnabè et al.
2013; Sonnenfeld et al. 2019), and to identify DM substructures
(e.g., Vegetti et al. 2012; Hezaveh et al. 2016; Ritondale et al.
2019). It has also been shown how the values of some cosmolog-
ical parameters can be measured in strong lensing systems using
kinematic data of the lenses (e.g., Grillo et al. 2008; Cao et al.
2012) or in systems where two or more sources are multiply
imaged by the same lens galaxy (Tu et al. 2009; Collett & Auger
2014; Tanaka et al. 2016; Smith & Collett 2021), once the mass
sheet degeneracy is broken (Schneider 2014).

Moreover, gravitational lensing offers the opportunity to
study the lensed background sources: they can be fully recon-
structed by taking their surface brightness (SB) distribution
into consideration during the strong lensing modeling (e.g.,
Schuldt et al. 2019; Rizzo et al. 2021; Wang et al. 2022). They
can also be analyzed in detail thanks to high magnification
factors, which allow one to investigate the local feedback mech-
anisms driving the evolution of the faintest and smallest high-
z galaxies (e.g., Förster Schreiber et al. 2009; Cañameras et al.
2017a; Cava et al. 2018; Iani et al. 2021).

In this paper we measure the total and baryonic mass dis-
tributions of the deflector SDSS J010049.18+181827.7 (here-
after, SDSS J0100+1818) included in the Cambridge And Sloan
Survey Of Wide ARcs in the skY (CASSOWARY) survey
(Belokurov et al. 2009; Stark et al. 2013)1. The exceptionally
large Einstein radius of ≈42 kpc, together with the results
from our follow-up observations with the Nordic Optical Tele-
scope (NOT), the Very Large Telescope (VLT), and the Hubble
Space Telescope (HST), presented in Sect. 2, suggests that the
SDSS J0100+1818 deflector is an uncommonly strong lens and
a candidate fossil system at intermediate redshift (Johnson et al.
2018).

This paper is organized as follows. In Sect. 2 we
present the photometric and spectroscopic observations of
SDSS J0100+1818. In Sect. 3 we focus on the main lens galaxy,
showing the results of its stellar mass, kinematics, luminosity
profile, and environment. In Sect. 4 we perform a strong lensing
analysis by exploiting different sets of point-like multiple images
and illustrate the best-fit models and the deflector total mass pro-
file. We enhance the analysis in Sect. 5, where we model the
deflector by considering the extended SB of the lensed sources.
At the end of the section, we study the reconstructed sources
assuming different models and comparing their reconstructed
sizes. In Sect. 6 we summarize and discuss the main results.
Throughout this work, we assume H0 = 70 km s−1 Mpc−1, Ωm =
0.3, and ΩΛ = 0.7. In this model, 1 arcsec corresponds to a linear
size of 6.59 kpc at the deflector redshift of z = 0.581.

2. Observations and data reduction

2.1. HST imaging

We observed SDSS J0100+1818 with the HST Wide Field Cam-
era 3 (WFC3) in June and August 2018 (program GO-15253; PI:
R. Cañameras), during one orbit in each of the two F438W and
F160W filters. We used astrodrizzle from the DrizzlePac
software package (Fruchter 2010) to improve the correction for
geometric distortion on the individual exposures calibrated with
the standard HST pipeline. We also optimized both the rejection
of cosmic rays with dedicated bad pixel masks, and the subtrac-
tion of the local sky background. Small regions with decreased
sensitivity in the IR channel of WFC3 (blobs) were corrected
using flat fields from the most recent version of the IR blob mon-
itoring (Sunnquist 2018). The individual exposures were then
re-drizzled and combined with inverse-variance weighting. For
the F160W band, we adopted a pixel scale 0.066′′ pix−1 to ade-
quately sample the point spread function (PSF), and a value
final_pixfrac = 0.8 optimized for this pixel scale. For the
F438W band, we used 0.033′′ pix−1 and final_pixfrac = 0.6.
The PSF full widths at half maximum (FWHMs) measured on
isolated stars in the field are 0.086′′ and 0.187′′ in F438W and
F160W, respectively.

2.2. NOT imaging

We used the 2.5 m NOT (program 56-032, PI: R. Cañameras),
to obtain color information for galaxies in the lens environment
and to characterize their spectral energy distributions (SEDs).
In October 2017, we obtained StanCam imaging in the B and
R bands with good or average weather conditions, and total
1 The ID of this system has changed in the CASSOWARY survey in
the past years. It was called CSWA 15 when we first targeted it, but it is
currently identified as CSWA 115. In the paper, to avoid confusion, we
refer to it as SDSS J0100+1818.
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exposure times of 2400 and 3600 s, respectively. We added a
900 s long V-band exposure obtained with ALFOSC in Octo-
ber 2013 through the fast track service (program 47-426, PI:
C. Grillo). Image reduction was conducted with standard IRAF
routines. We then used the Scamp and SWarp software (Bertin
2006, 2010) to correct for geometric distortion, resample indi-
vidual frames and align them with respect to the WCS, using
the USNO-B12 catalog as reference, and to obtain relative align-
ments with a rms accuracy below 0.1′′. This resulted in a
joint field-of-view of 2.5′ × 2.5′, pixel sizes of 0.19′′, and PSF
FWHMs of 1.05′′, 0.70′′, and 0.95′′, in B, V , and R, respec-
tively. Photometric calibration was performed with respect to
SDSS, using color corrections from Jester et al. (2005), and
refined by fitting blackbody functions to stars in the field. The
AB magnitudes of the main lens galaxy in B, V, and R bands are
22.57± 0.06, 21.62± 0.10, and 20.22± 0.12, respectively.

2.3. VLT/X-shooter spectroscopy

SDSS J0100+1818 was observed with VLT/X-shooter
(Vernet et al. 2011) (program 091.A-0852, PI: L. Chris-
tensen), in order to measure the lens and source spectroscopic
redshifts, and to infer the lens stellar velocity dispersion. The
main lens galaxy was observed in August and September 2013
with a 1.2′′ wide slit, seeing '1′′, clear sky conditions, and with
a total on-source integration time of 3.2 h aimed at reaching a
S/N of 5−10 per spectral bin in the VIS arm. The five individual
OBs used a generic object, sky, object observing sequence with
a 21′′ offset. As part of the same program, a separate one-hour
long OB targeted two multiple images of the brightest lensed
source, by nodding between the two images with a 19′′ offset.

After rejecting cosmic rays with Astro-SCRAPPY
(McCully & Tewes 2019), the OBs were reduced with the
X-shooter pipeline (Modigliani et al. 2010) using the EsoReflex
environment version 2.8.3 (Freudling et al. 2013). The OB
nodding between the two lensed images was reduced in stare
mode in order to measure the sky background directly from
the frames. We used the observations of telluric standard
stars taken within two hours of the science observations at
similar airmass, to correct for telluric absorption using the
atmospheric synthetic spectra from Molecfit (Smette et al.
2015; Kausch et al. 2015). The combination of individual
exposures, the subtraction of residual sky emission, and the
optimization of the wavelength calibration were then performed
with separate scripts (see Selsing et al. 2019). The 0.1−1′′
offsets between the UVB and VIS arms resulting from the
lack of atmospheric dispersion compensation at the time
of the observations were also corrected on the 2D spectra.
Finally, we conducted an optimal, profile-weighted extraction
of the 1D spectrum of the lens galaxy of SDSS J0100+1818,
and we extracted 1D spectra of multiple images using fixed
apertures.

3. The SDSS J0100+1818 deflector

SDSS J0100+1818, (RA, dec) = (01:00:49.18, +18:18:27.79),
was introduced in a late version of the CASSOWARY catalog,
and was not included in the spectroscopic confirmation pro-
gram from Stark et al. (2013). We therefore used the X-shooter
spectra to measure secure redshifts for the main lens elliptical
galaxy and lensed source. The best-fit lens redshift of z = 0.581
was inferred from the most prominent rest-frame optical absorp-

2 tdc-www.harvard.edu/catalogs/ub1.html

Fig. 1. F160W image of the strong lensing system analyzed in this
work. The multiple images corresponding to each of the three back-
ground sources considered in the analysis are labeled A1–A4, B1–B4,
and C1–C2. Later in this study we show that sources A and B represent
two emission peaks of a single extended source.

tion lines, as part of the stellar kinematic analysis detailed in
Sect. 3.3. We inferred a joint redshift of z = 1.880 for the
two source components forming image families A and B visi-
ble in Fig. 1. Given the low S/N values of the lines detected in
the 2D spectra, this source redshift estimate is obtained from a
joint analysis of the multiple images targeted by the X-shooter
OBs. The width of the lines detected at about 10 740 Å in the
binned 2D spectra of A1/B1, A3/B3, and A4/B4 is consistent
with the [OII]λλ3727 doublet. Together with a faint detection
of [OIII]λ5007 in A3/B3 (Appendix A) and with the lack of
additional line detections over the spectral range covered by
X-shooter, the detection of [OII]λλ3727 for the separate images
ensures that the source redshift is robust. The 1D spectra of these
multiple images are shown in the Appendix A.

By combining observations in the HST F160W and F438W
filters with the first strong lensing models of the system, we
identified another candidate background source, whose two mul-
tiple images are labeled with C1 and C2 in Fig. 1. Even
though we are lacking spectroscopic confirmation, we include
source C in our strong lensing models, with its redshift value
as a free parameter, because the observation of two images
with similar colors, robustly predicted at the same positions
by the strong lensing models makes its multiply imaged nature
highly likely. However, without a spectroscopic redshift mea-
surement for source C, we cannot determine whether AB or C
is the most distant source, so we will not be able to perform
a multiplane lensing analysis here, and thus the light emitted
by each source will be deflected only by the total mass dis-
tribution of the main lens, and not by any other background
source. Then, thanks to the available photometric data and lens-
ing model predictions, we also hypothesize the presence of
an additional background source, with four multiple images.
These images are barely detected in the HST data and two
of the multiple images appear angularly very close to candi-
date group members. Thus, the one-component mass models
we develop in this study might not be able to properly reconstruct
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Fig. 2. Spectral energy distribution of the main lens galaxy of
SDSS J0100+1818. The observed flux densities from NOT (red trian-
gles), Pan-STARRS (red circles), and HST (red square) are used to fit
the SED with the CIGALE software. Error bars are smaller than the
symbols. The best-fit stellar continuum template (blue curve) corre-
sponds to the model fluxes plotted in orange and is used to infer the
total stellar mass value of the deflector. The bottom panel shows the
relative residuals of the fit.

these images. For these reasons, we do not consider this extra
background source in the strong lensing models presented in
this work, where we focus on the multiple images A, B, and
C. We postpone to a future study a more detailed analysis of
this fourth multiple-image family, when new data will possibly
become available (see the last point in Sect. 6).

In the following we present the physical properties of the
main deflector, such as its stellar mass, luminosity profile and
stellar kinematics, measured from the full photometric and spec-
troscopic data set. The last subsection is dedicated to the study
of the lens environment, discussing the possible group nature of
this system.

3.1. Stellar mass

The SED of the main lens galaxy is modeled with the Code
Investigating GAlaxy Emission (CIGALE; Burgarella et al.
2005; Noll et al. 2009; Boquien et al. 2019). We use the multi-
band photometry from the Panoramic Survey Telescope &
Rapid Response System (Pan-STARRS), NOT, and HST, tak-
ing the F160W flux corrected from contamination by neigh-
boring sources. The magnitudes are measured with SExtrac-
tor (Bertin & Arnouts 1996), using ISOCORR down to 3σ
isophotes in all bands for the main lens galaxy, except for the
magnitude in HST F160W filter, measured from its luminosity
profile, as described in the next subsection. The grid of mod-
els to conduct SED fitting relies on Bruzual & Charlot (2003)
single stellar population templates, and assume delayed star for-
mation histories with exponential bursts and e-folding times
in the range 0.1–1 Gyr, ages between 0.5 and 8 Gyr, and the
modified Charlot & Fall (2000) extinction law. We assume a
Salpeter (Salpeter 1955) stellar IMF and fix the metallicity to
solar values, as expected for massive early-type galaxies at z ∼
0.6 (Sonnenfeld et al. 2015; Conroy et al. 2013; Gallazzi et al.
2014). The best-fit SED shown in Fig. 2 results in a total stel-
lar mass value of (1.5 ± 0.3) × 1012 M�.

3.2. Luminosity profile

We perform the photometric modeling of the system using the
public software GALFIT (Peng et al. 2002, 2010). Considering
the HST image in the F160W band, we extracted a cutout cen-
tered on the deflector with size of approximately 30′′ × 30′′ (see
Fig. 3). Then, we decided to model the main lens and two other
bright galaxies, located between the main lens and the multiple
images/arcs. We masked out the external regions, where some
bright objects are present, and the arcs, including the multiple
image C2 (see the masked pixels, in white, in the right-hand
panel of Fig. 3). In particular, C2 is too close to the main lens
and radially distorted to be separately and adequately modeled.
The very low values of the normalized residuals, without any
clear pattern, confirm the goodness of our modeling choices.

We assume Sérsic (Sérsic 1963) profiles for the galaxies, and
a uniform distribution for the background. The parameter values
are optimized by minimizing a standard χ2 function, defined as

χ2 =

Npix∑
i

(
f data
i − f model

i

)2

σ2
i

, (1)

where the index i runs over all the non-masked pixels, up to Npix,
f data
i is the intensity value of the ith pixel in the input data image

and f model
i is the intensity value in the same pixel predicted by the

model, after the convolution with the estimated PSF. The PSF we
use was obtained by combining several non-saturated bright stars
in the field-of-view, stacking them, subtracting the background,
and then normalizing the resulting image.

To better reproduce the observations, and thus to reduce the
residuals in the inner regions, the main lens galaxy has been
modeled with a combination of two Sérsic profiles. The centers
of the two components are not forced to coincide, but the best-
fit centers differ by less than 1 pixel. In Fig. 3, the considered
cutout is shown in the left panel, the best-fit model in the middle
one, and the normalized residuals in the right one. The number
of degrees of freedom is evaluated from the number of consid-
ered (non-masked) pixels Npix and the number of free param-
eters of the model Npar, as ndof = Npix − Npar. The minimum
χ2 value is 13 899, which, with a number of degrees of freedom
ndof = 46752, corresponds to a reduced χ2 value of ∼0.3.

We made use of the best-fit model of the main lens galaxy
for three purposes: (1) We worked with lens-subtracted images
in the strong gravitational lensing modeling, explained in the fol-
lowing sections, to avoid the lens light contaminating the multi-
ple images and the arcs. This will be particularly important when
considering source C, for which the multiple image C2 is angu-
larly very close to the lens center.

(2) We built the cumulative luminosity profile of the deflec-
tor, from which we measure a total F160W magnitude value of
mF160W = 17.06 ± 0.05, and an effective (i.e., half-light) radius
value of (1.42 ± 0.02)′′, corresponding to (9.32 ± 0.12) kpc at
z = 0.581. The value of the total magnitude was considered in
the SED fitting (see Fig. 2), from which we measured the total
stellar mass value.

(3) We converted the luminosity profile into a stellar mass
profile, shown in Fig. 4, by assuming a constant stellar mass-to-
light-ratio. In detail, we considered the galaxy cumulative lumi-
nosity profile, normalized it with the total luminosity value, and
then multiplied this adimensional profile by the value of the total
stellar mass of the central galaxy, obtained from its SED fitting.
The figure also shows the 1σ uncertainty and the value of the
effective radius.
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Fig. 3. Results of the photometric modeling of the system with GALFIT. Left: considered cutout of the HST image in the F160W band. Center:
best-fit model, consisting of a combination of two Sérsic profiles for the main lens in the middle, and a single Sérsic profile for each of the
neighboring galaxies. Right: normalized residuals on a color scale from approximately −2σ to +2σ. The white pixels, with values of 0.0, show
the regions masked during the luminosity profile modeling.

Fig. 4. Cumulative stellar mass (M∗) profile (solid blue line) and ±1σ
uncertainties (shaded area) of the main lens. It is measured from the
total stellar mass measured through the SED fitting and assuming a
constant stellar mass-to-light ratio. The vertical black line shows the
half-light radius of the lens galaxy.

3.3. Stellar kinematics

We used the penalized Pixel Fitting software (pPXF;
Cappellari & Emsellem 2004; Cappellari 2017) that fol-
lows a maximum penalized likelihood method to determine the
stellar velocity dispersion σ∗ of the foreground lens galaxy.
The X-shooter spectrum has a resolution of '6500 in the VIS
arm, where the main absorption lines fall. We masked the strong
telluric absorption windows that could affect the analysis, and
re-binned by two spectral pixels in order to obtain a S/N > 10
per bin and ensure reliable measurements of the stellar kine-
matics. We used the SYNTHE high-resolution template library
(Munari et al. 2005) that covers the entire 2500–10 500 Å wave-
length range, with 1 Å pix−1 sampling and a constant resolution
FWHM of 2 Å pix−1. Given the large size of the library, we
extracted a subset of spectra representing the overall range of
effective temperatures. The template spectra were then matched
to the resolution of the binned X-shooter spectrum. The pPXF fit
was conducted in the rest-frame wavelength range 3800–5300 Å
that covers the main absorption lines, Ca H and K at 3935 and
3970 Å, the G band at 4305 Å, Hβ at 4863 Å, the MgI triplet at
5167, 5173, and 5184 Å, as well as the strong continuum break

at 4000 Å. This results in a stellar velocity dispersion value
of (451± 37) km s−1, confirming that the main lens galaxy of
SDSS J0100+1818 is among the rarest, most massive elliptical
galaxies (Loeb & Peebles 2003).

3.4. Environment

Given the large angular separation between the multiple images,
we must consider the possibility that the main lens galaxy is
located within a rich and overdense environment, as for other
high-mass lens early-type galaxies at intermediate redshift (e.g.,
Newman et al. 2015; Johnson et al. 2018; Wang et al. 2022). We
estimate photometric redshifts using the template-fitting BPZ
package (Benítez 2000) to study the source distribution over
the 2.5′ × 2.5′ field-of-view covered by our multiband images.
In particular, we use the grizy bands from Pan-STARRS and
BVR from NOT. At this stage, to avoid the possible introduc-
tion of systematics, we do not include the F160W band from
HST, which only covers the central part of the considered field.
The combination of optical and near-IR bands cover the 4000 Å
break for early-type galaxies up to z ∼ 1. We obtain redshift
estimates for a total of 142 galaxies over the field, with a typi-
cal uncertainty of ±0.2, and 53 of the most reliable redshifts are
consistent at the 2σ level with z = 0.581. Figure 5 shows the dif-
ference between the redshift probability distribution functions of
sources within 0.5′ of the main lens (about 200 kpc at z = 0.581),
and over the rest of the field, both normalized to the same area.
Our analysis is broadly consistent with the presence of an over-
density around the main deflector, and possible galaxy mem-
bers mostly have R-band AB magnitudes of 22–24 mag. Definite
confirmation of this structure nonetheless requires spectroscopic
follow-up and, given the large spread of candidate members over
the field, we simply model its effect on the light deflection with
an external shear component.

4. Point-like source modeling

We used the Gravitational Lens Efficient Explorer (GLEE;
Suyu & Halkola 2010; Suyu et al. 2012) software to perform our
strong lensing modeling of the system. GLEE supports several
types of mass and light profiles and uses Bayesian analyses,
such as simulated annealing and Markov chain Monte Carlo
(MCMC), to infer the probability distributions of the parameter
values and thus characterize the deflector. It also employs the
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Fig. 5. Difference between the redshift distribution functions of galaxies
located within 0.5′ of the main ultra-massive lens galaxy at z = 0.581,
and over the rest of the 2.5′ × 2.5′ field, after normalizing to the same
area (orange curve). The black histogram is obtained from the peak of
the redshift distribution of each source. A total of 14 galaxies within
0.5′ of the main deflector have redshifts consistent, at the 2σ confidence
level, with z = 0.581, and 39 over the rest of our analyzed field.

Emcee package, developed by Foreman-Mackey et al. (2013),
for sampling the model parameter posterior.

We started our modeling by making use of point-like images,
that is, considering each multiple image position as that of its
brightest pixel, with an uncertainty of one pixel. The best-fit val-
ues of the parameters of each model were estimated through a
multistep simulated annealing technique, first minimizing the χ2

on the source plane, and then on the deflector plane. Further-
more, the median values and the uncertainties (mainly at the 68%
confidence level) were extracted from MCMC chains of 106 total
steps, with acceptance rates between 20% and 30%, and the first
10% of the burn-in steps rejected. The final results are extracted
from the final chains of a sequence, in which each intermedi-
ate chain is used to estimate the covariance matrix of the model
parameters and to extract the starting point for the following
one.

We model the total mass distribution of the lens by assuming
different mass profiles. The goodness of each model is evaluated
by comparing the number of degrees of freedom (d.o.f.) and the
value of the minimum χ2, computed by comparing the observed,
θobs

i , and model-predicted, θpred
i , multiple image positions with

the following statistics:

χ2 =

N∑
i=0

|θobs
i − θ

pred
i |2

σ2
i

, (2)

where N is the total number of multiple images and σi is
the positional uncertainty relative to the ith image. To com-
pare different models, we considered three statistical estima-
tors, often employed in similar strong lensing studies (see, e.g.,
Acebron et al. 2017; Mahler et al. 2018; Caminha et al. 2022):
(1) the root-mean-square (rms) between the observed and model-
predicted image positions, defined as

rms =

√
1
N
|θobs

i − θ
pred
i |2; (3)

(2) the Bayesian information criterion (BIC; Schwarz 1978),
given by

BIC = k ln n + χ2, (4)

where k is the number of free parameters; and (3) the corrected
Akaike information criterion (AICc; Akaike 1974; Cavanaugh
1997), defined as

AICc = 2k + χ2 +
2k(k + 1)
n − k − 1

. (5)

The BIC and AICc estimators penalize models with increasing
number of free parameters, to contrast overfitting. Thus, models
with lower BIC and AICc values are preferred.

4.1. Modeling with A and B

At the beginning, we consider in the strong lensing modeling
only the positions of the spectroscopically-confirmed eight mul-
tiple images of sources A and B.

First, we assume a pseudo-isothermal total mass distribu-
tion (PIEMD; Kneib et al. 1996) for the main lens. In GLEE, it is
described by six parameters: the x and y coordinates of the cen-
ter, the semimajor (a) to semiminor (b) axis ratio q = b/a, the
position angle θ, the Einstein radius θE, and the core radius rcore.
Here, we fix rcore = 0. We note that the value of θE is defined for
a source at z = ∞ and does not correspond to that of the Ein-
stein radius of the system, which should be nearly independent
of the mass modeling details. The value of θE is a parameter that
describes the lens strength and enters the dimensionless surface
mass density κPIEMD as

κPIEMD(x, y) =
θE

2
√

r2
core + x2

(1+e)2 +
y2

(1−e)2

, (6)

where the ellipticity e =
1+q
1−q . The value of the physical Einstein

radius, as well as being estimated from this equation, would be
clearly estimated from the total mass profiles presented in the
following.

Then, we assume a singular power law elliptical mass dis-
tribution (SPEMD; Barkana 1998). In GLEE, it is described by
seven parameters: the first six are in common with the PIEMD
profile, and the slope g, which is related to the 3D logarithmic
density slope γ′ = d log[ρ(r)]/d log(r) (i.e., ρ ∝ r−γ

′

) through
γ′ = 2g+ 1 (i.e., an isothermal profile corresponds to γ′ = 2 and
g = 0.5). In the following we refer to the physical parameter γ′.
Similarly to the PIEMD case, θE is a parameter of the mass dis-
tribution introduced in the dimensionless surface mass density
κSPEMD as

κSPEMD(x, y) = θE

(
x2 +

y2

q2 +
4r2

core

(1 + q)2

)− γ′−1
2

. (7)

In both total mass distributions, we included an external
shear component. In GLEE, this is described by two parame-
ters: the shear strength, γext, and its position angle, φext (where
0 means that images are stretched horizontally, along the x-
axis, and π/2 means images are stretched vertically, along
the y-axis).

The best-fit values of the parameters for these first two mod-
els are reported in the two upper entries of Table 1. The values of
the x and y coordinates are in arcseconds, relative to the center of
light of the elliptical lens galaxy, identified as its brightest pixel.
For each model, we list the best-fit parameter values, the number
of observables (Nobs), the number of degrees of freedom (d.o.f.),
and the value of the minimum (χ2

min).
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4.2. Modeling with A, B, and C

Then, we add the two multiple images of source C, and use the
same two mass density profiles defined in the previous section to
fit the positions of all ten multiple images. The introduction of
C requires an additional free parameter, its unknown redshift. In
GLEE, this is parametrized with the value of Dds/Ds, which is the
ratio between the distances between the deflector and the source
and between the observer and the source. Below, we convert the
values (and the posterior probability distribution) of Dds/Ds into
those corresponding to the redshift of the source, zC, and we
always refer to this parameter. The best-fit parameter values are
reported in the third and fourth entries of Table 1.

Since the position of the multiple image C2 is angularly very
close to the main lens galaxy, we decide to try also PIEMD and
SPEMD mass density profiles with the value of rcore free to vary.
We refer to these models as PIEMD+rc and SPEMD+rc. We
expect that C2 can affect the reconstructed lens total mass dis-
tribution in the inner region, depending mainly on the values of
rcore and γ′. In fact, from strong lensing data, one can accurately
measure the total mass distribution of a lens at the radii where the
multiple images are observed. The presence of source C allows
us to expand the radial interval from approximately (30–50) to
(15–63) kpc. The best-fit values of the parameters of the models
PIEMD+rc and SPEMD+rc are reported in the two lower entries
of Table 1.

By comparing the best-fit parameter values of these differ-
ent models, we notice that the center of the total mass is always
shifted with respect to the luminosity center, along the posi-
tive x-axis and the negative y-axis. Furthermore, the values of
the angles θ and φext are similar and approximately orthogonal
in almost all the models. When source C is included, the total
mass of the deflector becomes more elliptical (i.e., the value of
q decreases), unless a nonvanishing core radius is considered.
Moreover, the introduction of source C and of a possible core
radius changes significantly the best-fit values of the Einstein
radii, suggesting a degeneracy between the values of the θE, rcore,
γ′, and zC parameters. Finally, the best-fit SPEMD profiles with-
out a core radius are shallower than the corresponding isothermal
profiles (γ′ ≈ 1.5 vs. γ′ = 2); the best-fit values of the core radius
and slope are very similar when the former is allowed to vary.

The low values of the minimum χ2 suggest that we can accu-
rately reproduce the positions of the observed multiple images
by assuming a one-component total mass distribution for the
deflector. In fact, the average distance between the observed
and model-predicted positions of the multiple images is only of
0.02′′. In Fig. 6, we show the observed (filled circles) and the
model-predicted (crosses) positions of the multiple images for
the PIEMD+rc model. All the considered models would result
in very similar figures.

Furthermore, on the top of Table 4 we report the median
and the 68% confidence level uncertainty values of the param-
eters of the different models. They are extracted from MCMC
posteriors with 106 steps, with acceptance rates between 20%
and 30%, after excluding the first 10% steps (considered as
the burn-in phase). To correctly compare different models with
different numbers of observables and degrees of freedom, for
each model we rescaled the errors on the observed multiple
images so that the value of χ2

min is approximately equal to that of
d.o.f..

In Fig. 7, we show the posterior probability density distribu-
tions of the parameters of the PIEMD+rc (in blue) and SPEMD
(in red) models, with sources A, B, and C included in the mod-
eling. In order to compare them, only the common parameters

Table 1. Modeling of the deflector total mass distribution using the
observed multiple image positions.

Multiple images A, B
PIEMD
x [′′] y [′′] q θ [rad] θE [′′] rcore [′′]
0.27 −0.13 0.69 0.07 11.1 [0.0]
Shear γext φext [rad]

0.21 1.44
Nobs = 16 d.o.f. = 5 χ2

min = 1.29
BIC = 31.8 AICc = 89.3 rms = 0.028′′

SPEMD
x [′′] y [′′] q θ [rad] θE [′′] rcore [′′] γ′

0.25 −0.11 0.77 0.10 3.8 [0.0] 1.55
Shear γext φext [rad]

0.06 1.08
Nobs = 16 d.o.f. = 4 χ2

min = 0.63
BIC = 33.9 AICc = 128.6 rms = 0.020′′

Multiple images A, B, C
PIEMD
x [′′] y [′′] q θ [rad] θE [′′] rcore [′′]
0.17 −0.22 0.41 0.01 12.9 [0.0]
Shear γext φext [rad]

0.06 1.22
Source Dds/Ds = 0.477 (corresponding to zC = 1.37)

Nobs = 20 d.o.f. = 6 χ2
min = 4.04

BIC = 46.0 AICc = 116.0 rms = 0.044′′

SPEMD
x [′′] y [′′] q θ [rad] θE [′′] rcore [′′] γ′

0.14 −0.14 0.60 0.04 4.0 [0.0] 1.53
Shear γext φext [rad]

0.12 0.17
Source Dds/Ds = 0.548 (corresponding to zC = 1.72)

Nobs = 20 d.o.f. = 5 χ2
min = 1.78

BIC = 46.7 AICc = 151.8 rms = 0.030′′

PIEMD+rc
x [′′] y [′′] q θ [rad] θE [′′] rcore [′′]
0.18 −0.09 0.81 0.12 17.2 2.8
Shear γext φext [rad]

0.10 1.32
Source Dds/Ds = 0.583 (corresponding to zC = 1.98)

Nobs = 20 d.o.f. = 5 χ2
min = 1.08

BIC = 46.0 AICc = 151.1 rms = 0.023′′

SPEMD+rc
x [′′] y [′′] q θ [rad] θE [′′] rcore [′′] γ′

0.18 −0.11 0.78 0.09 10.9 2.5 2.10
Shear γext φext [rad]

0.11 1.36
Source Dds/Ds = 0.577 (corresponding to zC = 1.93)

Nobs = 20 d.o.f. = 4 χ2
min = 0.62

BIC = 48.6 AICc = 213.9 rms = 0.017′′

Notes. The two upper models were optimized by exploiting the eight
observed positions of the spectroscopically confirmed background
sources A and B, while the four bottom models include also the
observed positions of the two multiple images of source C, without a
spectroscopic redshift measurement. For each model, we show the best-
fit values of the parameters, the number of degrees of freedom (d.o.f.),
the minimum chi-square (χ2

min) value, and the resulting BIC, AICc and
rms values. The values of the x and y coordinates are referred to the cen-
ter of light of the main elliptical lens galaxy, i.e., to its brightest pixel.
The position angle θ is measured counterclockwise from x. Values in
square brakets are kept fixed.

are plotted, and thus γ′ and rcore are not included. The x, y, q
and θ distributions of the PIEMD+rc and SPEMD models are
consistent. The Einstein radius distributions are centered on dif-
ferent values, but this is not surprising: its value is degenerate
with those of the slope γ′ (see Fig. 11) and of the core radius
rcore. Finally, we remark that the SPEMD model shows a uni-
modal probability density distribution for zC, as opposed to the
bimodal one of the PIEMD+rc model.
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Fig. 6. HST/F160W image of SDSS J0100+1818 and comparison
between the observed multiple images of sources A (blue), B (red), and
C (green), represented with circles, and those predicted by the best-fit
PIEMD+rc model (fifth entry of Table 1), represented with crosses in
the corresponding colors.

Finally, we show in Fig. 8 the comparison between two mod-
els with the same total mass parameterization (i.e., SPEMD),
optimized first with the eight multiple images of sources A and B
(in purple) and then with the ten multiple images of sources A,
B, and C (in green). We can conclude that the results obtained
with only two sources are consistent with those obtained with
three sources and that the introduction of source C, at a different
redshift, significantly reduces all but one confidence intervals.

4.3. Total mass profile of the deflector

For each model, we estimate the total mass (MT ) distribution
of the deflector by extracting randomly 1000 models from the
106 steps of the last MCMCs described above. First, we convert
the convergence maps provided by GLEE into the corresponding
total mass maps. Then, we sum up the contribution of all the
pixels within circular apertures centered on the brightest pixel
of the main lens galaxy, with a step of 0.5 pixels, to obtain the
cumulative total mass profiles that are presented in the following.
Within each fixed aperture, we consider the distribution of the
total mass values of all the 1000 random models, from which we
measure the median value and the 16th and 84th percentiles, as
the uncertainties at the 1σ confidence level.

We started comparing the cumulative total mass profiles of
each different mass model reconstructed by using the multiple
images of sources A and B only and A, B, and C. We find that
the profiles show consistent median values and that the introduc-
tion of source C significantly reduces the statistical uncertain-
ties in the inner and outer regions. For example, for the SPEMD
model, when source C is considered, the relative uncertainties
are reduced from about 32% to 17% and from 9% to 5% in the
inner (R ≈ 15 kpc) and outer (R ≈ 63 kpc) regions, respectively.
Thus, in the following discussion and figures, we refer only to
the models optimized by taking the observed multiple image
positions of sources A, B, and C into account.

Fig. 7. Probability density distributions of the parameters of the
PIEMD+rc (in blue) and SPEMD (in red) models. The marginalized
1D histograms of each parameter are shown along the diagonal, while
the other panels show the joint 2D probability distributions of the two
parameters reported on the horizontal and vertical axes. The parameters
plotted are those introduced in Sect. 4.1. The vertical dashed lines in the
1D histograms represent the 16th, 50th, and 84th percentiles, while the
solid lines in the 2D distributions represent the 0.68 and 0.95 contour
levels.

In Fig. 9 we show the cumulative projected total mass pro-
files of the deflector for the PIEMD+rc and SPEMD models.
Despite the different total mass density parameterizations, and
the slightly different optimized values of the parameters, the
profiles are very similar and agree on the same mass value,
with the smallest statistical errors, at the mean distance (R ≈
42 kpc) of the multiple images from the lens center, which rep-
resents approximately the physical Einstein radius of the sys-
tem. The relative uncertainties at the distances of the innermost
(C2, R ≈ 15 kpc) and outermost (C1, R ≈ 63 kpc) multiple
images are, respectively, about 17% and 5% for the SPEMD
model, while its minimum of approximately 1% is reached at
R ≈ 42 kpc. The total projected mass value measured within this
radius is (9.06 ± 0.04) × 1012 M� for the PIEMD+rc model and
of (9.09 ± 0.05) × 1012 M� with the SPEMD model. In the same
figure, we also include the stellar mass profile of the system we
described above.

Finally, in Fig. 10, we plot the cumulative projected stellar-
over-total mass fraction profiles for the PIEMD+rc and SPEMD
models. The two profiles are consistent, given the uncertainties,
and differ mainly in the inner regions. At the lens galaxy effective
radius, we estimate values of (70 ± 29)% and (49 ± 12)% for
the PIEMD+rc and SPEMD models, respectively. According to
both models, the fraction values are of (15 ± 3)% and (10 ± 2)%
at R ≈ 42 kpc and R ≈ 63 kpc, respectively.

5. Extended source modeling

In this section we describe the reconstruction of the extended
SB of the lensed sources that we performed with GLEE. At this
stage, we merge sources A and B into a single, double-peaked
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Fig. 8. Probability density distribution of the parameters of the SPEMD
model considering the multiple image positions of sources A and B only
(in purple) and of sources A, B, and C (in green). The panels show the
probability distributions as described in Fig. 7.

Fig. 9. Cumulative projected total mass profiles for the PIEMD+rc
(blue) and SPEMD (red) models with ±1σ uncertainties (shaded areas),
obtained by modeling the multiple images of A, B, and C as point-like
objects. The cumulative projected stellar mass profile from Fig. 4 is
shown in dashed black. The vertical lines close to the x-axis locate the
distances from the lens galaxy center of the different multiple images,
color-coded following Figs. 1 and 6. The black line shows the effective
radius of the main lens galaxy.

source, at z = 1.88. Thus, in the following, we refer to “single
source” models as the analogous of modeling with A and B in
the point-like source modeling, and to “two source” models as
of modeling with A, B, and C.

To model the SB of extended images, GLEE needs as input
a mask with the pixels containing the observed multiple images
and possible arcs of the lensed sources. These pixels are mapped
onto the source plane through the ray-tracing equation, where
the source SB is reconstructed on a regular grid of pixels. The
ray-tracing equation depends on the total mass distribution of
the lens and on the angular diameter distances between the lens
and the sources. When we model the observed images of a sin-

Fig. 10. Cumulative projected stellar-over-total mass fraction profiles
for the PIEMD+rc (blue) and SPEMD (red) models with ±1σ uncer-
tainties (shaded areas), obtained by modeling the multiple images of
A, B, and C as point-like objects. The vertical lines are the same as in
Fig. 9.

gle source (i.e., A and B), with its spectroscopic redshift value
measured and considered fixed, GLEE finds the best-fit model
by varying the values of the parameters of the mass distribu-
tion of the lens, and optimizing the posterior probability distri-
bution, which is proportional to the product of the likelihood and
the prior of the lens mass parameters (Suyu & Halkola 2010).
Instead, when we model the images of the two sources, the map-
ping also depends on the relative distances between the observer,
the deflector, and source C, and thus its redshift is introduced as
an additional free parameter.

In the optimization process, the pixelated SB distributions of
the sources are mapped back onto the image plane to obtain the
model-predicted images, with flux intensity f pred

i j , and compared
with those observed, f obs

i j . The χ2
SB is thus defined as

χ2
SB =

∑
i, j

(
f obs
i j − f pred

i j

)2

σ2
i j

, (8)

where i and j identify the position of each pixel. During the opti-
mization, we impose a curvature regularization on the values
of the source SB pixels, weighted by the value of the param-
eter λ̂, which is included in the χ2

SB evaluation, as described
in Suyu et al. (2006). This parameter penalizes physically less
plausible solutions with very irregular SB distributions for the
sources. The number of degrees of freedom is here computed as

d.o.f. = nmask − nlens − nsource, (9)

where nmask is the number of pixels on the image plane included
in the mask as observables, nlens is the number of free parameters
related to the total mass distribution of the lens, and nsource is the
effective number (i.e., smaller than the adopted one) of pixels
onto which the source is reconstructed on the source plane. At
the beginning, we consider the SB of a source on a regular grid
of 25 × 25 pixels. Then, we refine (and show here) the results
adopting a 40 × 40 grid on the source plane. We note that GLEE,
after mapping the pixels included in the mask onto the source
plane, reconstructs the source SB on a regular grid of pixels,
with dimensions chosen by the user. Given that the maximum
physical distance of the mapped pixels along the two coordinate
axes is not known a priori, the SB source reconstructions usually
have different pixel scales on the x and y axes, as can be observed
in the plots presented in the following.
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5.1. Modeling the deflector and the arcs

We started from the best-fit models achieved with the point-like
source modeling, described in Sect. 4. In Table 1, we observe that
the χ2

min value decreases significantly, from approximately 4 to
1, when the number of degrees of freedom is reduced from 6 to 5
(from the PIEMD to the SPEMD and PIEMD+rc models). On the
contrary, when d.o.f. is further reduced to 4 (for the SPEMD+rc
model), the value of χ2

min shows only a minor decrement. Further-
more, the SPEMD+rc model has the largest values for both the
BIC and AICc estimators. This suggests that this model is the least
favored one and, thus, that its extra complexity is statistically not
fully justified. For these reasons, in the extended source model-
ing with two sources (AB and C), we decide to consider only the
SPEMD and PIEMD+rc lens mass models, both with d.o.f. = 5
in the point-like source approximation. The free parameters of
each mass distribution are the same as described previously. In
Table 2, we report the best-fit values from the χ2

SB minimization
with a 40 × 40 pixelated source. As before, we can observe some
trends in the values of the reconstructed parameters. The center of
the total mass distribution is slightly shifted from the light peak,
along the positive x and negative y directions. The value of the
magnitude of the external shear is high in the PIEMD model with
a single source, but it significantly decreases when considering
a SPEMD model or when source C is introduced. The value of
θ is approximately the same for all models, while the value of q
decreases for the SPEMD models, where the deflector is found
to be more elliptical. Finally, both the SPEMD models suggest a
lens total mass profile shallower than an isothermal one, and the
value of γ′ is almost identical, when a single or two background
sources are considered.

A comparison with the best-fit values of the point-like mod-
els shows that the center of the total mass distribution is always
shifted in the same direction from the light distribution cen-
ter. Moreover, the values of axis ratio, position angle, Einstein
and core radii do not differ significantly when comparing each
extended model with its corresponding point-like model.

The main differences for the lens reconstruction between the
two ways of modeling the background sources can be observed
in Table 4, where we list the median values and the statisti-
cal uncertainties extracted from MCMCs of 106 steps, tuned to
have χ2

min ≈ d.o.f. The larger number of observables (approxi-
mately 7200, instead of 20) makes the marginalized probability
distributions of the parameters much narrower when the sources
are modeled as extended, as visible from the uncertainty values
reported in the table. We show in Fig. 11 the probability density
distribution of the SPEMD model with two sources. There, we
can observe the expected degeneracies between the values of θE,
γ′ and zC, found also in the point-like modeling. The values of
the shear parameters show some significant degeneracies with
those of several other parameters, like q and θ.

Similarly to Fig. 6, we show the comparison between the
observations and the model predictions for the extended mod-
eling. It is now possible to compare directly, pixel by pixel,
the observed and predicted arcs. We show the results for the
PIEMD (Fig. 12) and SPEMD (Fig. 13) models when consid-
ering the single source AB, and for the SPEMD model when
including also source C (Fig. 14). In the first panels from the
left, we show the pixels of the observed images included in the
masks as observables. In the second panels, we plot the extended
images predicted by the best-fit models and, in the third pan-
els, the normalized residuals in the (−5σ, +5σ) interval. When a
single source is reconstructed, we observe that the arcs are very
well reproduced with the PIEMD model and the residuals do not

Table 2. Modeling of the deflector total mass distribution using the
extended source modeling.

Multiple images A, B
PIEMD
x [′′] y [′′] q θ [rad] θE [′′] rcore [′′]
0.24 −0.14 0.79 0.14 10.9 [0.0]
Shear γext φext [rad]

0.25 1.45
Nobs = 5831 d.o.f. = 4576 χ2

SB,min = 2650.5
SPEMD
x [′′] y [′′] q θ [rad] θE [′′] rcore [′′] γ′

0.18 −0.14 0.75 0.09 3.9 [0.0] 1.57
Shear γext φext [rad]

0.06 1.07
Nobs = 5831 d.o.f. = 4571 χ2

SB,min = 2429.0

Multiple images A, B, C
SPEMD
x [′′] y [′′] q θ [rad] θE [′′] rcore [′′] γ′

0.05 −0.17 0.62 0.04 4.2 [0.0] 1.58
Shear γext φext [rad]

0.08 0.28
Source Dds/Ds = 0.543 (equals to zC = 1.69)

Nobs = 7195 d.o.f. = 5396 χ2
SB,min = 3188.3

PIEMD+rc
x [′′] y [′′] q θ [rad] θE [′′] rcore [′′]
0.09 −0.12 0.84 0.15 18.7 3.4
Shear γext φext [rad]

0.09 1.25
Source Dds/Ds = 0.590 (equals to zC = 2.04)

Nobs = 7195 d.o.f. = 5583 χ2
SB,min = 4400.9

Notes. The two upper models were optimized by exploting the double-
peak source AB, while the two bottom models also include source C.
The parameters are defined as in Table 1.

exceed in absolute value 2.5σ. The results are even better with
the SPEMD model, which is able to further reduce the resid-
uals, in particular of the A2B2 and of A4B4 images. Besides
the expected increase of the residuals (up to about 3.5σ around
the images A3B3) when source C is added, the model can pre-
dict remarkably well the radial arc (C1). As already discussed,
this multiple image is the most sensitive to the deflector inner
total mass density profile and its good reconstruction supports
the reliability of the strong lensing modeling results and of the
lens SB modeling and subtraction. In the panels on the right, we
show the reconstructed SB of the sources, which are discussed
in Sect. 5.3.

5.2. Total mass profiles of the deflector

We measure the lens projected total mass distribution from the
extended source modeling using the same procedure described
for the point-like source modeling. In Fig. 15, we show the
cumulative projected total mass profile of the deflector measured
with the PIEMD+rc model and two extended sources (solid red
line, the 1σ uncertainties are smaller than the linewidth), com-
pared to its corresponding point-like source model (solid black
and 1σ uncertainties as shaded area). The very small statistical
uncertainties on the lens total mass profile from the extended
source modeling, which are a factor of &10 smaller than those
presented in Sect. 4.3, are related to the small uncertainties
on the values of all the model parameters discussed above. In
addition to the statistical uncertainties, we can estimate the sys-
tematic uncertainties by comparing the results of the different
models, which fit the data almost equally well. Within R ≈ 42 kpc,
we measure a projected total mass value of 8.76, 9.00, 9.08, and
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Fig. 11. Probability density distribution for the SPEMD model with two sources (source AB and source C). The marginalized 1D histograms of
each parameter are shown along the diagonal, while the other panels show the joint 2D probability distributions of the two parameters reported
on the x and y axes. The parameters are those described in Sect. 4.1. The vertical dashed lines in the 1D histograms represent the 16th, 50th and
84th percentiles, which are also reported on top of each 1D histogram, while the solid lines and shaded areas in the 2D distributions represent the
0.68, 0.95, and 0.99 contour levels. In the floating panel, we zoom in the marginalized 1D histogram of the γ′ parameter (in black), and compare
it with its distribution for the model with the AB source only (in red). The introduction of source C provides tighter constraints on the value of the
γ′ parameter.

Fig. 12. PIEMD model with one source. From the left to the right: observed SB in the F160W band of the multiple images considered in the
extended source modeling; model-predicted SB; normalized residuals in the range from −5σ to +5σ; reconstructed SB of the source on a 40 × 40
pixel grid. Angular scales of 1′′ and of 0.5′′ are represented on the lens and source plane, respectively.
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Fig. 13. As in Fig. 12 for the SPEMD model with one source.

Fig. 14. As in Fig. 12 for the SPEMD model with two sources. The top row shows sources A and B and their SB is reconstructed on a 40 × 40
pixel grid, while the bottom row shows source C and its SB is reconstructed on a 25 × 25 pixel grid.

9.08 × 1012 M� for the PIEMD and SPEMD (single source),
SPEMD and PIEMD+rc (two sources) models, respectively.

On the contrary, the statistical uncertainties on the cumula-
tive projected stellar-over-total mass fraction profiles for cor-
responding point-like and extended models are very similar,
because the uncertainty on the stellar mass profile dominates
over that on the total mass profiles. In Fig. 16, we show the pro-
files for the PIEMD+rc models. They present slightly different
slopes, but they both result in a stellar-over-total mass fraction
value of (15 ± 3)% within 42 kpc. From a comparison with the
PIEMD+rc point-like model, we find that the extended one pre-
dicts a higher value of (108 ± 22)% consistent with one, at the

effective radius, and a lower value of (9 ± 2)% in the outermost
regions (R ≈ 63 kpc).

5.3. Source SB reconstruction

The source SB reconstructions are shown in the fourth panels of
Figs. 12–14. In each image, there are two different rods along
the x and y directions, representing a scale of 0.5′′, as discussed
above. By observing them, we note that, despite recovering the
same morphology, the sizes of the background sources vary by
a factor of ∼2, when the different total mass profiles for the lens
are assumed.
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Fig. 15. Cumulative projected total mass profiles for the PIEMD+rc
model with point-like (solid black) and extended source (red) model-
ing, with ±1σ uncertainties (shaded areas), obtained by modeling the
multiple images of A, B, and C. For the extended source modeling, the
uncertainties are smaller than the linewidth. The vertical lines close to
the x-axis locate the distances from the lens galaxy center of the dif-
ferent multiple images, color-coded following Figs. 1 and 6. The black
line shows the effective radius of the main lens galaxy.

Fig. 16. Cumulative projected stellar-over-total mass fraction profiles
for the PIEMD+rc model with point-like (black) and extended source
(red) modeling, with ±1σ uncertainties (shaded areas), obtained by
modeling the multiple images of A, B, and C. The vertical lines are
the same as in Fig. 9.

We investigate this difference by measuring the angular sep-
aration between the sources A and B, at redshift z = 1.880, and
by estimating the half-light radii of the sources A, B, and C.
In the first case, we compare the angular separations predicted
by the different point-like and extended models. In particular,
the positions of the point-like sources are optimized directly
by GLEE, while, when considered as extended, we measure the
angular separation between the brightest pixels associated with
the sources. The results are shown in Table 3. First, we observe
that each model predicts approximately the same angular dis-
tance, when the point-like or extended modeling is adopted. This
test further proves the consistency of the two methods. Then, we
confirm quantitatively what we observed from the reconstructed
images: both the PIEMD and SPEMD models can reproduce
well the observed multiple images, but they predict angular sep-
arations between the sources A and B that differ by a factor of
approximately 2. This shows that the choice on the lens total
mass distribution has a significant impact on the inferred prop-
erties of the background sources. This effect might be very rel-
evant for lens clusters, where hundreds of background lensed

sources are detected and the total mass distribution of the lens
is more complex. However, in this strong lensing system, even if
both the PIEMD and SPEMD models can reproduce successfully
the observed multiple images and have approximately the same
number of degrees of freedom, the SPEMD model results in a
lower χ2

min value. We remark that the PIEMD+rc and SPEMD
models, with sources A, B, and C, have the lowest χ2

min values
and predict consistent angular distances. Considering the lim-
ited number of different models that can be tested in a strong
lensing analysis, we highlight that this effect should be quanti-
fied and quoted as a possible source of systematic uncertainty on
the reconstructed sources.

Next, we measured the effective radii of the two
components A and B of the first source, and of source C. We
computed the luminosity growth curve of each reconstructed
source, measuring the flux included within concentric circular
apertures, centered on the brightest pixel, with a step of 0.5
pixels (which corresponds to approximately 0.03′′ for all the
sources). The apertures were corrected to take into account the
different pixel sizes along the x- and y-axes. For the peaks of
the composite AB source, we consider semicircular apertures, to
avoid the contribution of source B being included in the mea-
surement of the half-light radius of source A, and vice versa.
Hence, we build the luminosity cumulative profiles and infer the
half-light radii by considering only the halves of the plane less
affected by the other peaks.

We observe that the cumulative luminosity profiles do not
converge to a plateau, because of the noise in which the recon-
structed sources are immersed. Because of that, we had to choose
a maximum radius for the two sources, on the visual inspection
of the images, of 4 and 3 pixels for the sources A and B, respec-
tively. For source C instead, the cumulative luminosity profile
converges to a plateau. The results are summarized on the left
part in Table 3.

We check our results with another test. We analyze the mul-
tiple images A1 and B1, which are the less distorted and better
resolved, and consider a rectangular cutout of 2.1′′×1.3′′ around
them. We fit the SB of the background arc with an extended Sér-
sic component, and the SB of the two images A1 and B1 with
two additional Sérsic profiles. From the best-fit model, we mea-
sure the values of the effective radii re A1 = 0.23′′ and re B1 =
0.17′′. Then, we estimate the local magnification factor around
the multiple images A1 and B1 to infer their intrinsic sizes on
the source plane. For each model, we compute the median mag-
nification map from 1000 models randomly extracted from the
final MCMCs (see Sect. 4.3). For each pixel of coordinates (i, j)
of each model, we compute the local magnification factor as

µi, j =
1

(1 − κi, j)2 − γ2
1 i, j − γ

2
2 i, j

, (10)

where κi, j, γ1 i, j and γ2 i, j are the values of the convergence and
shear components, respectively. Then, from the 1000 values of
magnification estimated on each pixel, we consider the median
value and build the median magnification map µi, j. With the 16th
and 84th percentile values of the same distribution, we quan-
tify the ±1σ uncertainties. Finally, we measure the local mag-
nification factors for the multiple images A1 and B1 by taking
the median value within circles centered on them and with radii
equal to re A1 and re B1. The measured local magnification fac-
tors around A1 and B1 are reported in Table 3. If we correct the
observed effective radii on the lens plane according to

rsource
e =

rimage
e√
µ
, (11)
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Table 3. Angular separation and sizes of the reconstructed sources.

Model dAB [′′] re [′′] (A) re [′′] (B) re [′′] (C) µA1 µB1 re,A [′′] re,B [′′]

Point-like A,B PIEMD 0.34 2.59+0.12
−0.10 2.49+0.11

−0.09 0.14+0.01
−0.01 0.11+0.01

−0.01
(2.87 kpc) (1.18+0.02

−0.03 kpc) (0.89+0.02
−0.02 kpc)

SPEMD 0.19 3.84+4.46
−1.21 3.68+4.13

−1.14 0.12+0.02
−0.07 0.09+0.01

−0.05
(1.58 kpc) (0.97+0.15

−0.56 kpc) (0.73+0.11
−0.41 kpc)

A,B,C PIEMD+rc 0.19 3.60+4.44
−1.15 3.44+4.06

−1.07 0.12+0.02
−0.07 0.09+0.01

−0.05
(1.62 kpc) (1.00+0.16

−0.62 kpc) (0.75+0.12
−0.44 kpc)

SPEMD 0.19 3.21+0.79
−0.58 3.11+0.75

−0.55 0.13+0.01
−0.02 0.09+0.01

−0.01
(1.61 kpc) (1.06+0.10

−0.13 kpc) (0.79+0.07
−0.10 kpc)

Extended A,B PIEMD 0.28 0.14 0.10 2.80+0.10
−0.10 2.69+0.01

−0.01 0.14+0.01
−0.01 0.10+0.01

−0.01
(2.41 kpc) (1.18 kpc) (0.87 kpc) (1.14+0.02

−0.02 kpc) (0.85+0.01
−0.01 kpc)

SPEMD 0.18 0.08 0.06 7.27+0.50
−0.28 6.93+0.47

−0.26 0.08+0.01
−0.01 0.06+0.01

−0.01
(1.55 kpc) (0.70 kpc) (0.51 kpc) (0.71+0.01

−0.02 kpc) (0.53+0.01
−0.02 kpc)

A,B,C PIEMD+rc 0.16 0.07 0.05 0.10 7.64+0.08
−0.09 7.16+0.07

−0.12 0.08+0.01
−0.01 0.06+0.01

−0.01
(1.36 kpc) (0.60 kpc) (0.46 kpc) (0.81 kpc, z = 1.69) (0.69+0.01

−0.01 kpc) (0.52+0.01
−0.01 kpc)

SPEMD 0.18 0.09 0.06 0.06 6.22+0.08
−0.06 5.96+0.07

−0.06 0.09+0.01
−0.01 0.07+0.01

−0.01
(1.49 kpc) (0.75 kpc) (0.52 kpc) (0.50 kpc, z = 2.04) (0.76+0.01

−0.01 kpc) (0.57+0.01
−0.01 kpc)

Notes. First column: angular separation between the sources A and B. In the point-like source modeling (top), this is computed as the distance
between the best-fit source positions optimized by GLEE, while in the extended modeling (bottom), it is computed as the distance between the
brightest pixels associated with each source in the reconstructed SBs. The second, third and fourth columns show the half-light radii of the
reconstructed sources estimated through their cumulative luminosity profiles. Fifth and sixth columns: local median magnification factors of the
multiple images A1 and B1 and 1σ statistical uncertainties. They are measured as the median value of the median magnification maps within circles
of radii re A1 and re B1, centered on A1 and B1. Last two columns: half-light radii of the sources A and B measured from the results re A1 = 0.23′′
and re B1 = 0.17′′ of the SB modeling of the multiple images A1 and B1, and demagnified with Eq. (11). The uncertainties are propagated from
those on the magnification factors. The angular quantities are converted to physical ones for z = 1.880, unless otherwise specified.

Table 4. Median and 68% confidence level uncertainty values of the parameters of the different models, based on the point-like (top) and extended
(bottom) modeling of the sources, as described in Tables 1 and 2.

Parameters x [′′] y [′′] q θ [rad] θE [′′] rcore [′′] γ′ γext φext [rad] zC

Point-like A,B PIEMD 0.27+0.03
−0.03 −0.14+0.02

−0.03 0.67+0.09
−0.10 0.07+0.05

−0.03 11.2+0.4
−0.2 [0.0] 0.20+0.04

−0.05 1.44+0.02
−0.03

SPEMD 0.26+0.06
−0.07 −0.15+0.05

−0.06 0.61+0.18
−0.16 0.05+0.09

−0.04 7.0+2.9
−2.0 [0.0] 2.01+0.17

−0.24 0.18+0.09
−0.09 1.43+0.05

−0.15

A,B,C PIEMD+rc 0.18+0.05
−0.05 −0.12+0.05

−0.06 0.74+0.12
−0.21 0.07+0.10

−0.05 15.6+3.9
−2.6 2.1+1.6

−1.6 0.09+0.03
−0.03 1.31+0.08

−0.12 1.88+0.38
−0.19

SPEMD 0.16+0.03
−0.03 −0.19+0.03

−0.03 0.48+0.07
−0.07 0.02+0.01

−0.01 6.8+1.6
−1.3 [0.0] 1.85+0.10

−0.11 0.05+0.01
−0.01 0.70+0.37

−0.29 1.48+0.09
−0.08

Extended A,B PIEMD 0.24+0.01
−0.01 −0.14+0.01

−0.01 0.79+0.01
−0.01 0.14+0.01

−0.01 10.9+0.1
−0.1 [0.0] 0.25+0.01

−0.01 1.45+0.01
−0.01

SPEMD 0.18+0.01
−0.01 −0.14+0.01

−0.01 0.76+0.01
−0.01 0.09+0.01

−0.01 3.9+0.1
−0.1 [0.0] 1.57+0.02

−0.02 0.06+0.01
−0.01 1.06+0.06

−0.08

A,B,C PIEMD+rc 0.09+0.01
−0.01 −0.13+0.01

−0.01 0.84+0.01
−0.01 0.15+0.01

−0.01 18.7+0.1
−0.1 3.4+0.1

−0.1 0.09+0.01
−0.01 1.25+0.01

−0.01 2.04+0.02
−0.01

SPEMD 0.05+0.01
−0.01 −0.17+0.01

−0.01 0.62+0.01
−0.01 0.04+0.01

−0.01 4.2+0.1
−0.1 [0.0] 1.58+0.01

−0.01 0.08+0.01
−0.01 0.28+0.01

−0.01 1.69+0.01
−0.01

Notes. Statistics are extracted from the final MCMC chains with 106 steps. To compare properly different models with different numbers of
observables and degrees of freedom, we have rescaled the errors on the observed multiple images for each model, so that its χ2

min value is
approximately equal to that of the number of d.o.f.

we find that these results (see the last two columns of Table 3)
are consistent, given the uncertainties, with those obtained on
the source plane with the luminosity growth curve of the SB
reconstructions.

6. Discussion and summary

In this paper we have studied SDSS J0100+1818, a strong lens-
ing system consisting of a massive early-type galaxy with a spec-
troscopic redshift of z = 0.581, which acts as a gravitational lens
on two background sources, AB and C. One of the sources (AB),
spectroscopically confirmed at z = 1.880, has four multiple
images, visible around the deflector at a projected distance of
about 7′′, and presents two components. The other source (C),
instead, does not have a spectroscopic redshift measurement, and
its two multiple images represent the closest and the most distant
images from the deflector center. Thus, the introduction of this
source is key to the reconstruction of the total mass profile of
the lens in its inner and outer regions, approximately from 15
to 63 kpc, and to the reduction of some degeneracies among the
model parameters.

We have developed several strong lensing models of the
deflector with the software GLEE, combining (cored or singular)
PIEMD and SPEMD total mass profiles with or without an exter-
nal shear component. At the beginning, we considered the sources
as point-like objects and modeled the lensed source positions. We
took advantage of the eight observed positions of source AB (four
multiple images for each of the two components) and of the two
observed positions of source C. The redshift of source C was also
included as a free parameter in the models.

Then, we considered the sources as extended objects and
reconstructed their SB distributions. With this improvement, we
were able to exploit the image structure and the extended arcs
in which they are distorted, over ∼7200 HST pixels. We finally
used the reconstructed sources to measure their sizes and have
discussed how much they can be affected by the adopted total
mass profile for the deflector.

The main results of this work can be summarized as follows:
– We combined the available multiband photometry from Pan-

STARRS, NOT, and HST to model the SED of the main lens
galaxy. The best-fit model results in a stellar mass value of
(1.5± 0.3)× 1012 M�. By using the public software GALFIT
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on the HST image in the F160W band of the system, we
modeled the light distribution of the lens with a combination
of two Sérsic profiles. Starting from them, we measured the
cumulative luminosity profile and then converted it into a
stellar mass profile by assuming a constant stellar mass-to-
light-ratio.

– We used the public software pPXF to estimate the value
of the stellar velocity dispersion, σ, of the main lens
galaxy from its X-shooter spectrum. We find σ = (451 ±
37) km s−1, which is consistent with the very large val-
ues of the galaxy stellar mass and of the mean distance
between the observed multiple images, confirming that
SDSS J0100+1818 is among the rarest, most massive ellipti-
cal galaxies (Loeb & Peebles 2003).

– With the point-like source modeling, we have found a total
mass value projected within the Einstein radius (of approx-
imately 42 kpc) of (9.1 ± 0.1) × 1012 M�, consistent for the
PIEMD+rc and SPEMD models (Fig. 9). Source C is pre-
dicted at zC = 1.72 (1.98) for the PIEMD+rc (SPEMD)
model (Table 1). The best-fit value of the logarithmic slope of
the SPEMD model is shallower than for a singular isothermal
profile. However, we remark the observation of the expected
degeneracies between the values of the γ′, θE, and zC param-
eters (Fig. 7).

– With the extended source modeling, we have confirmed
a projected total mass value enclosed within the Einstein
radius of 9.1×1012 M� with both the PIEMD+rc and SPEMD
models. Source C is predicted at zC = 1.69 (2.04) for
the PIEMD+rc (SPEMD) model (Table 2). By considering
the extended structure of the sources and of their multiple
images, the number of observables increases to approxi-
mately 7200 (compared to the 20 observables of the point-
like source modeling). As a consequence, the statistical
uncertainties on the parameter values and on the derived
quantities are strongly reduced (see Fig. 15).

– In Dutton & Treu (2014) and Newman et al. (2015), the
value of γtot was defined as the 3D mass-weighted mean
value of the density slope within Re. They investigated how
this value varies by considering a sample of 59 galaxy-
scale lenses from the Sloan Lens ACS (SLACS; Auger et al.
2009, 2010) survey (〈z〉 = 0.20), 10 group-scale lenses
(〈z〉 = 0.36), and 7 central galaxies of massive clusters
(〈z〉 = 0.25; Newman et al. 2013b,a). We measured the value
of γtot from the projected total mass profiles, M(R), presented
in Sects. 4 and 5. Thus, we could only directly compare the
results for the models with a constant slope, the SPEMD pro-
files with rcore = 0 in our study. We obtained a γtot value
of 1.89+0.22

−0.09 for the point-like source SPEMD model and
1.68+0.01

−0.01 for the extended source SPEMD model, consider-
ing the A, B, and C background sources. In both cases, we
observed that the introduction of source C slightly increases
the value of γtot, by 0.03 and 0.05, respectively. These val-
ues are consistent with those found by Newman et al. (2015)
for group-scale systems with Re ≈ 10 kpc, which lie between
the values obtained for galaxy-scale (2.09±0.03) and cluster-
scale (1.18 ± 0.07+0.05

−0.07) systems.
– Newman et al. (2015) exploited the samples introduced

above to compare the values of the projected stellar-over-
total mass fraction within Re, defined as

f∗,Salp =
M∗(Re)
MT (Re)

, (12)

where the subscript clarifies that the stellar mass values were
estimated assuming a Salpeter stellar IMF. They also showed

that the value of the projected stellar-over-total mass fraction
decreases with increasing Einstein radius and halo mass, and
that galaxy-, group-, and cluster-scale systems populate dif-
ferent regions in these parameter spaces. They measured a
mean projected stellar-over-total fraction value of 0.60 for
galaxy-scale lenses, 0.17 for group-scale lenses, and 0.06 for
cluster-scale lenses. In this work, for SDSS J0100+1818, we
measured fractions of 0.70 ± 0.29 and 0.49 ± 0.12 for the
PIEMD+rc and SPEMD models, respectively (see Fig. 10).

– We have explored the possible presence of other group mem-
bers and estimated photometric redshifts over the 2.5′ × 2.5′

field-of-view covered by our multiband images. It has not
been possible to gather quantitative conclusions, due to a
lack of spectroscopy. However, we qualitatively observed an
overdensity of candidate members in the northeast direction,
which corresponds to a shear position angle, φext, of about
20◦ (note the different orientation of the compass in Fig. 1
and of the GLEE x-axis). This is in relatively good agreement
with the best-fit values of φext, which range from 16◦ to 71◦.
We note that the value of φext shows some expected degen-
eracies, mainly with the values of b/a, θ, and γext.

– We reconstructed the SB distributions of the background
sources and measured their half-light radii from the luminos-
ity profiles. We have successfully recovered the two-peaked
structure of the AB source, with a small physical separation
between 1.4 and 2.9 kpc (at z = 1.880) from all the mod-
els (Table 3). We have found that, when considering differ-
ent models with similar χ2

min/d.o.f. values, the sizes of the
reconstructed sources can vary by a factor of about 2. These
results can have important consequences on the strong lens-
ing modeling of more complicated lens mass distributions
(i.e., on cluster scales). However, we remark that in this study
the models with a SPEMD or a PIEMD+rc lens total mass
profile have the lowest χ2

min values, and they predict recon-
structed sources with consistent sizes (confirmed also with
the extended source modeling).

– We have measured values of the effective radius between
0.5 and 1 kpc at z = 1.880 for the A and B components,
depending on the adopted model. Approximately 60% of
z ∼ 2 galaxies show bright star-forming regions, dubbed
“clumps” (e.g., Cowie et al. 1995; Elmegreen & Elmegreen
2005; Elmegreen et al. 2009, 2013; Guo et al. 2015, 2018;
Zanella et al. 2019). Our measured sizes are in agreement
with those of strongly lensed clumps in star-forming galax-
ies at z ∼ 1−3, with similar, moderately magnified sources
(µ ∼ 3−10). Hydrodynamic simulations suggest that the
measured clump sizes depend on the spatial resolution of
the observations (e.g., Oklopčić et al. 2017; Behrendt et al.
2016, 2019; Tamburello et al. 2017; Faure et al. 2021), and
thus that the measured size upper limit decreases with
an increasing magnification factor (Meštrić et al. 2022;
Claeyssens et al. 2023). In high amplification regimes, recent
observations have been able to explore clumps with sizes of
∼ 100 pc (Dessauges-Zavadsky et al. 2019; Livermore et al.
2015; Cava et al. 2018), down to . 20 pc in some extremely
magnified cases (Rigby et al. 2017; Vanzella et al. 2020;
Meštrić et al. 2022; Claeyssens et al. 2023; Messa et al.
2022). Hence, considering the measured magnification fac-
tors for the multiple images of the SDSS J0100+1818 sys-
tem, it remains unclear whether A and B are monolithic,
isolated clumps or blends of smaller clumps (or, in general,
subcomponents) unresolved with HST.
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This study could be improved in several ways with additional
integral field spectroscopy. With these data, we could: (1) mea-
sure the redshift value of source C, which would be crucial for
breaking the degeneracy between the values of θE and γ′. A mea-
surement of the lens total mass enclosed within two (different)
Einstein radii would indeed allow us to estimate the values of θE
and γ′ with a precision of a few percent. The measured redshift
of C would also allow us to perform a multiplane lensing analy-
sis, in which the light emitted by source AB is also deflected by
the total mass distribution of C (or vice versa, if zC > 1.88);
(2) confirm or reject the hypothesis of the group nature of
SDSS J0100+1818. If some neighbor galaxies were confirmed
at redshifts similar to that of the main deflector, we would be
able to include them individually in the strong lensing model
(and not simply as an external shear component); (3) measure
the velocity dispersion profile of the main lens galaxy and com-
bine kinematics and strong lensing information. The previous
points would also pave the way to the confirmation and inclusion
of the additional background source we mentioned in Sect. 3. If
confirmed, the introduction of another source, at a different red-
shift, strongly lensed into four multiple images, would greatly
improve our strong lensing model and make SDSS J0100+1818
one of the few galaxy-scale systems known to date with three
lensed sources at different redshifts (see, e.g., Collett & Smith
2020).
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Appendix A: Spectra of the multiple images

We show here the 1D spectra of the multiple images of the AB
source that are covered by the X-shooter data (as described at the
beginning of Sect. 3).

Fig. A.1. X-shooter 1D spectra of the multiple images A1 and B1.
Zoom in of the wavelength range where we observe the main emission
lines used to confirm the redshift measurement. The black lines are the
observed spectra in units of 10−17 erg s−1 cm−2 Å−1, and the gray regions
indicate the data variance.

Fig. A.2. X-shooter 1D spectra of the multiple images A3 and B3. See
the caption of Fig. A.1 for further details.

Fig. A.3. X-shooter 1D spectra of the multiple images A4 and B4. See
the caption of Fig. A.1 for further details.
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Appendix B: Spectrum of the main deflector

We show here the 1D spectrum of the main lens galaxy.

Fig. B.1. 1D X-shooter spectrum of the main lens galaxy. It is smoothed with a boxcar filter, and the most prominent spectral features are marked.
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