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ABSTRACT

Gravitational lensing provides unique insights into astrophysics and cosmology, including the deter-
mination of galaxy mass profiles and constraining cosmological parameters. We present spectroscopic
confirmation and lens modeling of the strong lensing system DESI-253.2534+26.8843, discovered in
the Dark Energy Spectroscopic Instrument (DESI) Legacy Imaging Surveys data. This system con-
sists of a massive elliptical galaxy surrounded by four blue images forming an Einstein Cross pattern.
We obtained spectroscopic observations of this system using the Multi Unit Spectroscopic Explorer
(MUSE) on ESO’s Very Large Telescope (VLT) and confirmed its lensing nature. The main lens,
which is the elliptical galaxy, has a redshift of z;; = 0.636 +-0.001, while the spectra of the background
source images are typical of a starburst galaxy and have a redshift of z, = 2.597 +0.001. Additionally,
we identified a faint galaxy foreground of one of the lensed images, with a redshift of zp o, = 0.386.
We employed the GIGA-Lens modeling code to characterize this system and determined the Einstein
radius of the main lens to be g = 2.520’”:8182?, which corresponds to a velocity dispersion of o = 379
+ 2 km s~!. Our study contributes to a growing catalog of this rare kind of strong lensing systems and
demonstrates the effectiveness of spectroscopic integral field unit observations and advanced modeling

techniques in understanding the properties of these systems.

Keywords: Strong gravitational lensing

1. INTRODUCTION

Strong gravitational lensing occurs when a massive ob-
ject warps space-time and causes the path of light from
a well-aligned distant source to bend, typically result-
ing in multiple images. These systems are a powerful
tool for astrophysics and cosmology. They have been
used to study how dark matter is distributed in galaxies
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and clusters (e.g. Kochanek 1991; Bolton et al. 2006a;
Huang et al. 2009; Jullo et al. 2010; Meneghetti et al.
2020) and are uniquely suited to probe the low end of
the dark matter mass function and test the predictions
of dark matter models beyond the local universe (e.g.,
Vegetti et al. 2010b; Sengiil et al. 2022). In addition,
multiply lensed quasars and supernovae (SNe) can be
used to measure time delays and the Hubble constant,
Hy (e.g., Refsdal 1964; Treu 2010; Suyu et al. 2020).
When the alignment is nearly perfect and the lens
mass has an elliptical distribution, the background
source would appear as quadruply lensed. These sys-
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tems are prized as they provide the strongest constraint
on the lens mass distribution. One specific example of
quadruply lensed system is the Einstein Cross, where
four distinct images of the background source form a
cross-like pattern with a high degree of symmetry.

The very first Einstein Cross discovered was a lensed
quasar system, QSO 223740305, also known as Huchra’s
Lens (Huchra et al. 1985). This was followed by the
discoveries of quite a few other similar systems, some
of which were used to measure the time-delay Hy(e.g.,
Wong et al. 2020). Recently, Stern et al. (2021) reported
12 quadruply imaged quasars identified in the Gaia DR2
dataset, several of them being Einstein Crosses.

In the category of galaxy-galaxy strong lensing, there
have been only a handful confirmed cases of Einstein
Crosses (e.g., Ratnatunga et al. 1995; Bolton et al.
2006b; Bettoni et al. 2019; Napolitano et al. 2020). In
addition to constraining the mass distribution of the
lensing galaxies, careful modeling of an increasing num-
ber of such systems, covering wider ranges of redshift
and mass, also provide valuable mass profile prior for
modeling lensed quasars to obtain more accurate Hy
measurements (e.g., Birrer et al. 2020).

We report the confirmation of a new galaxy-galaxy
lensing Einstein Cross: DESI-253.2534+4-26.8843 (o =
16:53:00.82, 6 = +26:53:03.48), discovered by Huang
et al. (2021) in the Dark Energy Spectroscopic Instru-
ment (DESI) Legacy Imaging Surveys Data Release 8
using deep residual neural networks. Out of the 1312
candidates reported in Huang et al. (2021), this system
is one of the 216 most promising (Grade A) candidates.
The brightness of the lens is 23.66 g mag, 21.78 r mag,
and 20.35 z mag, and the photometric redshift reported
by Zhou et al. (2021) is zpper = 0.649 £ 0.035. Com-
pared with other known galaxy-galaxy lensing Einstein
Crosses, this system has the highest redshift (but com-
parable to the lensed quasar systems used to measure
Hj) and has the largest Einstein radius.

In Section 2 we present the MUSE observations and
the spectroscopic confirmation, in Section 3 we model
this system with GIGA-Lens (Gu et al. 2022), and in
Section 4 we summarize and conclude.

2. MUSE OBSERVATIONS AND SPECTROSCOPIC
CONFIRMATION

DESI-253.2534+-26.8843 was observed on 2023-05-22
at 04:00h UT as part of a ESO filler program for char-
acterizing of galaxy-galaxy gravitational lensing system
candidates (Prog. ID 0111.A-0407, PI Cikota) with the
Multi Unit Spectroscopic Explorer (MUSE, Bacon et al.
2010), mounted at UT4 of ESO’s Very Large Telescope

Table 1. Positions of the gravitational lens and images

Object Aa AS SDSS g SDSS r SDSS i
arcsec® arcsec? mag mag mag
Lens 0 0 23.97 £ 0.09 22.43 £ 0.05 21.12 £ 0.02
A 2.21 1.22 22.91 £+ 0.08 22.22 + 0.05 21.97 £+ 0.02
B -2.49 -1.02 22.65 + 0.08 21.92 + 0.05 21.71 £+ 0.02
C 0.94 -1.77 22.37 £+ 0.08 21.60 £+ 0.05 21.41 + 0.02
D -1.12 1.46 23.71 £+ 0.08 23.13 £+ 0.05 23.02 £ 0.03

Notes — @ Positions are relative to the gravitational lens (a = 16:53:00.82, § —
+26:53:03.48).

(VLT) on Cerro Paranal in Chile. MUSE is an integral
field unit spectrograph with a field of view of 60 arcsec
x 60 arcsec (in the Wide Field Mode) and a spatial res-
olution of 0.2 arcsec. The spectral range is from 4750 to
9350 A with the spectral resolution ranging from R =
2000 to 4000 across the wavelength domain.

The observations were taken with 4 x 700 seconds
exposures during good seeing of ~ 0.6” and thick trans-
parency, and reduced following standard procedures
with the MUSE pipeline package version 2.2 (Weilbacher
et al. 2020) that is a part of the ESO Recipe Execution
Tool (ESOREX). We also removed sky lines using the
Zurich Atmosphere Purge (ZAP) sky subtraction tool
(Soto et al. 2016).

We generated images of the DESI-253.2534+4-26.8843
in the SDSS g, r» and ¢ bands by convolving the MUSE
data cube with the SDSS g, r and i passbands. Figure 1
shows a color image of the the MUSE field and the grav-
itational lens, with the source images marked as A, B,
C and D.

We measured the brightness and positions of the lens
and source images in the g, r and i images with SEx-
tractor (Bertin & Arnouts 1996). The zero points for
the different bands have been determined based on the
brightness of SDSS catalog stars in the field. The posi-
tions and magnitudes are listed in Table 1.

We extracted the spectra of the lens and the four im-
ages of the source from the MUSE data cube and de-
termined the redshifts by manually matching prominent
emission and absorption lines' to the spectra. To ex-
tract the spectra, we used a circular aperture with a
1”7 diameter, which encompassed 13 spaxels, and then
calculated average spectra. The spectra are shown in
Figure 2. The gravitational lens displays the prominent
Fraunhofer absorption lines: Ca II H and K at 3968 A
and 3934 A respectively, and the G band at 4308 A,
which undoubtedly places the lens at the redshift of z =
0.636 £ 0.001. Furthermore, the spectral energy distri-
bution also shows the 4000 A break.

All spectra of the four images of the lensed source
display consistent spectral features, which confirms that

L https://classic.sdss.org/dr6/algorithms/linestable.html
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Figure 1. Left panel: Color image of DESI-253.2534+26.8843 observed with MUSE on May 22nd, 2023. The image is a
combination of the SDSS g (blue), SDSS r (green), and SDSS ¢ (red) images generated from the MUSE data cube. Other
galaxies with similar redshifts to the lens galaxy are indicated with G1 — G7. The white square indicates the cutout shown in
the right panel. Right panel: Cutout with the strong gravitational lens. The images of the source forming the Einstein Cross

are indicated with A, B, C and D.

these are indeed lensed images of the same source (Fig-
ure 2). We identified the A 1336A C II, X 1394A Si IV,
X 1403A Si IV, A1528A Si II, A1548A C IV, A1609A Fe
II, A\1670A Al II absorption lines, and the A1909A C III
emission line in the spectra. The spectral characteristics
are typical for starbursting galaxies (see e.g. Fig. 4 in
Lowenthal et al. 1997). Based on these spectral features,
we are confident that the redshift of the source is at z
= 2.597 + 0.001. We note that the image D is fainter
compared to the other images, and because of the lower
signal to noise ratio (SNR), the spectral features are not
as prominent as in the other images.

Based on the color information of the DESI Legacy
Surveys data, this system appears to be embedded in a
galaxy group. We inspected other objects in the MUSE
field and found that this is indeed the case. There are
7 additional galaxies with similar redshifts to the lens
galaxy (see left panel in Figure 1): Gl at z = 0.642,
G2 at z = 0.641, G3 and G6 at z = 0.636, G4 at z
= 0.633, G5 and G7 at z = 0.637. The center of the
galaxy group is likely close to G1, G2, G5 and the strong
lensing galaxy. These galaxies are all passive and display
prominent Ca II H and K lines and the 4000 A break,
similar to the spectrum of the main lens L1, except the
brightest galaxy G1, which in addition to the Ca II H
and K lines and the 4000 A break also shows a prominent
[O II] line and weak HfB and [O III] lines. A detailed
analysis of the galaxy group is out of the scope of this
paper. For a discussion on star formation quenching and
differences between central and satellite galaxies please

refer to e.g. Knobel et al. (2015); Wang et al. (2018);
Davies et al. (2019) and the references therein.
Furthermore, we found that in front of the image C,
there is a faint foreground galaxy, L2 (see Figure 1). Fig-
ure 3 shows the spectrum of the galaxy. Although the
SNR is lower, there are two prominent emission lines
clearly visible, which are consistent with Ha and the A
A3726,3729 A [O II] doublet at an redshift of z = 0.386.
While the resolution and signal to noise is not sufficient
for resolving the [O II] doublet, other identifiable fea-
tures in the spectrum correspond to the wavelengths of
the Hp line, [O III] lines, and the Ca II H and K lines.

3. ANALYSIS
3.1. Lens modelling with GIGA-Lens

We use GIGA-Lens (Gu et al. 2022) to model this sys-
tem. GIGA-Lens is a Bayesian lens modeling pipeline,
consisting of three steps: finding the maximum a poste-
riori (MAP) for the lensing parameters via gradient de-
scent, determining a surrogate multidimensional Gaus-
sian covariance matrix for these parameters using vari-
ational inference (VI), and finally sampling with Hamil-
tonian Monte Carlo. All three steps use gradient de-
scent with automatic differentiation and take advantage
of GPU acceleration. It is robust and very fast, typically
on the order of minutes to model a system.

Our model comprises a main lens and a second lens
(the faint reddish object next to image C, L2). The
masses of both lenses are modeled as singular isother-
mal ellipsoid (SIE). We model the light for both the
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Figure 2. Top panel: MUSE spectra of the gravitational lens DESI-253.2534+26.8843 in rest frame wavelength at z = 0.636.
Middle panel: Spectra of the four images of the lensed source in rest-frame wavelength at z = 2.597. Bottom panels: Cutouts
of the shaded wavelength ranges in the middle panel. We applied the Savitzky-Golay smoothing filter to all spectra using a

window size of 9 resolution elements and a first order polynomial.
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Figure 3. Spectrum of the Foreground galaxy L2 located in front of the lensed image C at z = 0.386. The left panel shows the
smooth average spectrum of 15 hand selected spaxels, and the middle and right panels display cutouts of the shaded wavelength

ranges around [O II] and He lines.

main lens and the lensed source using the elliptical Sér-
sic profile. For the secondary lens light a spherical Sérsic
profile is used. This model is composed of a total of 31
parameters. All of them are defined in Table 2. We
use the g-band image for modeling and a 15x15 pixel
Gaussian with FWHM of 0.6” as our PSF.

We achieved very good residual and excellent sam-
pling results. We report two metrics that are widely
used in the statistics literature to measure the degree of
convergence of our sampler: the potential scale reduc-
tion factor (PSRF), R (Gelman & Rubin 1992) and the

effective sample size (ESS). The R values for nearly all

parameters are below 1.1, with the lens light eccentricity
the only exception (for €, R= 1.2). Given how faint it
is, that is hard to constrain. For the same reason, the
only two parameters whose effective sample sizes (ESS)
are below 2000 are €3 and mgersic Of the lens light. The
maximum ESS is around 24000. Our best-fit model is
shown in Figure 4, with mass parameters presented in
Table 3.

We show representative sampling results for the main
lens along with individual chains for the Einstein radius
in Figure 5. The sampling for all other parameters are
equally good.
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Unlensed Source Model
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Figure 4. The results for our model consisting of a main lens and a second lens (L2, at z = 0.386). From left to right, we show:
the observed MUSE image in g-band (North is up, East is left), the best-fit model with the critical curve, the reduced residual,

and the unlensed source with the caustic.

For the main lens, we determined the Einstein radius
to be 0 = 2.520"T0 037 (Table 3). This can be con-
verted to the velocity dispersion as follows (e.g., Narayan
& Bartelmann 1996):

os1E\2 Dris

0w =4r (Z0F) 5 (1)
where Dy 1.5 and Dy are the angular-diameter distances
between the main lens and the source and from the
observer to source, respectively. Using the cosmologi-
cal parameters from Planck Collaboration et al. (2020),
with Hy = 67.4 + 0.5 km s~! Mpc™!, Qn = 0.6847
+ 0.0073, and 23, = 0.315 £ 0.007, we obtained D,
= 1690.6 Mpc and Dpi_s = 1026.1 Mpc, respectively.
This led to a velocity dispersion of oy, = 379+2kms ™"
for the main lens. This is among the most massive galac-
tic scale strong lenses (e.g., Collett 2015; Bettoni et al.
2019).

The predicted magnifications are 2.40, 3.23, 4.03 and
0.81 for images A, B, C and D, respectively, with the
total being 10.47.

We now briefly discuss the secondary lens, which is
the foreground galaxy L2 at z = 0.386, located near (in
projection) the image C. Our modeling approach is in-
formed by the following: (i) the data we use for lens
modeling is from low-resolution ground-based observa-
tions; (ii) the main lens is much more massive than the
secondary lens; and (iii) the secondary lens is near the
Einstein ring of the main lens. Instead of pursuing lens
modeling with double lens planes, we treat this inter-
loper as an “effective” subhalo of the main lens (Cagan
Sengiil et al. 2020). We determine its effective Ein-
stein radius to be 0.261”T00% (Table 3). By treat-
ing L2 as an “effective” subhalo, its net lensing effect
of the foreground galaxy L2 is reduced by a factor of
1 — 8 (Cagan Sengiil et al. 2020), with g = %,
where Dyo 11 and Dys s are the angular diameter dis-
tances between the two lenses and between the sec-
ondary lens and the source, respectively (Cagan Sengiil
et al. 2020, see also Fleury et al. 2021). In our case,

B = 0.470. Thus, the lensing effect has been reduced by
0.53. Given the SIE mass model, we adjusted the value
implied by Eq (1) accordingly and determined o£%; to be
110kms™"/1/0.53 = 137kms™'. This indicates that it
is a relatively low-mass galaxy (see, e.g., Collett 2015),
and is consistent with its low brightness.

In recent years there has been a growing interest in
using gravitational imaging (Koopmans 2005) to de-
tect sub-galactic scale halos with no baryons (Mpa, S
109M). Sometimes referred to as “dark halos”, they in-
clude both subhalos and line-of-sight (LOS) interlopers.
This potentially provides a powerful way to test dark
matter models (e.g., Vegetti et al. 2010b; Despali et al.
2018). In this approach, the detection of a dark halo and
the measurement of its mass solely rely on lens modeling.
DESI-253.2534+26.884 is a rare system with (i) a main
lens that can be well constrained (due to the Einstein
Cross pattern) and (ii) a small visible LOS interloper
near (in projection) the Einstein ring of the main lens.
Such a system can provide an important check for the
gravitational imaging approach for detecting and mea-
suring the mass of LOS dark halo interlopers®. By ob-
taining high resolution imaging for this system, as well
as resolved dynamical information for the main lens and
the interloper (e.g., VLT /MUSE with adaptive optics),
we can check the agreement between the mass measure-
ments from careful lens modeling and detailed dynamics.
This can be used to establish the validity of using gravi-
tational imaging to detect and measure the mass of LOS
sub-galactic dark halos, which some groups claimed are
better than subhalos to determine the nature of dark
matter (e.g., Sengil et al. 2022).

2 For the detection of subhalos using the gravitational imaging
technique, Vegetti et al. (2010a) performed testing by applying it
to SDSSJ120602.09+-514229.5, which has a visible satellite galaxy
(hosted by a subhalo) at the location of the Einstein ring formed
by the main lens. But to our knowledge, such tests have not been
done for the case of interlopers.
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Figure 5. The corner plot shows our sampling results for the main lens and external shear mass parameters. In the inset, four
chains of HMC demonstrate statistical consistency within the sampling of the Einstein radius, with R = 1.007 (see text).

3.2. pPXF fitting

We fit the lens galaxy spectrum with the pPXF pack-
age (Cappellari 2022, see also Cappellari & Emsellem
2004 and Cappellari 2017) with the goal to determine
the stellar velocity dispersion. Following the pPXF us-
age examples® for high redshift galaxies, the spectrum
was fitted using E-MILES stellar population synthesis

3 https://github.com /micappe/ppxf examples

models (Vazdekis et al. 2016). The most prominent fea-
tures of our spectrum are the Ca II H and K lines, and
we obtain a best-fit velocity dispersion of ¢ = 403 4+ 85
km s~!. This is in good agreement with the velocity
dispersion from lens modeling.

4. SUMMARY AND CONCLUSION

We present MUSE observations of the strong gravi-
tational lens system DESI-253.2534+26.884, which was
discovered in the DESI Legacy Imaging Surveys data us-
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Table 2. Prior distribution used for lens modeling

0 ~exp(N(In2,0.25/In0.3,0.25))
er,e2 ~N(0,0.1/0,0.1)
Lens Mass: x ~N(0,0.05/2,0.1)
Y~ N(0,0.05/—2.4,0.1)
Yewt 1, Yext,2 ~ N(0,0.05)

R, ~exp(N(In1,0.15/In0.5,0.15))

m ~U(L,5/1,5)
~ TAN(0,0.1, —0.3,0.3/—)

€1,1,€1,2
Lens Light:
z; ~ N(0,0.05/2.0,0.1)

y ~N(0,0.05/-2.4,0.1)

I, ~exp(N(In25.0,0.3/In25.0,0.3))
Ry~ exp (NM(In0.25,0.15)

ns ~U(0.5,4)

~ TN(0,0.15,—0.5,0.5)

. €s5,1,€s5,2
Source Light:

zs ~ N(0,0.25)
ys ~ N(0,0.25)

I, ~exp(N(In150.0,0.5))

Notes — The model consists of SIE for both lens mass pro-
files and external shear. g is the Einstein radius in arc-
sec. = and y are the mass centers of the two lenses. 1 ext
and 71,ext are the external shear. The parameters €; and ez
are the lens mass eccentricities, while €1, €2 and €s,1, €52
are the lens and source light eccentricities, respectively. We
employ the notation a/b to indicate the parameters for the
main lens/secondary lens. We use a spherical Sérsic profile
for the light of the secondary lens, for which eccentricity pri-
ors are thus indicated with a dash. R;, Rs are defined as
the half-light radius and n;, ns as the Sérsic index. z;,
and zs, ys describe the center of the light and I;, I its in-
tensity. Subscripts [, s imply the parameter belongs to the
lens light profile or to the source light profile, respectively.
Here, U(a,b) is a uniform distribution with support [a,b],
N (u,0) is Gaussian with mean p and standard deviation
o, and TN (u,0;a,b) is a truncated Gaussian with support
[a, b].

ing deep residual neural networks by Huang et al. (2021)
and appeared as an Einstein cross. We determined the
redshift of the main lensing galaxy, z7; = 0.636+ 0.001,
and show that the four images of the source display com-
mon spectroscopic features which places the source at a
redshift of z; = 2.597 £ 0.001, fully confirming this to

Table 3. Best-fit mass parameters for the main lens L1, the
secondary lens L2, and the external shear.

Parameters Main Lens, L1 Secondary Lens, L2

O 2.52070:032 0.26170 053
@ —0.36579:599 0.66279 559
€ —0.48619-511 0.30470 953
T —0.11579:510 1.83670:002
y —0.20713518 —1.5637357

V1 ext —0.008%0:008

V2,ext —0.038%0:00¢

be a strong lensing system. We found a faint foreground
galaxy located in front of the image C (see Figure 1). A
careful selection of the spaxels allowed us to extract the
spectrum and determine its redshift to be zpo = 0.386.
This set of redshifts especially demonstrate the advan-
tage IFU observations of gravitational lens systems in
contrast to long slit spectroscopy.

We modeled the gravitational lens system using
GIGA-Lens (Gu et al. 2022). The Einstein radius of
the lens is 0z = 2.520”70 057, which corresponds to a
velocity dispersion of o, = 379 & 2 km s~!. This is
consistent with the spectroscopically determined veloc-
ity dispersion of o = 403 + 85 km s~ '.

To our knowledge, this is the first time a real gravi-
tational lensing system has been modeled with GPUs,
using the GIGA-Lens pipeline. And it shows great
promise: The modeling time is 55 sec on a single
A100 GPU on the Perlmutter supercomputer at the
National Energy Research Scientific Computing Center
(NERSC). With 4 GPUs on one GPU node, we expect
the time to be roughly 15 sec (Gu et al. 2022). By com-
parison, for ground-based data from DES, Rojas et al.
(2021, R21) reported an average lens modeling time
of 4.3 hour using Lenstronomy (e.g., Birrer & Amara
2018). Our model is comparable in that the main lens
is modeled as SIE just as in R21. In our model, due to
the presence of the second lens, we have more parame-
ters than R21. Yet, we have achieved greater than two
orders of magnitude speedup. This concretely demon-
strates a very promising future of modeling O(10°) of
strong lensing systems (e.g., Collett 2015) that are ex-
pected to be discovered in the next decade (e.g., Euclid,
LSST, and the Roman Space Telescope), in a fast, ro-
bust and scalable way.
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