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A B S T R A C T 

We present the first strong-gravitational-lensing analysis of the galaxy cluster RX J0437.1 + 0043 (RXJ0437; z = 0.285). Newly 

obtained, deep MUSE observations, Keck/MOSFIRE near-infrared spectroscopy, and Hubble Space Telescope SNAPshot 
imaging reveal 13 multiply imaged background galaxies, three of them (at z = 1.98, 2.97, and 6.02, respectively) in hyperbolic 
umbilic (H–U) lensing configurations. The H–U images are located only 20–50 kpc from the cluster centre, i.e. at distances well 
inside the Einstein radius where images from other lens configurations are demagnified and often unobservable. Extremely rare 
(only one H–U lens was known previously) these systems are able to constrain the inner slope of the mass distribution – and 

unlike radial arcs, the presence of H–U configurations is not biased towards shallow cores. The galaxies lensed by RXJ0437 are 
magnified by factors ranging from 30 to 300 and (in the case of H–U systems) stretched nearly isotropically. Taking advantage 
of this extreme magnification, we demonstrate how the source galaxies in H–U systems can be used to probe for small-scale 
( ∼10 

9 M �) substructures, providing additional insight into the nature of dark matter. 

Key words: gravitational lensing: strong – techniques: imaging spectroscopy – galaxies: clusters: individual: RX 

J0437.1 + 0043 – dark matter. 
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 I N T RO D U C T I O N  

alaxy clusters are ideal astrophysical laboratories for studies of 
he properties and distribution of mass in the Univ erse: the y hav e
arge physical sizes, span a wide range in environmental density, 
nd contain significant quantities of both baryons and dark matter 
DM; e.g. Clowe et al. 2006 ). Forming at nodes of the cosmic web
nd growing by accretion of infalling matter and structures from 

ttached filaments, clusters are tightly connected to the evolution of 
arge-scale structure in the Universe. Understanding the distribution 
f mass within clusters therefore provides significant insight into the 
osmological model (e.g. K ̈afer et al. 2019 ). While there are many
ays of probing mass in clusters, gravitational lensing is an especially 
otent tool, since lensing-based measurements are sensitive to both 
aryonic and dark matter and thus yield total-mass estimates without 
he need for simplifying assumptions about the dynamical state of the 
luster or its morphology and geometry. In particular, lensing acts 
s a direct geometric probe of the mass distribution in the central
ores of clusters (the area known as the ‘strong-lensing regime’) 
here high mass densities magnify and distort the light of distant 
ackground galaxies into giant arcs and multiple-image systems. 
 E-mail: david.j.lagattuta@durham.ac.uk 
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Since strong lensing signals can be especially sensitive to medium- 
nd small-scale mass fluctuations, deep lensing studies have become 
 common way to probe the central structure of clusters (e.g. Grillo
t al. 2015 ; Jauzac et al. 2016 ; Lagattuta et al. 2017 ; Mahler et al.
018 ; Lagattuta et al. 2019 ; Ghosh et al. 2021 ; Acebron et al. 2022 ).
et, in spite of its significant advantages, the method has limitations:
hile strong lensing can reveal mass distributions o v er a variety of
hysical scales, its power is diminished in the innermost regions of
lusters ( < 50 kpc). This is because the images of ‘traditional’ lensing
onfigurations (such as doubles, quadruples, and ring-like systems) 
hat form in these regions are often highly demagnified, making them
xtremely difficult to detect and characterize. 

The slope of the central mass distribution in clusters is an important
arameter in many areas of astrophysics – from structure formation, 
hrough galaxy evolution, to the nature of DM itself (e.g. Robertson
t al. 2019 ) – and its exact form is still a topic of considerable debate
one example being the upscaled ‘cusp-core problem’ in massive 
llipticals; Andrade et al. 2019 ). There are, ho we ver, certain lensing
onfigurations that, although very uncommon, allow us to probe the 
ass profile in the very core of clusters and measure this important

hysical parameter. 
Specifically, ‘exotic’ lens systems (e.g. Orban de Xivry & Mar- 

hall 2009 ; Meena & Bagla 2020 ), produce images with unusually
igh magnification factors ( μ = 100 or more) that are, crucially,
ocated within the innermost ∼50 kpc of the cluster centre. Of
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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hese exotic lens configurations, Hyperbolic–Umbilic (H–U) patterns
re particularly valuable, since they create the largest number of
ultiple images and thus provide the most robust constraints on the

ocal mass distribution. Formally, H–U configurations occur when
 cusp point in the source plane is ‘exchanged’ between a radial
nd tangential caustic curve (see e.g. Schneider, Ehlers & Falco
992 or Petters, Levine & Wambsganss 2001 for a mathematical
efinition). Practically, this means that H–U images will form in
laces where cluster-scale tangential and radial critical curves (the
ens-plane equi v alent of caustics) come very close together or e ven
ouch, naturally leading them to appear near the cluster centre. Thus,

easurements derived within the H–U region serve as important
nchor points for the inner mass slope, which can be compared
o predictions made by the pre v ailing � CDM cosmological model
Harv e y et al. 2019 ; Robertson et al. 2019 ). Discrepancies between
heory and observation can then be used to test alternatives to � CDM,
uch as self-interacting-DM (SIDM) varieties. Historically, H–U
ystems have been exceedingly rare, and until recently only a single
xample (Abell 1703; Limousin et al. 2008 ) could be found in the
iterature. Fortunately, this situation is changing, and the population
f exotic cluster lenses is slowly increasing, largely thanks to data
btained with the Multi-Unit Spectroscopic Explorer (MUSE; Bacon
t al. 2010 ) on the Very Large Telescope (VLT). This is because, as an
ntegral field unit (IFU) spectrograph, MUSE is sensitive to emission
eatures that are often extremely faint in broad-band imaging and/or
ignificantly contaminated by brighter cluster members, increasing
he density of lensed objects that can be detected in a given field. 

In this work, we present results of our strong-lensing analysis of
X J0437.1 + 0043 (RXJ0437; z = 0.285), an X-ray luminous cluster
riginally disco v ered in ROSAT All-Sk y Surv e y data (Ebeling et al.
000 ). Using a powerful combination of imaging and spectroscopic
ata, we identify three new H–U lens systems in the cluster, allowing
s to investigate the core mass distribution in considerable detail. Our
ork is organized as follows: We summarize the observations used in
ur analysis in Section 2 , present our redshift catalogue – which we
se to derive initial physical parameters of the cluster – in Section 3 ,
escribe our approach to mass modelling in Section 4 , and provide
n o v erview of all lensing constraints in Section 5 . The resulting lens
odel is presented in Section 6 . We deriv e resolv ed properties of the

ackground galaxies observed in H–U configurations in Section 7
nd discuss the rele v ance of our findings for our understanding of
ark matter in Section 8 , before presenting conclusions in Section 9 .
Throughout this work, we assume a flat cosmological model with
� 

= 0.7, �M 

= 0.3, and H 0 = 70 km s −1 Mpc −1 . Assuming these
arameters, 1 arcsec spans 4.297 kpc at the systemic cluster redshift
 z = 0.285). Unless otherwise specified, all magnitudes are presented
n the AB system (Oke 1974 ). 

 DATA  

ur strong-lensing analysis of RXJ0437 is based on a combination
f imaging and spectroscopic data sets. While much of our analysis
ocuses on MUSE and Hubble Space Telescope ( HST ) data (Fig. 1 ),
e also derive ancillary colour information from ground-based

maging taken with the Dark Energy Camera (DECam) on the Victor
. Blanco Telescope at the Cerro Tololo Inter-American Observatory

CTIO). 

.1 MUSE 

he MUSE data used in our analysis co v er a 1.5 arcmin × 1.5 arcmin
egion of the sky centred on the brightest cluster galaxy (BCG)
f RXJ0437 at ( α = 69.289677, δ = 0.73114470), spanning the
NRAS 522, 1091–1107 (2023) 
luster’s strong-lensing zone and its immediate surroundings. A
osaic of nine partially o v erlapping 1-h MUSE pointings forms the

ull field of view, which has a combined exposure-time depth ranging
rom 6.5 h in the centre (near the BCG and the H–U lens systems), to
–2 h in the outer regions (depending on position and orientation). An
nitial central pointing (total exposure time 2910 s) was observed on
020 February 15 as part of the ESO Kaleidoscope Clusters surv e y
PID 0104.A −0801; PI A. Edge), a large ‘filler’ surv e y programme
esigned to quickly identify bright strong-lensing features in shallow
snapshot) exposures of galaxy clusters. Throughout this survey,

USE operated in its WFM-NOAO-N mode characterized by wide-
eld nominal wavelength coverage (wavelength range 4750–9350 Å,
ean resolution R = 3000) without adaptive optics correction. The

ata were also obtained during grey time. Examining the data from
his initial observation, we detected the features of the primary H–U
ing (System 1 in Section 5 ), along with four other multiply-imaged
alaxies, allowing us to create a preliminary lens model and estimate
he extent of the multiple-image region. Using this preliminary model
s a guide, we obtained the additional data to create our final mosaic
which co v ers the full multiple-image footprint) in ESO programme
06.21AD (PI D. Lagattuta) between 2021 January 15 and February
3 (total exposure time ranging from 2544 s to 20352 s). Unlike in the
nitial observ ation, ho we ver, we did apply AO corrections (WFM-
O-N mode) during this programme, and the data were obtained
ith stricter observational constraints: exposures were acquired in
ark time (moon brightness < 40 per cent of maximum), under clear
kies ( < 10 per cent cloud co v er), with natural seeing limited to <
 . ′′ 8. 
All pointings – both in the filler surv e y and in dedicated follow-up

ampaign – consist of a series of three (rotated) exposures taken
t 0, 90, and 180 degree roll angles, respectively; each exposure is
lso shifted by a small dither offset (0 . ′′ 3) to minimize the effect of
ad pixels and other systematics during data combination. Ho we ver,
ecause of differences in o v erheads between NOAO and AO modes,
he individual AO-corrected exposures are slightly shorter (848 s
ersus 970 s) and have a coverage gap between 5805 and 5965 Å due
o laser contamination. We reduced all data following the procedure
escribed in section 2.2 of Lagattuta et al. ( 2022 ) to create a final
ombined mosaic data cube. The resulting MUSE exposure map is
hown in Fig. 2 . 

.2 Keck 

XJ0437 was observed with the near-infrared multiobject spectro-
raph MOSFIRE on the Keck-I 10 m-telescope on Maunakea on 2022
anuary 8. We targeted two images of the multiple-image System 1
see Section 5 , Fig. 1 , and Table 1 for details) for 24 min in the K band
1.92–2.40 μm); a 5 arcsec offset was used between observations in
n ABBA pattern to facilitate background subtraction. Similarly,
ystems 2 and 5 were observed for 72 and 24 min in the K and H
and (1.46–1.81 μm), respectively, using a 1.5 arcsec offset. For the
.7 arcsec slit used in these observations, the spectral resolution is
.5 and 6 Å in H and K , respectively. All data were reduced with
he MOSFIRE data reduction pipeline designed by the MOSFIRE
ommissioning team and written by Nick Konidaris with e xtensiv e
hecking and feedback from Chuck Steidel and other MOSFIRE
eam members. 

.3 HST 

ST imaging of RXJ0437 spans three distinct broad-band filters:
ne in the optical (F814W) and two in the near-IR regime (F110W
nd F140W). Observations were acquired between 2021 No v ember



Exotic arcs in RXJ0437 1093 

Figure 1. High-resolution colour image of the RXJ0437 cluster core obtained with the Hubble Space Telescope (F814W/F110W/F140W). Spectroscopically 
confirmed multiple-image systems are o v erlaid in coloured ellipses. Systems 1 (cyan), 2 (magenta), and 10 (orange) are arranged in rare Hyperbolic–Umbilic 
(H–U) configurations. 
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021 and 2022 July as part of a dedicated SNAPshot programme 
argeting massive lensing clusters (GO-16670; PI Ebeling). The 
814W image was taken with the Advanced Camera for Surv e ys
ACS; Ford et al. 2003 ) Wide-Field Channel (WFC). The full frame
s generated from three 400 s exposures arranged in an ACS-WFC-
ITHER-LINE pattern to fill in co v erage of the WFC interchip
ap. Individual exposures are processed and combined using the 
tandard ACS reduction pipeline, which eliminates systematics such 
s hot pixels and charge-transfer inefficency (CTI) trailing, flags 
nd remo v es cosmic-ray contamination, corrects for the effects 
f geometric distortion, and performs astrometric alignment and 
e gistration. Conv ersely, the F110W and F140W data were captured 
ith the Wide-Field Camera 3 (WFC3; Kimble et al. 2008 ) IR

hannel. The final image in each filter is the combination of two
ndividual 353 s exposures which are offset by 5 arcsec in a WFC3-
R-DITHER-BLOB pattern to again minimize the effects of bad 
ixels and other systematics. The final RGB image of all three filters
s shown in Fig. 1 . Compared to the MUSE frame, the HST images
ave a much higher angular resolution: we measure an average point 
pread function (PSF) FWHM of 0 . ′′ 15 o v er all HST bands, v ersus
 . ′′ 68 for the MUSE data. The HST images are also wider, providing
 clearer picture of cluster and background features out to larger
hysical radii – the HST footprint extends to ∼700 kpc from the
luster core, while the MUSE footprint reaches ∼280 kpc. 

.4 DECam 

ultiband ground-based imaging of RXJ0437 is publicly available 
rom the Dark Energy Camera Le gac y Surv e y (DECaLS; NOAO
rogramme 2014B-0404, PIs D. Schlegel & A. Dey), a subset of the
arger DESI Le gac y Surv e y. 1 creating wide-area mosaics co v ering

14 000 de g 2 of the sk y. To maximize co v erage with e xisting data,
e extract a 4 arcmin 2 section of the mosaics in three optical bands

 g , r , and z ), each centred on the RXJ0437 BCG. Individual frames
aking up these cutouts were taken between 2016 October and 2018
o v ember, and the final stacked mosaic frames consist of 4, 4, and 5

xposures in the g , r , and z bands, with a total exposure time of 372,
MNRAS 522, 1091–1107 (2023) 

art/stad803_f1.eps
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M

Figure 2. Footprint of the largest HST image (F814W; greyscale) and its 
relative size compared to the MUSE data (coloured o v erlay). The colours in 
this o v erlay show the e xposure time depth map of the full MUSE mosaic. 
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Table 1. Multiple-image systems. Systems 1, 2, and 10 are H–U 

configurations. 

ID RA Dec. z 

1.1 69.287 636 99 0.732 810 7580 2.9732 
1.2 69.286 389 70 0.731 929 9537 2.9732 
1.3 69.287 324 42 0.730 299 9442 2.9732 
1.4 69.288 350 37 0.731 143 3627 2.9732 
1.5 69.297 800 33 0.729 091 9997 2.9732 
2.1 69.292 223 12 0.731 022 2552 1.9722 
2.2 69.290 916 37 0.730 234 8672 1.9722 
2.3 69.291 004 45 0.729 985 8009 1.9722 
2.4 69.292 345 16 0.730 790 0313 1.9722 
2.5 69.282 108 29 0.733 0253 619 1.9722 
3.1 69.289 276 10 0.724 7680 088 5.2400 
3.2 69.292 109 40 0.724 892 4694 5.2400 
3.3 69.281 937 99 0.729 041 4295 5.2400 
4.1 69.289 701 82 0.733 284 2430 5.3151 
4.2 69.296 074 34 0.728 205 8544 5.3151 
4.3 69.287746 38 0.727 404 0572 5.3151 
4.4 69.283 350 46 0.731 497 1582 5.3151 
5.1 69.291 523 54 0.730 813 0095 3.5296 
5.2 69.291 760 84 0.730 981 4052 3.5296 
6.1 69.290 326 96 0.736 820 1796 3.2612 
6.2 69.285 806 88 0.736 336 0001 3.2612 
6.3 69.296 495 52 0.732 531 9083 3.2612 
7.1 69.296 589 02 0.732 362 2317 5.2013 
7.2 69.291 162 28 0.736 507 6884 5.2013 
7.3 69.284 255 85 0.735 732 2308 5.2013 
8.1 69.293 513 99 0.732 002 2685 3.5343 
8.2 69.293 260 11 0.732 518 9371 3.5343 
9.1 69.287 548 74 0.734 31 79871 3.5691 
9.2 69.285 685 83 0.733 368 3333 3.5691 
10.1 69.286 099 16 0.730 869 4335 6.0196 
10.2 69.286 473 89 0.730 378 4567 6.0196 
10.3 69.288 140 76 0.731 864 3094 6.0196 
10.4 69.288 050 31 0.732 510 3319 6.0196 
11.1 69.287 106 00 0.728 820 5549 0.9011 
11.2 69.286 837 86 0.729 180 5028 0.9011 
12.1 69.296 6431 0.730 1256 4.7668 
12.2 69.290 3813 0.735 3034 4.7668 
12.3 69.283 8421 0.733 5403 4.7668 
13.1 69.285 8521 0.726 0117 6.4425 
13.2 69.284 6311 0.726 6802 6.4425 
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84, and 513 s, respectively. These ground-based images have lower
ngular resolution than the HST data (with an average psf of ∼1 . ′′ 2)
ut provide additional colour information for galaxies over a larger
rea. 

 G A L A X Y  REDSHIFTS  

rior to modelling the RXJ0437 system, we measure the redshifts
f objects within the MUSE footprint, in order to identify cluster
embers, multiple-image constraints, and look for structure along

he line of sight. 
The techniques used to extract spectra and measure redshifts

rom the MUSE data cube are the same as those employed in
revious work (e.g. Richard et al. 2021 ; Lagattuta et al. 2022 ),
ut we briefly describe them again here. We identify objects in
w o w ays: first by selecting sources detected in the stack ed HST
maging data (which we call prior targets), and then by scanning
he muse data cube itself for prominent emission lines ( muselet
argets) using the MPDAF software package (Bacon et al. 2016 ;
iqueras et al. 2017 ) 2 . Combining the sources identified by each
rocedure – and matching objects to remo v e duplicate entries –
e then extract a spectrum for each candidate using the opti-
ally weighted Horne ( 1986 ) algorithm. We use the redshift-fitting

oftware MARZ (Hinton 2016 ) to create an initial redshift guess
or each object, then visually inspect the results and adjust (or
eject) the values as needed. After the visual-inspection stage, we
ag 171 objects as having high-confidence redshifts (measurements
ith a ‘zconf’ value of 2 or 3, following Lagattuta et al. 2022 );

his set is reduced to 147 unique objects when accounting for
ultiply-imaged galaxies. We also measure low-confidence redshifts

zconf = 1) for 33 additional objects; although we do not include
hese more speculative measurements in all of the spectroscopic
nalysis described below, we still list them in the final redshift
atalogue for completeness. In total, counting high- and low-
onfidence measurements and including all multiple images, we
ave 204 redshift entries in the RXJ0437 field. The final catalogue
s included as an electronic supplement to this work, but for clarity,
NRAS 522, 1091–1107 (2023) 
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m  

i  

v  
e present a small subset of the entries and explain each column in
ppendix A . 
We present a histogram of the RXJ0437 redshift distribution –

eeping only a single entry for each multiple-image system – in
he left-hand panel of Fig. 3 . The full distribution e xtends o v er the
edshift range 0 ≤ z ≤ 6.5, with a pronounced excess of galaxies
t z ∼ 0.285 indicating the cluster redshift. We find no evidence of
ther major concentrations along the line of sight, with the exception
f a small increase in galaxy counts at z = 3.5 caused by lensed
ackground objects (almost a third of the identified multiple image
ystems behind RXJ0437 lie at z ∼ 3.5; Section 5 ). Investigating
he distribution further, we classify objects as foreground (0 ≤ z <

.27), cluster members (0.27 ≤ z ≤ 0.31), or background ( z > 0.31),
nd find 16(15), 73(64), and 91(68) total(high-confidence) galaxies
n each cate gory, respectiv ely. F ocusing more closely on the cluster
embers (Fig. 3 , right), we find that the cluster redshift distribution

s roughly Gaussian in shape. Converting the observed redshifts into
elocity space, we measure a line-of-sight velocity dispersion of

art/stad803_f2.eps
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Exotic arcs in RXJ0437 1095 

Figure 3. Left: Distribution of all galaxy redshifts measured from our MUSE data in the RXJ0437 field, after removing duplicate entries for multiply imaged 
galaxies. High-confidence redshifts (zconf ≥ 2 following e.g. Lagattuta et al. 2022 ) are shown in blue, while lower-confidence redshifts (not used in the 
subsequent spectroscopic analysis) are shown in orange. The clear o v erdensity of detections at z = 0.285 represents the cluster and its systemic redshift. Right: 
redshift distribution of cluster members. The 64 high-confidence redshifts shown in this histogram are well fit by a Gaussian distribution (red dashed line) 
characterized by a systemic redshift of 0.2847 and a velocity dispersion of 1570 km s −1 . 
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570 + 120 
−160 km s −1 using a biweight sample variance estimator (e.g. 

eers, Flynn & Gebhardt 1990 ; Ferragamo et al. 2020 ). 

 M O D E L L I N G  T E C H N I QU E  

e construct a model of the mass distribution of RXJ0437 using the
ublicly available LENSTOOL 3 software (Kneib et al. 1996 ; Jullo et al.
007 ; Jullo & Kneib 2009 ). 
The model is constructed from parametric components that 

epresent mass haloes at large and small scales. The parameters 
haracterizing these components are constrained by the positions 
f multiply imaged background sources identified throughout the 
eld. The majority of the mass is modelled as a series of pseudo-

sothermal elliptical mass distributions (PIEMD; El ́ıasd ́ottir et al. 
007 ), representing both cluster- and galaxy-scale haloes. Ho we ver, 
o account for any mass not directly observed in the available data,
e also include a systematic ‘external shear’ term (see e.g. Keeton, 
ochanek & Seljak 1997 ) as an additional component. Each PIEMD
alo is described by seven parameters: spatial position ( α and δ), 
llipticity and position angle ( ε and θ ), a central velocity dispersion
 σ 0 ) normalizing the total mass, and two characteristic radii ( r core and
 cut ) representing respectively the inner flattening radius and outer 
runcation radius where the component’s mass profile deviates from 

 purely isothermal slope. Alternatively, as a ‘global’ quantity, the 
xternal shear term has only two parameters: a magnitude ( γ ) and
osition angle ( θγ ) of the (spatially constant) shear. 
Having no a priori knowledge of the shape or positions of the large

M haloes, we allow nearly all PIEMD parameters of cluster-scale 
aloes to freely vary during the model optimization, although we 
x the r cut radius to a constant 800 kpc, since the typical cluster-
cale truncation radius is much larger than the re gion co v ered by
ensing constraints. Conversely, we rely on observational evidence 
o fix several parameters of galaxy-scale haloes. Specifically, we 
et the centroid, ellipticity, and position angle of each galaxy to 
alues measured in the F814W image (Section 2.3 ), as determined 
y Source Extractor (Bertin & Arnouts 1996 ). Additionally, we 
 ht tps://projet s.lam.fr/project s/lenstool/wiki 

a
o  

r

x r core at 0.1 kpc, based on empirical considerations of cluster
alaxies (Limousin et al. 2007 ), since again we are unable to
uitably constrain this value from the data. This leaves only σ 0 

nd r cut as free parameters. Rather than individually fit all galaxies,
o we ver, we instead optimize the parameters of a single characteristic 
alaxy (defined to be an L 

∗ galaxy at the redshift of the cluster)
nd rely on a mass/light scaling relation based on the Faber–
ackson relation (Faber & Jackson 1976 ) to generate values for
ll other galaxies. Thus, we need only two free parameters in
otal ( σ ∗

0 and r ∗cut ) to characterize the entire set of galaxy-scale 
otentials. 
We select cluster galaxies using colour cuts designed to identify 

he cluster red sequence (Gladders & Yee 2000 ). Although the HST
ands are less sensitive to systematic effects, such as sky noise, and
n general yield more robust photometry, we none the less perform
he colour selection using DES data. The reasons are twofold: (1)
he passbands in the DES imaging are better placed to identify
he Balmer break feature critical for identifying cluster members, 
nd (2) the DES images are slightly larger then the HST frames,
llowing us to identify potential cluster galaxies o v er a larger area.
fter identifying the phase space containing cluster members, we 

elect a total of 143 galaxy-size haloes for our model. As a further
heck, we inspect the redshifts of cluster member candidates that 
all within the MUSE footprint, finding that all candidates in this
egion do indeed have spectroscopic redshifts consistent with the 
adial-velocity distribution of cluster members (0.27 < z < 0.31). 

e also identify ∼26 additional spectroscopically confirmed cluster 
embers in the MUSE footprint that are not selected by the colour

ut. For completeness, we include these galaxies in the lens model,
ut we note that they fall in the faint, blue end of the colour–
agnitude diagram and should not significantly affect the mass 

udget. To verify this, after constructing and optimizing our primary 
odel (Section 6 ), we create an additional model which does not

nclude these ‘blue-end’ galaxies. Compared to the full model, the 
nal parameters of this modified version are functionally identical, 
iffering by less than the measurement uncertainty. In this way, we
re confident that any missed blue cluster members lying outside 
f the MUSE footprint will have a negligible effect on the final
esults. 
MNRAS 522, 1091–1107 (2023) 

art/stad803_f3.eps
https://projets.lam.fr/projects/lenstool/wiki


1096 D. J. Lagattuta et al. 

M

5

T  

i  

c  

c  

a  

s  

c  

h  

o
 

v  

i  

e  

s  

d  

f
3  

t
 

t  

a  

s  

i  

R  

H  

t

6

6

W  

t  

fi  

c  

a
 

H  

v  

(  

s  

1  

i  

s  

s  

a  

(  

t  

b  

i  

i  

c  

a  

s  

a  

t  

n  

m  

t  

b  

Table 2. Positions of the subclumps of Systems 1 and 2. 

ID RA Dec 

101.1 69.287 726 0.732 652 78 
101.2 69.286 460 0.731 698 67 
101.3 69.287 200 0.730 384 22 
101.4 69.288 213 0.731 406 60 
101.5 69.297 811 0.729 111 85 
102.1 69.287 793 0.732 754 22 
102.2 69.286 346 0.731 722 22 
102.3 69.287 203 0.730 281 32 
102.4 69.288 313 0.731 397 70 
102.5 69.297 772 0.729 114 43 
103.1 69.287 741 0.732 772 25 
103.2 69.286 378 0.731 785 69 
103.3 69.287 248 0.730 266 90 
103.4 69.288 299 0.731 350 82 
103.5 69.297 781 0.729 134 59 
104.1 69.287 605 0.732 771 64 
104.2 69.286 482 0.731 960 32 
104.3 69.287 410 0.730 350 67 
104.4 69.288 228 0.731 226 89 
104.5 69.297 814 0.729 185 80 
105.1 69.287 625 0.732 899 60 
105.2 69.286 411 0.732 081 79 
105.3 69.287 469 0.730 257 95 
105.4 69.288 274 0.731 134 17 
105.5 69.297 784 0.729 227 43 
106.1 69.287 583 0.732 900 68 
106.2 69.286 460 0.732 108 84 
106.3 69.287 518 0.730 297 97 
106.4 69.288 219 0.731 096 31 
106.5 69.297 797 0.729 237 80 
107.1 69.287 593 0.732 989 39 
107.2 69.286 379 0.732 217 01 
107.3 69.287 554 0.730 250 38 
107.4 69.288 320 0.731 016 26 
107.5 69.297 763 0.729 278 83 
201.1 69.292 159 0.731 148 49 
201.2 69.290 957 0.730 340 18 
201.3 69.291 104 0.729 862 40 
201.4 69.292 312 0.730 715 79 
201.5 69.282 125 0.733 017 92 
202.1 69.292 121 0.731 547 32 
202.2 69.290 800 0.730 496 63 
202.3 69.291 010 0.729 566 82 
202.4 69.292 545 0.730 563 12 
202.5 69.282 179 0.732 991 34 
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 MULTIPLE  IMAG ES  

he multiple-image systems used in the model are all initially
dentified in the MUSE data; as a result, every multiple-image
onstraint has a confirmed spectroscopic redshift, providing in-
reased precision in the final parameter values. We mark and label
ll multiple-image systems in a close-up view of the cluster core
hown in Fig. 1 ; the coordinates and redshifts of all multiple-image
omponents are listed in Table 1 . The images 1.1, 1.3, 2.3, and 5.2
ave independent spectroscopic redshifts from the Keck/MOSFIRE
bservations described in Section 2.2 . 
As mentioned in Section 2.1 , five systems (comprising 17 indi-

idual images) were identified in the original shallow muse cube,
ncluding the bright H–U galaxy we designate as System 1. Another
ight systems (consisting of 21 images) were disco v ered in the
ubsequent deeper mosaic, including an additional H–U system
esignated System 10. The redshifts of the identified systems range
rom z = 0.9 to z = 6.44, with the majority falling in the z ∼
–5 range. Individual images are approximately evenly distributed
hroughout the field. 

Thanks to the higher resolution provided by HST , we are able
o identify individual star-forming knots in two systems (Systems 1
nd 2) providing additional constraints to the model (Table 2 ). This
ubstantial advantage of space-based angular resolution is illustrated
n Fig. 4 which juxtaposes System 1 as seen with MUSE and HST .
emarkably, the HST imaging of System 2 reveals it to be yet another
–U system (subsequently confirmed by the model itself) bringing

he total number of exotic lenses in the cluster to three. 

 L ENS  M O D E L  

.1 Model set-up and results 

hen characterizing cluster-scale mass components, we begin with
he assumption of a single halo, centred close to the BCG. After
nalizing the selection of cluster members and multiple images, and
ombining this information with the cluster-scale halo, we construct
n initial set of model parameters for LENSTOOL analysis. 

To investigate the complex and highly structured morphology of
–U Systems 1 and 2, we test two different setups: a ‘low-res’
ersion based on the MUSE-identified centroid of each lensed image
as shown in Fig. 1 ) and a ‘high-res’ version that treats individual
tellar knots as separate constraints (that is, we replace the System
 and System 2 constraints listed in Table 1 with those presented
n Table 2 ). In both set-ups, we begin model optimization using the
ingle-cluster-halo assumption mentioned pre viously. Ho we ver, after
everal sampling iterations, we find that the resulting model does not
dequately fit the lensing constraints, with particularly large residuals
 > 1 arcsec) for images 3.1 and 3.2, as well as image 4.3. To impro v e
he fit, we therefore add a second DM component in the neigh-
ourhood of these constraints, but give LENSTOOL freedom to adjust
ts position by placing a large uniform prior on this component’s
nitial location ( ±10 arcsec in each coordinate). Including this extra
omponent results in a significantly impro v ed fit in both the low-
nd high-res versions of the model. Its final position lies almost due
outh from the primary cluster halo, separated by ∼15 arcsec (65 kpc
t the cluster redshift). Because this position does not correspond
o any bright object or obvious galaxy o v erdensity, we subsequently
ame the component the ‘dark clump’. Overall, the dark clump is
oderately massive, with a central velocity dispersion comparable to

hat of the BCG. Ho we ver, it is more elliptical (significantly so in the
est-fitting hi-res model) and flatter, with a core radius of ∼15 kpc.
NRAS 522, 1091–1107 (2023) 
he physical nature of this additional halo remains to be determined:
t could, for example, represent an asymmetry in the mass distribution
f the central halo (e.g. Taylor et al. 2017 ; Massey et al. 2018 ), or
iven its location near the BCG, it may be a diffuse matter o v erdensity
ssociated with excess intracluster light (e.g. Mahler et al. 2022 ) that
s not visible in current shallow imaging data. While outside the
cope of this work, it none the less poses an interesting question for
uture analysis. 

We list the associated best-fitting parameters of each set-up in
able 3 . The final model fits of the lensing constraints are excellent,
ith rms residuals of ∼0.3 arcsec, underlining the benefits of having
 high density of constraints, which in this case is driven by the
ncreased number of images provided by the H–U systems. The final
arameters of both model set-ups are in good agreement (typically
onsistent within 1 σ uncertainty), although we note that the high-res
ersion has a slightly lower rms. Therefore, when discussing model



Exotic arcs in RXJ0437 1097 

Figure 4. Structure seen in the continuum emission from System 1, at MUSE (left) and HST (right) resolution. While some broad structure is seen in the MUSE 

data, the HST images reveal considerably more complexity: seven distinct clumps (labelled 101 to 107) can be seen in each of the four counterimages. Each of 
these compact regions can be used as a unique constraint in the lens model. 
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roperties and derived features, reference is to the high-res model 
nless otherwise stated. 

.2 Analysis and mass distribution 

he two largest mass components in the model are the cluster halo
nd the BCG, although a non-negligible external shear term ( γ ∼
.05) suggests the presence of additional mass contributions in the 
icinity of the main field. We find both the cluster-scale and the
CG components to be moderately elliptical ( ε ∼ 0.4), with nearly 

patially coincident centroids (to within 2 arcsec) and closely aligned 
osition angles ( θ ∼ −70 deg ). This implies that the o v erall mass
istribution will also have moderate to high ellipticity, as is confirmed 
y the 2D surface mass map (Fig. 5 ) which shows clearly elliptical
ass contours originating from the cluster centre that maintain their 

hape even out to high radii. The large elongation helps explain 
he large number of H–U systems in this cluster since, in elliptical

ass distributions, the two primary critical curves (one radial and 
ne tangential) will be forced close together in areas lying along 
he minor axis. At high enough ellipticity, these critical lines will 
early touch, a key indicator for exotic lenses. Tracing the critical 
urves at the redshifts of each H–U candidate, we do indeed see the
haracteristic close pass of the two lines near each multiple image
Fig. 6 ), providing further proof of their nature. 

When radially averaging the map (Fig. 7 , left), we observe a
ass density profile that is relatively flat in the central core and

hen gradually steepens at larger radii. To quantify the shape of
he distribution, we measure its logarithmic slope, splitting the total 
rofile into three separate regions based on distance. We define the
lope as � ≡ log ( �( r ))/log ( r ), where �( r ) is the measured (2D)
urface mass density at a given radius, as determined by lensing.
n the innermost region ( r < 20 kpc; the radius set by the multiple
mage closest to the centre), we measure the flattest slope, � =

0.32. At intermediate radii (20 kpc < r < 130 kpc; the region
ontaining all observed multiple-image systems, and thus the best- 
onstrained segment of the profile) the slope steepens to � = −0.71.
o we ver, if we instead limit our measurement to only the H–U

egion (20 < r < 52 kpc), we find a slope � = −0.59, highlighting
he variability of the profile in this regime. Finally, at the largest radii
 r > 130 kpc; the area beyond the furthest multiple-image constraint),
e measure an even steeper slope of � = −1.68, although this value
ay be biased by edge effects at the mass-map boundary ( ±700 kpc

rom the centre of the BCG). Strictly speaking, only the slope in the
MNRAS 522, 1091–1107 (2023) 
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Table 3. Lens models and best-fitting parameters. 

Model name Component �α a �δ a ε b / γ c θ / θ c 
γ r core r cut σ 0 

(Fit statistics) d (arcsec) (arcsec) () / () ( deg )/( deg ) (kpc) (kpc) (km s −1 ) 

Low-res Cluster halo 0 . 17 + 0 . 05 
−0 . 04 0 . 71 + 0 . 09 

−0 . 12 0 . 47 + 0 . 01 
−0 . 02 −72 . 7 + 0 . 5 −0 . 4 49 . 1 + 0 . 4 −1 . 7 [800.0] e 930 + 3 −15 

rms = 0 . ′′ 35 BCG [0.00] [0.00] [0.37] [ − 70.0] [0.15] 47 . 6 + 4 . 5 −3 . 4 269 + 6 −4 

χ2 / ν = 2.22 Dark clump −0 . 33 + 0 . 35 
−2 . 74 −16 . 56 + 2 . 09 

−1 . 26 0 . 88 + 0 . 01 
−0 . 08 138 . 1 + 9 . 5 −10 . 3 43 . 2 + 0 . 5 −5 . 9 [800.0] 193 + 44 

−2 

log ( L ) = −2 . 74 L 

∗ galaxy [0.10] 14 . 7 + 1 . 0 −0 . 1 162 + 4 −20 

log ( E) = −80 . 62 Ext. shear 0 . 04 + 0 . 01 
−0 . 01 1 . 1 + 13 . 1 

−2 . 1 

High-res Cluster halo 0 . 15 + 0 . 08 
−0 . 05 1 . 54 + 0 . 25 

−0 . 18 0 . 44 + 0 . 02 
−0 . 02 −73 . 3 + 0 . 5 −0 . 6 43 . 3 + 1 . 7 −2 . 0 [800.0] 888 + 12 

−11 

rms = 0 . ′′ 29 BCG [0.00] [0.00] [0.37] [ − 70.0] [0.15] 36 . 9 + 3 . 9 −11 . 4 262 + 7 −9 

χ2 / ν = 1.10 Dark clump −0 . 10 + 0 . 03 
−0 . 26 −13 . 35 + 0 . 50 

−0 . 59 0 . 83 + 0 . 09 
−0 . 08 −33 . 6 + 4 . 3 −4 . 8 15 . 7 + 3 . 8 −4 . 9 [800.0] 214 + 16 

−18 

log ( L ) = −19 . 14 L 

∗ galaxy [0.10] 29 . 4 + 4 . 1 −4 . 0 150 + 6 −1 

log ( E) = −36 . 93 Ext. shear 0 . 06 + 0 . 01 
−0 . 01 3 . 1 + 1 . 6 −2 . 6 

a �α and �δ are measured relative to the reference coordinate point: ( α = 69.289688, δ = 0.731141) 
b Ellipticity ( ε) is defined to be ( a 2 − b 2 )/( a 2 + b 2 ), where a and b are the semimajor and semiminor axes of the ellipse 
c In the shape parameters columns (5 and 6) components representing external shear are described by γ and θγ , while other 
components are described by the usual ellipticity terms ( ε and θ ). 
d Statistics notes: L represents the model likelihood and E the model evidence. 
e Quantities in brackets are fixed parameters 

Figure 5. Mass contours of the best-fitting ‘high-res’ lens model, o v erlaid on 
DECam imaging. The o v erall distribution is highly elliptical out to large radii 
and has an orientation aligned with the BCG. Ellipses showing the centroid 
and PA of the two large-scale mass components (the cluster halo and ‘dark 
clump’) are shown in orange. We note that the ellipses do not show the full 
extent of each mass component: instead, they are scaled by the best-fitting 
velocity dispersion ( σ 0 ) and ellipticity ( ε) parameters of each component, to 
show their shapes and relative contributions to the mass model. 
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ntermediate region is based on data, as the inner and outer sections of
he profile do not contain any lensing constraints. Ho we ver, due to the
moothly varying nature of our parametric model, we expect these
rojected slopes to behave similarly to the actual profiles, especially
t radii close to the zone boundaries. We note, too, that the area of
he unconstrained inner profile is considerably smaller in RXJ0437
han in most clusters, thanks to the presence of the H–U images.
NRAS 522, 1091–1107 (2023) 
ntegrating the mass profile, we also measure the total mass as a
unction of radius (Fig. 7 , right), and find values of (5.09 ± 0.14) ×
0 12 M � in the inner 20 kpc, (8.22 ± 0.44) × 10 13 M � through the
dge of the multiple-image region, and (4.37 ± 0.43) × 10 14 M �
 v er the full extent of the mass map. 

 H – U  S O U R C E  G A L A X Y  PROPERTIES  

ue to their closeness to the critical curves, images of source
alaxies are significantly magnified in a H–U lensing configuration,
roviding a valuable window into the physical properties of the lensed
ackground sources. In this section, we investigate aspects of the H–
 galaxies in RXJ0437, focusing primarily on System 1, but also

ommenting on Systems 2 and 10. 

.1 Spectral features 

he extracted optical spectrum of System 1 (Fig. 9 ) shows a bright
V continuum and several prominent line features. The strongest of

hese is L yman α (L y α), although we also see clear evidence of other
igh-ionization emission features, such as C III ] (1907,1909 Å), C IV

1548,1550 Å), O III ] (1661,1666 Å), and He II (1640 Å). In addition,
he NIR spectrum (Fig. 8 ) shows pronounced [O III ] (4959,5007 Å)
mission. Taken together, the presence of these lines suggests that the
alaxy is young and experiencing a period of enhanced star formation
e.g. Patr ́ıcio et al. 2016 ; Erb, Steidel & Chen 2018 ). 

Intriguingly, the Ly α feature has a distinct double-peaked appear-
nce, with a bright (red-side) component observed at λ = 4832 Å and
 fainter ‘blue-bump’ feature offset by 14 Å, at λ = 4818 Å. Because
f the complex spectral profile of the Ly α emission, we do not use
ither component of the line to measure the galaxy redshift; instead
e opt for C III ], which is unaffected by potential inflo w/outflo w
o v ements of the Ly α gas. Centring on the peaks of the C III ]

oublet, we measure a redshift of z = 2.9732, which we use as the
ystemic value in the lens model. Compared to this measurement, the
ed-side Ly α peak is offset by 260 km s −1 , while the blue component
s shifted by −640 km s −1 . Clear velocity substructure in the brightest
art of System 1 is also observed in the [O III ] lines detected in the NIR
ith Keck/MOSFIRE and shown in Fig. 8 ; the spectral separation

art/stad803_f5.eps
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Figure 6. Cutouts of the H–U lens systems o v erlaid on multiband HST imaging. We present from left to right: System 1, System 2, and System 10. In each 
panel, the identified multiple images are labelled by green ellipses, while the tangential (radial) critical curve at the source redshift is shown as a yellow (cyan) 
line. Unlike traditional multiple-image systems, H–U galaxies are located close to both critical curves. As a result, they experience a more uniform magnification 
o v er their entire surface. 

Figure 7. Left: Radially averaged surface mass density profile of RXJ0437, using the hi- and lo-res models described in Section 6 . Profiles are measured 
with elliptical apertures, where the ellipticity ( ε = 0.42) and PA ( θ = 18.4 deg) are determined from the average shape of the mass contours seen in Fig. 5 . 
Solid coloured lines show the best-fitting profile, while fainter shaded areas provide 3 σ error estimates. The area encompassing the strong-lensing constraints 
is bracketed by the vertical dashed lines, making it the most well-constrained segment of the plot. To quantify the profile shape, we measure its logarithmic 
slope o v er three re gions (blue dotted lines), finding a steep increase as a function of radius. To highlight the continually changing nature of the profile, we also 
measure the slope o v er the region containing only H–U lens systems (red dotted line), measuring a shallower value compared to the full multiple-image region. 
Right: Integrated density profile, showing the enclosed total cluster mass as a function of radius. 

o  

L  

b  

1

f  

a  

a
a  

s
s  

f
h  

c
l

 

2  

s  

a

a
l  

o  

o  

g
s

7

U  

r
g  

s  

s
t
b  

m  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/1/1091/7081353 by guest on 29 M
arch 2024
f the line components of about 13 Å is the same as seen in the
y α line and can, thanks to the orientation of the MOSFIRE slit,
e attributed to the peculiar motion of subsystem 101 relative to the
02/103 complex. 
As the minimum between the two Ly α peaks is itself blueshifted 

rom the systemic redshift by ∼180 km s −1 , the two peaks have an
v erage v elocity of ±450 km s −1 relative to the galaxy when this
dditional bulk motion is accounted for. Spatially, we find a red/blue 
symmetry in the position of the Ly α emission (Fig. 10 ), with the red
ide extending further than the blue (creating the ring-like structure 
een in the MUSE data) and the peak of its emission located ∼1 arcsec
urther from the critical curves. Compared to the continuum emission, 
o we ver, both the red- and blue-side Ly α emissions extend much
loser to the critical lines, therefore experiencing considerably higher 
ensing magnification. 

While not as complex as System 1, the source galaxies of Systems
 and 10 still have identifiable spectra, with System 2 ( z = 1.9722)
howing strong C III ] and [O III ] emission, as well as several metal
bsorption lines embedded within a steeply declining UV continuum, 
p  
nd System 10 ( z = 6.0196) featuring a single, moderately bright Ly α
ine. Like System 1, the emission features of these galaxies extend
 v er both the radial and tangential critical curves, giving rise to the
bserved H–U configurations. Ho we ver, in the case of System 2, the
alaxy continuum also touches the critical curves, hyper-resolving 
tellar features in these areas. 

.2 Source plane reconstructions 

sing the best-fitting model to remo v e the effects of lensing, we
econstruct the undistorted (source plane) appearance of the H–U 

alaxies with LENSTOOL , giving a clearer picture of their intrinsic
izes and shapes. Doing so for System 1 (Fig. 11 ), we see that the
ource-plane continuum (right-hand panel) looks remarkably similar 
o its lens-plane counterpart (left-hand panel). Similar results can 
e seen in the Ly α emission, but because the Ly α flux ultimately
erges along the critical curves (meaning that only a fraction of

he full component is seen in the image) the differences between
lanes is more noticeable. The fact that the galaxy shape is only
MNRAS 522, 1091–1107 (2023) 
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Figure 8. Slit positions and orientations as well as resulting 2D spectrum of 
the [O III ] emission from images 1.1 and 1.3 as observed with Keck/MOSFIRE 

in the K band; different dither offsets of 5 and 1.5 arcsec were used for the 
two components, resulting in a wider separation of the positive and negative 
signal for image 1.1. All [O III ] lines are detected as doublets. The spatial 
offset between the two components apparent in the 2D spectrum of image 1.1 
suggests that the two velocity components are uniquely associated with the 
two knots 101 and 102/103 in System 1 (see Fig. 4 and Table 2 ). 
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ildly altered by lensing is a particular feature of H–U systems:
ecause the source lies close to both the radial and tangential caustic
ines (the source-plane equi v alent of the critical curves), lensing
istortions affect both axes of the galaxy nearly equally. Thus, rather
han a shearing o v er one preferred axis, the galaxy simply undergoes
 (roughly) circular, uniform magnification. As a result, the observed
ens-plane appearance of the galaxy provides distinct information
bout its resolved structure along the full, 2D extent of the galaxy. 

The major axis of the System 1 continuum region spans
0.4 arcsec in the source plane, corresponding to a physical size

f ∼3.1 kpc at the systemic redshift. The individual luminous
ubstructures identified in Fig. 4 are also clearly visible, having
iameters of 120–240 pc each, when accounting for the instrumental
SF. Qualitatively, we see a slight colour gradient over the galaxy,
ith clumps in the north (abo v e the small gap in the centre) appearing
luer in F814W/F110W/F140W colour space than those in the south.
he intensity of the emission lines relative to the continuum is also
p to 50 per cent stronger in the southern clumps, though we do not
otice any significant difference in line widths. 
We present additional reconstructions of the remaining H–U

alaxies (Systems 2 and 10) in Fig. 12 , gaining insight into their
tructures as well. Starting with System 2, we find that the continuum
f the galaxy merges along the critical lines (meaning they extend
eyond the source-plane caustic lines), resulting in an incomplete
econstruction and a magnification enhancement that is not as
erfectly uniform. This is similar to the Ly α component of System
. None the less, we still identify distinct features along both axes
f the galaxy (spanning a distance of 2.4 kpc along its non-merging
xis), including additional luminous substructure clumps at the ∼
00 pc level. As in System 1, we see a modest colour gradient in the
ub-clumps, with those further from the caustic lines appearing bluer;
o we ver, in this case, the effect is qualitatively weaker. Looking at the
esolved C III ] emission, we again detect no change in line strength
r width throughout the galaxy. 
NRAS 522, 1091–1107 (2023) 
We then mo v e to the system 10 source, noting that the recon-
truction is limited to the Ly α gas component alone, since its
ontinuum does not appear in the HST data (lik ely f alling below
he detection limit achie v able with SNAPshot exposure times). The
alaxy’s source-plane appearance is largely similar to that of its
mage-plane counterpart, though this is partially due to the lower
esolution of the MUSE data. In the source plane, the Ly α flux
ppears nearly round and is largely compact, extending to only
.09 kpc in diameter. Similar to System 2, the galaxy also partially
 v erlaps the caustic curves, resulting in an image–plane merger.
o we ver, in this case the overlap only occurs along the tangential

austic, leaving the two images lying closer the the radial critical
urve as fully separate objects. Due to its size, the System 10 source
xperiences a nearly equal magnification boost over its entire extent,
ith an average magnification of μ = 120 o v er the brightest point
f the merging pair and a more moderate μ = 20 for the separated
mages 10.3 and 10.4. Focusing on image 10.4, we measure a line
ux density of 1.58 × 10 −19 erg s −1 cm 

−2 Å−1 in a 1 arcsec diameter
perture (fully enclosing the observed emission), resulting in an
ntrinsic line flux of 7.85 × 10 −20 erg s −1 cm 

−2 Å−1 when accounting
or the magnification boost. Converting the flux to a luminosity yields
 value of log ( L ) = 40.51, placing the galaxy at the faint edge of the
bserved luminosity function of similar MUSE-detected z = 6 Ly α
mitters (e.g de La Vieuville et al. 2019 ; Claeyssens et al. 2022 ). 

 DA R K  MATTER  SCI ENCE  

hile the high magnification experienced by H–U systems makes
hem ideal targets to study resolved properties of source galaxies, it
lso turns the galaxies into useful tools for studying aspects of dark
atter. In this section, we present our initial investigations into the

ature of DM, and discuss how these efforts can be impro v ed in the
uture, especially with a larger sample of H–U objects. 

.1 Measuring the central mass slope 

hysical properties of the DM particle (such as its mass or interaction
ross-section) can alter the spatial gradient of the distribution of
M. In particular, if DM particles were more relativistic in the

arly Universe (‘warm’; WDM) or have a non-negligible cross-
ection for self-interactions (SIDM), the central slope will flatten
e.g. Macci ̀o et al. 2013 ; Ludlow et al. 2017 ; Robertson et al. 2019 )
ompared to clusters in the standard � CDM model, which DM-only
imulations predict to have near-uni versal NFW (Nav arro, Frenk &

hite 1997 ) profiles. This is especially true in the innermost ( r
 50 kpc) regions of galaxy clusters, where DM concentrations

re highest. With several lensing constraints probing this crucial
nner region, RXJ0437 makes an excellent test case for studying this
eature. 

To place our direct slope measurements (Fig. 7 ) in a more general
ontext, we compare the value to an NFW model. Specifically, we
odify our lens model parametrization scheme (Section 6 ) to include

he generalized form of the profile (gNFW) given by: 

( r ) = 

ρs 

( r /r s ) β (1 + r/r s ) 
, (1) 

here ρ is the 3D density of the distribution, β the slope of the inner
ensity profile, r s the characteristic scale radius marking the extent
f the inner profile, and ρs the density at the scale radius. By using
 gNFW model, we can therefore quantify how the result compares
o the standard NFW slope (in which, β = 1). 
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Figure 9. Extracted MUSE spectra of the H–U galaxies in the RXJ0437 field. Top: System 1 at z = 2.9732. The full panel shows the extraction over the Ly α
ring, while the inset panels are extracted from the continuum regions to better highlight the more localized line features. Bottom left: System 2 at z = 1.9722, 
with a steep UV continuum and strong C III ] emission line. Bottom right: System 10 at z = 6.0196; only a moderate Ly α emission feature can be seen, and the 
galaxy has no clear continuum in HST imaging. 
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As a first step, we construct a new, simplified LENSTOOL model 
hat remo v es all previous mass components (the cluster-scale halo, 
ark clump, BCG, cluster member potentials, and external shear; see 
able 3 ) and replaces them with a single large-scale gNFW halo.
y doing so, we fit the entire mass distribution with the gNFW
omponent, allowing us to directly quantify the slope of the total 
i.e. DM + baryon) mass profile. Optimizing this model using the 
i-res version of the lensing constraints, we find a best-fitting inner 
lope of β = 0 . 95 + 0 . 02 

−0 . 04 , which is consistent with a standard NFW
rofile, and a best-fitting scale radius of r s = 235 + 39 

−15 kpc, roughly
wice the maximum radius of the lensing-constrained region. We 
resent the final model parameters in Table 4 . Comparing our results
o other systems, we find that the RXJ0437 parameters fall within the
 σ uncertainty limits of Abell 1703 (the other known H–U cluster; 
imousin et al. 2008 ) and within 2 σ of the mean slope of a set of

elaxed clusters with prominent central arcs Newman et al. ( 2013a ).
hat the total mass profile is consistent with an NFW is not surprising,
s Newman et al. ( 2013b ) find that interactions between the (peakier)
aryon-dominated BCG and the (flatter) DM-dominated cluster halo 
an lead to a standard NFW profile, acting as an upscaled analogue of
he ‘bulge-halo conspiracy’ of individual massive elliptical galaxies 
e.g. Koopmans et al. 2006 ; Gavazzi et al. 2007 ). 

We next attempt to uncouple the DM and baryon profiles from
ne another, using a technique adapted from Limousin et al. ( 2008 ).
n that work, the authors construct a modified LENSTOOL model 
sing a fixed PIEMD component to represent the BCG stellar mass
scaling the mass based on the BCG luminosity), and a gNFW profile
o represent the DM halo. Here, we also use gNFW and PIEMD
omponents for the DM halo and BCG, respectively, but we instead 
llow the BCG σ and r cut parameters to vary (using priors informed 
y the observed galaxy size, luminosity, and kinematics), to account 
or the possible existence of extended galaxy light that falls below 

he HST detection limit. After optimizing this new model (Table 4 ),
e find that the gNFW slope flattens considerably, to β = 0 . 78 + 0 . 02 

−0 . 01 ,
 p
hile the scale radius is reduced to r s = 182 + 4 
−2 kpc, closer to the

dge of the strong-lensing region. In this case, the model slope is
ower than the Limousin et al. ( 2008 ) result, who find β ∼ 1 for the
M component, even after separating the BCG mass. Ho we ver, in

hat work the authors mention several additional analyses that could 
ltimately shift their slope value lower. Conversely, our measured 
lope is largely consistent with the results of Sand et al. ( 2004 ) and
ewman et al. ( 2013b ), who also include BCG kinematics when

stimating and disentangling stellar mass. 

.2 Detecting small-scale substructure 

he nature of the DM particle also influences structure formation, 
ith WDM, SIDM, or fuzzy dark matter removing the low mass ( M ≤
0 9 M �) substructures predicted to be ubiquitous by � CDM (Green,
ofmann & Schwarz 2005 ; Diemand et al. 2008 ; Bose et al. 2017 ;
ang et al. 2020 ). Primordial haloes of mass � 10 8 M � are too small

o have hosted their own star formation (Benitez & Frenk 2020 ), so
ould be dark. Searches for them are underway, as perturbations 

o galaxy-scale lenses (Vegetti et al. 2010 , 2012 ; Hezaveh et al.
016 ; Ritondale et al. 2019 ; He et al. 2021 ; Nightingale et al. 2022 ).
luster lenses a generally less useful, because the complexity of 

heir mass distributions and the wide-separation of their multiple- 
mages make it difficult to identify anomalies such as flux-ratio 
iscrepancies or astrometric of fsets. Ho we ver, H–U configurations 
re more compact than typical cluster images, and even have an
dvantage o v er galaxy-scale lenses: the images are well offset from
he BCG, thus a v oiding contamination from lens light, one of the

ain systematics in g alaxy–g alaxy modelling (Pearson et al. 2021 ;
therington et al. 2022 ). 
To test the feasibility of detecting DM substructures using H–U 

ystems, we compare flux reconstructions of System 1, using both 
he best-fitting mass model and other models that include simulated 
oint-source substructures. Specifically, we first project the observed 
MNRAS 522, 1091–1107 (2023) 
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Figure 10. Size comparison between different emission regions in System 1, as seen in MUSE data. The left two panels highlight the complex nature of the 
double-peaked Ly α gas, while the right-hand panel displays the stellar continuum. Compared to the continuum, the Ly α region is significantly larger, though 
there is a noticeable difference between the sizes of the main red-side emission and the smaller ‘blue bump’ (Fig. 9 ). The flux peaks of each emission region are 
also physically offset by as much as ∼1 arcsec. 
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ontinuum flux of one image (image 1.2, in the upper right corner)
o the source plane, then use the result to reconstruct the lens-plane
ight o v er the entire H–U re gion. Measuring residuals between the
est-fitting model and substructure-based alternatives, we calculate
ow the point masses alter the light map. We note that this is a
implified approach to the problem: in a full test, we would compare
ll model reconstructions to the observed data frame, using the
ubstructures as a way to minimize any apparent discrepancies in
he initial best-fitting reconstruction (He et al. 2021 ; Nightingale
t al. 2022 ). Ho we ver, in this preliminary proof-of-concept test, we
imply compare model reconstructions directly; this allows us to
evelop an intuition into how different mass values can affect the
esults. When comparing models, we classify ‘detections’ to be any
esidual that deviates by more than 3 σ from the mean sky value,
s this would be considered a significant measurement in a real
bservation. At the present imaging depth, we find that we are only
ensitive to substructures with M ≥ 10 9 M �; this is due largely to the
act that the System 1 continuum is compact and highly structured,
ncreasing the contrast of small perturbations. This is just at the upper

ass limit where � CDM models begin to deviate from alternatives,
ut it is none the less useful as a starting point; quadrupling
xposure time of galaxy-scale lenses multiplies the number of
etectable perturbers by ∼2 (Gilman et al. 2021 ; Despali et al. 
022 ). 
NRAS 522, 1091–1107 (2023) 

N  
We present examples of our simulation tests in Fig. 13 , showcasing
wo configurations that rise just abo v e our detection threshold: one
n which a larger mass ( M = 10 10 M �) is placed at a moderate (and
early equal) distance from all lensed images, and another where a
maller mass ( M = 10 9 M �) lies close to one of them. The effects on
mage 1.2 are similar (the brightest of the southern clumps is slightly
hifted and magnified) and, in the high mass case, two more of the H–
 images are also perturbed. Thus, by combining information from

ach image (which behave as independent probes), the whole of the
D H–U surface can be used to detect low-mass perturbations (cf.
hatterjee & Koopmans 2018 ; D ́ıaz Rivero et al. 2018 ; Cyr-Racine,
eeton & Moustakas 2019 ; He et al. 2022 ). 

 C O N C L U S I O N S  

e hav e inv estigated strong gravitational lensing by the cluster
X J0437.1 + 0043 (RXJ0437) using a robust combination of imag-

ng and spectroscopy. Taking adv antage of se v eral rare, ‘e xotic’,
yperbolic–Umbilic (H–U) gravitational lens systems identified in

he field, we infer properties of both the cluster and the highly
agnified background galaxies, and use these to explore aspects

f the nature of dark matter (DM). Our main results are as follows: 

(i) Using a wide mosaic of MUSE data, as well as supporting
IR spectroscopy from K eck/MOSFIRE observ ations, we measure
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Figure 11. Left: Zoom in of the System 1 H–U region. The RGB image shows the positions of the UV continuum, while the red- and blue-side components of 
the Ly α emission (Fig. 10 ) are o v erlaid as coloured contours. Right: Source-plane reconstruction of the galaxy. The model caustic curves are shown as yellow 

and cyan lines, corresponding to the critical curves. While the reconstructed continuum region (coloured pixels) is just contained within the caustics, the Ly α
halo (coloured contours) extends beyond it, giving rise to a complete ring pattern. 

r
f
–
c
z

k

i  

d
t  

t
(  

b
 

d  

t  

c
∼
C  

l  

o

d
p  

<  

a  

I  

(  

r
t  

t

t  

E  

i  

T  

h
L  

c  

f
o
[  

t  

a

a
a
p  

∼  

e  

(  

c
e  

a

m  

c
(  

p  

t
N  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/1/1091/7081353 by guest on 29 M
arch 2024
edshifts for 180 unique targets in the field, consisting of 16 
oreground objects, 73 cluster members, and 91 background galaxies 

including 13 multiply imaged systems. Taking the 64 highest- 
onfidence cluster members, we measure a fiducial cluster redshift of 
 = 0.2847 and a line-of-sight cluster velocity dispersion of 1570 + 120 

−160 

m s −1 . 
(ii) Combining the MUSE data with multiband DECam and HST 

maging, we construct a lens model to map the cluster’s mass
istribution. Thanks to the high density of multiple-image systems, 
he model is tightly constrained in the 20 ≤ r ≤ 130 kpc range, with
he H–U images providing critical information about the innermost 
 r < 50 kpc) cluster regions. After optimizing the parameters, our
est-fitting model is excellent, with an rms error of 0 . ′′ 31. 
(iii) Generating a mass density map, we see that the structure is

ominated by a single cluster-scale DM halo and the central BCG,
hough we find that adding a second smaller DM component (a ‘dark
lump’) in the south, along with a modest level of external shear ( γ

0.05), helps to better fit the southern multiple-image constraints. 
ontours of the map appear moderately elliptical ( ε ∼ 0.4) out to

arge radii ( r ∼ 700 kpc) driven by the closely aligned orientations
f the BCG and large-scale DM halo. 
(iv) Radially averaging the map we construct a surface mass 

ensity profile for the cluster, again extending to ∼700 kpc in 
hysical space. We measure logarithmic slopes of � = −0.32 for r
 20 kpc, � = −0.71 for (20 ≤ r ≤ 130) kpc; the region containing

ll multiple image constraints, and � = −1.68 for r > 130 kpc.
nte grating o v er the complete profile, we measure an aperture mass of
4.37 ± 0.43) × 10 14 M �. We also note that the size of the innermost
egion (unconstrained by lensing) is smaller in RXJ0437 compared 
o other clusters of similar mass. This is again due to the presence of
he H–U systems. 
b  
(v) Taking advantage of the extreme magnification of H–U sys- 
ems, we investig ate ph ysical properties of their source g alaxies.
ach galaxy has at least one strong emission line that indicates that

t is young and undergoing a period of significant star formation.
he most prominent object (System 1; z = 2.9732) has several
igh-ionization emission features, including a broad, double-peaked 
 yman α (L y α) line. The L y α region is considerably extended
ompared to the continuum, and its two flux peaks are clearly offset
rom each other and from the stellar component. Taking advantage 
f the spatial information provided by MOSFIRE/NIR detections of 
O III ] emission in two almost perpendicular slits, we conclude that
his offset is due to the relative (radial) velocities of subsystems 101
nd 102/103. 

(vi) Focusing on continuum regions, we see that the H–U galaxies 
ppear complex in HST imaging, with each showing a considerable 
mount of substructure. Reconstructing the galaxies in the source 
lane, we find that they are compact: the largest (System 1) is only
3 kpc in diameter, while the observed substructures are ∼200 pc

ach. Because the magnification in the H–U region is nearly circular
since the sources lie close to both radial and tangential caustic
urves), we easily identify substructures at high resolution over the 
ntire 2D galaxy surface, in contrast to most lensed galaxies which
re instead enhanced along a single ‘preferred’ axis. 

(vii) Finally, using our cluster mass and source galaxy measure- 
ents as a guide, we demonstrate two ways in which clusters

ontaining H–U systems can probe the properties of dark matter: 
1.) Separating the total mass profile into luminous and dark com-
onents (using the luminosity and flux of the BCG), we measure
he central slope of the DM-only distribution using a generalized 
FW profile. Our best-fitting parameter ( β = 0 . 78 + 0 . 02 

−0 . 01 ) shows con-
iderable flattening compared to the nominal NFW profile predicted 
y DM-only numerical simulations ( β = 1). Ho we ver, when we fit
MNRAS 522, 1091–1107 (2023) 
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Figure 12. Same as Fig. 11 , but for Systems 2 and 10, respectively. 
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he dark and luminous model components together, the total density
rofile ( β = 0 . 95 + 0 . 02 

−0 . 04 ) is consistent with a � CDM Universe. We note
hat such a precision measurement is possible thanks to the extremely
ight constraints at small radii provided by the H–U galaxies. 
2.) Using the complex structure of the H–U source galaxies, we
emonstrate a proof-of-concept method for detecting small-scale
M substructures in the cluster halo identifying astrometric and flux

atio anomalies. In this way, we can determine the substructure mass
raction, another property that is sensitive to the DM model. While we
re only sensitive to ∼10 9 M � masses at the current imaging depths,
eeper data (and additional H–U systems) will make this technique
ompetitive with existing efforts focusing on g alaxy–g alaxy lenses. 
NRAS 522, 1091–1107 (2023) 
Overall, our work highlights the significant and diverse scientific
alue of H–U systems, especially in the domains of mass mapping
nd resolved galaxy properties. In addition, we find exciting new
rospects for studying the nature of dark matter, which is becoming
ncreasingly important in the era of precision cosmology. Ho we ver,
hile the results presented here are promising, the total number of
nown H–U galaxies is still small, and information derived from
hem may be sensitive to observational or population biases. With
nly two identified clusters housing H–U systems (RXJ0437 and
bell 1703), it is difficult to know if they are representative of a

arger parent distribution. To perform a truly robust statistical analysis
ith H–U lenses, we will thus need to increase the sample size. To

art/stad803_f12.eps


Exotic arcs in RXJ0437 1105 

Table 4. gNFW Lens Models and Best-Fitting Parameters. 

Model name Component �α a �δ a ε b / γ θ / θ c 
γ β/ r core r s / r cut c / σ 0 

(Fit statistics) d (arcsec) (arcsec) () / () ( deg )/( deg ) ()/(kpc) (kpc)/(kpc) ()/(km s −1 ) 

single-halo gNFW halo 0 . 24 + 0 . 07 
−0 . 04 −0 . 46 + 0 . 07 

−0 . 04 0 . 25 + 0 . 01 
−0 . 01 −75 . 6 + 0 . 2 −0 . 2 0 . 95 + 0 . 02 

−0 . 04 235 + 39 
−15 7 . 3 + 0 . 8 −0 . 4 

rms = 0 . ′′ 70 
χ2 / ν = 1.44 
log ( L ) = −108 . 07 
log ( E) = −140 . 37 

gNFW + dPIE gNFW cluster halo 0 . 25 + 0 . 05 
−0 . 05 0 . 64 + 0 . 06 

−0 . 08 0 . 27 + 0 . 01 
−0 . 01 −72 . 6 + 0 . 6 −0 . 3 0 . 78 + 0 . 02 

−0 . 01 182 + 4 −2 9 . 0 + 0 . 1 −0 . 2 

rms = 0 . ′′ 39 BCG [0.00] e [0.00] [0.37] [ − 70.0] [0.15] 10 . 6 + 2 . 5 −0 . 1 153 + 6 −1 

χ2 / ν = 1.31 Dark clump −0 . 20 + 0 . 05 
−0 . 45 −12 . 88 + 0 . 98 

−0 . 77 0 . 89 + 0 . 01 
−0 . 04 −41 . 1 + 3 . 8 −3 . 7 30 . 0 + 8 . 3 −5 . 0 [800.0] 179 + 20 

−21 

log ( L ) = −22 . 21 L 

∗ galaxy [0.10] 13 . 3 + 2 . 8 −1 . 8 175 + 10 
−9 

log ( E) = −80 . 52 Ext. shear 0 . 04 + 0 . 01 
−0 . 01 −15 . 6 + 6 . 7 −5 . 5 

Notes. 1: For explanations of lettered footnotes, see Table 3 
Note . 2: in the final three columns, gNFW components are described by β, r s , and c (the central mass density slope, scale radius, and concentration 
parameter), while all other mass components are instead described by the usual r core , r cut , and σ 0 parameters 

Figure 13. Example of our simulated test for detecting small-scale substructure masses with H–U systems. Left: a model reconstruction of the surface brightness 
of System 1. In this case, the observed HST flux of one image (image 2.1, in the top right) is sent to the source plane using the best-fitting hi-res mass model; the 
recreated source is then reprojected back o v er the entire lens plane, creating an ‘idealized’ version of the lens flux. Middle: Residual of the left-hand panel and 
a second model reconstruction, made by adding a moderate (10 10 M �) simulated point-source mass to the best-fitting model, at the location of the green circle. 
Areas near the multiple images where the residual deviates by more than 3 σ from the mean sky noise are flagged as detected anomalies (magenta boxes). Right: 
A second residual, using a new model where the substructure is now smaller (10 9 M �) and placed closer to one image. While a real substructure search will be 
more involved than this simple test, it none the less gives us intuition as to how substructures may affect the observed flux. 
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his end, we have already begun searching archi v al MUSE data for
dditional cases – focusing on Kaleidoscope clusters and the MUSE 

TO lensing-cluster atlas (Richard et al. 2021 ). Although this search 
s still in the early stages, we have already identified ∼10 additional
–U candidates, which will be the subject of a forthcoming paper. 
Improving on the impossibly rare ‘once-in-a-sky-survey’ predic- 

ions of the past (e.g. Orban de Xivry & Marshall 2009 ), our current
nd ongoing work suggests that H–U galaxies may be slightly more 
ommon, in line with more recent predictions presented in Meena & 

agla ( 2021 ) and Meena et al. ( 2021 ). In order to better understand
nder which conditions H–U systems are most readily generated, 
ur ongoing work in this area also catalogues the physical properties 
f the host clusters. This information will be especially beneficial 
n the near future, when upcoming large surv e ys such as the Euclid
ide Surv e y (Laureijs et al. 2011 ) and the Le gac y Surv e y of Space
nd Time (LSST Science Collaboration et al. 2009 ) will identify
housands of new lensing clusters. 
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PPENDIX  A :  SAMPLE  REDSHIFT  

ATA L O G U E  

n this appendix, we present a truncated version of our final redshift
atalogue (Table A1 ), which is included in the online supplementary 
aterial to this manuscript. The format largely follows the catalogue 

resented in Lagattuta et al. ( 2022 ), though we will again briefly
escribe each column here: 

(i) ID : a numerical identifier for each object, typically matched to 
 SEXTRACTOR detection run. 

able A1. Sample Redshift Catalogue. 

D Source RA Dec. z z conf Mult ID 

[deg] [deg] 

48 PRIOR 69.278 130 0.734 774 0.0000 3 –
43 MUSELET 69.287 492 0.723 762 0.2276 3 –
47 PRIOR 69.299 119 0.738 344 0.2706 2 –
20 PRIOR 69.302 130 0.731 618 0.2812 1 –
13 PRIOR 69.282 625 0.726 220 0.8922 3 –
84 PRIOR 69.288 286 0.731 356 2.9719 3 1.4 
20 PRIOR 69.286 482 0.731973 2.9729 3 1.2 
64 PRIOR 69.299 554 0.736 776 3.7420 1 –
14 MUSELET 69.298 123 0.742 108 4.6039 2 –
43 MUSELET 69.288 038 0.732 499 6.0152 3 10.4 
(ii) Source : An indication of how the object was detected. Prior
ources are identified in HST images, while muselet sources are only
ound in the MUSE data. (see Section 3 ) 

(iii) RA, Dec .: 2D spatial coordinates for each object. 
(iv) z : The measured redshift of each object. 
(v) z conf : An assessment of the reliability of the redshift measure-
ent, from low ( z conf = 1) to high ( z conf = 3). We categorize each

onfidence level as follows: 
onfidence 1: the redshift is based on a single ambiguous or low-SNR 

mission line, or several low SNR absorption features. 
onfidence 2: the redshift is based on a single emission line without
dditional information, several moderate S/N absorption features, or 
 Confidence 1 detection whose redshift confidence is increased by 
he identification of a multiply imaged system. 
onfidence 3: the redshift is based on multiple clear spectral features,
r on a single high S/N emission line with additional information (e.g.
n obvious asymmetry in the line profile or a clear non-detection in
ST bands blueward of the line). 
(vi) Mult ID : The unique image number (see Table 1 ) given to

he object if it is part of a multiply imaged system. 
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