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ABSTRACT

We report on SPT-CLJ2011-5228, a giant system of arcs created by a cluster at z = 1.06. The arc
system is notable for the presence of a bright central image. The source is a Lyman Break galaxy at
2, = 2.39 and the mass enclosed within the 14 arc second radius Einstein ring is ~ 10'*2My. We
perform a full light profile reconstruction of the lensed images to precisely infer the parameters of the
mass distribution. The brightness of the central image demands that the central total density profile
of the lens be shallow. By fitting the dark matter as a generalized Navarro-Frenk-White profile—with
a free parameter for the inner density slope—we find that the break radius is 2701”%2 kpc, and that
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the inner density falls with radius to the power —0.38 £ 0.04 at 68 percent confidence. Such a shallow
profile is in strong tension with our understanding of relaxed cold dark matter halos; dark matter only
simulations predict the inner density should fall as 7~!. The tension can be alleviated if this cluster
is in fact a merger; a two halo model can also reconstruct the data, with both clumps (density going

0.8 1.0)

asr 7° and r—

much more consistent with predictions from dark matter only simulations. At the

resolution of our Dark Energy Survey imaging, we are unable to choose between these two models, but
we make predictions for forthcoming Hubble Space Telescope imaging that will decisively distinguish

between them.
Subject headings: gravitational lensing: strong

1. INTRODUCTION

Cosmological cold dark matter (CDM) simulations
suggest a model of hierarchical structure formation that
produces a cuspy dark matter (DM) profile. [Navarro et
al.| (1996) found that the halo profiles are universal and
well fit by the form

Po

pNFW<T) 7'(7'5 + T’)2 . (1)
The mass of a Navarro-Frenk-White (NFW) halo and the
scale radius are the only free parameters, and CDM simu-
lations show that these parameters are connected—with
some scatter—by a mass—concentration relation (Duffy
et al.[|2010; Neto et al.[|2007). However, baryonic physics
complicates this simple cold dark matter picture (Gnedin
et al.|2004): gas can radiatively cool and contract, drag-
ging DM inwards and increasing the central density, but
supernovae, active galactic nuclei and dynamical heating
can inject energy into the interstellar medium, causing
the halo to expand (Pontzen & Governato|2012; Teyssier
et al.[2011; |Abadi et al|2010; [Laporte et al.[2012)). Ha-
los will also deviate from NFW if the dark matter is self
interacting or if it has a large de Broglie wave length.
In these cosmologies the dark matter self interaction cre-
ates a pressure that leads to the formation of central
cores rather than high density cusps (Peter et al.|[2013;
Rocha et al.|2013; |Vogelsberger, Zavala, & Loeb|[2012).
The central density profiles of halos are therefore sen-
sitive probes of both baryonic feedback effects and the
CDM paradigm.

Observationally, it has been shown that NFW profiles
do not reproduce the central regions of halos over a range
of masses. On the scales of dwarf galaxies there is evi-
dence for central dark matter cores (de Blok, McGaugh,
& Rubin| [2001; [Amorisco, Agnello, & Evans [2013) de-
rived from kinematic constraints, however recent simula-
tions have cast doubt on the interpretation of these data
(Pineda et al[[2017). On the scale of elliptical galaxies
there is evidence for cuspy dark matter profiles that are
much steeper than NFW. [Sonnenfeld et al.| (2012) find
p ~ r~%7 for an individual strong lensing galaxy with
multiple background sources, and |Grillo| (2012) found
that the average inner DM slope of 38 strong lenses is
close to isothermal although these results depend on the
assumed stellar mass-to-light ratio.

On the scale of galaxy clusters the central profiles are
often seen to be flatter than NFW. |Sand et al.| (2004)
found that p ~ r=9%% for a sample of 6 strong lensing
clusters. Work by [Newman et al.| (2013a) combining
stellar kinematics with strong and weak lensing found

thomas.collett@Qport.ac.uk

that the total mass profile in their clusters was consis-
tent with NFW. However, because the total mass profile
in those clusters is dominated by the baryonic content
of the brightest cluster galaxy (BCG) they inferred that
the dark matter profile was significantly shallower than
NFW (Newman et al.|2013b]). However either a shallow
central dark matter cusps or a cored NFW profile were
able to reconstruct the data. Recently [Oldham & Auger
(2016) showed that the dark matter halo of M87 has a 19
kpc core although the core size is degenerate with orbital
anisotropy.

The primary difficulty of previous work on clusters has
been the presence of a massive galaxy that dominates
the total mass profile at the centre of the cluster. Infer-
ence on the dark halo are therefore only as robust as the
subtraction of the stellar component.

In this work we present imaging, spectroscopy
and modelling of SPT-CLJ2011-5228 (hereafter J2011).

J2011 is a M50 = 2.25 +0.89 x 1014h;01M@ cluster (Re-
ichardt et al.|[2013) at z = 1.064 acting as a strong grav-
itational lens with an Einstein radius of 14.01 +0.06 arc-
second (Figure . The arc system is notable due to
the presence of a bright central image. Central images
are typically highly demagnified since in dense regions a
small perturbation to the impact parameter of a light ray
will produce a large change to the deflection angle. To
date very few true central images are known (Sharon et
al.[[2012; Inada et al.|2005; Winn et al.|2004; |Colley et al.
1996), and are typically highly demagnified. The pres-
ence of a bright central image in J2011 is therefore an
exciting discovery and opens up the possibility to pre-
cisely constrain the central dark matter profile of this
cluster.

In Section [2] of this paper we present our observations
of J2011 using the Dark Energy Camera on the 4m Victor
M. Blanco telescope and the GMOS spectrograph on the
8m Gemini South telescope. In Section [3| we describe
our lens modelling approach for this lens and present the
result of two models for the dark matter distribution in
the lens; a one halo model representing a relaxed cluster
scenario in Section [3.] and a two halo model represent-
ing a merging scenario in We provide interpretation
of the results in Section [{l and conclude in Section [Bl
Unless otherwise stated, coordinates are measured West,
North relative to 20:11:10.611, -52:28:40.12 (J2000) with
a pixel size of 0.263 arcseconds. Throughout this work
we assume a flat ACDM cosmology with Hy = 67.8
kms~'Mpc~! and Qy = 0.308 (Planck Collaboration et
al.[2016)).

2. DISCOVERY OF A GIANT ARC SYSTEM IN DES AND
SPT DATA
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F1G. 1.— Pseudo-colour gri composite image of the lens J2011,
taken from the first three years of operation of DES. The image is
1 arcminute on a side.

J2011 was first reported as one of the 224 galaxy clus-
ters detected in the first 720 deg? of the South Pole Tele-
scope (SPT) Sunyaev-Zel’dovich (SZ) survey. The SPT
data selection is described in|Reichardt et al.[(2013]). The
cluster has a reported mass of Moy = 2.59 £ 0.73 X
10"h-} Mg, with a detection significance of 4.58 (Bleem
et al.[2015]). The SPT collaboration carried out follow-up
optical and NIR imaging of these clusters using various
telescopes and instruments as described in [Song et al.
(2012). In Table 3 of [Song et al. (2012)) this cluster is
noted as having a strong lensing arc. This area of the
SPT footprint was imaged as part of the Year 1 (Y1)
observations (Diehl et al. 2014} [Flaugher et al.||2015) of
the Dark Energy Survey (Flaugher|2005, DES). The DES
subsequently rediscovered the system in a targeted visual
search of all known SPT clusters in the Y1 footprint and
separately in a visual search of red sources with multiple
neighbours (H. T. Diehl in prep). The visual scans were
performed on false-color PNG images, which are made
by combining g, r, i coaddition tiles into color images (da
Costa[2016)).

2.1. DES Imaging

The lens modelling requires as input an image of the
lensed arcs, a sigma image and a point-spread function
(PSF) for each band. We use imaging from the first three
years of DES to provide this data. The DESDM image
processing pipeline (summarized in [Balbinot et al.[2015
and described in detail in [Sevilla et al.||[2011; |Desai et
al.||2012; Mohr et al.|2012) carries out image coaddition
for each band and creates a sigma image which is the
total uncertainty on each pixel of the coadd image due
to noise. The DESDM pipeline also fits a model of the
PSF using PSFEX (Bertin|2011; Bertin & Arnouts|1996]).
The PSF model is used to generate a model star at the
location of the cluster. The default DESDM sigma image
only includes the noise from the sky photons and not

Fia. 2.— g band image of the arcs and central image, after sub-
tracting foregrounds. Only the coloured pixels are included in the
len? modelling of Section The blue bar shows a ten arcsecond
scale.
the photons contributing to the objects in the image.
We therefore modified and re-ran the image processing
pipeline to generate a sigma image that also includes shot
noise from the objects.

With our data, the lensed arc is brightest in the g-band,
where there is negligible contribution to the flux from the
cluster members, since the Balmer break lies redward of
the g-band filter. There is however g-band emission close
to arcs associated with two foreground stars (close to A2
and Ab), a foreground galaxy (close to A5) plus emission
from the BCG (which is close to the central image A4)
(potentially produced by an AGN). These foregrounds
are fitted with point sources for the stars, and Sérsic pro-
files for the BCG and foreground galaxy. To ensure flux
from the arcs is not attributed to the foregrounds, we si-
multaneously model the foregrounds and arcs using an
elliptical powerlaw density profile for the lens (Barkana
1998)) and a parametric source with three Sersic com-
ponentsﬂ This lens model is then optimized and the
g-band foregrounds subtracted. We use the foreground
subtracted g-band data for our lens modelling. The fore-
ground subtracted g-band data is shown in Figure |2} it
is this data that we use for the lens modelling in Section

Bl

2.2. Gemini Spectroscopy of J2011

We obtained spectroscopic follow-up observations with
the Gemini Multi-Object Spectrograph (Hook et al.|2004,
GMOS) on the Gemini South Telescope, as part of the
Gemini Large and Long Program GS-2014B—LP—5E-1

We targeted four of the red galaxies, labelled G1-G4 in
Figure[I] in the center of the cluster including the Bright-
est Cluster Galaxy (BCG - labelled G1) along with an-

I The powerlaw lens model fits the outer arcs well but does not
reproduce the central image.
2 http://www.gemini.edu/?q=node/12238#Buckley
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other smaller galaxy close to arc A2 (labelled G5) and the
arc features labelled A2—A4 using the multi-object mode
on GMOS. We created two masks, one for the galaxies
and the other for the arc features. The slits were 1”
in width and of varying length in order to accommodate
both the object and an amount of sky sufficient to per-
form reliable background subtraction. For some of the
objects, we tilted the slits to maximize the captured flux.
The two masks are shown in Figure

We observed the galaxies and arcs using two configu-
rations with GMOS to cover the full wavelength range
from 3250 — 10000A. We use the R150 grating in con-
junction with the GG455 filter in order to obtain spectra
with wavelength coverage ~ 4500 —10000A. If the source
is a late-type emission line galaxy, this would allow us, in
most cases, to detect [OII]3727 to z ~ 1.7, Hg to z ~ 1.0
and Ly, in the range z ~ 2.7—7.2. We use the B600 grat-
ing to obtain spectral coverage of 3250 — 6250A, which
would allow us to detect sources with z > 2.0 that emit
Ly,. The observations are summarized in Table [I} The
seeing is taken from the Gemini data quality assessment.

An observing sequence consisted of a pair of exposures,
followed by a flat-field taken with a quartz-halogen lamp
and a calibration spectrum taken with a CuAr arc lamp.
We then dithered to a different central wavelength to
cover the gap between the CCDs and took a CuAr spec-
trum, followed by the flat-field exposure and then two
more exposures. Exposure times were either 900 seconds
or 840 seconds. Dividing the integration time into multi-
ple exposures facilitates the removal of cosmic rays. The
data were binned 2 x 2, giving effective dispersions of
0.1 and 0.386 nm/pixel for the B600 and R150 gratings,
respectively.

We used the Gemini IRAF package V2.1(ﬂ to reduce all
exposures. In each system, for each wavelength dither,
we first process the flat field using the gsflat task (this
includes subtraction of the bias). Each science exposure
in a single dither is then reduced with gsreduce (us-
ing the previously processed flat fields), and then the
two exposures are combined with gemcombine. Wave-
length calibration and transformation are performed on
each dither (using the gswavelength and gstransform
tasks) before the pairs of dithers are coadded on a com-
mon wavelength scale to eliminate CCD chip gaps. We
perform sky subtraction and 1D spectral extraction us-
ing gsextract, which employs the apall task. Feature
identification and redshift estimation are performed us-
ing the rvsao IRAF package (Kurtz & Mink|[1998).

2.2.1. Redshift of the lens

The extracted un-fluxed 1-D spectra for the BCG (G1)
is shown in Figure[dl The characteristic Ca H and K ab-
sorption lines present in early type galaxy spectra are
visible in the spectra of all five galaxies at A = 8192A
and A = 8120A respectively (indicated by the red lines
in Figure [4]). The redshifts obtained for the five galax-
ies G1-G5 using a cross-correlation technique (Kurtz &
XCSAO) are listed in Table[3] The BCG has
a redshift of z = 1.0645+0.0002. The average redshift of
the five galaxies is z = 1.0644. In addition we obtained

3 http://www.gemini.edu/sciops/data-and-results/

processing-software

Fic¢. 3.— The Gemini GMOS masks for the spectroscopic obser-
vations. Top: Source mask. Bottom: Cluster mask.

spectra for two additional galaxies that are likely to be
members of the cluster as they have very similar red-
shifts. They are both about 1.5 arcmin from the cluster
center with redshifts of z = 1.0647 and z = 1.0620.

2.2.2. Redshift of the source

The extracted un-fluxed spectra and their +10 errors
(green spectra) for the arcs A2 thru A4 are shown in
Figure [p] for the B600 grating. We detected continuum
flux in all three arcs but no obvious emission line fea-
tures. We do however observe a break in the spectrum at
around 4100A and absorption features at 4410A, 4517A
and 4720A. These features are indicative of those found
in the spectra of a Lyman Break Galaxy (LBG) (Stei-
but with Lya absorption rather than
emission. We perform a cross-correlation (Kurtz & Mink
1998, XCSAO) against the LBG template of [Shapley et
al| (2003) for all three arcs. The results are listed in
Table The R value in Table [2] provides a measure
of the confidence of the redshift extraction and the un-
certainty (Tonry & Davis [1979). The R values for A2
and A3 are both greater than 4 which is an indication of
a secure redshift (as defined by Kurtz & Mink| (1998)).
The R value for A4 is lower and reflects the lower sig-
nal to noise in the spectrum. However the presence of a
break in the spectrum at around 4100A consistent with
the ones observed in A2 and A3 and the resulting red-
shift which is consistent with those obtained from A2 and
A3 give us confidence that A4 is indeed a lensed image
of the source galaxy. The mean redshift from the three
arcs is 2.3880 =+ 0.0003. Figure [f] shows the locations of
the expected spectral features for an LBG and the red
spectrum is the LBG template of [Shapley et al.| (2003)
shifted by the measured redshift. The redshift of the lens
and source imply a total mass within the Einstein radius
of log,o(M/Mg) = 14.170 + 0.004.
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TABLE 1
SPECTROSCOPIC OBSERVATION LOG
Object UT Date Telescope- Grating Total Integration Seeing
Instrument (hours) @)
Arcs 2014 Oct 20,24 Gemini-GMOS B600 3 0.86,0.66
Arcs 2015 Jul 17,19  Gemini-GMOS R150 0.93 0.9,1.06
Lens 2014 Oct 24 Gemini-GMOS R150 1 0.66

TABLE 2
REDSHIFTS FOR A2-A4
Object RA DEC Redshift R-value
A2 302.777796  -52.468769 2.3875 4+ 0.0002 4.62
A3 302.785149 -52.467079  2.3889 + 0.0002 5.34
A4 302.783661 -52.471130 2.3875 + 0.0004 2.26
TABLE 3
REDSHIFTS FOR G1-G5
Object RA DEC Redshift
G1 302.78122 -52.47105 1.0645 + 0.0002
G2 302.78244  -52.47035 1.0737 + 0.0002
G3 302.78418 -52.47032 1.0642 + 0.0002
G4 302.78605 -52.47087 1.0514 £ 0.0002
GbH 302.77766 -52.46994 1.0684 + 0.0002

1000 T
900
800
700
600
500
400
300
200
100

G1
z =1.0645+ 0.0002

Counts

I AR RN RRREN RN RRREN EARRNRRERN EARRN AR

lonlnn b bn b,

S I N B IR | S I
5%00 6000 6500 7000 7500 8000 8500 9000
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F1G. 4.— The extracted un-fluxed 1-D spectra for the BCG (G1).
The Ca H and K absorption lines are indicated by the red lines.

3. LENS MODELLING OF THE LENSED ARCS AND
CENTRAL IMAGE

We model J2011 with a cluster-scale dark matter halo
plus subhalos to describe the baryons and dark matter
associated with the cluster members and a single Sérsic
component light profile to describe the source. The pres-
ence of the central image gives us a unique opportunity to
test the central density profile of the DM halo. We there-
fore fit the dark matter with a generalized NF'W profile
(Wyithe et al.[2001). This allows us to test models with
central cores or shallow cusps.

For the generalized NFW profile we assume the form

_ £0
p(T) - ra (TE + 712)(3701)/2 ) (2)
where 7 is the three dimensional distance from the halo
centre. The profile is characterised by an inner slope, «,
with the density falling as r®, an outer profile slope 3 and

a break radius rs. The case of « = 1 is approximately
the NFW profile but with a slightly different behaviour
in the turnover region. Using (r2 + r2)'/2 in the de-
nominator rather than (r. 4+ r) has the advantage that
deflection angles for the spherical model can be calcu-
lated analytically (Munoz, Kochanek, & Keeton| |[2001]).
For computational efficiency we include ellipticity in the
lensing potential rather than the density profile; this is a
good approximation for almost spherical halos (Barkana
1998).

In addition to the cluster scale dark matter halo(es),
mass is associated with the individual cluster members
(Shaw et al.|2006). We account for this mass by plac-
ing isothermal mass clumps in the locations where clus-
ter members are observed. Using the z-band data, we
fit the BCG light profile with an elliptical Sérsic profile,
and model the other cluster members with circular de
Vaucoleurs profiles. For the BCG the ellipticity and po-
sition angle of the mass is fixed to those observed for the
light profile. The other cluster members are modelled as
isothermal spheres. In order to minimimize the number
of free parameters in the model, we assume a constant
mass-to-light ratio for all the cluster members. The Ein-
stein radius of each component is proportional to the
square root of the fitted z-band flux of each component:
the constant of proportionality, Tg, is a free parameter
of the model, Yq is scaled in units such that it is also the
Einstein radius of the BCG in arcseconds. The cluster
members included in our model are shown in Figure [0}

The final component of the lens model is an external
shear, which allows for perturbative lensing from nearby
perturbers (e.g. [Holder & Schechter|2003) and line-of-
sight structures (e.g. |Collett et al. 2013} [McCully et al.
2017)).

In order to fully exploit the information content of the
central image it is necessary to attempt to reconstruct
the light profiles of the lensed images. Full light profile
fitting is more computationally challenging than conju-
gate point methods (as used in |[Jullo et al.[2007, for ex-
ample), however it allows us to use the observed fluxes
in many thousands of pixels as constraints on the lens
model.

Full light profile fitting requires some assumptions to
be made about the unlensed source. Simply parameter-
ized sources are quick to calculate and are robust against
predicting images where none are observed, although
they often require many non-linear source model param-
eters (e.g. Brewer et al.|2011)), and the extra sampling
negates the computational benefits. More seriously the
simplicity of the assumed light profile means that signif-
icant residuals are often present in regions of high mag-
nification. These residuals cause simply parameterized
sources to underestimate the uncertainties on the lens
model (Collett & Auger, In Prep). Pixellated sources
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F1c. 5.— The extracted un-fluxed spectra for the arcs A2 thru A4. Absorption features from a Lyman Break Galaxy at z = 2.3875
are indicated by the dotted lines. The green spectra indicate the +1c errors from the spectral extraction. The red spectrum is the LBG

template of |Shapley et al.| (2003)) shifted by the measured redshift.

Fic¢. 6.— z-band image of J2011, with the arcs superimposed as
red contours. The data has been filtered with a Gaussian filter
(width 2 pixels) to pick out faint cluster members. Members in-
cluded in the lens model are circled in black. The masked white
regions are the locations of bright stars and a foreground galaxy.

are much more agnostic about the source profile, yielding
better fits to the data and more robust estimates of the
lens model parameters. However this is only true when
the lens model is reasonably close to truth: The high
computational cost of pixellated source modelling means
that only a small amount of data can be reconstructed—

the region including and immediately surrounding the
lensed images—and lens models that predict images out-
side of the reconstructed region are not penalized.

We therefore first optimize our models towards an ap-
proximate best fit assuming the brightest observed pixel
of the five lensed images are conjugate points, and use
this lens model to initialize our full light profile fitting.
We only model the parts of the image plane that con-
tain flux from the source (shown in Figure[2). To avoid
the model predicting images outside of the masked re-
gion, we cast 100 pixels (outside of the mask) back onto
the source plane and discard any model for which these
pixels are within the source, defined as the smallest cir-
cle containing all five conjugate points. For the best fit
model we also remodel the system with a much larger
mask and verify visually that there are no extra images
predicted.

For the source profile we adopt a pixellated source

model, following the semilinear approach of

(2003). We use an adaptive 50 by 50 grid of square
pixels as detailed in |Collett & Auger (2014) in order

to avoid artificially breaking the mass-sheet degeneracy
(Falco, Gorenstein, & Shapiro|[1985). We use curvature
regularised sources as favoured by the analysis of
; the regularisation encodes the prior that
astrophysical sources are reasonably smooth. We follow
the Bayesian prescription of [Suyu et al.|(2006) and allow
the data to tell us the optimal degree of source regular-
ization for each iteration of the lens model.
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F1c. 7.— The best fit reconstruction of the g-band image of J2011, assuming a single gNFW halo for the dark matter. Clockwise from top
left: 1) the foreground subtracted g-band data; 2) the best fit model of the lens; 3) the residual after subtracting the model from the data;

4) the best fit reconstruction of the unlensed source.

Our lens model now has ten free non-linear parame-
ters: two for the centroid of the halo (Zjens,Yiens), one
for the Einstein radius of the main halo (fg), two for
the ellipticity and position angle of the halo (giens,fq),
the inner slope (a) and break radius of the halo (r),
two parameters for the external shear (v,6,), and one

for the mass-to-light ratio of the cluster members (Y¢).
We probe the posterior of these non-linear parameters
using a Markov Chain Monte Carlo method. We use the
ensemble sampler of [Foreman-Mackey et al.| (2013)).

0,0 is at 20:11:10.611, -52:28:40.12 (J2000) with a pixel size of 0.263 arcseconds

3.1.  Results: A shallow cusp in the Dark Matter Halo

Applying the model of the previous section to J2011,
we find that the DES data can be well reconstructed with
an astrophysically reasonable source and a plausible mass
distribution for the lens. The best fit reconstruction of
the data is shown in Figure[7] This model has an almost
spherical dark matter halo with flattening ¢ = 0.87, a
shallow inner density slope, p ~ 7~%3% and a scale radius
of 290 kpc, 2.2 percent of the mass within the Einstein
radius is in subhalos. We see that the arcs and cen-
tral image are reproduced with surprisingly small resid-
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Fic. 8.— The marginalized 1 and 2 dimensional parameter constraints for the single dark matter halo model of J2011. The contours
show the 68, 95 and 99 percent confidence regions respectively. 0 is the Einstein radius of the DM haloEl The flattening of the DM halo

iS Qlens, @ is the inner profile slope and rs (kpc) is the scale radius of the gNFW halo. TG relates the observed z-band fluxes and the

Einstein radiis of the cluster members, it is in units such that YG is the Einstein radius of the BCG in arcseconds. The inner profile slope
and the scale radius of the gNFW halo have only a mild covariance with the unshown parameters of the model.

2Not the total Einstein radius of the arcs - since this is made up from the DM and the cluster members

uals given the simplicity of the mass model. The model
slightly under predicts the flux of the central image, indi-
cating that the true central profile may be shallower than
quoted. Due to the 1 arcsecond seeing of our imaging,
the reconstructed source is not well resolved, however the
model predicts that the source has one bright clump and
possibly two extended nearby features; this irregularity
is typical of the blue sources reconstructed in previous
strong lensing studies (e.g. Brewer et al|[2011} |Shu et al.|

20T6).

Our MCMC results show that the DM halo requires
a shallow central density profile. Figure [I0] shows the
marginalized two dimensional posterior for the DM halo
properties. The inner slope, and scale radius are degen-
erate, however inner slopes steeper than »~%°% and scale
radii smaller than 100 kpc are strongly excluded, indi-
cating that the central profile deviates from the NFW
prediction of 7~ over a large radius. Marginalizing over
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Fic. 9. The best fit reconstruction of J2011. The same as Figure[J] but assuming a 2 dark matter halo model for the lensing mass.

the other parameters we derive 68 % confidence intervals

of @ = 0.3840.04, and 7, = 24475} kpc. The halo flatten-

ing is constrained to be giens = 0.87715-09¢. The external

shear is 7 = 0.083 4 0.005. And the constant of propor-
tionality relating z-band flux to cluster member mass is
Te = 0.0215:03, defined in units where T is the Einstein
radius of the BCG in arcseconds and the Einstein radii of

the other members going as 6; = fpcg (2™ /2508%)1/2.

4. AN ALTERNATIVE MODEL: TWO MERGING DARK
MATTER HALOS

In the previous Section we found that the arcs and
central image cannot be adequately reconstructed by a

single (non-generalized) NFW halo, however the general-
ized NF'W gets very close to reproducing the lens system,
despite only having a small number of free parameters.
However the fact that gNFW model requires a much
shallower profile than simulations predict and the slight
underfitting of the central image implies that the true
mass distribution may be more complicated than our
simple gNFW model allows. One alternative hypothe-
sis is that J2011 is a merger of two (or more) sub halos.
We test this theory by adding a second gNFW clump
to the model used in the previous section. Since the
halos are no longer guaranteed to be critical, we charac-
terize them by their central convergence, ks ;, as defined
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Fic. 10.— The marginalized 1 and 2 dimensional parameter constraints for the two dark matter halo model of J2011. The contours show
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TABLE 4
THE INFERED PARAMETERS FOR THE ONE HALO MODEL.

Parameter xle}k‘S 2 yleﬁ% 2 913»0 3 qu?g 006 9q+3 ixi»O 04 s (lfl»pQ%) 10 006 912 2 Tf%) 02
Inference  90.6702 91.6702 13.670% 086675005 1533 0.387001 277193 0.0817009% 617722  0.027052
TABLE 5
THE INFERED PARAMETERS FOR THE TWO HALO MODEL.

Parameter zlensbl ylensbl Rs,1 qlensdl eq,l aq Ts,1 (kpc) TG
Inference  82.970% 944707 0.0327590% 0907052 496735 00987058 395733 0.55700%
Parameter Tlens,2 ylenSQQ KRs,2 qlens(jQ 9q,2 a2 Ts,2 (kpC)

Inference  91.371% 733731 007700 0527001 482788 0797009 43375T
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F1G. 11.— The mass distribution in J2011 as inferred from the two
DM halo model. The red contours show the location of the lensed
images. The black ellipses indicate the locations and flattenings of
the two DM halos. The black bar indicates a 10 arcsecond scale.

in Equation 3 of Munoz, Kochanek, & Keeton| (2001 and
not by their Einstein radius. We also do not include ex-
ternal shear in the two halo model as it is not required
to reproduce the data. This model also prefers both ha-
los to be approximately NFW. The model requires most
of the mass to be in an almost spherical NFW halo, to
the North West of the central image, with a less massive,
highly flattened component to the South East. In this
model twenty percent of the mass within the Einstein ra-
dius is associated with subhaloes. The central density of

the two halos goes as radius to the powers 0.9970 8 and

0.79 £ 0.09 respectively. The break radii are 345in§ kpc

and 48.97%% kpc. We show the convergence map of the
two dark matter halos in Figure

Figure shows the convergence of the total density
profile for various slices through the central image. De-
spite the fact that the DM halos and the cluster members
are cuspy, the sum of the components gives a remarkably
flat profile at the location of the central image.

5. INTERPRETATION OF J2011 : A TENSION WITH ACDM
OR A MERGER OF TWO NFW HALOS?

Both the one and two halo models are able to repro-
duce the observed light profile of the arcs and the central
image. The two halo model provides a somewhat better
fit to the data. However, the log likelihood (base 10)
of the residuals differ by only 17 totalled over 4892 pix-
els. The two halo model has 5 extra free parameters but
also has a comparatively simpler source: the penaliza-
tion term of the merit function prefers
the two halo source by 19. Without the source penaliza-
tion term, the Bayesian Information Criterion
would prefer the one halo model, however with the
penalization term it prefers the two halo model.

The source penalization term of [Suyu et al.| (2006) is
however designed to prefer smoother sources, rather than
precisely encode a known astrophysical prior about the
clumpiness of sources, it is therefore unclear how to use
the regularization term in quantitative Bayesian model
selection. This same issue has been tackled in time delay
cosmography (Wong et al.2016), with similarly unsat-
isfactory conclusions. We therefore conclude that with

1.8
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0.2t
0036 =15 -6 =5 0 5 10 15 20
Distance from central image (")

Fi1c¢. 12.— One dimensional slices through the surface mass dis-
tribution of J2011. Each slice goes through the central image, but
the angles of the slices vary. The solid lines show the total sur-
face mass distribution; the dashed lines show only the contribution
from the inferred DM halos. The outer vertical lines indicate the
Einstein radius. The inner vertical lines indicate the approximate
size of the central image.

F1c. 13.— Simulated HST observations of J2011. The top image
shows the expected HST image for the 1 dark matter halo model,
the bottom image is for the two halo model. Noise levels are those
expected for HST program GO 14630 (PI: Collett) scheduled for
observations in cycle 24.
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our data alone, both models are reasonable interpreta-
tions for this system.

Choosing between the two models thus reverts to as-
trophysical priors. From a physical perspective, neither
model is totally satisfactory: in neither model is a DM
halo centred on the BCG. For the one halo model the
DM centroid is offset from the BCG by 30 kpc. For the
two halo model, the main DM halo is centred around the
clump of galaxies to the North West of the central image.
The second DM halo is associated with the pair of galax-
ies to the South - although given the extreme elongation
of this halo it may be more likely that these galaxies
are associated with two separate DM halos. The offset
between the DM and the BCG in the one halo model
is physically unrealistic in ACDM (Schaller et al.[2015)),
however since ACDM should also not create giant dark
matter cores, the two problems may be linked. In the
two halo scenario it may not be surprising to see an offset
between DM and the BCG as the system is not relaxed.
The small Einstein radii of the cluster members in the
one halo model is also in tension with the typical Ein-
stein radii of galaxy-scale lenses at lower redshifts. The
one halo model implies a maximum velocity dispersion
of only 60 km/s for the BCG whilst the two halo model
gives a velocity dispersion of 219 + 15 km/s. This may
rule out the one halo model, but it could also be due
to our simplistic assumptions about the cluster member
density profiles.

Both our models assume a single lens plane; neglecting
lensing by mass along the line of sight (e.g. [McCully et
al.|2017)). There is a foreground spiral galaxy centred 5
arcseconds South East of Arc 5 which we have neglected
throughout this work, although it may contribute to the
external shear of the one halo model. There is no evi-
dence that it significantly modifies the lensing potential
at Arc 5, but even small changes in the geometry of a
compound lens can have a significant effect in rare cases
(Collett & Bacon![2016)).

Conclusively discriminating between the two models
presented in this work will require higher resolution
imaging. HST program GO 14630 (PI: Collett) will ob-
serve J2011 in cycle 24 - and will trivially distinguish
between the two models presented in this workﬂ We
show simulated HST images for this program in Figure
The figures are generated assuming the sources are
no more clumpy than those reconstructed from the low
resolution DES data.

It is clear from Figure[13]that whilst both models yield
similar images in the DES data, the predictions for the
HST data are very different, with both the shape of the
central image and the radial width of the arcs providing
tight constraints on the dark matter distribution.

6. CONCLUSIONS

In this work we have presented SPT-CLJ2011-5228, a
giant system of arcs created by a cluster at z = 1 pos-
sessing a unique central image. The cluster was already
known from SPT |Song et al. (2012)), but we have added
followup in the form of DES imaging and Gemini spec-
troscopy.

4 The HST data were taken shortly before submission of this
paper. To avoid confirmation bias none of the authors of this paper
(including the PI) had data access rights to view the HST data
before this paper was submitted.

With our data we have been able to spectroscopically
confirm the cluster redshift to be z; = 1.06. The source
is a Lyman Break Galaxy at z = 2.39, implying a total
mass within the arc of log,q(M/Mg) = 14.169 + 0.004,
consistent with the SZ mass of Msqe = 2.59 + 0.73 x
10"hz' Mg, (Bleem et al.[[2015)

Irrespective of the source redshift we are able to model
the density profile of the cluster. By describing the clus-
ter as a single gNFW halo plus isothermal cluster mem-
bers, we are able to reconstruct the arcs and central im-
age so long as the DM halo is significantly shallower than
NFW within the central 270725 kpc. We have also pre-
sented a two halo model that reproduces the images. In
this model both halos are cuspy, but the total profile at
the location of the central image is remarkably flat, al-
lowing for the formation of a bright central image that is
not demagnified.

At the signal-to-noise and resolution and of our imag-
ing, the merger (two halo) model provides a somewhat
better fit to the data than the shallow cusped (one halo)
model, but at the expense of extra free parameters.
Forthcoming HST imaging will be able to conclusively re-
solve between the shallow cusp and merger models. The
stakes for these data are high, as the one halo model
cannot be consistent with the concordance model of cold
dark matter unless extreme amounts of baryonic feed-
back have re-sculpted the halo over hundreds of kilopar-
secs. The forthcoming HST data will soon allow us to
explain the unique central image of J2011, infer the dark
matter profile in this system and perhaps shine a light
on the nature of dark matter.
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