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ABSTRACT

We present a high-precision mass model of galaxy cluster Abell 2744, based on a strong
gravitational-lensing analysis of the Hubble Space Telescope Frontier Fields (HFF) imaging
data, which now include both Advanced Camera for Surveys and Wide Field Camera 3
observations to the final depth. Taking advantage of the unprecedented depth of the visible
and near-infrared data, we identify 34 new multiply imaged galaxies, bringing the total to
61, comprising 181 individual lensed images. In the process, we correct previous erroneous
identifications and positions of multiple systems in the northern part of the cluster core. With
the LENsTOOL software and the new sets of multiple images, we model the cluster using two
cluster-scale dark matter haloes plus galaxy-scale haloes for the cluster members. Our best-
fitting model predicts image positions with an rms error of 0.79 arcsec, which constitutes
an improvement by almost a factor of 2 over previous parametric models of this cluster. We
measure the total projected mass inside a 200 kpc aperture as (2.162 £ 0.005) x 10'* M, thus
reaching 1 per cent level precision for the second time, following the recent HFF measurement
of MACSJ0416.1—2403. Importantly, the higher quality of the mass model translates into an
overall improvement by a factor of 4 of the derived magnification factor. Together with our
previous HFF gravitational lensing analysis, this work demonstrates that the HFF data enables
high-precision mass measurements for massive galaxy clusters and the derivation of robust
magnification maps to probe the early Universe.

Key words: gravitational lensing: strong-—galaxies: clusters: individual: Abell 2744 -
cosmology: observations.

gravitational lensing has been recognized as a powerful tool to
map the mass distribution in galaxy clusters. The bending of light
Since the end of the 1980s and the first observational confirma- from distant galaxies by foreground clusters allows astronomers
tion of the lensing hypothesis in Abell 370 (Soucail et al. 1988), to (i) directly measure the total (dark and baryonic) matter dis-

tribution, (ii) image very distant galaxies using galaxy clusters as

‘cosmic telescopes’ and (iii) constrain the geometry of the Universe
*E-mail: mathilde.jauzac @durham.ac.uk (for reviews, see e.g. Massey, Kitching & Richard 2010; Kneib &
+Hubble Fellow. Natarajan 2011; Hoekstra et al. 2013). In the past few decades,
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the unparalleled power of the Hubble Space Telescope (HST) has
transformed this area of research. HST’s high angular resolution and
sensitivity combined with colour information from imaging through
several filters allow a robust and efficient identification of lensed
galaxies, as demonstrated in many in-depth studies (for Abell 1689,
one of the best studied cluster to date, using the Advanced camera
for Survey, see e.g. Broadhurst et al. 2005; Limousin et al. 2007b;
Coe et al. 2010).

The leading role of HST for lens studies has been recognized by
the community through numerous general observing programmes,
and specifically through two recent large allocations: the multicycle
treasury CLASH project (Postman et al. 2012) and the novel Hubble
Frontier Fields' (HFF) project. With a total of 140 HST orbits
for each of six massive cluster lenses, the goal of the HFF is to
probe the distant and early Universe to an unprecedented depth
of magag ~ 29 in seven passbands (three with ACS, four with
WFC3). In a coordinated multiteam effort, mass models® of all six
HFF cluster lenses were derived from pre-HFF data to provide the
community with a first set of magnification maps (see in particular
Johnson et al. 2014; Richard et al. 2014; Coe, Bradley & Zitrin
2015). The first two clusters observed as part of the HFF initiative
are MACSJ0416.1—-2403 (Mann & Ebeling 2012) and Abell 2744
(Abell, Corwin & Olowin 1989); to date, lensing studies based on
these data have been conducted by Jauzac et al. (2014, 2015), Diego
et al. (2015), Grillo et al. (2015), Zitrin et al. (2014), Wang et al.
(2015), and Ogrean et al. (2015).

In this paper, we focus on improving earlier strong-
lensing analyses of Abell 2744 (also known as AC118 and
MACSJ0014.3—-3022), a very X-ray luminous cluster at z = 0.308,
featuring Lx = 3.1 x 10% erg s~' in the 2-10 keV band (Allen
1998) and 1.4 x 10* erg s~! in the 0.1-2.4 keV band (Ebeling
etal. 2010). This system has been extensively studied, and was first
identified as an active major merger by Giovannini, Tordi & Feretti
(1999) and Govoni et al. (2001) based on the detection of a power-
ful and extended radio halo. Subsequent X-ray studies (Kempner &
David 2004; Zhang et al. 2004; Owers et al. 2011) confirmed this
hypothesis and detected numerous substructures within the clus-
ter field. Kinematic studies by Girardi & Mezzetti (2001), Boschin
et al. (2006), and Braglia, Pierini & Bohringer (2007) revealed a
bimodal velocity dispersion in the cluster centre, as well as a third
group of cluster members in the north-west, close to one of the
X-ray peaks. Shan et al. (2010) studied a sample of 38 clusters with
X-ray observations as well as high-resolution lensing observations
coming from the HS7T/Wide Field and Planetary Camera 2 (WFPC2)
archive. In their analysis, Abell 2744 was identified as the cluster
with the largest offset between X-ray and lensing signals.

The first gravitational-lensing analysis of Abell 2744 was con-
ducted by Smail et al. (1997), who identified strong-lensing features
and also performed a weak-lensing analysis based on HST/WFPC-2
data. Allen (1998) studied the discrepancy between the X-ray and
strong-lensing masses of Abell 2744, which supports the hypothesis
that the system is an active merger. Results of a weak-lensing anal-
ysis of Abell 2744 were also presented by Cypriano et al. (2004)
as part of a study of a larger cluster sample. The first investigation
of Abell 2744 to combine strong-lensing, weak-lensing, and X-ray
analyses was conducted by Merten et al. (2011) using HST/ACS,’
Very Large Telescope (VLT), Subaru imaging, and Chandra ob-

! http://www.stsci.edu/hst/campaigns/frontier-fields/
2 http://archive.stsci.edu/prepds/frontier/lensmodels/
3 Prop. ID: 11689, PI.: R. Duke
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servations. More recently, Lam et al. (2014) performed a strong-
lensing analysis of Abell 2744, based on pre-HFF data. Wang et al.
(2015) presented an HFF strong-lensing analysis which includes 72
multiple images, selected using some specific criteria combining
the colours and morphology in each system. In Atek et al. (2014,
2015), Laporte et al. (2014), and Ishigaki et al. (2015), the first HFF
z > 6 galaxy candidates lensed by Abell 2744 are presented, with a
candidate at z ~ 10 (Zitrin et al. 2014).

In this paper, we present results from a new and improved strong-
lensing analysis of the complete HFF ACS and WFC3 observa-
tions of Abell 2744. We adopt the A cold dark matter concor-
dance cosmology with 2;,, = 0.3, 2, = 0.7, and a Hubble constant
Hy =70 kms~! Mpc™'. Magnitudes are quoted in the AB system.

2 HFF OBSERVATIONS

The HFF observations of Abell 2744 (ID: 13495, P.I: J. Lotz) were
obtained with WFC3 between October 25th and November 28th
2013 in four filters (F105W,F125W, F140W, and F160W) for total
integration times corresponding to 24.5, 12, 10, and 14.5 orbits,
respectively. The HFF ACS observations were obtained more re-
cently, between May 14th and July 1st 2014, in three filters (F435W,
F606W, and F814 W) for total integration times corresponding to 24,
14, and 46 orbits, respectively. We use the self-calibrated data (ver-
sion v1.0) with a pixel size of 0.03 arcsec, provided by STScI.*

3 STRONG-LENSING ANALYSIS

3.1 Methodology

We here provide only a brief summary of our method and refer
the reader to Kneib et al. (1996), Smith et al. (2005), Verdugo
et al. (2011), and Richard et al. (2011) for detailed explanations.
Our mass model is composed of large-scale dark matter haloes,
whose individual masses are larger than a typical galaxy group (of
the order of 10'* Mg within 50 arcsec), plus small-scale mass
haloes associated with individual cluster members, usually large
elliptical galaxies. As in our previous work, we model all mass
components as dual pseudo isothermal elliptical mass distributions
(dPIE; Limousin, Kneib & Natarajan 2005; Elfasdéttir et al. 2007;
Jauzac et al. 2014), characterized by velocity dispersion o, core
radius 7., and scale radius ry. Note that contrary to non-parametric
approaches, such as those presented in Jauzac et al. (2012, 2015),
the optimization we use here does not allow for haloes to be set to a
mass value of zero (i.e. the velocity dispersion cannot reach a value
of zero). Therefore, we rely on the x> and rms statistics to rank
different models and priors with respect to the observed positions
of multiply imaged galaxies.

For mass perturbations associated with individual cluster galax-
ies, we fix the geometrical dPIE parameters (centre, ellipticity, and
position angle) at the values measured from the cluster light distri-
bution (see e.g. Kneib et al. 1996; Limousin et al. 2007b; Richard
et al. 2010) and use empirical scaling relations to relate the dy-
namical dPIE parameters (velocity dispersion and scale radius) to
the galaxies’ observed luminosity (Richard et al. 2014). For an
L, galaxy, we optimize the velocity dispersion between 100 and
250kms~! and force the scale radius to less than 70 kpc to account
for the tidal stripping of galactic dark matter haloes (Limousin et al.
2007a, 2009; Natarajan et al. 2009; Wetzel & White 2010).

4 http://archive.stsci.edu/pub/hlsp/frontier/a2744/images/hst/
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3.2 Multiple-image systems

3.2.1 HFF multiply imaged systems

The secure identification of multiple-image systems is key to build-
ing a robust model of the mass distribution within the cluster lens.
The first detailed strong-lensing analysis, using pre-HFF data of
Abell 2744, identified 34 images of 11 background galaxies in
the redshift range 2 < z < 4 (Merten et al. 2011). Based on
the same data, but in a community-wide effort for the HFF mass
model initiative, the number of secure systems increased to 18,
comprising 55 images. Three of these systems have been spec-
troscopically confirmed, with redshifts of 3.98, 3.58, and 2.019
for systems 3, 4, and 6, respectively (see Johnson et al. 2014;
Richard et al. 2014).

For the present study, we scrutinized the new, deep HFF ACS
and WFC3 images, using the predictive power of the Richard
et al. (2014, hereafter R14) mass model and report an even larger
set of multiple images. To this end, we computed the cluster’s
gravitational-lensing deflection field from the image plane to the
source plane, on a grid with a spacing of 0.2 arcsec pixel .
Since the transformation scales with redshift as described by the
distance ratio Dis/Dos, where Dis and Dgg are the distances be-
tween the lens and the source, and the observer and the source,
respectively, it needs to be computed only once enabling efficient
lens inversion. We also determined the critical region at redshift
z = 7 as the area within which to search for multiple images in
the ACS data. A thorough visual inspection of all faint galaxy im-
ages in this region, combined with an extensive search for plausible
counter images, revealed a total of 34 new multiply imaged sys-
tems, bringing the total of multiple images identified in Abell 2744
to 181 over 61 systems (Fig. 1 and Table 3). More recently, Wang
etal. (2015) presented an HFF strong- and weak-lensing analysis of
Abell 2744, in which they provide spectroscopic redshifts for sys-
tems 1 and 2, at z = 1.50 and 1.20, respectively, derived from the
Grism Lens-Amplified Survey from Space (GLASS) observations.
They also present new systems, namely 55, 56 detected by Lam
et al. (2014) and which represent the other extremities of systems
1 and 2, respectively; 57, 58, 59, all three are high-redshift-lensed
candidates detected by Ishigaki et al. (2015), and finally system 60
which is anew system. We have included in our mass model systems
55 and 56 with their respective spectroscopic redshifts, as well as
systems 59 and 60. However, we are not convinced by systems 57
and 58, and thus we included them as candidates. We did not retain
the GLASS spectroscopic redshift for system 2, of lower quality,
because it is inconsistent with the previous photometric redshift and
spectroscopic redshift estimates (Johnson et al. 2014).

Table 3 lists the coordinates, as well as the redshifts (predicted by
our model, Zyodel, OF SPECITOSCOPIC, Zgpec, if available), the F814W-
band magnitudes, maggg;4w, and their magnification (measured with
our best-fitting mass model). The magnitudes were measured using
SEXTRACTOR (Bertin & Arnouts 1996). Note that for some of the
images, reliable measurements were rendered impossible due to
light contamination from much brighter objects. Systems 15, 16, and
17 around the north and north-west substructures are not included in
either Fig. 1 or Table 3, as we do not use them in our optimization,
but we refer the reader to R14, Johnson et al. (2014), or Lam et al.
(2014) for their coordinates.

For the modelling of the cluster lens, we adopt a conservative
approach and use only the 54 most securely identified systems
comprising 154 individual images; we propose the remaining iden-
tifications as candidates for multiply imaged systems. We consider

HFF strong-lensing analysis of Abell 2744 1439

a system secure if it meets all of the following criteria: the different
images have (1) similar colours, (2) show morphological similar-
ities (for resolved images), and finally (3) a plausible geometrical
configuration. As for MACSJ0416.1—2403 (Jauzac et al. 2014), the
total number of multiply imaged sets used in the optimization has
increased by a factor of 3, and the precision of the lens model in the
core region of maximal magnification improves dramatically.

3.2.2 Multiplicity of high-redshift candidates

We also confirm and include systems proposed to lie at z > 5 by Atek
et al. (2014, 2015) but identify object 22.1 as a more convincing
counter image in terms of position and colour for System 4 in Atek
etal. (2014). Their image 4.1 is now predicted to be a single image.
We note also that image 18.3 has a measured spectroscopic redshift
of 5.66 (Clément et al., in preparation). We also include the z ~ 10
system identified by Zitrin et al. (2014), which is well reproduced
by our model.

3.2.3 Revisiting northern multiply imaged systems

The deeper ACS images of Abell 2744 revealed several new multiple
systems to the north of its brightest cluster galaxy (BCG), a region
within which all previous strong-lensing analyses failed to identify
correct counter images (such as 8.3, 14.3, and 18.3), or could not
reproduce their positions to better than 2 arcsec (Johnson et al. 2014;
Lam et al. 2014; R14). The newly discovered multiple systems
call into question the identification of image 3.3 by Johnson et al.
(2014), Lam et al. (2014), and R14. By performing our strong-
lensing analysis without this system, we predict the location of
image 3.3 to lie 8 arcsec south of the previous identification used
by all modellers, which is now assigned to a different system to the
north. The reason for this misidentification is due to the similarity
in colours, but also in the lens reconstruction, as shown by Lam
et al. (2014). However, with this corrected position, we manage
to identify all previously missing counter images, and all systems
in this region are now reproduced to better than 0.3 arcsec. To
support our statements, we have run different tests (i.e. different
models including the previous position for 3.3, the new 3.3 position
and none of them) that are presented in the following section, all
agreeing with the fact that the previous identification of 3.3 was
wrong. However, we agree with Lam et al. (2014) that the colours
are well matched by the old image 3.3. Images 3.1 and 3.2 represent
a pair only lensing part of a source galaxy, while 3.3 is the counter-
image lensing the entire source. In such a configuration, it is possible
to observe different colours, due to intrinsic colour gradients within
the source galaxy.

4 STRONG-LENSING MASS MEASUREMENT

The starting point for our modelling process is the distribution
of cluster galaxies. As described in Merten et al. (2011), Abell
2744 is a highly complex system, with one main component in
the SE and three p-scale substructures in the north, in the north-
west, and in the west, labelled as Core, N, NW, and W in their
paper. All these substructures host overdensities of bright cluster
ellipticals: the core region is dominated by three BCGs; the N, NW,
and W substructures each host one BCG. Following this optical
morphology, the pre-HFF model of R14 thus included one cluster-
scale dark matter halo at the location of each of the five BCGs
that define the centres of the overall large-scale distribution of light
from all cluster galaxies. The W substructure was not included in the

MNRAS 452, 1437-1446 (2015)
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Figure 1. The overview of all multiple image systems used in this study. The pre-HFF systems are shown in dark blue. The most secure HFF identifications
used to optimize the lens model in the image plane (152 images) are shown in cyan; the less secure candidates (seven images) are shown in magenta. The
underlying colour image is a composite created from HST/ACS images in the F814W, F606W, and FA35W passbands. Mass contours of the best-fitting
strong-lensing model are shown in white. The zoomed stamps show the particular configuration of the multiply imaged systems in the northern part of the
cluster core (systems 3, 8, 14, 36, 37, 38, 39, and 40). In the right-hand panel, one can see highlighted with a red line the shift of position between the old

identification of 3.3 and the new one.

mass model because it is outside the high-resolution HST imaging,
so no strong-lensing features could be identified. The resolution of
the ground-based imaging [VLT/FORS1(FOcal Reducer and low
dispersion Spectrograph)] does not allow for any identification.
For our revised model based on the new HFF data, we simpli-
fied this mass model as follows: (i) since no spectroscopic redshifts

MNRAS 452, 1437-1446 (2015)

are currently available for multiple images around the N and NW
substructures, we removed the corresponding mass haloes, and a
discussion about the impact of this removal is presented in Sec-
tion 5; (ii) the core of the cluster is now modelled using only
two cluster-scale haloes instead of three, for reasons explained
later in this section. Consequently, our model contains only two
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Table 1. Best-fitting PIEMD parameters for the two large-scale
dark matter haloes, as well as for the L* elliptical galaxy. Coor-
dinates are quoted in arcseconds with respect to o = 3.586259,
8 = —30.400 174. Error bars correspond to the 1o confidence level.
Parameters in brackets are not optimized. The reference magnitude
for scaling relations is magrgjaw = 19.44.

Component #1 #2 L* elliptical galaxy
ARrA —4.9792 —15.7%1 -
A DEC 27193 —17.2792 -
e 0.28 £0.008  0.61 % 0.004 -
0.5 0.6
0 65.0%2 433704 -
feore (kpe) 2144722 43.5799 [0.15]
Teur (Kpe) [1000] [1000] 22.2H19
o (kms™h 126378 134, 154.94+ 2.4

cluster-scale haloes. During the optimization process, the position
of these large-scale haloes is allowed to vary within 20 arcsec of the
associated light peak. In addition, we limit the ellipticity, defined
as e = (a*> + b*)/(a> — b?), to values below 0.7, while the core ra-
dius and the velocity dispersion are allowed to vary between 1 and
30 arcsec, and 300 and 1 000 km s~ ', respectively. The scale radius,
by contrast, is fixed at 1 000 kpc, since strong-lensing data alone
do not probe the mass distribution on such large scales. In addition
to the two cluster-scale dark matter haloes, we also include per-
turbations by 733 probable cluster members (R14) by associating
a galaxy-scale halo to each of them. Finally, we add two galaxy-
scale haloes to specifically model two of the three BCGs in the core
region, as there were multiple images in their immediate proxim-
ity. Using the set of the most securely identified multiply imaged
galaxies described in Section 3 and shown in Fig. 1, we optimize
the free parameters of this mass model using the publicly available
LENSTOOL software.

The best-fitting model optimized in the image plane predicts
image positions that agree with the observed positions to within an
rms of 0.79 arcsec. For MACSJ0416.1—2403, we found an rms of
0.68 arcsec (Jauzac et al. 2014), for a total of 68 multiply imaged
systems. These remarkably low rms values obtained for the first two
HFF clusters improve dramatically on the ones obtained in previous
models from the literature that adopt a similar a priori assumption
of light tracing mass (e.g. Broadhurst et al. 2005; Halkola, Seitz
& Pannella 2006; Limousin et al. 2007b, for Abell 1689). The rms
value obtained for Abell 2744 represents an improvement of a factor
of ~1.5 over previous lensing mass reconstructions of this cluster.
Johnson et al. (2014) quote an rms value of 0.4 arcsec for their
pre-HFF model using 15 multiplyimaged systems (64 images). In
R14, our pre-HFF best-fitting mass model yields 1.26 arcsec using
18 multiply imaged systems (55 images) combined with weak-
lensing constraints. The parameters describing our best-fitting mass
model are listed in Table 1; contours of the mass distribution are
shown in Fig. 1. Although allowed to vary within 20 arcsec of their
associated light peak, the final positions of the two cluster-scale
haloes predicted by the model coincide much more closely with
the light peaks. Fig. 2 presents the observed magnitude of some
of the multiple images in the F814W band versus the magnitude
predicted by our HFF model. We limit our selection to systems

3 http://projects.lam.fr/repos/lenstool/wiki
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Figure 2. Magnitudes in the F814W band predicted by our model against
the observed ones for some of the multiple images. The solid line shows the
one-to-one relation, while the dashed lines represent a dispersion of 0.3 mag.

with 26 < magpsjaw < 29, and with magnification measurements
for at least two images in each system, and lower than 15. The
observed magnitudes are measured from the primary image of each
system. The predicted magnitudes are then obtained by applying
the lens model magnifications to a secondary or tertiary image
from that system to get a prediction for the observable primary
image magnitude. The error bars for the predicted magnitudes are
therefore a combination of photometric and model uncertainties. As
one can see, there is a good agreement between the two values, with
an average dispersion of 0.3 mag.

Our initial mass model of the core of Abell 2744 was more com-
plex, due to an additional mass concentration in the northern region,
close to systems 3, 38, 8, 36, 14, and 37 (Fig. 1), i.e. in the region in
which we corrected the location of multiple images and identified
new counter images. Testing the need for this additional component,
we find the resulting rms to be slightly higher (rms= 0.85 arcsec),
and thus conclude that a third large-scale mass component is not
required and not supported by the current observational constraints.
Our hypothesis that this third mass concentration in the model
of R14 was only needed to counterbalance the misidentification
of System 3 is corroborated by the results of an optimization run of
the pre-HFF model with the identifications for System 3 corrected:
again the simple two-component model yields a better x> and rms
than the one including a third mass concentration in the cluster core
as it is shown in Table 2 (first two models), while there are more
free parameters.

In order to integrate the mass map within annuli, we choose the
location of the overall BCG, i.e. « = 3.586259, § = —30.400 174°,
as the cluster centre. A circle of radius 45 arcsec(205 kpc) cen-
tred on this position encompasses all multiple images (Fig. 1).
The two-dimensional (cylindrical) mass within this radius is then
M(< 200kpc) = (2.162 £ 0.005) x 10" M.

MNRAS 452, 1437-1446 (2015)
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Table 2. Parameters obtained for the three different models used
in this analysis to compare our HFF model with pre-HFF ones.
The dof gives the number of degrees of freedom in each model,
and the ft13mul gives the average magnification obtained using a
set of 13 multiple images common to all models. The ‘pre-HFF 5
clumps’ is Richard et al. (2014) model; the ‘pre-HFF 4 clumps’
is Richard et al. (2014) model with the identification of counter
image in system 3 corrected; the ‘pre-HFF 2 clumps’ is Richard
et al. (2014) model with the identification of counter image in
system 3 corrected, and without the N and NW subtructures; the
‘HFF’s model is the one presented in this paper.

Models X2 rms (arcsec)  dof A 13mul
Pre-HFF 5 clumps ~ 4.99 1.26 25 6.04£0.49
Pre-HFF 4 clumps ~ 4.47 0.84 26 4.5640.14
Pre-HFF 2 clumps  3.23 0.79 36 4.69+032

HFF 2.77 0.79 138 5.61£0.10

5 DISCUSSION

5.1 Comparison with previous mass estimations

The first strong gravitational-lensing analysis of Abell 2744 per-
formed by Smail et al. (1997) using HST/WFPC2 data found a
total mass of M(R < 200kpc) = (1.85 + 0.32) x 10" Me.
Within the quoted uncertainty, this result agrees with our mea-
surement. Much more recently, a combined strong- plus weak-
lensing analysis by Merten et al. (2011) based on HST/ACS
data found a mass for the core component of the cluster of
M(R < 250kpc) = (2.24 £ 0.55) x 10 Mg . Thanks to the
deep HFF imaging used in the present work, our analysis re-
duces the measurement error by an order of magnitude, yielding
M(R < 250kpc) = (2.765 £ 0.008) x 10' Mg . This is the second
measurement of a cluster mass with statistical errors of less than
1 per cent.

As stressed by Jauzac et al. (2014), the precision of mass models
from gravitational-lensing studies depends strongly on the mass
modelling technique. It is thus noteworthy that the pre-HFF analysis
by Lam et al. (2014),° which used a free-form model, predicted the
lens-plane position of 18 multiply imaged systems (comprising 55
images) with a mean rms of ~0.7 arcsec. Our parametric model
predicts the position of 54 multiply imaged systems (comprising
154 images) with mean rms = 0.79 arcsec, a remarkably consistent
value for two very different methods.

More recently, Wang et al. (2015) presented a combined HFF
and GLASS analysis of Abell 2744 using 25 (72) multiply im-
aged systems (multiple images) amongst the 181 summarized in
Table 3, selected using an algorithm based on photometric criteria
(morphology, spectral energy distribution, etc.), and including new
spectroscopic redshifts as summarized in Section 3.2.3. With this
model, they obtain a mass of M(R < 250kpc) = (2.437003) x 10"
M@ (A. Hoag private communication). This value is of the same or-
der of magnitude of what is obtained with our HFF mass model, but
it also highlights the fact that at this point, our models are dominated
by systematic errors.

6 Lam et al. (2014) did not quote a total mass.
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Figure 3. Surface mass density profile obtained with the new HFF con-
straints (red), as well as the HFF model using the Wang et al. (2015) sys-
tems set (cyan). Also shown are the profiles obtained with the two- and
four-component pre-HFF mass models (green and orange, respectively).
The grey shaded region highlights the region which includes multiply im-
aged systems.

5.2 Magnification measurements discrepancy

5.2.1 Comparison between pre-HFF & HFF CATS models

The main discrepancy between pre- and post-HFF data models lies
in the derived magnification maps. The following quoted magnifi-
cation values are sampled from the magnification field at the partic-
ular positions, and best-fitting redshifts of a small subset of lensed
galaxies. Using a set of 13 multiple images common to pre-HFF
and HFF data models, the pre-HFF model of R14 (including the
corrected System 3, and thus featuring four cluster-scale haloes)
provides a median magnification of 3.56 £ (.14, with a position
rms of 0.44 arcsec. When the N and NW substructures are removed,
and therefore only two cluster-scale haloes are included, the same
pre-HFF model yields a median magnification of 4.69 % 0.32 (rms
=0.47 arcsec). We use this comparison to obtain an estimate of
the systematic uncertainty in the mean magnification due to the
model of 0.57. For the exact same set of multiply imaged systems,
our HFF model gives a median magnification of 5.61 0.10 (stat)
+0.57 (sys) (rms =0.41 arcsec). (All these magnification values are
also listed in Table 2.) This discrepancy is not unique to a compari-
son with the model of R14, but is in fact observed for most pre-HFF
models that are publicly available on the Frontier Fields lens model
page.

While the two pre-HFF models referred to above yield median
magnification values that are consistent with each other within 2o,
they are in clear conflict with the much larger magnification values
obtained with the HFF model. This conflict is unlikely to be caused
by the mass components to the N and NW of the cluster core: al-
though, at this stage, these two components are not accurately con-
strained due to a lack of spectroscopic redshifts for their multiple
image systems, the agreement (within the errors) between the pre-
dictions from the two- and four-component models of R14 suggests
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that the impact of the N and NW components on the overall mass
distribution is modest. The significant increase in magnification pro-
vided by our high-precision model is equally unlikely to originate
from the core region, where the much deeper HFF data have enabled
us to correct several misidentifications of multiply imaged systems,
and thus to create a simpler mass distribution. Moreover, we have
demonstrated that the removal of the third cluster-scale halo, used
by R14 to model the cluster core, improved both pre-HFF and HFF
mass models (see Table 2). Therefore, this third mass component
cannot explain the observed discrepancy either. Finally, the HFF
data have allowed us to identify 34 new systems in the core of
Abell 2744, providing a highly constrained mass model of this cen-
tral cluster component. These new identifications have the strongest
impact in the north-western region of the cluster core where previ-
ously almost no multiple image systems had been identified, thus
leaving this part of the cluster almost unconstrained and subject to
extrapolation from other regions of the core. In Fig. 1, we highlight
the pre-HFF multiple image systems in dark blue; counter images
for systems 3, 8, 14, and 18 as well as several entirely new systems
allowed us to map the mass distribution in this region much more
accurately (see Fig. 1). We also extended the region within which
multiple-image systems were found in the core farther towards the
south. As shown in Fig. 3, the mass density in this southern region
is higher than predicted by the pre-HFF models, resulting in higher
magnification in this part of the core. In conclusion, the plethora of
new multiple-image systems discovered in the HFF data has led to
significantly tightened lensing constraints in particular across the
entire cluster core. The resulting set of constraints span the cluster
core more comprehensively. Thereby we have demonstrated that
the HFF model presented here is more precise than all previously
published models for this cluster.

Regarding the total cluster mass, we measure
M(R < 250kpc) = (2.83 + 0.07) x 10" Mg, using the
R14 pre-HFF mass model, in good agreement with the much
tighter value of —M(R < 250kpc) = (2.765 & 0.008) x 10'
M@ obtained by us in this work from HFF data. Our best-fitting
mass model provides an improvement of a factor of ~20 in terms
of the precision. We note that although the magnification differs
strongly between the two models, the total mass measurements are

HFF strong-lensing analysis of Abell 2744 1443

quite robust and not as dependent on the detailed constraints as
magnification measurements are.

5.2.2 The case of SN HFF14Tom

Rodney et al. (2015) presented the discovery of a Type Ia super-
nova, named SN HFF14Tom, at z = 1.3457, behind Abell 2744,
and lensed in the vicinity of the strong-lensing region. Measure-
ments of the apparent luminosity distance based on the SNIa light
curve provide an estimate of the magnification for this object of
usn = 2.03 £ 0.29. Comparing this measurement to the predicted
magnifications from a wide range of lens models (including those
presented here), about half of the tested models are within 1o of the
measured pgy. However, they also find evidence for a mild system-
atic bias: all models that disagree with the SN observations are over-
predicting that magnification. This includes our HFF mass model,
from which we obtain a magnification (ypr miswork = 3.06 £ 0.14.
The model comparisons from Rodney et al. (2015) do not isolate a
single physical or methodological source for such a disagreement.
For example, they find no evidence for a difference between para-
metric and non-parametric models, or for those with both strong-
and weak-lensing constraints versus those with only strong-lensing
constraints.

Using a series of iterations on our baseline model, we have evalu-
ated two possible avenues for mitigating systematic errors that might
introduce such a bias: (a) increase the number of spectroscopic red-
shifts for multiply imaged galaxies and (b) apply very stringent
cuts when selecting a set of multiple images as strong-lensing con-
straints. The model iterations that explore these strategies are as
follows:

(1) The HFF model (our fiducial model in this work), which em-
ploys the 154 most secured multiple images defined in Section 3.2.3,
plus all eight spectroscopic redshifts, including those from Wang
et al. (2015).

(2) The Fewer Spectra model, using the 154 most secured mul-
tiple images but including only four of the eight available spectro-
scopic redshifts (i.e. using only redshifts that were available in the
original HFF modelling challenge).

Table 3. Multiply imaged systems considered in this work. T indicate image
identifications in which we are less confident, which are not included in the
optimization. * indicate high-redshift candidate systems identified by Ishigaki
et al. (2015) not included in our model, but for which we assumed z ~ 8 for
the prediction of the magnification. System #46 is the high-redshift system
identified by Zitrin et al. (2014), and System #60 is a new system discovered
by Wang et al. (2015). However, we include the predicted magnification given
by our model. Some of the magnitudes are not quoted because we were facing
deblending issues that did not allow us to get reliable measurements. The
flux magnification factors come from our best-fitting mass model, with errors

derived from MCMC sampling.

D R.A. Decl.

1.1 00:14:2341  —30:24:14.10
1.2 00:14:23.03  —30:24:24.56
1.3 00:14:20.69  —30:24:35.95
2.1 00:14:19.98  —30:24:12.06
22 00:14:23.35  —30:23:48.21
2.3 00:14:20.50  —30:23:59.63
24 00:14:20.74  —30:24:07.66

Zmodel Mmrg1aw 123
1.50 2699 £0.16 7402
1.50 - 11.6 £ 04
1.50 2720£020 4.8=+0.1
2.20 28.12 £ 0.31 >15
2.20 30.00 £ 0.61 47+£0.1
2.20 - 5.8=£0.1
2.20 2724£024 11.1£02
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Figure 4. Left-hand panel: magnification map obtained from our HFF lens model for a source at zg = 9. Right-hand panel: surface area in the source plane
covered by WFC3 at a magnification above a given threshold p for the present HFF model (red), the HFF model using the set of multiply-imaged systems
defined by Wang et al. (2015) (cyan), the pre-HFF 2 clumps model (green), and the pre-HFF 4 clumps model (orange).

(3) The Strict Selection model, adopting only the 72 multiple
images used by Wang et al. (2015), and all eight spectroscopic
redshifts.

For these three models we obtain, respectively:
purr = 3.06 £ 0.14, UpewerSpecra = 342 £ 0.15, and
M Strict Selection = 3.07 £ 0.13.

Comparing the HFF model (1) to the fewer spectra model (2),
we can infer the impact of spectroscopic redshifts (strategy ‘a’
above). In this case, we see — unsurprisingly — that decreasing
the number of spectroscopic redshifts results in a less accurate
prediction for the SN magnification. Alternatively, by comparing
the HFF model to the strict selection model (3) we can evaluate
the impact of tightening the criteria for choosing strong-lensing
constraints (strategy b). In this case, we see that limiting the set
of multiple images to a ‘high quality’ subset does not deliver any
detectable change in the magnification prediction.

These tests indicate that the most effective tool for improving
model accuracy is by securing more and better spectroscopic red-
shifts of multiply imaged background sources. Furthermore, the
comparison of (1) to (3) suggests that there may be a limit to
the improvement that can be achieved by tightening the selection
of strong-lensing constraints. That is, once you have a robust set
of ~10 spectroscopically confirmed multiple image sets, adding or
subtracting from the remaining pool of candidate multiple images
may have little impact.

Although this SN HFF14Tom test only samples a single sight line,
Fig. 3 shows that the HFF model and the strict selection (Wang+15
systems, in cyan) model have very similar radially averaged density
profiles. In particular, both show a higher density at the edge of the
multiply imaged system region, compared to pre-HFF mass models.
In a forthcoming paper, we will use weak lensing to better estimate
the outskirt density profile.

MNRAS 452, 1437-1446 (2015)

5.3 HFF magnification results

Fig. 4 summarizes our findings by showing the high-fidelity mag-
nification map from our best-fitting HFF mass model for A 2744,
computed for a source at zs = 9, as well as the surface area in
the source plane, o, above a given magnification factor. o, is
directly proportional to the unlensed comoving volume covered at
high redshift at this magnification. The panel b of Fig. 4 shows
o, as a function of w for the three models discussed in this pa-
per, as well as for the HFF models using the image set from
Wang et al. (2015). Following the Wong et al. (2012) suggestion,
we use the area above u = 3 as a metric to quantify the effi-
ciency of the lensing configuration to magnity high-redshift galax-
ies and measure o(u > 3) = 0.44 arcmin® for Abell 2744 with
the present HFF model (and o (1 > 3) = 0.42 arcmin?® for the
HFF model using the set of multiply imaged systems from Wang
et al. (2015). Lower values are measured using the pre-HFF mod-
els, o(u > 3) = 0.36 arcmin® for the pre-HFF model with four
cluster-scale haloes, and o (1 > 3) = 0.29 arcmin?® for the pre-
HFF model with cluster-scale haloes. For MACSJ0416, we quote
o(u > 3) = 0.26 arcmin® from Jauzac et al. (2014), almost a factor
of 2 less. Following the trend of the HFF MACSJ0416 strong-
lensing results, our present analysis of Abell 2744 demonstrates the
power of HFF data to impressively reduce the statistical errors of
both mass and magnification measurements without any changes
in the analysis neither the modelling techniques employed. In the
case of Abell 2744, the threefold increase in the number of multi-
ply imaged systems afforded by the exquisite depth and quality of
the HFF data improved our estimates of the uncertainty by a factor
of ~20 and ~4 for mass and magnification, respectively.

As shown by Atek et al. (2015), our high-precision mass model
derived from the complete set of HFF data (optical and near infrared)
immediately and significantly improves the constraints on the lumi-
nosity function of high-redshift galaxies lensed by this massive lens.
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Similarly, all recent analyses of Abell 2744 and MACSJ0416 based
on HFF observations (Atek et al. 2014, 2015; Grillo et al. 2015;
Jauzac et al. 2014, 2015; Lam et al. 2014; Zitrin et al. 2014; Ishi-
gaki et al. 2015) continue to demonstrate and underline the power
and legacy value of the HFF data.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Table 3. Multiply imaged systems considered in this work.
(http://mnras.oxfordjournals.org/lookup/suppl/doi: 10.1093/mnras/
stv1402/-/DC1).
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