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1 INTRODUCTION

ABSTRACT

MS 0451.6—0305 is a rich galaxy cluster whose strong lensing is particularly prominent
at submm wavelengths. We combine new Submillimetre Common-User Bolometer Array
(SCUBA)-2 data with imaging from Herschel Spectral and Photometric Imaging Receiver
(SPIRE) and PACS and Hubble Space Telescope in order to try to understand the nature of
the sources being lensed. In the region of the ‘giant submm arc’, we uncover seven multiply
imaged galaxies (up from the previously known four), of which six are found to be at a redshift
of z ~ 2.9, and possibly constitute an interacting system. Using a novel forward-modelling
approach, we are able to simultaneously deblend and fit spectral energy distributions to the
individual galaxies that contribute to the giant submm arc, constraining their dust temperatures,
far-infrared luminosities, and star formation rates (SFRs). The submm arc first identified by
SCUBA can now be seen to be composed of at least five distinct sources, four of these within
a galaxy group at z ~ 2.9. Only a handful of lensed galaxy groups at this redshift are expected
on the sky, and thus this is a unique opportunity for studying such systems in detail. The
total unlensed luminosity for this galaxy group is (3.1 & 0.3) x 10'2 L, which gives an
unlensed SFR of (450 & 50) M yr~!. This finding suggests that submm source multiplicity,
due to physically associated groupings as opposed to chance alignment, extends to fainter flux
densities than previously discovered. Many of these systems may also host optical companions
undetected in the submm, as is the case here.

Key words: gravitational lensing: strong-—methods: data analysis— galaxies: clusters:
individual — galaxies: interactions — galaxies: starburst—submillimetre: galaxies.

ever, the limited resolution of Herschel, and of non-interferometric
ground-based observatories such as the JCMT, means that the ef-

Gravitational lensing has been a useful tool for enabling submm
studies. The first results from the Submillimetre Common-User
Bolometer Array (SCUBA) submm camera on the James Clerk
Maxwell Telescope (JCMT; e.g. Smail, Ivison & Blain 1997) used
‘nature’s telescope’ to increase the detection rate of high-redshift
submm sources and effectively beat the confusion limit for single-
dish studies. Now, Herschel (Pilbratt et al. 2010) has found that
lensing is significant for some of the brightest submm sources, with
surveys such as H-ATLAS and HerMES (Herschel Multi-tiered
Extragalactic Survey) turning up a population of sources which are
boosted enough that they can be studied in great detail in follow-up
observations (e.g. Negrello et al. 2010; Wardlow et al. 2013). How-
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fects of source blending are a cause of uncertainty in interpreting
the results (e.g. Karim et al. 2013), made more difficult in practice,
since submm-bright sources are known to be typically merging or
interacting systems, where disentangling the contribution to the
combined spectral energy distribution (SED) is more complicated
still. Even worse — while lensing is nominally achromatic, strong
lensing of inhomogeneous extended sources within finite beams
is not achromatic, since unresolved regions with different spectral
properties can be lensed by different amounts. Thus, the existence
of strong lensing can be a double-edged sword, boosting the bright-
ness of some sources, but making the detailed interpretation of their
SEDs problematic (Serjeant 2012). Multiwavelength studies are key
to understanding these complex systems.

MS 0451.6—0305, a massive galaxy cluster at a redshift of 0.55,
is lensing several background sources and has been imaged at many
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different wavelengths: X-ray (Donahue et al. 2003), optical (Gioia
& Luppino 1994; Takata et al. 2003; Kodama et al. 2005; Moran
et al. 2007; Zitrin et al. 2011), near-infrared (IR; Borys et al. 2004;
Wardlow et al. 2010), mid-IR (Geach et al. 2006), far-infrared (far-
IR; Oliver et al. 2012), mm/submm (Chapman et al. 2002a; Borys
et al. 2004; Wardlow et al. 2010), and radio (Reese et al. 2000;
Berciano Alba et al. 2010). In the optical, the previously discovered
multiply imaged sources include an extended optical arc composed
of a Lyman-break galaxy (LBG) with a spectroscopic redshift of
z = 2911, as well as two extremely red objects (EROs) with a
redshift of z = 2.9 £ 0.1, determined from lensing models (Borys
et al. 2004; Berciano Alba et al. 2010). The two EROs and the LBG
are so close in separation (~10 kpc in projection) that they poten-
tially constitute an interacting system. A fourth multiply imaged
galaxy was discovered by Zitrin et al. (2011).

The steep number counts in the submm make lensing much more
striking in this waveband than the optical — at 850 pm, the SCUBA
map of the cluster core showed a ‘giant submm arc’, by far the
brightest feature in this region of the sky, with an extent of around
1 arcmin, consistent with the blending of multiple galaxy images
which lie near the critical line in the lensing model. If the optical
galaxies are indeed interacting, the submm arc could be attributed
to triggered star formation within one or more of these galaxies.
This scenario is also supported by the radio data, as discussed in
Berciano Alba et al. (2010).

New observations, presented here using the Wide Field Cam-
era 3 (WFC3) on Hubble Space Telescope (HST), SCUBA-2 on
the JCMT, and PACS and Spectral and Photometric Imaging Re-
ceiver (SPIRE) on Herschel,' shed new light on what is generating
the submm arc. With the deeper HST images, and a new LENSTOOL
(Kneib et al. 1996; Jullo et al. 2007; Jullo & Kneib 2009) lensing
model, there are now seven known multiply imaged galaxies (in-
cluding the previously known four) in the region of the submm arc.
Six of these multiply imaged galaxies are consistent with a redshift
of z ~ 2.9 and probably constitute an interacting galaxy group. To
properly analyse the submm imaging of SCUBA-2 and Herschel,
we have developed a new approach to disentangle the confused
components generating the submm arc, which fully exploits the
multiply imaged and differentially magnified nature of the system,
and allows us to directly estimate both the dust temperature, 7,
and the far-IR luminosity, Lig (and thus star formation rate, SFR),
for each of the contributing galaxies. This allows us to investigate
the T4 versus Lig relation for intrinsically less luminous galaxies at
high-z than traditional blank field surveys. Possible evolution of this
relation with redshift allows us to probe the properties of star for-
mation in the early Universe (e.g. Chapman et al. 2002b, 2005;
Koviacs et al. 2006; Pope et al. 2006; Chapin et al. 2011;
Symeonidis et al. 2013; Sklias et al. 2014; Smail et al. 2014; Swin-
bank et al. 2014). Our method significantly improves upon the con-
ventional method of extracting sources, or smoothing and binning
multiwavelength data to the worst resolution, before fitting SEDs
(a process that destroys useful information).

This paper is organized as follows. In Section 2, we introduce
the HST optical data and the lensing model. In Section 3.1, we
present the SCUBA-2 data and in Section 3.2 the Herschel data. In
Section 4.1, we present the SED model and image reconstruction
methods and in Section 4.2 the model fitting procedure. Section 5.1

! Herschel is an ESA space observatory with science instruments provided
by European-led Principal Investigator consortia and with important partic-
ipation from NASA.
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discusses the results and Section 6 finishes with the conclusions.
Throughout we employ a A cold dark matter (ACDM) cosmology
with Q, = 0.7, Q,, = 0.3, and Hy = 70 km s~/ Mpc_l.

2 HST AND THE LENSING MODEL

Although the main motivation for our study comes from the new
submm data, it makes the most scientific sense to first describe
the optical data. We retrieved previously unpublished observations
using WFC3 on HST from the Canadian Astronomical Data Centre
(programme 11591). The observations were taken at 1.1 and 1.6 pm
with 2400 and 2600 s exposures, respectively. A small pointing shift
in the data, with respect to HST data published by Borys et al. (2004)
and Berciano Alba et al. (2010), was corrected by aligning to the
older HST data in this field. These observations reveal a host of new
red objects in the region of the submm arc (Fig. 1).

Using LENsTooL (Kneib et al. 1996; Jullo et al. 2007; Jullo &
Kneib 2009) and a new lensing model for the cluster, we were able
to identify three new multiply imaged galaxies within the HST im-
ages in the region of the submm arc. Table 1 lists the positions, am-
plifications factors, and redshift estimates derived from our model
for each of the seven multiply imaged galaxies within the region
of the submm arc. Fig. 1 shows the close positional arrangement
of the multiple images with respect to the ‘giant submm arc’ and
the available submm data. Enlarged cut-outs of the multiply im-
aged galaxies are shown in Fig. 2. Borys et al. (2004) have already
suggested that Galaxies 5, 6, and 7 are likely to be an interacting
group at z ~ 2.9. Our new model supports their analysis and adds
Galaxies 2, 3, and 4 to the same group, expanding it to a group of
six galaxies at z ~ 2.9. Galaxy 1 is found to have a slightly higher
redshift of z = 3.11 £ 0.03 derived from the lensing model, and
thus is not likely associated with the interacting group.

Galaxy 8 is not multiply imaged, but has similar colours to the rest
of the multiply imaged galaxies and has a disturbed morphology. If
it is at the same redshift as the interacting group, our lensing model
predicts no multiple images, consistent with the observations but
yielding no additional constraints on its redshift from the lensing
model. However, we have found that submm emission originating
from near its position is important for reproducing the morphology
of the submm arc (see Section 5.1), and thus we have included it in
our model (see Section 4).

Galaxy 9 is a foreground galaxy at z = 0.157 and has associated
Multiband Imaging Photometer (MIPS) 24 um (not described here)
and PACS emission (see Section 3.2); thus, it is also included in our
model as a possible source of submm emission.

Itis apparent that the nature of the submm arc is significantly more
complicated than previously thought and is likely a combination of
several of the galaxies described above. More details concerning
the LENsTOOL modelling will be presented in a forthcoming paper by
Swinbank et al. (2014).

3 NEW SUBMM IMAGING

3.1 SCUBA-2

The cluster was observed with SCUBA-2 (Holland et al. 2013) on
the JCMT during commissioning, as part of ‘Guaranteed Time’
for the instrument team. A total of 12.7 h between 2010 February
and 2012 February achieved an rms of 15 mJy beam™' at 450 pm
using 2 arcsec pixels and 1.2 mJy beam™' at 850 pum using 4
arcsec pixels. Since the submm arc had already been observed at
850 um using SCUBA (Borys et al. 2004), the motivations for the
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Figure 1. Top-left panel: HST WFC3 colour composite (red: 1.6 pm, green: 1.6 + 1.1 pm, blue: 1.1 pm), clearly showing the main optical arc (roughly
vertical, at about RA =4154™1259), offset slightly from the abundance of red images along the submm arc. The contrast has been stretched to highlight the
faint arcs and multiply imaged galaxies. Top-right panel: HST image (1.6 4 1.1 pum) with the positions of the multiply imaged galaxies labelled numerically
from 1 through 7, with sub-groups of images labelled as a, b, and c. The galaxy discovered by Zitrin et al. (2011) is labelled as Galaxy 1 and the two EROs
and the LBG discovered by Borys et al. (2004) are labelled Galaxy 5, 6, and 7, respectively. The red contour denotes the critical line of the lensing model
for a redshift of z = 2.911, while the black contours represent the SCUBA-2 850 um emission. Galaxy 8 is a singly imaged source with colours similar to
those of the other multiply imaged galaxies, and has been found to be important when trying to reproduce the morphology of the submm arc. Galaxy 9 is a
foreground galaxy at a redshift of z = 0.157. Bottom: the ‘giant submm arc’ as seen by Herschel PACS and SPIRE and SCUBA-2 over more than a factor of 5
in wavelength range. The red circles plotted on the shortest and longest wavelength images mark the positions of the galaxies depicted in the top-right panel.
It is obvious that this string of multiply imaged z ~ 2.9 galaxy group sources are responsible for generating the majority of the submm arc. However, they are
too spatially confused for traditional deblending techniques.

new observations were (1) to confirm the bright lensed structure are constrained by both resolution at 850 pm and sensitivity at
with SCUBA-2, without the complications introduced by SCUBA’s 450 pm, and thus only limited conclusions can be obtained from
requirement to chop (Borys et al. 2004), and (2) to detect the lensed these two channels alone. Fig. 1 shows the SCUBA-2 data alongside
structure at 450 pm, at a resolution better by about a factor of 2, the Herschel SPIRE and PACS images for comparison, and also it
with the hope of resolving the submm arc into individual sources. shows smoothed 850 pm contours plotted over the HST imaging.

The data were reduced using a configuration file optimized for
blank fields using the sMURF data reduction software for SCUBA-2

(Chapin et al. 2013). 3.2 Herschel

At 850 um, the submm arc is detected at high signal-to-noise Confusion-limited images of MS 0451.6—0305 using Herschel
by SCUBA-2 (see Fig. 1). Its brightest part is elongated roughly SPIRE (Griffin et al. 2010; Swinyard et al. 2010) were taken as
north—south, and at the southern end curves to the west, just as in part of the guaranteed time programme HerMES (Oliver et al. 2012).
the original SCUBA image. The higher resolution 450 pm data trace The cluster was imaged at the three SPIRE wavelengths of 250, 350,
a largely similar structure, but at a lower relative sensitivity, with and 500 wm with full width at half-maximum (FWHM) beam sizes
a signal-to-noise ratio of about 3 after smoothing with the beam, of 18.1, 24.9, and 36.2 arcsec, respectively (Griffin et al. 2010).
for the brightest portion of the lensed emission. The SCUBA-2 data A total of 18.3 h of observation reached an rms of 1.5, 1.5, and
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Table 1. List of images for the eight high-z galaxies, as well as one low-redshift interloper at z = 0.157. The galaxy IDs denote each galaxy, as shown
in Fig. 1, and the letters indicate the multiple images of each galaxy (with a being the most northern images in each case and ¢ being the most southern
images). The position of image 4.b, as inferred from the lensing model, is obscured by foreground cluster galaxies. The amplification factors are derived
from the LENsTOoOL modelling in Section 2. The redshift of Galaxy 8 is unknown, but has similar colours to the other high-redshift multiply imaged
galaxies, a disturbed morphology, and was found to be important for reproducing the SW extension of the submm arc; thus, we assume a nominal
redshift of 2.9. The superscript letters on the redshifts denote the method by which they were derived: a for redshifts derived from the lensing model, b

for a spectroscopic redshift, and ¢ for a nominally chosen value. The reported magnitudes are AB magnitudes.

Gal ID RA Dec. F160W F110W Amplification Redshift Notes
12000 J2000
la 04:54:13.42  —3:00:43.0 21.94+0.01 23.26+0.01 3.80 £ 0.06 3.11 £ 0.03¢ (Takata et al. 2003; Zitrin et al. 2011)
1.b 04:54:12.65 —3:01:16.5 2091 +£0.01 22.27 £0.01 2041 (Takata et al. 2003; Zitrin et al. 2011)
lc 04:54:12.17  —3:01:214 21.86+0.01 23.18 £0.01 7.3+£0.1 (Takata et al. 2003; Zitrin et al. 2011)
2.a 04:54:13.15  —3:00:38.4  24.15+0.03 2474 £0.05 2.86 £ 0.04 2.91 £ 0.04¢
2.b 04:54:12.58  —3:01:11.9  23.62+0.03 24.25+0.05 8.1+04
2.c 04:54:11.79  —3:01:20.2  22.88+£0.02 23.85 £ 0.04 6.1 +0.1
3.a 04:54:13.04  —3:00:39.2 2498 £0.04 26.28 £ 0.07 3.19 £ 0.05 2.94 £ 0.04¢
3b 04:54:12.68  —3:01:09.1 2327 +0.02 24.09 £0.05 2.98 £0.05
3.c 04:54:11.46  —3:01:21.7 2427 +£0.04 2549 £+ 0.06 431 +0.08
4.a 04:54:12.82 —3:00:39.3  24.82+0.05 26.39 £0.08 3.57 £0.06 2.94 £ 0.04¢
4b 04:54:12.53  —3:01:04.5 26.64 £0.07 27.50 £ 0.09 62402 Lensing model position
4.c 04:54:11.03  —3:01:224 2470+ 0.05 25.90 £ 0.07 3.36 £0.06
S5.a 04:54:12.81  —3:00:44.4  21.73+£0.01 23.51+0.01 5340.1 2.89 £+ 0.03¢ ERO-B (Borys et al. 2004)
5b 04:54:12.69  —3:01:01.5 21.81+0.01 2347 £0.01 6.4+£0.1 ERO-B (Borys et al. 2004)
S.c 04:54:10.93  —3:01:24.6 2197 +£0.01 23.78 £ 0.02 2.89 + 0.04 ERO-B (Borys et al. 2004)
6.a 04:54:12.81  —3:00:47.5 22.62+0.02 24.55+£0.06 82+0.2 2.86 £ 0.03¢ ERO-C (Borys et al. 2004)
6.b 04:54:12.72  —3:00:59.6 2441 +£0.04 26.60 £+ 0.15 4.98 +0.08 ERO-C (Borys et al. 2004)
6.c 04:54:10.88  —3:01:25.8  22.85+0.02 24.67 £0.09 2.76 £ 0.04 ERO-C (Borys et al. 2004)
7.a 04:54:12.95  —3:00:54.8 21.80£0.01 22264+ 0.01 3342 2911 =+ 0.003° LBG (Borys et al. 2004)
7.b 04:54:12.93  —3:00:57.5 2229+0.01 22.76 £0.01 45+3 LBG (Borys et al. 2004)
7.c 04:54:11.11  —3:01:26.6  23.66 £0.02  24.23 £+ 0.03 2.87 +£0.04 LBG (Borys et al. 2004)
8 04:54:10.55  —3:01:27.3  22.77+£0.02 23.50 £0.03 1.73 £ 0.04 2.9¢ Singly imaged
9 04:54:12.85  —3:01:09.1 1891 £0.01 19.19 £0.02 - 0.15719° Foreground galaxy

Figure 2. HST cut-outs at the locations of the seven multiply imaged galaxies listed in Table 1 with each column displaying the multiple images of a single
galaxy. The letters refer to the three sub-groups of images labelled in Fig. 1. Image 4.b is not shown because it is obscured by foreground galaxies. We show a

scale bar for all panels in the lower right.

1.7 mJy beam ™! at 250, 350, and 500 pm, respectively, with pixel
sizes of 6, 8.3, 12 arcsec. A detailed description of the map-making
procedure is given in Levenson et al. (2010), and the most recent
updated method described in Viero et al. (2013). To ensure accurate
astrometry, we have stacked on the positions of over 900 Spitzer
MIPS 24 pum sources that overlap with the field and have corrected
a 1.3 arcsec shift in RA and 0.4 arcsec shift in Dec. The uncer-
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tainty in this correction is 0.2 arcsec, calculated by bootstrapping
the 24 pwm source list.

Two PACS (Poglitsch et al. 2010) observations taken as part of
the PACS Evolutionary Probe key programme (Lutz et al. 2011) are
also available and were processed using the ‘multiple obsid scan-
MapDeepSurvey’ pipeline within HiPE 10 (Ott 2010). The default
units were converted from Jy pixel™! to Jy beam™' by multiplying
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by the beam area and dividing by the pixel area. The beam area
for the 160 um point spread function (PSF) was found to be 180
arcsec,” and was computed by integrating over the beam profile
provided by the NASA Herschel Science Center. A total of 5.2 h of
observation reached an rms of 2 mJy beam™! using 3 arcsec pixels.
The FWHM at 160 wm is 11.6 arcsec. For galaxies at z ~ 3, 70 um
PACS data are expected to be dominated by warm dust, which is
not well reproduced by the simple SED model adopted in Section 4,
and are therefore not used in this study.

The submm arc is detected across all the available submm bands
(see Fig. 1), but with the large number of multiply imaged galaxies
(seen in Fig. 1) that are strung along the submm arc, it is unclear
which galaxies are contributing. The morphology of the submm arc
seen in each image is a function of both the telescope PSFs and
the SEDs of the contributing galaxies. In addition to determining
which galaxies are contributing, we would also like to constrain their
physical properties. With the lensing model well constrained by the
HST observations (see Section 2) and this wealth of multiwavelength
data, it is clear that a comprehensive modelling approach is required.

4 A FRAMEWORK FOR FITTING SEDS TO
CONFUSED COUNTERPARTS

Both Borys et al. (2004) and Berciano Alba et al. (2010) performed
limited modelling of the optical and radio counterparts, respec-
tively, in an attempt to reproduce the observed submm arc. Their
approach of smoothing different plausible components with the
SCUBA 850 wm beam showed that the LBG and two EROs are
likely contributors, but neither could fully reproduce the observed
submm arc. With new SCUBA-2 and Herschel observations, we are
able to expand on this approach and have developed a framework for
fitting SEDs to the confused optical counterparts, fully exploiting
the strong gravitational lensing of this system.

While source plane reconstruction of multiply imaged galaxies is
an effective approach for high-resolution imaging (e.g. Kochanek
& Narayan 1992; Colley, Tyson & Turner 1996), it fails in the con-
fused regime. Because the galaxies blend together in the submm,
it is impractical to trace photons back through the lensing potential
and into the source plane, since much of the photon positional in-
formation has been lost due to the large telescope beams. Instead,
we use the high-resolution HST imaging to identify candidate coun-
terparts to the submm galaxies (SMGs) in the optical, and use their
positions as priors for the origin of any submm emission. We then
forward-model the galaxy SEDs through the telescope filters, and
use the amplification factors derived from the lensing model for
each galaxy image, to reproduce the submm arc in each wavelength
channel separately. Essentially, we are fitting SEDs of galaxies di-
rectly to the data, without the need for first deblending and extracting
sources or smoothing and re-binning our data to the worst resolution
(a process that destroys useful information).

Our method is complementary to that employed by Fu et al.
(2012), where they forward-model a single submm source through
the gravitational lens, allowing the position to vary, to reproduce
the observed morphology of their Submillimeter Array (SMA) and
Very Large Array observations. With their model, they were able
to show that the source of the gas and dust emission was offset
from the optical counterpart. However, the gravitational lensing in
this case is galaxy—galaxy lensing and the observations have much
higher resolution than either the SCUBA-2 or Herschel observa-
tions presented here. The gravitational lensing presented here is
for a group of galaxies being lensed by a foreground cluster and
thus the set of multiple images subtends a much larger area on

the sky than galaxy—galaxy lensing. The optical imaging provides
positions which are more than adequate for our purposes, since,
with the resolutions of SCUBA-2 and Herschel, any small offset of
the submm emission from their optical counterparts will not have
a strong effect on the morphology of the submm arc; the strongest
effect of an offset would be seen in the relative amplifications of
the multiple images. Our method is novel in that we reproduce the
morphology of the submm emission across multiple wavelengths,
while simultaneously fitting source SEDs, thus tying together the
multiwavelength data. These two complementary techniques (de-
tailed source plane reconstruction and forward-modelling SEDs at
fixed source positions) could be combined in the future, given the
proper observations.

4.1 Model SED and image reconstruction

The first ingredient we need is an SED model for our galaxies in
the submm. For the longer wavelength channels of SCUBA-2 and
Herschel SPIRE, the SED of a galaxy is well represented by a
modified blackbody with a single temperature:

S(V, Td,iv Ziy Ct) =
A\ P ) -1
C[ (V(l +Zl)> (U(l +Zi))3 |:€Xp (hl)(l +Z[)) _ 1:| i (1)
Vo kg Ty i

where S is the flux density, v is the observed frequency, vy =
1.2THz = ¢/(250 um), B is the dust emissivity, Ty ; is the dust
temperature, z; is the redshift, C; is a normalization factor, and the
subscript i denotes the galaxy. We have virtually no constraining
power on the dust emissivity, primarily due to the confused nature
of the data, and we therefore fix it to a nominal value of 1.5. Due to
the high redshifts of our galaxies, the shorter wavelength channels
of Herschel are dominated by hot dust and are better represented by
a power law on the Wien side, i.e.

S, Ty, zi, Ci) o v™7, @3]

where the power-law amplitude and the frequency at which to switch
between the power law and modified blackbody are chosen so that
the transition is smooth (i.e. the two functions and their first deriva-
tive are continuous); such a model has been used by Pascale et al.
(2009), for example. For the same reason that we fix the value of
the dust emissivity, we fix & to a nominal value of 2.0 as found
by Casey (2012). We then propagate the individual galaxy SEDs
through each telescope bandpass filter:

J S, Ty, zi, C)Ty(v)dv
J 1) fy(v)dv

where S, is the galaxy flux density averaged over channel b, T,(v)
is the transmission for channel b, and f,(v) is a calibration param-
eter. For Herschel, f,(v) = vo/v, due to assuming a power-law
SED shape for observed sources, where vy is equal to ¢/(160 pm),
¢/(250 um), ¢/(350 um), and ¢/(500 pm) for 160, 250, 350, and
500 pum, respectively. We assume a constant calibration factor,

Sp(Tui, zi, C) =

; 3

fr(v) = 1, for SCUBA-2, since the bandpass filters are relatively

narrow and we are firmly on the Rayleigh—Jeans side of the spec-
trum.

Using the lensing model, the SCUBA-2 and Herschel images are
reconstructed as follows:

My(x) = > Aii8y(Tui, i, COPY(x — 1)) + By )
i
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Here M, (x) is the flux at position x for frequency channel b, A;;
is the amplification factor for image j of Galaxy i derived from
the lensing model, P,(x —r;;) is the response function (i.e. the
telescope beam), with r;; denoting the position of image j of Galaxy
i, and By, is the image background.

The response functions for the Herschel SPIRE channels are ap-
proximated as Gaussians with FWHM of 18.1, 24.9, and 36.2 arcsec
at 250, 350, and 500 pm, respectively, and 11.6 arcsec at 160 um
for Herschel PACS. Due to the high-pass filtering of the SCUBA-2
data, we need to ensure that we have an accurate model of the effec-
tive response function; thus, we simulate 7 and 15 arcsec FWHM
point sources, for the 450 and 850 um data, respectively, within
the sMURF data reduction software, and approximate the effective
response function by fitting double Gaussians to their resulting
shapes. The result for the 450 um response function is a Gaussian
with FWHM of 6.86 arcsec and an amplitude of 0.893, plus a second
Gaussian with FWHM of 34.6 arcsec and amplitude of —0.015. The
result for the 850 um response function is a Gaussian with FWHM
of 13.9 arcsec and amplitude of 0.869, plus a second Gaussian with
FWHM of 25.9 arcsec and amplitude of —0.077.

4.2 Model fitting

The SED model adopted is non-linear and due to the confused nature
of this system, we expect there to be some degeneracies between
fit parameters. To obtain uncertainties for each fit parameter, de-
termine the degeneracies between them, and efficiently explore the
large parameter space required, the model is fitted to the data us-
ing an Markov Chain Monte Carlo (MCMC) Metropolis—Hastings
algorithm (Metropolis et al. 1953; Hastings 1970) with Gibbs sam-
pling (Geman & Geman 1993). This method has become widely
used in astronomy, especially for fitting cosmological parameters
(Lewis & Bridle 2002). The method requires a likelihood function
to be defined to which the model is fitted. Since the SCUBA-2 450
and 850 pm and PACS 160 pm data are limited by instrumental
noise, the log -likelihood functions for these data are calculated as
follows:

(Dp(x) — My(xi)/cp)>
ZGﬁk

; &)

—IOth :X},-f—z
k

where subscript b denotes the band, D, (x;) are the data, x; denotes
the position of pixel k in the image, o2, is the instrumental noise for
pixel k, ¢;, is the instrument calibration factor (with a mean value of
unity), and X}, is a constant.

The log -likelihood function for the Herschel SPIRE data is more
complicated, since we are limited by extragalactic confusion noise
as opposed to instrumental noise. The confusion limit in each chan-
nel is 5.8, 6.3, and 6.8 mJy at 250, 350, and 500 pm, respectively
(Nguyen et al. 2010). This means that the residuals after subtract-
ing the model will be (i) much larger than instrumental noise,
(ii) correlated spatially with the beam, and (iii) correlated across
wavelengths. This is because confusion noise is real signal gen-
erated from many faint sources that are all blending together to
produce an unknown and correlated variable background. Taking
confusion into account, the log -likelihood function for the Herschel
SPIRE data is therefore

1
— log Lspire = Xspire + iRTCq R, (6)

where R is a one-dimensional list of the residuals, and contains
all three channels of SPIRE data (R = {Djso(x) — Mas0(xx)/c250,
Diso(xx) — Maso(x1)/c3s0, Dsoo(xi) — Msoo(x)/cso0}), and Cis

MNRAS 445, 201-212 (2014)

the inverse covariance matrix for the residuals. The covariance ma-
trix, C, is estimated using the Great Observatories Origins Deep
Survey (GOODS)-North HerMES field, also observed with Her-
schel SPIRE. This is the largest blank Herschel field with instru-
mental noise similar to that of the MS 0451.6—0305 data, and has
an area of 0.1 deg?. To estimate the covariance matrix, we extract
cut-outs from the GOODS-North field, with the same dimensions
as the MS 0451.6—0305 data, and calculate the covariance between
all the pixels. We then average the covariance matrices of each
set of cut-outs to obtain an estimate of the true covariance matrix,
ignoring regions with standard deviations greater than twice the
confusion limit in any channel to avoid regions with significantly
bright sources. The total log -likelihood is then

log Lo = log Lgso + 1og Lyso + log Lspirg + 1og Ligo. @)

Flux calibration uncertainties, ¢, are taken into account during
the fitting procedure by setting priors on ¢, for each band. The
flux calibrations of the 160, 450, and 850 um data are 5, 2.5, and
5 percent, respectively (Muller et al. 2011; Dempsey et al. 2013).
SPIRE waveband calibrations are correlated, with a covariance
matrix

0.001 825 0.0016 0.0016
C =] 0.0016 0.001 825 0.0016 |, ®)
0.0016 0.0016 0.001 825

where the calibration is normalized to unity (Bendo et al. 2013,
4 percent correlated uncertainty between bands plus 1.5 per cent
uncorrelated between bands). The calibration uncertainties are a
small effect when compared to the instrumental and confusion noise
within the observations.

We set no prior on the amplitude of the modified blackbodies or
each unknown image background. A hard prior, 7 > 10K, is moti-
vated by the fact that neither Dale et al. (2012) nor Amblard et al.
(2010) found any colder Herschel galaxies in either the nearby or
distant Universe, respectively. While we have corrected the relative
pointing of Herschel and HST, we are unable to find any significant
pointing shift in the JCMT due to the lower signal-to-noise in the
map than what is available in the Herschel SPIRE observations. The
nominal pointing accuracy is 1.5 arcsec, and thus we include this
as a prior and marginalize over any possible pointing offset along
with the image backgrounds.

Table 1 lists the possible contributing galaxies in our model. This
consists of the seven multiply imaged galaxies, one singly imaged
red galaxy (Galaxy 8) with disturbed morphology, and one fore-
ground galaxy (Galaxy 9) with associated MIPS 24 pm and PACS
160 pm emission. This brings the total to nine possible contributing
galaxies. Their positions are derived from the HST data and their
amplification factors are derived from the lensing model. The red-
shift of Galaxy 8 is set to a nominal value of z = 2.9 and we report
the lensed far-IR luminosity and SFR for this galaxy. Galaxy image
positions, amplification factors, and redshifts are held fixed during
the fitting procedure since their uncertainties are small.

By assuming that the UV radiation of hot young stars is com-
pletely absorbed and re-radiated at longer wavelengths by interven-
ing dust, as well as assuming an initial mass function and a starburst
model, it is possible to estimate a rough conversion factor between
bolometric luminosity and SFR (e.g. Lehnert & Heckman 1996;
Meurer et al. 1997; Kennicutt 1998). Here, we convert far-IR lu-
minosities, calculated by integrating the rest-frame SEDs from 8 to
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1000 pum, to SFRs using the relation estimated by Murphy et al.
(2011):

SFR = 149 x 107""M@ yr 'L /L. )

When reporting the uncertainties in our SFR values for each galaxy
in our model, we consider only the uncertainty in far-IR luminosity
and do not include any uncertainty in this relation.

5 RESULTS AND DISCUSSION

5.1 A compact group of galaxies at high redshift

All galaxies listed in Table 1 are included in our model and when
fitted, we can clearly identify Galaxies 2, 6, 7, 8, and 9 as the sources
of submm emission generating the submm arc. Fig. 3 shows the po-
sitional arrangement of the z ~ 2.9 galaxy group in the source plane
with squares highlighting the galaxies responsible for generating the
majority of the submm arc. Fig. 5 shows the data, the best-fitting
model, and the residuals after subtracting the model from the data.
Also included in the figure is a decomposition of the submm arc
into the unique contributions of each galaxy to the total best-fitting
model. Fig. 6 shows the MCMC likelihood contours for temperature
and far-IR luminosity for these five galaxies, and Table 2 lists the
results along with SFRs and upper limits for Galaxies 1, 3, 4, and 5.
Itis apparent in the MCMC likelihood contours that there is a strong
degeneracy between the far-IR luminosities of Galaxies 6 and 7.
Fig. 6 shows a degeneracy between the luminosity of Galaxy 6
versus Galaxy 5 in our model, due to their close proximity. While our
model prefers emission from Galaxy 6, Berciano Alba et al. (2010)
found that Galaxy 5 has associated radio emission, and hence we
might consider that the submm emission attributed to Galaxy 6 in
our model actually originates from Galaxy 5. We can test this hy-
pothesis using the far-IR-to-radio correlation to predict a luminosity
for Galaxy 5 and by also removing Galaxy 6 from our model and
performing the fitting procedure again (thus, forcing our model to
attribute a portion of its luminosity to Galaxy 5), and then compar-
ing the results. When doing so, we find that Galaxy 5 is attributed a
luminosity of (4.5 £ 0.9) x 10'' L by our model (i.e. essentially
all the luminosity of Galaxies 5 and 6 together). Using the peak flux

30 kpc e
3.8" (6

Source Plane

Figure 3. Source plane arrangement of the z ~ 2.9 group galaxies. Galaxies
2 through 7 are consistent with being at this redshift. Galaxy 1 lies at a
slightly higher redshift, while Galaxy 8 is assumed to be part of the z ~ 2.9
group. The galaxies found to be generating the majority of the submm arc
are highlighted with red backgrounds and scale with their measured far-
IR luminosity. The galaxies are spread over no more than ~100 kpc in
projection, with many components separated by ~ 10-20 kpc.
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Figure 4. Dust temperature versus far-IR luminosity for several samples of
galaxies. The solid line shows the trend found by Symeonidis et al. (2013)
using Herschel for z ~ 0-1.5 galaxies, with the dashed lines showing the
dispersion of the sample. The green squares are the LESS SMGs followed up
by Swinbank et al. (2014) with ALMA and Herschel, with z ~ 1-6. The blue
squares are the results of stacking on narrow-band [O 11] emitters (left) and
MIPS+radio sources not detected in SPIRE/SCUBA-2 (right) foraz = 1.6
cluster (Smail et al. 2014). The red squares are a sample of lensed SMGs
discovered with Herschel (Sklias et al. 2014) with z ~ 1.5-3. The black
circles are the four z ~ 2.9 group galaxies that compose the submm arc of
MS 0451.6—0305. Both Swinbank et al. (2014) and Symeonidis et al. (2013)
found that high-z galaxies are on average cooler than the z = O relation, while
Sklias et al. (2014) and our results report warmer than average results for
high-z galaxies. The dotted red line represents the SPIRE 250 pm detection
limit as a function of dust temperature for z = 2.9 galaxies, illustrating the
usefulness of gravitational lensing, to push to fainter objects, when studying
high-z SMGs.

density measurements of Berciano Alba et al. (2010) at 1.4 GHz and
the amplification factors in Table 1, the unlensed 1.4 GHz flux den-
sity for Galaxy 5is (11 & 1) pJy. With these two measurements, we
can calculate the logarithmic ratio of the far-IR flux to radio flux den-
sity, gir =10g10[(Sir/3.75 x 102 Wm=2)/(S;4/Wm~2Hz"")]. We
assume a power law for the radio SED, S.,4;, o v, with o = —0.8,
and we K-correct for redshift. We find ¢gg = 1.67 £ 0.09, which
is 20 below the relation found by Ivison et al. (2010b) for high-z
galaxies, gig = 2.3 £ 0.3. This indicates that Galaxy 5 may have
excess radio emission, suggesting contribution from an AGN, rather
than radio emission associated with star formation. For this reason,
we tend to follow the results which come from our model fitting,
i.e. that Galaxy 6 dominates the far-IR emission. Nevertheless, it
remains the case that interpretation of this pair is difficult with
existing data.

Using Atacama Large Millimeter Array (ALMA) to obtain high-
resolution imaging, Hodge et al. (2013) recently showed that many
of the SMGs previously detected in the LABOCA ECDFS Sub-
millimeter Survey (LESS) are in fact composed of multiple fainter
sources. The group of galaxies behind MS 0451.6—0305, consisting
of Galaxies 2 through 8, is another good example of SMGs being
composed of several sources. Unlensed, this z ~ 2.9 group would
appear as a point source to any of the current single-dish submm
telescopes, with flux densities of 3.8 £ 0.5, 8.5 0.9, 10.4 £ 1.1,
8.0 £ 0.9, 89 £ 1.0, and 2.5 &+ 0.3 mJy at 160, 250, 350, 500,
450, and 850 um, respectively. This would put the group below the
LESS survey detection threshold of 4.5 mJy at 870 um; hence, we
are seeing evidence of submm source multiplicity due to physically
associated groupings, as opposed to chance alignment, extending to
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Figure 5. Decomposition of the submm arc into each contributing galaxy for the best-fitting model, the total emission for the best-fitting model, the data, and
the residual after subtracting the model from the data. The columns display the contributions for individual galaxies across the six wavelength channels. Due
to the differential amplification and unique positions of the multiple images, the emission from each galaxy is morphologically unique and this is what enables
us to disentangle their contributions. The data and residual components for the SCUBA-2 channels have been smoothed with the FWHM for each respective
wavelength. The pixel sizes are 3, 6, 8.3, 12, 2, and 4 arcsec at 160, 250, 350, 500, 450, and 850 pm, respectively.

fainter flux densities. On account of the frequency of submm source
multiplicity, Hodge et al. (2013) suggest that many are likely to be
physically associated. Our findings support this claim and suggest
that these systems could be part of larger groups, many of which are
too faint to be detected in the submm at current depths. The coin-
cidence of being highly magnified by a massive foreground cluster
allows us to study this group in much greater detail than would oth-
erwise be possible, but we cannot infer how rare such SMG groups
might be.

Although not as striking, a few analogues of our lensed star-
forming galaxy group are found in the literature. First of all SMM
J09431+4700, a SCUBA-selected hyperluminous IR galaxy be-
hind A851 at z = 3.35 (Cowie, Barger & Kneib 2002; Ledlow
et al. 2002). It is accompanied by an optically selected galaxy,
DG 433 (Trager et al. 1997), separated by 400 km s~! in redshift
and 1 Mpc in projection. Secondly, there is SMM J16359+4-6612, a
faint SCUBA-selected galaxy behind A2218 at z = 2.5165 (Kneib
et al. 2004; Sheth et al. 2004). It is accompanied by two optically
selected galaxies, separated by only 100 km s~! in redshift and
130 kpc in projection. With more unlensed analogues of groups
and recent mergers in the literature (e.g. Frayer et al. 1998; Ivison
et al. 1998, 2010a, 2013; Borne et al. 2000; Tacconi et al. 2008)
and the ALMA multiplicity results from Hodge et al. (2013), it is
clear that mergers and interactions play an important role for many
SMGs. These distant galaxy groups are akin to nearby compact
groups (Hickson 1982), with the z ~ 2.9 galaxy group presented
here reminiscent perhaps to Stephan’s Quintet (Stephan 1877), due
to the remarkable number of galaxies associated with this submm
source. There are surely more such systems to be discovered.
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However, we believe that situations like we found here are fairly
rare, and it is possible that what we have described in this paper
is the largest compact group that is lensed by a rich galaxy cluster
on the entire sky. Although a detailed estimate of the probability
is clouded by the usual problems with a posteriori statistics (i.e. if
we only consider systems exactly like we found, then the probabil-
ity would be arbitrarily small), we can carry out a crude estimate
as follows. The MS0451 cluster has a mass of around 10'> M,
(Donahue et al. 2003) and an Einstein radius of around 30 arcsec.
Conservatively taking 3 x 10" Mg as the limit for rich clusters,
surveys (like the Planck catalogue of Sunyaev—Zeldovich sources;
Planck Collaboration XXIX 2013) suggest that there are around
2000 such clusters on the sky, and hence the sum of the areas
covered by their Einstein radii (where strong lensing is possible) is
about 107> of the sky. Assuming that a compact group has a mass of
atleast3 x 103 Mg, then the Press—Schechter formalism (Press &
Schechter 1974) suggests a comoving density of about 10~ Mpc >
at z = 3 for such groups. Taking a volume that covers Az = 1 cen-
tred on z = 3, we estimate 500 000 such groups on the sky. Finally,
multiplying this by the fraction of the sky that might be strongly
lensed by rich clusters, we find that there will only be a handful of
high-redshift compact groups lensed by a rich cluster.

5.2 Physical properties

The SED fits within our model allow us to investigate the physical
conditions of each component of the submm arc. Fig. 4 plots Ty
versus Lig for the four z ~ 2.9 galaxies constrained by our model
with trends and data found by Symeonidis et al. (2013), Swinbank
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Figure 6. MCMC likelihood contours for temperature and far-IR luminosity for the galaxies that were found to contribute to the submm arc. The contour
levels are 68, 95, and 99.7 per cent confidence intervals. Because of the morphological uniqueness of the lensing for each individual galaxy, there are few
degeneracies here, despite the images of the system being spatially confused. The most obvious degeneracy is between the far-IR luminosity of Galaxies 6
and 7. Top-right panel: the likelihood contours for the model show a degeneracy between Galaxies 5 and 6 in far-IR luminosity. Galaxy 5 has associated radio
emission, but it exceeds that expected from SFR alone, thus suggesting an AGN component.

et al. (2014), Sklias et al. (2014), and Smail et al. (2014). As de-
scribed in Symeonidis et al. (2013), studying the relation between
these two quantities gives insight into the nature of star formation
within galaxies: a flat relation with 7y = constant implies that star
formation regions become more extended when increasing far-IR
luminosity, while something close to the Stefan—Boltzmann law,
Lir o< T*, would imply constant star formation region size (for
optically thick star-forming clouds). Symeonidis et al. (2013) used
Herschel SPIRE and PACS to probe this relation and found the trend
plotted as a solid black line in Fig. 4, with dashed lines showing the
dispersion. When comparing low- and high-redshift galaxies, they
found that the latter were up to 10 K cooler than their low-redshift

counterparts, suggesting evolution with redshift towards more ex-
tended star-forming regions in the early universe. Swinbank et al.
(2014) found a similar trend with high-redshift galaxies being on
average 2—-3 K colder than low-redshift galaxies. Smail et al. (2014)
found that stacking on narrow-band [On] emitters and MIPS+radio
sources within a z = 1.6 cluster (intrinsically faint sources) found no
evidence of evolution, although their direct detections with SPIRE
and SCUBA-2 (thus intrinsically luminous sources) were also found
to be cooler in temperature. A recent study by Sklias et al. (2014)
used gravitational lensing to examine intrinsically fainter galaxies
at high redshifts. Although limited by small number statistics, they
found the opposite trend for high-redshift galaxies. When adding the
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Table 2. Lensing-amplification-corrected results from the model. The total Lgr for the z ~ 2.9 galaxy group is (3.1 £ 0.3) x 10'2 L, which
gives an SFR of (450 £ 50) M) yr~ I, The 95th percentile upper limits are given for galaxies not found to be contributing to the submm arc. Note
that Galaxy 9 is a foreground galaxy at z = 0.157 and is therefore not lensed.

Gal Ty Lrr SFR S160 $250 S350 Ss00 S450 Sss0

D (K) Le) Mgyrh (mJy) (mly) (mJy) (mJy) (mJy) (mJy)

1 - <82 x 10° <13 - - - - - -

2 443 (6.7+0.6) x 10" 9949 0.94 £ 0.10 1.9+02 19402 12402 14402 0314006
3 - <1.5 x 10! <23 - - - - - -

4 - <3.3 x 10! <50 - - - - - -

5 - <2.0 x 10! <35 - - - - - -

6 3144 (3.6+0.9) x 101 53+ 14 0314012 07+03 13+04 1.5+04 1.5+04 07402
7 40+3  (7.5+1.0) x 100 11+2 0.10£0.02 022+£0.04 023+£006 0.16+005 0.18+0.04 0.04+0.02
8 3742 (1.9403) x 1012 290 + 40 25404 56408 69+ 1.0 51409 5.8+ 1.0 1.5+03
9 1749  (1.7+05 x10° 0254007 3.6=%1.0 25408 13405 05402 06+02  0.08+0.04

four z ~ 2.9 galaxies constrained by our model, our results appear
to support those found by Sklias et al. (2014). This suggests that
selection effects and/or biases are present in the different studies.

As has been pointed out before (e.g. Chapman et al. 2005; Chapin
et al. 2011), selection effects can be extremely important when
studying the correlation between T4 and Lig. The Swinbank et al.
(2014) sample of SMGs were selected at 870 um, and thus may
be biased towards lower dust temperatures, and those of Sklias
et al. (2014) were formally selected at 160 um, and thus could
be biased towards warmer dust temperatures. It should be noted
that the submm arc in MS 0451.6—0305 was first discovered at
850 wm (Chapman et al. 2002a), and therefore is unlikely to be
biased towards the warmer dust temperatures that we find.

In addition to the selection biases inherent in focusing on a sin-
gle distinctive source, there are also a number of systematic un-
certainties that could be present in our modelling approach. Most
importantly, we have fixed the amplification factors for the galaxy
images. Any errors in amplification can affect our results in several
ways. For example, since the contributions to the submm arc from
Galaxies 7 and 8 (See Fig. 5) are mostly point-like, any uncertainty
in amplification predominantly affects their measured far-IR lumi-
nosities and SFRs. This is especially true for Galaxy 7, because
two of its images lie very close to the critical line, and thus its
amplification is highly sensitive to any offset between optical and
submm components of the galaxy. The uncertainty in relative am-
plification between galaxy images likely affects which galaxies are
preferred by the data. For example, the images of Galaxies 5 and
6 are spatially very close; thus, the different relative amplifications
between their respective images probably contribute to Galaxy 6
being preferred by the model fits.

Itis possible that the simple SED model we have adopted may not
accurately approximate the true SEDs of the galaxies in the lensed
system. The dust emissivity, 8, is known to be partially degenerate
with dust temperature and we have fixed it to a nominal value of
1.5; thus, the uncertainties reported for dust temperatures are likely
too small. Furthermore, although these newer HST data are both
deeper and at a longer wavelength, it is possible that we are missing
fainter group members, as was the case in previous studies (Borys
et al. 2004; Berciano Alba et al. 2010). If any of the galaxies are
not at z ~ 2.9, their reported far-IR luminosities and thus SFRs
will be affected, since the distances to the galaxies are used in these
calculations. This is especially true for Galaxy 8, as we have no
constraints on its actual redshift and our analysis has assumed it to
be part of the z ~ 2.9 group.

Despite these reservations, the model we have adopted appears
to provide a reasonably good fit to the data across a wide range
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of wavelengths. Higher resolution submm data would be needed to
further investigate the nature of the z ~ 2.9 galaxy group.

6 CONCLUSIONS

With our new modelling approach, we have overcome the confused
nature of this complex system by fully exploiting the differential
amplification across the galaxy group and the multiple imaging
caused by the strong gravitational lensing. This has allowed us to
tackle the challenge of disentangling and fitting SEDs to multiple
components of the submm arc. We have shown that the submm arc
is predominantly generated by four of the seven galaxies that prob-
ably comprise a group at a redshift of z ~ 2.9, with star formation
likely triggered by the galaxies undergoing a merger. It is therefore
not necessary to have a hidden region of dust-enshrouded star for-
mation (as postulated by Berciano Alba et al. 2010) to explain the
morphology of the submm arc. This method also demonstrates the
power of a broad multiwavelength approach to fully understanding
the nature of the submm arc: HST imaging gives us the priors on
galaxy positions, as well as providing the constraints for the lens-
ing model; Herschel samples the peak of the far-IR SED, as well
as providing the high-resolution far-IR imaging at 160 pum; and
SCUBA-2 850 um data sample the long-wavelength portion of the
FIR SED at a resolution that closely matches that of the 160 wm
imaging.

This is a unique system that gives us a glimpse into the formation
of structure and stars in the early Universe, and no other submm
lens discovered to date can match the number of separate galaxies
lensed from the same redshift. Spectroscopy and high-resolution
follow-up with new interferometer observatories will be the key to
confirming and unravelling the nature of this high-z merging galaxy

group.
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