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ABSTRACT
Dusty, star-forming galaxies have a critical role in the formation and evolution of massive
galaxies in the Universe. Using deep far-infrared imaging in the range 100�500 µm obtained
with the Herschel telescope, we investigate the dust-obscured star formation (SF) in the galaxy
cluster XDCP J0044.0-2033 at z = 1.58, the most massive cluster at z > 1.5, with a measured
mass M200 = 4.7+1.4

�0.9 × 1014 M�. We perform an analysis of the spectral energy distributions
(SEDs) of 12 cluster members (5 spectroscopically con�rmed) detected with �3� signi�cance
in the PACS maps, all ultraluminous infrared galaxies. The individual star formation rates
(SFRs) lie in the range 155�824 M� yr�1, with dust temperatures of 24�35 K. We measure a
strikingly high amount of SF in the cluster core, SFR (<250 kpc) � 1875 – 158 M� yr�1, four
times higher than the amount of SF in the cluster outskirts. This scenario is unprecedented in
a galaxy cluster, showing for the �rst time a reversal of the SF�density relation at z � 1.6 in a
massive cluster.

Key words: galaxies: clusters: individual: XDCP 0044.0-2033 � galaxies: evolution �
galaxies: star formation � infrared: galaxies.

1 INTRODUCTION

The high-density environments of massive clusters are hostile to
star-forming galaxies, particularly in the central regions that are
typically populated by �red & dead� galaxies. This is especially so
in the local Universe where galaxy populations in clusters have un-
dergone several cycles of processes that quench star formation (SF)
activity, such as e.g. mergers, tidal stripping, harassment and ram
pressure stripping (see Treu et al. 2003 for a review). However, the
evolution of the star formation rate (SFR) across different environ-
ments is a key property to understand the evolution of galaxies. In
this respect, far-infrared (FIR) observations, that cover the peak of
the spectral energy distribution (SED) of star-forming galaxies, pro-
vide a powerful means to study the evolution of the SFR by tracing
the dust-obscured SF activity. Indeed, it is now established that the
infrared energy density steadily rises from z = 0 reaching a peak
between z = 1 and 2 (e.g. Magnelli et al. 2013). The recent advent
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of the FIR space telescope Herschel has enabled a leap forward in
this �eld that is still unfolding e.g. see Casey, Narayanan & Cooray
2014; Lutz 2014 for recent reviews).

The SF�density relation observed in the local Universe states
that star-forming galaxies prefer low galaxy density environments,
i.e. the �eld relative to clusters, and the cluster outskirts relative to
the core. At z � 1, a reversal of the SF�density relation has been
reported in the �eld (Elbaz et al. 2007) and in the galaxy group
CLG0218.3-0510 at z = 1.62 (Tran et al. 2010); however, this
effect has yet to be identi�ed in the most massive structures at high-
z. Since only a handful of �1014 M� clusters have been detected at
very high redshifts (i.e. 1.5 < z < 2), extending this investigation to
the extreme regime of distant, massive galaxy clusters (high density)
is mostly unexplored territory.

To date, the galaxy cluster XDCP J0044.0-2033 (RA: 00:44:05.2,
DEC: �20:33:58, hereafter XDCP0044) at z = 1.58 is, so far, the
most massive, distant cluster discovered in X-rays (Santos et al.
2011). This cluster was found in a serendipitous search of the
XMM�Newton archive as part of the XMM�Newton Distant Cluster
Project (XDCP), an 80 deg2 survey aimed to discover high-redshift
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Figure 1. KsJI colour composite of the central �500 kpc (left) of the �eld of XDCP0044 (middle) and corresponding Herschel/PACS 100 µm map (right).
Dashed circles have radii of 30 arcsec and 2 arcmin centred on the cluster X-ray centre. The �ve spectroscopic members with FIR emission are shown in
orange circles, cyan regions indicate the photometric candidates with FIR emission and green regions correspond to spectroscopic (circles) and visual/photo-z
(squares) interlopers.

clusters. With more than 40 galaxy clusters at 0.8 < z < 1.6 (see
Fassbender et al. 2011 for a recent review), the XDCP is the largest
sample of X-ray-selected distant clusters to date. Since the discov-
ery of XDCP0044 we have embarked on a broad and deep obser-
vational campaign, given the uniqueness of this system. Currently,
our multi-� data set includes: VI optical imaging (Subaru/Suprime),
JKs near-infrared (NIR) imaging (VLT/Hawk-I), 3.6/4.5 µm imag-
ing (Spitzer/IRAC), optical (VLT/FORS2) and NIR (VLT/KMOS)
spectroscopy and deep X-ray data (Chandra).

In this Letter, we present the analysis of the Herschel (Pilbratt
et al. 2010) observations obtained for this cluster. We investigate the
FIR properties of the secure cluster members as well as FIR galaxies
with a photometric redshift consistent with the cluster redshift.
This study aims to provide important clues on galaxy evolutionary
processes, namely the evolution of the SF�density relation. The
cosmological parameters used throughout the Letter are H0 = 70 h
km s�1 Mpc�1, �� = 0.7 and �m = 0.3. In this cosmology, 1 Mpc
at z = 1.6 corresponds to �2 arcmin on the sky. Quoted errors are
at the 1� level, unless otherwise stated.

2 THE Herschel DATA

2.1 Observations and data reduction

The Herschel observations of XDCP0044 were carried out on 2012
December 25 as a Director Discretionary Time programme (PI
Santos, 10.5 h) aimed at studying the SF history in this massive
cluster, following our strategy with the Herschel Guaranteed Time
programmes of high-redshift clusters and protoclusters (PI Altieri).

The PACS (Poglitsch et al. 2011) observations at 100/160 µm
(obsids = 1342257750 to 1342257759) were performed in mini-
scan map mode, well suited for deep observations over a small
�eld of view of about 2 arcmin in radius. The maps were pro-
duced using Unimap (Piazzo et al. 2012): a generalized least square
map-maker, that allows us to reach ultimate sensitivity with no �ux
loss, and without iterative masking of the sources as in the more
classical masked high-pass �ltering processing. The astrometry of
the PACS maps was found to be better than 1 arcsec, by cross-
correlating PACS sources with optical and NIR catalogues, in agree-
ment with Herschel absolute astrometry accuracy (1 arcsec, 1� ).
The 3� sensitivity of the maps is 1.65 (4.5) mJy in the 100 (160) µm
image. SPIRE (Grif�n et al. 2010) observed the cluster �eld follow-
ing an eight-point dithering pattern introduced in HerMES (Oliver

et al. 2012) in order to achieve a more homogeneous coverage. The
SPIRE maps at 250, 350 and 500 µm with nominal pixel sizes of
6, 10 and 14 arcsec, respectively, are dominated by the confusion
noise with the estimated rms in the central part of the maps of 6.2,
6.5 and 7.3 mJy.1

2.2 Source extraction and photometry

Our PACS maps were designed to reach very deep coverage in
the cluster core, which restricted our study to an area within 2 ar-
cmin radius from the X-ray cluster centre. This area corresponds
to 1 Mpc, approximately the cluster X-ray virial radius (Tozzi
et al. 2015), which makes it perfectly suited to study the global
cluster SF.

In our analysis, we use a spectroscopic catalogue obtained with
the optical and near-IR spectroscopy campaigns using FORS2 and
KMOS, respectively, at the VLT. Details on these observational
campaigns, data reduction and results will be presented in forth-
coming papers. In summary, of the targeted 126 individual spectra,
we have obtained robust redshifts for 110 galaxies. Of these, 13
are cluster members with z = [1.5701�1.6001] and the remainder
97 galaxies are interlopers. The latter are crucial to discard FIR
not associated with the cluster (Fig. 1). Using the spectroscopic
information, we �ag the members that are likely to be star forming
based on the detection of the [O II] emission line, and thus have a
greater probability to be detected in the Herschel bands. 9 of the
13 members show [O II] emission. In addition to the spectroscopic
information, we also use a VIJKs 3.6/4.5 µm photometric cata-
logue covering the entire cluster �eld to derive photo-zs and stellar
masses.

Here we outline our procedure to reach a �nal catalogue of FIR
sources in the �eld of XDCP0044. Given the greater sensitivity of
the PACS maps relative to SPIRE, we base our catalogue on blind
source extractions in the 100 and 160 µm maps separately, using
SEXTRACTOR (Bertin & Arnouts 2003). The SEXTRACTOR aperture
photometry was validated with manual aperture photometry and
corrected with the encircled energy factors given by Balog et al.

1 We use the median absolute deviation (MAD) as a robust measure of the
noise in the presence of sources in the region. The derived rms corresponds to
MAD multiplied by 1.48, which assumes a Gaussian noise distribution; this
assumption is generally adequate for extragalactic SPIRE maps produced
with the standard map-making pipeline.
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