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Background

• Negrello et al. ’05 
predicted that 
Planck would be 
able to find groups/
clusters of dusty 
star-forming galaxies

• New way to find 
clusters during 
short but formative 
phase
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Planck & Herschel

• Can identify candidate clusters by 
examining Herschel image at location of a 
Planck compact source

• Here report results from ERCSC sources 
in Herschel survey fields from HerMES & 
H-ATLAS 
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• Largest Herschel survey programme

• PACS+SPIRE data in all major fields (~110 sq. deg.)

• Extension to Stripe82 covering ~270 sq. deg.
Thursday, 4 April 13



• Largest area Herschel survey ~570 sq. deg.

• NGP, SGP, GAMA fields; SPIRE and PACS
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Clump Search in 
HerMES & H-ATLAS

• Will report on search for clumps in ~90 sq 
deg of HerMES and in the H-ATLAS GAMA 
fields

• Uses ERCSC Planck catalogs

• NB Legacy catalog will be deeper and 
better
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Figure 1. Herschel SPIRE 250µm images of the Planck detected sources. Each image is 10 arc min across. The circle is centred on the
position of the Planck source and has a radius of 4.23 arcmin, the FWHM of the Planck beam at 857 GHz.

from the SWIRE survey (Lonsdale et al., 2003). The EGS
field has also been subject to deep multiwavelength observa-
tions by the AEGIS collaboration (Davis et al., 2007) while
the Lockman field was also observed by the SWIRE survey.
However, the location of the clumps in these two latter fields
is away from the areas where deep multiwavelength data is
available, so new followup data for these objects has been
obtained. In this section we describe the new and archival
data for these fields.

4.1 Archival data

4.1.1 Boötes

The Boötes clump lies within the area covered by the NOAO
Deep-Wide Field Survey (NDWFS, DR3), which provides
deep optical coverage in the BWRI bands. This dataset is

complemented by the z-Boötes survey of Cool (2007), which
provides z-band coverage of the same field, and the Infrared
Boötes Imaging Survey (IBIS; Gonzalez et al. in prep) in
the JHKS near-IR bands. GALEX data are also available in
both UV bands. Spitzer-IRAC 4-band photometry was de-
rived from the Spitzer Deep-Wide Field Survey maps (SD-
WFS; Ashby et al. 2009), providing a catalogue of 3.6µm-
detected sources (Vaccari et al., in prep.). Sources from
all available catalogues were cross-matched using a search
radius of 2.5′′, providing an 11-band catalogue of 830131
sources in the whole NDWFS Boötes field. All photometric
measurements refer to a 4′′ aperture and were translated to
the AB system. Table 3 shows the 5σ completeness magni-
tude and flux in each band.

c© RAS, MNRAS 000, 1–??

HerMES 250 micron images of all 16 ERCSC sources in 90 
sq. deg.
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HerMES IDs

• 11 ERCSC sources are NED galaxies, one is Mira

• 4 do not have a bright galaxy/star counterpart

• Instead they are local over densities of Herschel 
sources, significance 3.6 to 7.2 sigma  
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8 D.L. Clements et al.

Figure 2. Three colour Herschel images for Planck clumps. Blue = 250µm, Green=350µm, Red=500µm. Fields are Boötes, EGS,
Lockman and CDFS clockwise from the top left. Yellow circle indicates the size of the Planck beam at the position of the Planck ERCSC
source.

Table 4. Magnitude and flux limits for ancillary data in the
Boötes field. All values refer to 5σ detections in 4′′ apertures
in AB magnitudes.

Band Survey mcomp fcomp [µJy]

BW NDWFS 24.4 0.6
R NDWFS 23.8 1.1
I NDWFS 23.2 1.9
z z-Boötes 22.0 5.7
J IBIS 22.3 4.4
H IBIS 21.7 7.6
KS IBIS 21.4 10.0

IRAC 3.6 SDWFS 22.4 4.0
IRAC 4.5 SDWFS 22.0 5.8
IRAC 5.8 SDWFS 21.1 13.2
IRAC 8.0 SDWFS 21.0 14.5

4.1.2 CDF-S

The CDF-S clump lies within the field observed by the
SWIRE survey, thus offering deep Spitzer-IRAC and MIPS

photometry. Other ancillary data cover only part of the
field, and include deep CTIO MOSAIC-II optical imaging in
the Ugriz bands (Siana et al., private communication) and
GALEX. Data were combined with a search radius of 2.5′′,
providing a 9-band catalogue of 462638 sources in the whole
field. Again, all measurements refer to 4′′ aperture photom-
etry in the AB system. Table 4 shows the 5σ detection limit
in each band.

Although the central region of the CDF-S is covered by
deep spectroscopy, the clump is outside this area. Neverthe-
less, since it is inside the SWIRE field, most sources have a
SWIRE photometric redshift estimate (Rowan-Robinson et
al., 2008 & 2013).

4.1.3 EGS and Lockman-SWIRE

The EGS and Lockman-SWIRE clumps both fall outside
the deep multi-wavelength coverage of AEGIS and SWIRE
respectively; for these two clumps, only the archival SDSS

c© RAS, MNRAS 000, 1–??

Thursday, 4 April 13



Colours
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Planck Name Field RA Dec F857 F545 F353 NExt σ(250) ID

PLCKERC857 G052.87+68.36 Boötes 217.091 32.397 1.26±0.1 0.29±0.1 0.08±0.1 0 0.060 KUG1426+326
PLCKERC857 G055.79+67.45 Boötes 217.966 33.622 1.0±0.18 0.45±0.1 0.06±0.09 0 0.067 VV775
PLCKERC857 G059.17+66.46 Boötes 218.822 35.114 1.0±0.1 0.18±0.09 0.0±0.09 0 0.186 KUG1433+353
PLCKERC857 G059.93+68.74 Boötes 216.037 34.853 2.2±0.16 0.48±0.12 0.08±0.09 0 0.038 NGC5641∗

PLCKERC857 G060.27+67.38 Boötes 217.606 35.319 2.7±0.15 1.06±0.09 0.22±0.08 0 0.202 NGC5656
PLCKERC857 G060.37+66.55 Boötes 218.5786 35.559 1.24±0.15 0.81±0.1 0.36±0.09 1 0.022 Clump 1
PLCKERC857 G060.85+67.13 Boötes 217.836 35.599 1.0±0.1 0.24±0.08 0.08±0.08 0 0.097 MCG+06-32-056
PLCKERC857 G095.44+58.94 EGS 216.127 52.936 1.1±0.18 0.51±0.11 0.18±0.05 0 0.018 Clump 2
PLCKERC857 G147.66+53.84 Lockman 165.363 57.677 0.75±0.1 0.31±0.09 0.21±0.06 0 0.056 NGC3488
PLCKERC857 G148.24+52.44 Lockman 163.020 58.417 0.81±0.1 0.0±0.09 0.0±0.08 0 0.13 NGC3408
PLCKERC857 G149.59+53.66 Lockman 163.650 56.986 0.85±0.09 0.03±0.1 0.15±0.08 0 0.12 NGC3445
PLCKERC857 G149.81+50.11 Lockman 158.364 59.196 1.25±0.13 0.45±0.08 0.06±0.06 1 0.025 Clump 3
PLCKERC857 G224.76-54.44 CDFS 53.219 -28.497 0.81±0.1 0.35±0.07 0.17±0.07 0 0.019 Clump 4
PLCKERC857 G167.74-57.97 XMM-LSS 34.836 -2.970 4.75±0.17 1.81±0.13 0.46±0.14 0 0.033 Omicron Ceti
PLCKERC857 G171.77-59.54 XMM-LSS 35.402 -5.523 3.74±0.16 1.36±0.11 0.33±0.12 0 0.098 NGC895
PLCKERC857 G172.21-60.84 XMM-LSS 34.680 -6.625 1.83±0.12 0.84±0.15 0.06±0.11 0 0.15 NGC881

Table 2. Planck sources in HerMES Fields. All fluxes are given in Jy. Planck bands are indicated as F857, F545, F353 for the 857,
545 and 353 GHz channels. Also shown is the standard deviation for associated Herschel 250µm sources, given as σ(250). See text for
details. Next is the Planck ERCSC flag for extended sources, with Next=1 indicating extension. ∗ indicates a source at the very edge of
the HerMES map. Identifications indicate the name of the foreground galaxy found to be associated with this source. ’Clump’ indicates
that no foreground galaxy identification was found and thus the source is a candidate dusty protocluster.

Figure 3. Planck Colours for Planck Clumps. Planck colours
F857/F545vs.F545/F353 for the Planck clumps shown for each
clump, compared to the Planck colours for generic Planck ERCSC
sources (shown as small purple dots) and the sources in the Her-
MES fields not identified as clumps (shown as blue dots, exclud-
ing the three sources which are undetected in one of the Planck
bands). ERCSC source colours are only plotted for sources de-
tected at >5σ in the 353 GHz band to ensure that error bars on
the colours are small, and for sources with |b| > 20 to eliminate
sources in the galactic plane. These colours are compared to the
Planck colour tracks as a function of redshift for SED models of a
starbursting (M82) and a quiescent galaxy (M100). Colour tracks
start at z=0 and extend to z=4.5. Tick marks along the tracks
are at intervals of 0.5 in redshift. This figure is discussed further
in Section 3.1

quires observational data at other wavelengths. Ideally this
should include optical spectroscopy so that redshifts can be
determined, but in the absence of that information we can
still make significant progress in understanding these objects

Figure 5. SPIRE Colours for individual Herschel sources asso-
ciated with the Planck Clumps, and for generic HerMES sources.
Only sources detected with a S/N>2 in all three SPIRE bands
are plotted. Also plotted are the mean colours for each clump.
The purple dots are the SPIRE colours for all HerMES sources
in the ECDFS field with S/N>2 in all three bands. These are
compared to the SPIRE colour tracks as a function of redshift
for SED models of a starbursting (M82) and a quiescent galaxy
(M100) from z=0 to z=4.5 with tick marks at intervals of 0.5 in
redshift, as in Fig. 3.

by examining the broadband optical and near-IR proper-
ties of sources associated with the positions of the Planck

clumps. The HerMES survey was designed to take data in
regions of the sky that are well studied at other wavelengths.
The Boötes clump lies within the NOAO NDWFS (Jannuzi
& Dey 1999; Dey et al. 2008), for which there is a wide va-
riety of optical and near-IR data. The same is true of the
CDF-S field, which is also complemented by Spitzer data

c© RAS, MNRAS 000, 1–??

Planck Herschel
Clump colours & colours of individual Herschel sources 

consistent with redshifts >~1
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Red Sequences

• Use archival or new optical/IR/IRAC data 
to look for underlying clusters
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Table 6. Photometric quantities for the TNG observations of EGS and Lockman-SWIRE. Integration times are given in seconds, seeing
in arcseconds, photometric zero-points in magnitudes.

Field Tint(J) Tint(K′) Seeing (J) Seeing (K′) ZP (J) ZP (K′) Ndet

EGS 7470 3600 1.15 0.88 26.725 26.073 339
Lockman 4050 3600 1.20 0.95 26.696 26.143 169

Figure 6. Colour-magnitude diagram and red sequence for the EGS (left) and Lockman-SWIRE (right) clumps. Black crosses are all
detected objects in the field, red boxes are objects inside the Planck beam and selected as red sequence galaxies according to the technique
explained in the text. The dashed and dotted lines show the fit to the RS and its scatter, including photometric errors. Vertical bars in
the lower region of each plot show the average colour error at each magnitude interval. Magnitudes in the AB system.

5.2 Photometric Redshift Analysis

Photometric redshifts are calculated for all objects in the
Boötes and CDF-S fields, using the wide photometric cov-
erage from the optical to the IRAC bands. We use the pub-
licly available code EAZY (Brammer, van Dokkum & Coppi
2008), which was specifically developed to address situations
where spectroscopic coverage is not available for direct com-
parison and calibration. We tested the code against simu-
lated catalogues to obtain an independent assessment of the
intrinsic error on our photo-z. We also find that the default
templates provided with EAZY provide the best photomet-
ric redshifts. Where K-band photometry is available (i.e. for
the Boötes clump), a K-band prior is favoured over an R-
band prior, as it reduces the fraction of wrong identifications.
A complete treatment of the tests done and their results will
be shown in Braglia et al. (in prep.).

After calculating photo-z’s for all objects in each field,
we look for 3D overdensities (i.e. a significant peak in pho-
tometric redshift space, matched to a clustering of objects
on the plane of the sky) of objects inside the regions covered
by the Planck clumps. Peaks in photometric redshift space
are identified by comparison of the distribution of redshifts
along the line of sight of the clump and in the larger field,
to track the effect of large-scale structure (walls and fila-
ments that will appear as massive spikes of objects at the
same redshift). An adaptive kernel algorithm is then used
to produce an overdensity map in each redshift slice.

5.2.1 Boötes

Photometric redshifts in the Boötes field are based on the
multi-wavelength dataset described in Section 4.1.1. Where
IRAC data are available, we rely only on the two bluer chan-
nels, 3.6 and 4.5µm, to minimise contamination of the stellar
SED by any hot dust component. Based on tests against sim-
ulated catalogues and collected archival spectroscopic red-
shifts in this field (Vaccari et al., in prep), we find an intrinsic
scatter ∆z/(1 + z) = 0.042 out to z ∼ 4 in the photometric
redshift measure. Comparison of the redshift distribution in
the whole NDWFS Boötes field with that along the line of
sight of the Planck clump (see Fig. 10) shows a marked spike
of objects at a photometric redshift of about 2.3. This peak
is also found to be associated with a strong overdensity of
objects (∼ 10σ) at the position of the clump. Our analysis
shows no significant overdensity of objects along the clump’s
line of sight at any other redshift, thus confirming this peak
to be the only cluster candidate. The robust mean estimate
of the redshift for this peak is 2.27 ± 0.14.

The overdensity is the highest concentration in a large-
scale system at the same photometric redshift (2.1 ≤ zphot ≤
2.4) that spans several arcminutes on the sky (see Fig. 11),
with multiple secondary peaks well above 5σ. In particular,
a second peak (with a significance of over 8σ) lies at the
edge of the Planck beam, separated from the main peak
by 2.8′; at a redshift of 2.27, this translates to a physical
distance of 1.4 Mpc. Other, less prominent structures are
scattered throughout the same area, suggesting that we may
be witnessing a young cluster in its assembly phase from the
large-scale structure.

c© RAS, MNRAS 000, 1–??

Thursday, 4 April 13



Photo-z

• Also get photo-z using archival data

• This & RS analysis allows redshift estimates
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Figure 10. Photometric redshift distribution in the Boötes field
(in normalised counts). The black histogram shows the distribu-
tion of all objects in the 9 square degrees of the NDWFS, the red
one is the distribution of objects along the l.o.s. of the Planck
clump. While the spikes at z < 1 reflect the overall redshift dis-
tribution in the NDWFS field, a peak of at z ∼ 2.3 is only found
on the l.o.s. of the clump.

Figure 11. The density map of Herschel sources within 25′ of
the Boötes clump is shown here, together with the distribution of
objects at the photometric redshift of the clump. White contours
mark significance levels from 3 to 10, with linear spacing of 1σ.
The most significant spike is found inside the clump, as defined
by the Planck beam (yellow circle), and has a significance of 10σ.
A second ∼ 8σ overdensity is found at a physical distance of 1.4
Mpc, N of the main overdensity.

6 DISCUSSION

The analysis above demonstrates our ability to uncover pre-
viously unknown clusters of galaxies using the combination
of Herschel and Planck data. This provides us with a new
tool for the examination of the history of both galaxy and
galaxy cluster evolution. The current sample size in terms of
clusters, though, is small, so we cannot yet draw definitive

Figure 12. Photometric redshift distribution in the CDFS field
(in normalised counts). The black histogram shows the distri-
bution of all objects in SWIRE survey field, the red one is the
distribution of objects along the l.o.s. of the Planck clump. While
the spikes at z < 1 reflect the overall redshift distribution in the
NDWFS field, a peak at z ∼ 1.1 is only found along the l.o.s. the
clump.

conclusions. Nevertheless, our results are capable of provid-
ing some interesting new constraints on galaxy and galaxy
cluster models.

6.1 The Clump Population

We have uncovered four starburst clusters in our examina-
tion of 91.1 sq. deg. of HerMES data, which implies an area
density of such objects of 0.044±0.022 per square degree or,
equivalently, 23+22

−7 square degrees per source. This would
imply that there are roughly 2000 of these sources over the
whole sky. The Planck all sky surveys can, in principle, de-
tect these sources, though galactic foregrounds will impede
such a search over a significant fraction of the sky. Never-
theless, followup observations of sources selected by Planck

colours, as mentioned in Section 1 are likely to uncover a
large number of these sources. Work by Herranz et al. (2012)
in the H-ATLAS regions and by Montier et al. (in prep) us-
ing the Planck maps are already finding further such sources.

We compare our observations to the predictions of Ne-
grello et al. (2005) for the number counts of dusty galaxy
clusters detected by Planck in Fig. 14. The average 353 GHz
(ie. 850µm) flux for our four clusters is 200mJy, and they
have a number density of 144±70 sources per steradian. This
places the observed number counts of our sources at the
lower end of the predicted counts in Figure 1 of Negrello et
al. (2005). Specifically we can strongly exclude the Q = 1
analytical model and the numerical model used by Negrello
et al.. The Q = 1 model corresponds to the case where the
amplitude of the three-point angular correlation function ξ
does not evolve with redshift. This is something that is ex-
pected to be true for dark matter (Juszkiewicz, Bouchet &
Colombi, 1993; Colombi, Bouchet & Hernquist, 1996) but
not for luminous matter whose three-point correlation func-
tion should behave more as 1/b or 1/b2, where b is the bias
parameter (Fry & Gaztanjaga, 1993; Szapudi et al. 2001).
These possibilities provide the other two analytical models

c© RAS, MNRAS 000, 1–??
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HerMES Clump Results

• These are high (z>>0.5) redshift clusters 
with member galaxies forming stars very 
rapidly - just what Negrello 2005 predicted
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Figure 13. The density map of Herschel sources within 25′ of
the CDFS clump is shown here, together with the distribution of
objects at the photometric redshift of the clump. White contours
mark significance levels from 3 to 12, with linear spacing of 1σ.
The most significant overdensity is found inside the clump, as de-
fined by the Planck beam (yellow circle), and has a significance of
13σ. Also shown with a green circle is the position of the z=0.67
galaxy cluster RCSJ033414-2824.6 that is associated with an en-
hancement in the local density of Herschel sources and discussed
in Section 6.4.

Figure 14. Prediction for the counts of starbursting protoclusters
from Negrello et al. (2005) with the observed counts of these
sources from the present study overplotted as a red point.

in Figure 1 of Negrello et al. (2005) which lie closer to our
observational results. Larger sample sizes and a wider range
of fluxes are needed to test these models more precisely but,
as noted by Negrello et al. (2005), more sophisticated and
physically realistic models are also required.

Field z LFIR SFR (M"/yr)

Boötes 2.27±0.12! 73±11 11632±1800
EGS 0.76±0.10∗ 3.7±0.9 620±138

Lockman 2.05±0.09∗ 31±6 4924±946
CDF-S 1.04±0.11! 10±2 1631±356

Table 7. Redshift estimates and integrated FIR luminosities and
SFR for the four clumps. ! indicates a redshift derived using a
photometric redshift method, while ∗ indicates values derived us-
ing the observed red sequences. The values of LFIR are expressed
in units of 1012L".

6.2 Star-formation rates

We derive a simple estimate of the integrated SFR for each
clump by considering all Herschel sources inside the Planck
beam as belonging to the clumps themselves. We consider
only the sources with a ≥ 2σ detection in all SPIRE bands
(cf. Figure 5) and fit their SEDs with a modified blackbody,
fixing the dust emission index β = 2 (different values of β
do not significantly affect the fit and return almost the same
temperature and total FIR luminosity). We then derive the
SFR from the integrated FIR luminosity using the relations
of Bell (2003), which provide a mild correction (within 10%)
to the standard Kennicutt values. Errors on the SED fit are
derived using 1000 Monte Carlo realisations around the best-
fit value for each individual galaxy, and the corresponding
confidence intervals are translated to SFR with the same
relations of Bell. Table 7 summarises the total SFR and
luminosities of each clump, together with their photometric
redshift.

Preliminary stacking of available IRAC-selected sources
in the Boötes clump (Braglia et al., in prep.) suggests that
these estimates of SFR could be underestimated by at least
30% and possibly up to a factor of 2, down to the detection
limit of the available IRAC photometry.

Comparison with the available literature shows a sig-
nificant increase in the star-formation rate density (SFRD)
in clusters with increasing redshift, up to at least z ∼ 2.
In particular, we add the SFR of other clusters for which
MIR or FIR measurements are available: the IRAS measure-
ments of Perseus by Meusinger et al. (2000); BLAST mea-
surements of A3112 (Braglia et al. 2011); ISO measurements
of A1689 (Fadda et al. 2000); and Spitzer measurements of
A1758 (Haines et al. 2009), the Bullet cluster (Chung et al.
2010), Cl0024+16 and MS0451-03 (Geach et al. 2006). We
also use the results of Stevens et al. (2010), based on SCUBA
observations around high-redshift QSOs, to obtain a com-
parison sample in a redshift range similar to ours. We derive
star-formation rate estimates for all galaxies in their cata-
logues based on the observed F850 flux and using an Arp 220
spectral template, thus obtaining an estimate for the total
FIR luminosity and SFR using the same relations as before.

We calculate the SFRD for each cluster by assuming
that the clusters are spherical. We then derive an angular
radius from the aperture within which the observations were
made, and convert that to a proper distance at the redshift
of the cluster. From this, we simply calculate the associated
volume by assuming this distance to be the radius of the
cluster. Table 8 shows, for each clump or cluster, the red-
shift, total SFR (in M" yr−1), angular radius θ (in arcmin)

c© RAS, MNRAS 000, 1–??
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Cluster Formation

• Can reach higher z than eg. ISCS cluster search

• Allows better constraint on cluster galaxy 
formation epoch

16 D.L. Clements et al.

Figure 16. The mean I-3.6µm colour of the red-sequence for the
CDF-S and Boötes clumps (red squares). different colour tracks
for galaxies with different formation redshifts are shown (cf. leg-
end). The cyan triangles mark the mean colour of the RS for
a selection of clusters from the ISCS survey (Eisenhardt et al.
2008).

6.4 Extending the Clump Search

While there is clearly considerable potential in using Planck

to search the entire sky for the kind of dusty galaxy clusters
discovered here, a common factor among all the models of
such objects in Negrello et al. (2005) is that their number
counts are quite steep, and that many more such objects are
likely to be found at fainter fluxes. The eventual Planck sen-
sitivity to these objects is unlikely to reach much below the
sensitivities achieved here, thanks to the effects of confusion
in the large Planck beams. However, surveys with Herschel,
including HerMES, H-ATLAS and the HeLMS extension to
HerMES (270 sq. deg coverage of part of the Stripe 82 region
of SDSS (Oliver et al., 2012)), and others mean that over
1000 sq. deg. of sky will eventually be covered by SPIRE
to considerably greater depth than Planck can achieve in
comparable bands, and with much higher angular resolu-
tion. These Herschel maps can be searched for fainter dusty
galaxy clusters than can be found by Planck using a variety
of techniques, ranging from simple smoothing, to wavelet
transform methods. Indeed, our current analysis includes
a serendipitous demonstration of this capability. Figure 4
lower left shows our adaptively smoothed source density map
of the CDF-S region. In addition to the Planck clump we also
highlight an additional structure to its north east. This is
prominent at 250µm where it appears as a significant over-
density. Its position matches that of a known z=0.67 galaxy
cluster RCSJ033414-2824.6 (Gilbank et al., 2007). This clus-
ter is not associated with a Planck ERCSC source. While a
detailed analysis of this system is beyond the scope of the
present paper, this detection clearly demonstrates the abil-
ity of Herschel to uncover lower luminosity clumps than can
be detected by Planck.

7 CONCLUSIONS

We have investigated the nature of Planck ERCSC sources
that lie in ∼90 sq. deg. of sky observed by Herschel as part of

the HerMES survey. Of the 16 ERCSC sources that lie in this
area we find that four are not associated with nearby dis-
creet objects. Instead they are associated with local overden-
sities of Herschel sources, forming clumps of objects whose
Herschel colours suggest they lie at z>>0. We investigated
the nature of these sources by examining archival multifre-
quency data or through observations in the near-IR. This re-
veals evidence from both photometric redshift analysis and
from the presence of red sequence galaxies that the Planck

clumps and associated Herschel sources are clusters of galax-
ies at redshifts ∼1—2. The far-IR emission in these systems,
which leads to their detection in the large, 5 arcmin., Planck
beams as compact sources, and as an overdensity of sepa-
rate sources by Herschel, results from several of the cluster
members experiencing contemporaneous bursts of star for-
mation. A starbursting phase such as this has been suggested
by Granato et al. (2004) and others as an important stage
in the formation and evolution of galaxy clusters and of the
galaxies within them. This phase has hitherto been difficult
to uncover. The combination of Planck and Herschel obser-
vations, as demonstrated here, and analysis of Herschel data
on its own, are capable of detecting such sources and thus
providing a new tool for testing models of galaxy and galaxy
cluster formation and evolution. We use the ancillary data
available for two of our clusters to determine the formation
epoch of their constituent galaxies, confirming that we are
identifying young clusters in the process of formation. We
also compare the star formation rate uncovered in our clus-
ters, to other clusters in the literature. Between redshifts of
∼1and 2 we find that the cluster star formation rate density
is roughly constant, but at lower redshift, star formation in
clusters rapidly falls.

Our analysis is so far based on a relatively small num-
ber of Planck clumps shown to be galaxy clusters. There is
considerable potential for this work to be expanded to large
sample sizes using both the larger areas being covered by the
H-ATLAS and HeLMS surveys with Herschel, and through
followup observations of the sources in the all-sky Planck

survey. This work will provide important new insights into
the evolution of clusters and cluster galaxies.
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The H-ATLAS Clumps

• Only one ‘clump’ found in H-ATLAS GAMA regions 
(Herranz et al., 2013)

• Possible issues with cirrus foreground in GAMA 9
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S/N of the detections, is expected to be ∼10 arcseconds. The
second brightest of the lens companions, Source 2 in Table
1, however, lies 17 arcsec away from its SPIRE counterpart.
This cross identification should thus be treated with some
caution. However, as can be seen in Figs 1 and 2, this object
lies close to another LABOCA companion, Source 4, and in
a region where the SPIRE and LABOCA maps appear to
be subject to more than the usual level of confusion. We
might thus expect that the astrometric accuracy of both in-
struments to be poorer than usual for this source and its
nearby neighbour, Source 4, which has the second largest
offset between the LABOCA position and that of its SPIRE
identification. The SPIRE fluxes and separations derived in
this way are given for each source in Table 1.

While suggestive of an overdensity of 870µm sources,
the LABOCA detections are small in number so any assess-
ment of their counts is dominated by Poisson noise. A better
assessment of the existence of an overdensity associated with
HATLAS12-00 can be obtained by considering the distribu-
tion of the SPIRE sources with properties similar to the
counterparts of the LABOCA sources ie. F350>40mJy and
F350>F250. Examination of the H-ATLAS catalogue for the
GAMA 12 field finds a 10σ overdensity of such sources in a
region of size ∼13 arcmin × 13 arcmin close to the position
of HATLAS12-00. This is the most significant overdensity
of such sources in the whole GAMA12 Phase 1 field, which
covers roughly 25 sq. deg.

The use of SPIRE colour-colour diagrams to constrain
likely redshifts is already well established (eg. Schulz et al.,
2010; Amblard et al., 2010; Negrello et al., 2010; Wardlow
et al., 2012; Herranz et al., 2013). The observed colours of
sources are compared to the colours as a function of redshift
for the spectral energy distributions (SEDs) of known low
redshift template objects, such as the starburst galaxy M82
or the nearest ULIRG Arp220. The SPIRE colours for the
lens and the four LABOCA companions are shown in Fig. 3,
together with the SPIRE colours for the sixteen other SPIRE
sources that lie in the LABOCA field that have were not de-
tected at > 5σ by LABOCA. As can be seen, the LABOCA-
detected sources in general have redder SPIRE colours than
the LABOCA-non-detections, and these colours are similar
to those of the lensed z=3.26 source HATLAS12-00. A small
number of SPIRE-only sources do have colours comparable
to the LABOCA detections. Also shown in this plot is the
colour of the Planck clump derived from the Planck 857GHz
(i.e. 350µm) and 545GHz (i.e. 550µm) fluxes, which suggests
a high redshift for the clump as a whole.

With our new data, we can extend this analysis and
look at not only SPIRE colours but also SPIRE-LABOCA
colours. We do this in Figure 4, which shows the SPIRE
250-to-350µm colour, already seen in Fig. 3, plotted against
the 350-to-870µm colour derived from combining the SPIRE
and LABOCA fluxes for our sources. We choose these spe-
cific colours to avoid the effects of the low S/N 500µm de-
tection of some of our sources, and thus to reduce the un-
certainty in the derived colours. We find that the colours of
the LABOCA sources are once again consistent with them
lying at high redshift, comparable to the z=3.26 redshift of
the lensed source, with redshifts less than ∼2 disfavoured.

While spectroscopic redshifts are necessary for confir-
mation, the results obtained from this colour analysis sug-
gest that the Planck source may well be a forming cluster of

Figure 2. Three colour SPIRE image of the 5 arcmin ×5 arcmin
region around the lensed z = 3.26 source HATLAS12-00. Blue =
250µm, Green=350µm and Red=500µm, overlaid by cyan con-
tours, at levels of 2, 3, 4, 5 and 6 σ, from the LABOCA 870µm
observations. Note that those sources brightest at 870µm are
associated with the reddest SPIRE sources. Furthermore, some
LABOCA sources at the 3-5σ level do not seem to be associated
with any SPIRE source at all.

galaxies which contains several far-IR lumionous starbursts,
similar to the objects suggested by Negrello et al. (2005) and
identified at lower redshifts in HerMES data by Clements et
al. (in prep).

5 DISCUSSION

5.1 The Nature of the Submm Companions to

HATLAS12-00

The Herschel and LABOCA colours of the four companions
to HATLAS12-00 are consistent with their all being dusty,
star-forming galaxies at z = 3.26, the same redshift as the
lensed source. Moreover, once the lensing amplification of
7.6±1.5 for the submm emission in HATLAS12-00, derived
by Fu et al. (2012), is accounted for, the lensed source itself is
found to have similar properties to the companions revealed
by LABOCA (see Table 1).

We derive the far-IR luminosity of these sources, and
thus their star formation rate, using a template fitting
method, under the assumption that all these sources lie at
z = 3.26. This approach calculates the likelihood of the ob-
served fluxes for three different template SEDs: M82 star-
burst, Arp220 starburst (both taken from Pearson & Khan,
2009) and a young, heavily obscured, starburst (taken from
Rowan-Robinson et al. 2010). The far-IR luminosity of a
source is given by the rest-frame 8-1000µm luminosity of
the best fitting template. These values, and the derived star
formation rate assuming the Kennicutt SFR-LFIR relation
(Kennicutt, 1998) are given in Table 2, along with details
of the best fitting template. The template fitting routine is
also capable of deriving a photometric redshift estimate for
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Figure 1. High-resolution images of HATLAS12−00. All images are aligned and the tickmarks are spaced at intervals of 1′′. Green crosses mark the two components
seen in the JVLA image. (a) Keck K-band image painted with a pseudocolor map from Keck K (red), J (green), and ACAM optical (blue) images. Lensing galaxies and
the PSF star are labeled. The scale bar indicates 5′′ or 40 kpc at the lens redshift. The inset shows the lens-subtracted K-band image overlaid with the peak positions
for lens modeling (Section 3.1). For clarity, the positional errors, as indicated by the ellipses, are enlarged by a factor of four. The colors distinguish images from the
three clumps in the source plane. (b) SMA 880 µm compact array image. Contours are drawn at −2, −1, +1, +2, and +4σ , where σ is the rms noise (3 mJy beam−1).
(c) JVLA CO(1→0) image. Contours are drawn at −1, +2, +4, and +8σ , where σ is the rms noise (27 µJy beam−1). The inset shows the CO spectrum from the same
data cube, along with a Gaussian fit (red). In (b) and (c), the ellipse to the lower right shows the beam.
(A color version of this figure is available in the online journal.)

64 MHz to avoid noisier edge channels. The eight sub-bands of
output pair AC were tuned to 32.5 GHz.

The bright compact calibration source, J1150−0023, was
observed every few minutes to determine accurate complex gain
solutions and bandpass corrections. 3C 286 (S = 2.1666 Jy at
27.06 GHz) was also observed to set the absolute flux scale, and
the pointing accuracy was checked locally every hour. In total,
around 2 hr of data were obtained for HATLAS12−00, with
∼1 hr of calibration.

The data were reduced using AIPS (31DEC12) following
the procedures described by Ivison et al. (2011), though with a
number of important changes: data were loaded using bdf2aips
and fring was used to optimize the delays, based on 1 minute
of data for 3C 286. The base bands were knitted together using
the noifs task, yielding uv data sets with 512 × 2 MHz channels,
which we then added together using the task dbcon. Finally,
the channels were imaged over a 512 × 512 × 0.′′3 field, with
natural weighting (robust = 5), to form a 5123 cube centered
on HATLAS12−00. Integrating over those 55 channels found
to contain line emission (so a fwzi of ∼1200 km s−1) yielded
an rms noise level of 27 µJy beam−1.

The cleaned and velocity-integrated CO map is shown in
Figure 1(c). The beam is 2.′′5×2.′′2 at P.A. = 85◦. Similar
to the SMA, the map resolves two components separated
by ∼5′′. The CO lines extracted from the two components
show the same redshift and line profile, further confirming
that they are lensed images of a single source. The best-fit
Gaussian to the area-integrated spectrum gives a line width of
∆VFWHM = 585±55 km s−1 and a line flux of SCO∆V = 1.52±
0.20 Jy km s−1. In comparison, the CO(1→0) measurements
reported by Harris et al. (2012) using Zpectrometer on the Green
Bank Telescope are ∆VFWHM = 680 ± 80 km s−1 and SCO∆V =
1.18 ± 0.26 Jy km s−1(corrected for the 20% difference in the
absolute flux density of 3C 286). The reason for the discrepancy
is unclear, but the two line flux measurements agree within the
1σ errors. So, hereafter, we use the weighted mean of the two
measurements, SCO∆V = 1.40 ± 0.22 Jy km s−1, to derive the
molecular gas mass.

2.5. Panchromatic Photometry

Photometry of HATLAS12−00 was obtained from the SDSS
(u, g, r, i, and z), the UKIDSS (Y, J,H, and K), the Wide-
Field Infrared Survey Explorer (WISE, 3.6 and 4.6 µm; Wright
et al. 2010), the Herschel/PACS (100 and 160 µm; Program ID:
OT1_RIVISON_1; Ibar et al. 2010), the Herschel/SPIRE (250,
350, and 500 µm; Pascale et al. 2011; Rigby et al. 2011), the
LABOCA (870 µm; Siringo et al. 2009), the SMA (880 µm),
the Max-Planck Millimetre Bolometer (MAMBO, 1.2 mm;
Kreysa et al. 1999), the CARMA (2792 and 3722 µm; Bock
et al. 2006), and the VLA FIRST survey (21 cm; Becker et al.
1995).

We obtained imaging at 870 µm with the LABOCA bolome-
ter array at the Atacama Pathfinder EXperiment (APEX) tele-
scope in 2011 November (D. L. Clements et al., in preparation).
LABOCA observed a 11.′4 diameter field with a resolution of
FWHM = 18.′′6. The observations have a total integration time
of ∼30 hr reaching a 1σ sensitivity of ∼2 mJy.

We obtained 1.2 mm imaging with MAMBO at the IRAM
30 m telescope (FWHM ∼ 10.′′7) in 2011 January and February
(H. Dannerbauer et al., in preparation). Observing time in the
on–off mode is 24 minutes, achieving a 1σ sensitivity of ∼1 mJy.

We obtained continuum observations at 81.2 and 108.2 GHz
(3722 and 2792 µm; covering rest-frame CO(3→2) and
CO(4→3) lines) on 2011 March 18 and September 1 as part of
our CO follow-up campaign of bright, lensed H-ATLAS SMGs
with CARMA in D array (D. A. Riechers et al., in preparation).
Observations were carried out for 0.9 and 1.4 hr on source, re-
spectively, using the 3 mm receivers and a bandwidth of 3.7 GHz
per sideband. HATLAS12−00 is unresolved in these observa-
tions, with angular resolutions of 6.′′8 × 5.′′0 and 6.′′0 × 3.′′8 at
81.2 and 108.2 GHz, respectively (restored with natural baseline
weighting).

Table 1 lists the photometry. We have included in the errors the
absolute flux calibration uncertainties (3% for WISE, 3%–5%
for PACS, 7% for SPIRE, 10% for SMA, and 15% for LABOCA,
MAMBO, and CARMA).
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LABOCA Companions

• Herschel & Herschel-LABOCA colours consistent 
with companions at same z as lensed source: a group 
of HLIRGs at z=3.26

6 D.L. Clements et al.

Source RA Dec F250 F350 F500 F870 S/N SPIRE Comments
mJy mJy mJy mJy separation

HATLAS12-00 11:46:38.01 -00:11:32.0 290±6 356±7 295±8 80±2.5 32 4.4” Lensed source
42.5±0.9 50±0.9 39±1.1 10.5±0.3 Lensing corrected fluxes

Companion 1 11:46:41.46 -00:13:32.7 51±6 54±7 50±8 15±2 8.0 5.5” 139” from lens
Companion 2 11:46:42.57 -00:08:00.6 45±6 49±7 30±8 10.0±1.6 6.6 17.3” 204” from lens
Companion 3 11:46:23.50 -00:10:58.9 40±6 42±7 14±8 11±2 5.1 2.0” 220” from lens
Companion 4 11:46:44.65 -00:08:40.3 30±6 50±7 50±8 7.5±1.5 5.0 7.7” 188” from lens

Table 1. Sources detected with S/N >5 by the LABOCA observations, giving the LABOCA flux and S/N at 870µm and fluxes in the
SPIRE bands derived from cross matching the LABOCA sources to objects in the H-ATLAS catalog. Also shown are the Herschel and
LABOCA fluxes of the lensed source after correction for the lensing amplification, which reveals that the underlying properties of this
object are very similar to the LABOCA companions.

Figure 3. 250µm/350µm vs. 350µm/500µm flux ratios of SPIRE
sources within 5 arcminutes of the lensed source HATLAS12-00
compared to the colours expected for star forming galaxies as a
function of redshift. The LABOCA detected sources are indicated
with a red colour, with HATLAS12-00 having the smallest error
bars. Black symbols denote SPIRE sources detected within the
LABOCA field that do not have a > 5σ LABOCA detection. Note
that the > 5σ LABOCA detected sources are in general redder
that the bulk of the SPIRE sources, and have colours comparable
to those of the lensed z = 3.26 source itself, but also that a
small number of SPIRE-only sources have similarly red colours.
The Planck 857GHz (ie. 350µm) to 545GHz (ie. 550µm) colour is
shown as a horizontal red line, giving the colour of the clump as a
whole. The Planck colour is also comparable to that of the lensed
source. Colour tracks are also shown as lines for two template
SEDs. These cover the redshift range from z = 0 to z = 4.5. Dots
along these lines occur at intervals of 0.5 in redshift.

the sources by assessing the likelihood of the observational
data given both the template SED and the source redshift.
The photometric redshifts derived in this way all lie between
3.11 and 3.36, consistent with the idea that the sources all
lie in the same cluster. The results of these photometric red-
shift fits, together with their 95% confidence intervals, are
given in Table 2, while the SED fits are compared to the
photometric data in Figure 5. Alternative approaches to the
determination of the FIR luminosity, and thus the SFR, are
also used to provide a consistency check to these results, in-
cluding fitting a modified black body, ie. Sν ∝ νβB(ν, T ),

Figure 4. 250µm/350µm vs. 350µm/870µm flux ratios of the
sources detected at >5σ by LABOCA at 870µm compared to
colour tracks as a function of redshift for star forming galaxies.
All these sources have colours similar to the lensed z = 3.26 source
HATLAS12-00, which is the source in this figure with the small-
est error bars, consistent with them lying at a similar redshift.
Template colour tracks are also shown, similar to those in Fig. 3.

where ν is frequency, β is the emissivity factor, T is tem-
perature, and B(ν, T ) is the Planck function, with both β
fixed at 2 (see eg. Clements et al., 2010) and β free to vary.
These alternate approaches yield star formation rates ∼24%
smaller, largely because they miss the contribution from hot-
ter dust at shorter mid-IR wavelengths, and yield dust tem-
peratures of 35-38K for the sources. When β is allowed to
vary a value very close to β=2 is still returned by the fit for
all sources (1.95 — 2.03). A more extensive analysis of the
SED of HATLAS12-00 by Fu et al. (2012), including data at
a wider range of wavelengths, concludes that it has an un-
lensed LFIR = 1.7× 1013L!, while the SED fitting analysis
described here yields a value of LFIR = 1.6× 1013L!.

Based on this analysis, HATLAS12-00 and the
LABOCA sources associated with it may make up a clus-
ter of hyperluminous infrared galaxies (HLIRGs), forming
stars at a total rate of 10000—13000M!/yr. This is a very
high star formation rate suggesting that this is an excep-
tional object, but nevertheless comparable to the HLIRG &
ULIRG system at z=2.4 recently described by Ivison et al.
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Figure 5. SED fits derived from the photometric redshift estimation code compared to the observed data from SPIRE and LABOCA.

(2013) which has a total star formation rate of 6340 M!/yr.
Given that we know there is a foreground cluster or group
at z∼1 in front of these sources, members of which are re-
sponsible for the lensing of HATLAS12-00 (Fu et al., 2012),
it is possible that some of the companions to HATLAS12-
00 are also lensed. Examination of IRAC images at 3.6 and
4.5 µm of this field (Cooray et al., private communication),
however, shows that there are no IRAC sources close to the
companions that are as bright as the IRAC sources responsi-
ble for the lensing of HATLAS12-00. We thus conclude that
any lensing magnification of the companions by foreground
sources is small, and certainly much less than the factor of
8 magnification of HATLAS12-00 itself.

The best fit SED template for 3 of the five sources, in-
cluding the lensed source, is the young starburst SED intro-
duced by Rowan-Robinson et al. (2010) to fit galaxies, found
in the HerMES survey, which have higher optical depth than
Arp220. The remaining two sources are best fit by an M82-
type starburst, a lower optical depth template matching the
SED of the nearest starburst galaxy to the Milky Way.

5.2 The Cluster Around HATLAS12-00

By summing the derived star-formation rate for our
LABOCA sources we can derive an estimate of the star for-
mation properties of this cluster as a whole. In Fig. 6 we

plot the star-formation rate density (SFRD) for HATLAS12-
00, together with star formation rate densities derived for
galaxy clusters in the literature where far-IR or mid-IR es-
timates of star formation rate are available. This includes
IRAS measurements of Perseus by Meusinger et al. (2000);
BLAST measurements of A3112 (Braglia et al. 2011); ISO
measurements of A1689 (Fadda et al. 2000); and Spitzer

measurements of A1758 (Haines et al. 2009), the Bullet clus-
ter (Chung et al. 2010), Cl0024+16 and MS0451-03 (Geach
et al. 2006).

We extend these measurements of cluster SFRD to
higher redshifts using the results of Stevens et al. (2010),
based on SCUBA observations around high-redshift QSOs,
to obtain a comparison sample in a redshift range extending
to z∼3. We derive star-formation estimates for the galaxies
in these catalogues using the observed F850 flux and an Arp
220 spectral template to obtain an estimate for the total FIR
luminosity and thence the SFR using the same relations as
for HATLAS12-00. We calculate the SFRD for each cluster
by assuming that the clusters are spherical and derive an
angular radius from the aperture within which the obser-
vations were made, converting that to a physical distance
at the clusters’ redshift. From this, we simply calculate the
associated volume by using this as the radius of the clus-
ters. Table 3 shows, for each clump or cluster, the redshift,
total SFR (in M! yr−1), angular radius θ (in arcmin) and
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SFRD in clusters/clumps

• Data from clusters in literature & clumps from here

• Cluster SFRD drops rapidly from z~0.7, flat above z~1.5
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Discussion

• New way to find high z galaxy clusters and to study 
formative phase in cluster evolution

• Early days yet for understanding these systems but 
more data coming eg. JVLA, SCUBA2, optical, near-
IR etc.

• Esp. important for probing underlying galaxy 
population associated with z=3.26 clump
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More to Come!

• More area from H-ATLAS & Stripe 82 to work with & 
better Planck legacy catalogs

• Parallel study within Planck team

ERCSC 
source in H-
ATLAS NGP 
associated 

with a strong 
lensing 
cluster
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