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ABSTRACT

The Planckmission, thanks to its large frequency range and all-ske@me, has a unique potential for systematically detectiag
brightest, and rarest, submillimetre sources on the slgudling distant objects in the high-redshift Universe éddy their dust
emission. A novel method, based on a component-separatamegure using a combination &anck and IRAS data, has been
applied to select the most luminous cold submillimetre sesiwith spectral energy distributions peaking betweeradii3d57 GHz at
5 resolution. A total of 215Planckhigh-z source candidates (the “PHZ") have been detected in thaese6 % of the sky, with flux
density at 545 GHz above 500 mJy. Embedded in the cosmiaéuftaackground close to the confusion limit, these higlandidates
exhibit colder colours than their surroundings, consisteith redshiftsz > 2, assuming a dust temperatureTQfy = 35K and a
spectral index oB,ga = 1.5. First follow-up observations obtained from optical tsuillimetre wavelengths have confirmed that this
list consists of two distinct populations. A small fracti(@around 3 %) of the sources have been identified as strongljtgtionally
lensed star-forming galaxies, which are amongst the tegjhdubmm lensed objects (with flux density at 545 GHz ranfjiom
350 mJy up to 1Jy) at redshift 2 to 4. However, the vast mgjaftthe PHZ sources appear as overdensities of dusty stauiffg
galaxies, having colours consistent with> 2, and may be considered as proto-cluster candidates. TEepRtvides an original
sample, which is complementary to the Planck Sunyaev-X&HoCatalogue (PSZ2); by extending the population of th@alzed
massive galaxy clusters detected with their SZ signal belewl.5 to a population of sources at> 1.5, the PHZ may contain the
progenitors of today’s clusters. Hence the Planck List gftHiedshift Source Candidates opens a new window on thg efube early
ages of structure formation, and the understanding of tiemgively star-forming phase at high-

Key words. Galaxies: high-redshift, clusters, evolution, star fotiora— Submillimeter: galaxies — Gravitational lensingosig

arxXiv:1508.04171v2 [astro-ph.GA] 2 Sep 2015

1. Introduction a bridge between cosmology and astrophysics. The forma-
. . . tion of structures in the nonlinear regime is still poorlyeo
:Developlr;g a? urlderstgn(ilrl]ngﬁf 'ghe birth anglgrovvtr; Ofbt rained, because of the complex interplay between dark
arge-scale structures in the Universe enables us fo tter halos and baryonic cooling at early times, during thi
transition from the epoch of first galaxy formation to the
virialization of massive halos. Hence the analysis of adarg

* Corresponding author: L. Montier,
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sample of high-redshiftz(> 2) objects is crucial for plac- 2013 Rigby et al, 2013 Wylezalek et al.2013 Trainor &
ing new constraints on both cosmological and astrophysictieide] 2012 Cooke et al. 2014), or obtained over very
models. limited fractions of the sky, e.g., in the COSMOS field,
Galaxy clusters, as the largest virialized structures imhich is 1.65 dej(Capak et al.2011 Cucciati et al, 2014
the Universe, are ideal laboratories for studying the is¢genChiang et al. 2014 and in theHubble Space Telescope
star-formation occurring in dark matter halos, and providiltra-Deep Field Beckwith et al, 2006 Mei et al, 2015
ing observational constraints on galaxy assembly, quenahith its 200" x 200" area. Since the expected surface
ing, and evolution, driven by the halos’ environment. Thdensity of such strongly lensed highgalaxies or mas-
first discoveries of strongly gravitationally lensed gadmx sive proto-clusters is fairly small, a few timesZ@eg?
at very high redshift (e.gWalsh et al.1979 Soucail et al. (Negrello et al,2007, 2010 Paciga et a)2009 Lima et al,
1987 opened another window onto the early stages of the881Q Béthermin et al.2011;, Hezaveh et al.2012, per-
intensively star-forming galaxies, and provided new infoforming an unbiased analysis of this population of sources
mation on the early star-formation phag&mfielson et a). requires us to explore much larger regions of the sky. This
2011 Swinbank et al.201% Combes et al.2012), allow- has been initiated, for example with tB@itzerSPT Deep
ing us to probe spatial details at scales well below 1 kggield survey covering 94 dégnd yielding the detection of
(e.g.,Swinbank et al.201Q 2011). From the cosmologi- 300 galaxy cluster candidates with redshift8 ¥ z < 2
cal point of view, galaxy clusters, considered as the dire@®ettura et al.2014).
descendants of primordial fluctuations on Mpc scales, pro- The submm and mm sky has proved to be #itient
vide a powerful tool for probing structure formation withinwindow onto star-forming galaxies with redshifts between
the ACDM model Brodwin et al, 201Q Hutsi, 2010 land 6, since it allows us to detect the redshifted mod-
Williamson et al, 2011, Harrison & Coles2012 Holz & ified blackbody emission coming from the warm dust in
Perimutter 2012 Waizmann et a).2012 Trindade et aJ. galaxies. Taking advantage of the so-called “negative k-
2013. More specificallyPlanck Collaboration XV(2014), correction” in the submnHranceschini et 811991, which
Planck Collaboration XX2014), andPlanck Collaboration compensates for the cosmological dimming at high red-
XXIV (2015 recently highlighted some tension betweeshift in the submm, many samples of higlgalaxies and
the cosmological and astrophysical results concerning taklso proto-cluster candidates have been identified or dis-
determination of theQy and og parameters, which still covered in this frequency range in the last two decades (e.qg.
needs to be resolved and properly understood. Lagache et al2005 Beelen et a].2008 Smail et al, 2014).
Galaxy clusters in the local Universe can bffi-e This process has been accelerated with the observations of
ciently traced by their dominant red sequence galaxies (elgrger fields in the submm and mm range. The South Pole
Gladders & Yee 2005 Olsen et al. 2007, by their dif- Telescope experimenCérlstrom et al.2011) which cov-
fuse X-ray emission from the hot gas of the intra-clusters 1300 degat 1.4 and 2 mm has built a unique sample of
medium (e.g.Ebeling et al.2001; Fassbender et aR011) high-zdusty star-forming object$feira et al, 2010, which
or by the Sunyaev-Zeldoviclffect (e.g.Foley etal, 2011 have been shown to be strongly lensed galaxies at a me-
Menanteau et §12012 Planck Collaboration Int.,[2012  dian redshifiz ~ 3.5 (Vieira et al, 2013 Weil3 et al, 2013
Planck Collaboration XXI1X 2014 Brodwin et al, 2015 Hezaveh et a].2013. A population of 38 dusty galaxies
up toz~1.5. The standard methods to search for clusteas z > 4 has been discovered owell et al. (2014 in
have yielded only a handful of objects at> 1.5 (e.g., the HerMES survey (26 dégywith the HerschelSPIRE in-
Henry et al, 201Q Tanaka et a).201Q Santos et al2011), strument Griffin et al, 2010. Furthermore, as predicted by
consistent with the prediction of the concordance modilegrello et al.(2005, Clements et al(2014 showed that
that cluster-size objects virialize late. Searching fghaz  the proto-cluster population can béieiently detected in
large-scale structures means we are looking at the progére submm as overdensities of dusty star-forming galaxies.
itors of local galaxy clusters, the so-called proto-cluste  The Planck satellit¢ combines two of the main re-
at the early stages of their evolution, where not enougfuirements for ficiently detecting higtesources, namely
processed baryonic material was available to be detected spatial and spectral coveragdancks combination of
by standard methods. These proto-clusters, likely lying tite High Frequency Instrument (HFI) and Low Frequency
z > 2, are assumed to be in an active star-forming phagestrument (LFI) provides full-sky maps from 857 down to
but not yet fully virialized. To investigate these earligpe 30 GHz? which allows coverage of the redshifted spectral
lutionary stages we needftirent approaches, such as thenergy distribution (SED) of potential dusty star-forming
one presented in this paper. galaxies over a large fraction of the sky. The moderate res-
During the past decade, more and more proto-clusi@ution (5 to 10 in the HFI bands) oPlanck compared to
candidates have been detected througfiedint tech- other submm experiments, suchHerschelSPIRE (18 to
niques, using X-ray signatures, stellar mass overdessiti86”) or SCUBA-2 (18 at 353 GHz), appears as a benefit
Lya emission, and association with radio galaxies (e.gs ) )
Brodwin et al, 2005 Miley et al, 2006 Nesvadba et al. 1 Planck(http://www.esa.int/_Plgnck) isa prolec_t of the
2006 Doherty et al, 201Q Papovich et a).201Q Hatch Eu.rop.e.an Space Agency (ESA) with instruments provided loy tw
et al. 2011 Gobat et al. 2011 Stanford et al. 2012 scientific consortia funded by ESA member states and led by

. Principal Investigators from France and Italy, telescadiectors
Santos et a].2011, 2013 2014 Brodwin et al, 201Q rovided through a collaboration between ESA and a scientifi

2011, 2013. However, only a few detections have beeBonsortium led and funded by Denmark, and additional cooutri
done in “random” fields (e.gSteidel et al. 1998 2005 tjons from NASA (USA).

Toshikawa et a).2012 Rettura et al. 2014, and most 2 Ajthough we use frequency units féanck channels here,
of these detections are biased towards radio galaxiessfifce most of the relevant literature for submillimetrectpeuses
quasars Rentericci et a).200Q Kurk et al, 200Q 2004 wavelengths, we will typically discuss the bands in ordedef
Venemans et 312002 2004 2007 Galametz et al.201Q creasing frequency.
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when searching for clustered structures at high redshiftTable 1. FWHM of the dfective beam of the IRIS
5 beam corresponds to a physical size of 2.5 Mpzr-at2, (Miville-Deschénes & Lagach@005 andPlanck(Planck
which matches the expected typical size of proto-clustersCollaboration VI| 2015 maps .
their early stages.

We present in this work the Planck List of High-

redshift Source Candidates (the “PHZ”), which includes Band FWHM Q. oo

2151 sources distributed over 26 % of the sky, with red- [GHz] [um] farcmin] farcmirf] [arcmif]
shifts likely to be greater than 2. This list is complemen- 3000 100 4.3 21.04 1.96
tary to the Planck Catalogue of Compact Sources (PCCS2; 857 350  4.64 24.37 0.02
Planck Collaboration XXV) 2015, which has been built 545 550  4.83 26.44 0.02
in each of thePlanckHFI and LFI bands. The PHZ takes 353 850 494 27.69 0.02

advantage of the spectral coverage in the HFI bands, be- 217 1380 5.02 28.57 0.04

tween 857 and 353 GHz, to track the redshifted emission

from dusty galaxies using an appropriate colour-cleanin% hat th levels of th ible with
method Montier et al, 2010 and colour-colour selection. SO that the zero-levels of these maps are compatible wit

It also covers a dierent population of sources than th&xtragalactic studies. For further details on the datagedu

; d calibration scheme, sBéanck Collaboration VII
galaxy clusters of the Planck Sunyaev-Zeldovich Catalogg han . .
(PSz2;Planck Collaboration XXIX2014), with redshifts 019 andPlanck Collaboration VII(2019. In this work

likely below 1.5, by tracking the dust emission from thd/€ make use of the *half-ring maps,” which correspond to

galaxies instead of searching for a signature of the hot ijyvo sets of maps built with only half of the data as described

tracluster gas. Because of the limited sensitivity and-res§) Plf"ka Co!laboration VIII(2015_. These can b.e used to
lution of Planck the PHZ entries will point to the rarestOPtain an estimate of the data noise by computing the half-

: : ; difference maps.
and brightest submm excess spots in the extragalactic sk{}9 € map
which could be either statistical fluctuations of the cos- We combine thélanckHFI data at 857, 545, 353, and

. : 217 GHz with the 3 THz IRIS dataViville-Deschénes &
mic infrared background, single strongly-lensed galaxi ;
or overdensities of bright star-forming galaxies in theyear -29ache2009, th(le new prtl)lcessmg ofthe IR'ﬁ‘S 3THzdata
Universe. This list of source candidates may provide injNeugebauer et 3l1984. All maps are smoothed ata com-

portant information on the evolution of the star-formatiof"o" FWHM of 3.
rate in dense environments: the submm luminosity of proto-
clusters will obviously be larger if the star-formation ing 2. pask
member galaxies is synchronous and the abundance of pro- ] ) . ) o
toclusters detected at submm wavelengths depends on Y define a mask at high Galactic latitude to minimize
duration of the active star-formation phase. the contamination by Galactic dusty structures and to fo-
The data that we use and an overview of the proceég.ls on the fI’aCtion Of the Sky dominated by CiB emission.
ing are presented in Seét. The component separation anc®S recommended ifPlanck Collaboration X(2014, we
point source detection steps are then detailed in Seatsd  used theE(B — V),ga map, released in 2013 in the Planck
4, respectively. The statistical quality of the selectiogoal Legacy Archive? as an optimal tracer of the neutral hy-
rithm is characterized in Seé. The final PHZ is described drogen column density in fluse regions. After convolving
in Sect.6, followed by a discussion on the nature of thavith a FWHM of 5, we selected regions of the sky with a
PHZ sources in Sect. column densityNy < 3 x 107°%cm2, which translates into
E(B — V)ygal < 0.0432.
. ) We also reject the stripes over the sky that were not
2. Data and processing overview covered by thdRAS satellite, and which are filled-in in
2.1 Data the IRIS version of the data using an extrapolation of the
DIRBE data at lower resolution (sédiville-Deschénes &
This paper is based on tilanck 2015 release products|agache2005. These undefined regions of the IRAS map
corresponding to the full mission of HFI, i.e., five full-skyhave been masked to avoid spurious detections when com-
surveys. We refer t&lanck Collaboration VI(2015 and  bining with thePlanckmaps.
Planck Collaboration VII(2015 for the generic scheme  The resulting mask leaves out the cleanest 25.8 % of the
of time-ordered information (TOI) processing and mapsky, approximately equally divided between the northern
making, as well as for the technical characterization of théhd southern Galactic hemispheres. As shown inFitpis
Planckfrequency maps. Thelanckchannel maps are pro-fraction of the sky remains heterogeneous, due to elongated
vided inHEALPix (Gorski et al, 2009 format, atNsige =  Galactic structures with low column density.
2048 resolution. Here we approximate tR&anck beams
by effective circular Gaussian®fanck Collaboration VI ) )
2015, reported in Tabld. The noise in the channel maps?-3- Data processing overview

is assumed to be Gaussian, with a standard deviation of 8f8¢ purpose of this work is to find extragalactic sources
9.1,8.5,and 4.2 kJy stat 857,545, 353, and 217 GHz, reyraced by their dust emission in the submillimetre range
spgctlvgly P!anck CoIIaborat.lon VII2015. The absolute (submm). The further away these sources are located
gain calibration of HFI maps is known to better than 5.4 anfle more redshifted their dust spectral energy distrilutio

5.1% at 857 and 545GHz, and 0.78 and 0.16 % at 353 af%ED) will be, or equivalently the colder they appear. The
217 GHz (see table 6 iRlanck Collaboration VILI2019.  cpgjlenge is to separate this redshifted dust emission from

The mean level of the CIB emission has already been ip5rious foreground or background signals and to extract
cluded in thePlanckfrequency maps of the 2015 release

based on theoretical modelling Béthermin et al(2012), 8 http://www.cosmos.esa.int/web/planck/pla
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0.0 n—— e 0.043 E(B-V)

Fig. 1. All-sky Galactic map in orthographic projections of theimts at high latitude used for analysis in this paper, with
the masked area built on tfidanckextinction map Planck Collaboration XI12014), using the criteriorE(B — V)xgal <
0.0432, which is equivalent th; < 3 x 10?°cm2. Poorly defined stripes in the IRAS data are also rejected.

these sources from the fluctuations of the cosmic infrared Notice that the first two steps, i.e., CMB and Galactic
background (CIB) itself. cleaning, are also applied independently on the first and
The data processing is divided into two main steps. Thast half-ring mapsFlanck Collaboration VIII 2015 in
first one is a component separation onft@nckand IRAS all bands, to provide robust estimates of the noise in the
maps (see SecB), and the second deals with the compaaieaned maps, which are then used during the photometry
source detection and selection (see Sé&ctThe full pro- processing.
cessing can be summarized in the following steps: After carrying out this full processing on tidanckand
) , IRAS maps, we end-up with a list of 215lanck high-
(i) CMB cleaning- we clean maps to remove the CMB; soyrce candidates, distributed over the cleanest 25.8 % of
signal in all submm bands using a CMB template (sqfe sky. We detail in the following sections the various step

_Sect3.2); _ of the processing, the construction of the final list and a
(i) Galactic cirrus cleaning- we clean maps at 857 O statistical validation of its quality.

217 GHz for Galactic cirrus emission using a Galactic
template combined with the local colour of the maps
(see Sect3.3); 3. Component separation
(iif) excess map at 545 GHzlooking for sources with
redshifted SEDs and peaking in the submm range,
construct an excess map at 545 GHz, revealing the c@gving to the negative k-correction, highsources (typ-
emission of highz sources, using an optimized combiically z = 1-4) have very “red” submillimetre colours.
nation of all cleaned maps (see Sext); Superimposed onto the emission from these sources are
(iv) point source detection in the 545 GHz excess mapother astrophysical signals, such as the CIB fluctuations,
the point source detection is applied on the excess m@g CMB anisotropies, and the Galactic foreground dust
at 545 GHz (see Sect.1); emission, each with a fierent spectral energy distribution
(v) multi frequency detection in the cleaned 857, 545, an&ED). A broad frequency coverage from the submm to mm
353 GHz maps simultaneous detections in the cleaneghnge is thus mandatory in order to separate these astro-
maps at 857, 545, and 353 GHz are also required to cqhysical components, so that we can extract faint emission
solidate the detection and enable photometry estimatesm high-zcandidates. Combined with IRASIéugebauer
in these bands (see Seétl); et al, 1984 data at 3THz, thePlanckHFI data, which
(vi) colour-colour selectior- complementary to the map-spans a wide spectral range from 100 to 857 GHz, repre-
processing aimed at emphasizing the cold emissi@Bnts a unique set of data that is particulatiyceent for
from high redshifted sources, we apply a colour-coloweparating Galactic from extragalactic and CMB compo-
selection based on the photometry (see Se8}; nents, as illustrated in Fig.
(vii) flux density cut- a last selection criterion is applied  The Galactic cirrus emission at high latitude is mod-
on the flux density to deal with the flux boostinfjet- elled with a modified blackbody, with a dust temperature
ing our photometry estimates (see Séc8). of Ty = 179K and a spectral indeg = 1.8 (Planck

Wel- Astrophysical emissions
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33" 217 143 Jo0 ] rate the far-IR emission of highULIRGs from that of the
] CMB, Galactic cirrus, and CIB fluctuations.

Because of the special nature of the compact high-
z sources, presenting SEDs peaking between the Galactic
dust component, the CIB component, and the CMB signal,
we had to develop a dedicated approach to component sep-
aration, which is detailed below. This algorithm enables us
to clean first for the CMB component, then for the Galactic
and lowz CIB component, and finally to optimize the ex-
cess at 545 GHz.

Diffuse Galactic cirrus— — —
C -

10

I, [MJysr]

z=1
7=2

z=3 g
— z=4 /‘

102

1 /
1000 100 )
v[GHz] The CMB component is removed from the 3000, 857, 545,
353, and 217 GHz IRIS arflanckmaps using a CMB tem-
plate, which is extrapolated to the other bands according
0 a CMB spectrum. To do this we take into account the

10°

3.2. CMB cleaning

Fig. 2. Surface brightneds of the main astrophysical com-

onents of the submm and mm sky at high Galactic lat- ) .
iFt)ude i.e., Galactic cirrus, CIB fluztuatio%s and CM pectral bandpass of each channel, as describBthmck

anisotropies. Typical SEDs of sources at intermediate é)llab_orat_ion IX(Z-OM)' The clegining is performe(_:l in the
high redshift, i.e.z = 1-4, are modelled by a modified ALPix pixel basis, so that the intensity of each pixel after

blackbody emission law (witfiyga = 30 K andByga = 1.5) CMB cleaning is given by
and plotted in colours, from blue (= 1) to red ¢ = 4). 1C—1 —| « ABCMB (1)
The+2 o levels of Galactic cirrus and CIB fluctuations are v cMe r
shown as light and dark grey shaded areas, respectiveiferel, is the intensity of a pixel of the input map at fre-
The bandwidths of the 3THz IRIS and the $tlanckHFI  quencyv, IS is the intensity after CMB cleanindcwus is
bands are shown as light grey vertical bands. the intensity of the CMB template, ameBSVE is the in-
tensity of the CMB fluctuations integrated over the spectral
: .. bandpass of the band at frequemcy
Collaboration XXIV, 201]). The SED of Galactic Cir-  The choice of the CMB template has been driven by the
rus is normalized at 3THz using an averaged emissivitym of working as close as possible to the nativegsolu-
(estimated byPlanck Collaboration Xi(lv 2911_25“ high  tion of thePlanckhigh frequency maps, in order to match as
Galactic latitude) oOfeipo = 0.5MJysr 5102 cm and @ \ye|| as possible the expected physical size of proto-alsste
mean column density oy = 2 x 10°°cm®. The grey ¢ high redshift, i.e., around 1 to 2 Mpca¢ 2. Among the
shaded region in Fig2 shows the+2o domain of the {4, methods applied to thielanckdata to produce all-sky
Galactic cirrus fluctuations estimated at 3 THz by Compuit(')reground-cleaned CMB mapBlanck Collaboration 1X
ing the integral of the power spectrufk) over the IRAS 2015 only two of them provide temperature CMB maps at
maps between multipolgs= 200 and’ = 2000, as done in g yesolution, i.e NILC (Basak & Delabrouille2012 2013
Planck Collaboration XVI1[(201]) for the CIB. This pro- angsm1ca (Cardoso et al2009. Since the latter has been
cedure givesrZ, = 2r [ P(K) x kdk whereP(k) is the 2-  shown inPlanck Collaboration IX2015 to be the least
D power spectrum obtained in small patches of 10Gdegontaminated by foregrounds for high{¢ > 2000), it has
leading to a value ofga = 0.28 MJysr! at 3 THz. been chosen as the CMB template in this work. The over-
The CIB emission is given by the model B&thermin all agreement between all four methods on the temperature
et al. (2011, with 20 values taken fromPlanck CMB mapsis very good, with an amplitude of pairwise dif-
Collaboration XVIII (2011) and defined for spatial scalesference maps below BKcug over most of the sky on large
of 200 < ¢ < 2000. The anisotropies of the CMBCMB, scales, and belowd at high¢.
have been normalized at 143 GHz to correspond tara 2  However, it is clearly stated that the these maps are not
level fluctuations, withrcws = 65 uKcme, equivalent to fully cleaned of highé foregrounds, such as extragalactic
0.05MJysrt. point sources or Sunyaev-Zeldovich (SZ) emission. Hence
Typical SEDs of extragalactic sources are also indicatéeis CMB template may be used to cleafiigently the
on Fig. 2 using a modified blackbody emission law with &lanckand IRIS maps for CMB signal at large and inter-
temperature of 30K and a dust spectral index of 1.5, amediate scales, but not at small scales. Actually, thesg-res
redshifted toz = 1, 2, 3, and 4. All SEDs have been norual emission components — including synchrotron emission
malized to a common brightness at 545 GHz, equivalentfi®m strong radio sources, thermal emission from Galactic
a flux density of 1 Jy for objects as large d5VHM. cold dust, or SZ signal from galaxy clusters — in the CMB
As shown in Fig2, the Galactic cirrus emission, whichtemplate are extrapolated to the IRIS aRtnck bands
appears warmer than the other components and peaksvislh a CMB spectrum during the CMB-cleaning procedure,
around 2 THz, is well traced by the 3 THz band of IRAS, aghich may impact the rest of the analysis, as we investigate
well as the CIB emission which peaks around 1 THz. THe Sects3.5and3.6.
CMB anisotropies are well mapped by the low frequency In order to avoid such issues, it would have been pos-
bands ofPlanckHFI, at 100 and 143 GHz. Finally thesible to use the 143 GHRlanckmap as a CMB template.
emission from highesources is dominant in the four bandsin this case, the presence of non-CMB signal could have
from 857 to 217 GHz, covered by HFI. This illustrates thaeeen more easily quantified; however, the common resolu-

the IRAS plusPlanckHFI bands are well matched to sepation of all IRIS andPlanckmaps would then have to have
been degraded to the 7.&solution of the 143 GHz map,
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which is not convenient when looking for compact objectsnap at 545 GHz a linear interpolation between the two sur-
As a test case, we have performed a comparison betweennding bands, i.e., the 857 and 353 GHz maps, as written
the two CMB cleaning options at 8esolution to study the below:
impact on the flux density estimates towards PHZ sources,
see AppendiA.
l545 = 1545~ {<|8Ds7 R T
3.3. Galactic cirrus cleanin
g 5 o\ (545-857)
In order to clean the Galactic cirrus emission at high lat- (<|353>RX - <|857>RX)' (SST&%?) . (3)

itude, we apply the colour-cleaning method introduced by
Montier et al.(2010. In this method, the 3THz IRIS map,wherel,. is the intensity in the excess map at 545 GHz,
considered as a template of the Galactic dust emission, iSjg the intensity after CMB and Galactic cirrus cleaning
extrapolated to the lower frequencies using the local aolog

. . frequencyy, and the()y operator here is the median
around each pixel and is removed from the current magstimate over a disk of radit®, = 6. The value of the

Hence the intensity of a pixelin the output map at frequengyqiysr, has been determined on simulations to optimize
vis given by the signal-to-noise ratio of the output signal in the excess
c map. The full process of cleaning is illustrated in F3dor
I =115 ><< > ,
Reirrus

2 =1y = 15500 %X { =— (2) the Planck high-z candidate PHZ G095.5®1.59, which

has been confirmed by spectroscopic follow-up as a proto-
cluster candidateH|ores-Cacho & et a/2015 submitted
wherelS andI? are the intensities of the pixel after thein Fig. 3 each row corresponds to a step in the clean-
CMB and Galactic cirrus cleaning, respectively, and theg, from original maps smoothed at Ffirst row), to
Orame OPETatOr is the median estimate over a ring betwe@MB-cleaned maps (second), Galactic cirrus-cleaned maps
radiusR"c';”uS = 20 and Rg#ﬁus = 30 around the central (third), and finally yielding the excess map at 545 GHz
pixel. The extension of the ring has been chosen, followir{gpurth).
the prescriptions dflontier et al.(2010, to maximize (at a
beam scale) the signal of pixels with abnormal colours con-
pared to the background, i.e., by cleaning structures targée
than 20 using the local colour of the background estimate@he cleaning process allows us to perform fiitent com-
up to 30. The ratiol /15, is defined as the colour index. ponent separation to isolate the extragalactic point &s,rc
More generally, this method of cleaning the Galactibut also impacts the original SEDs of these higgources.
dust emission at high latitude allows us to subtract all thEehe fraction of emission coming from extragalactic sources
“warm” dust components present in the 3 THz map, conpresent in the CMB and 3 THz templates are extrapo-
pared to the “cold” dust components, which will preferenated and subtracted from the other bands. Concerning the
tially peak at lower frequencies. A structure with the sam@éMB template, since the amount of residual emission com-
colour index as the average background within 41838 ing from the extragalactic sources remains unknown, we
dius will vanish from the cleaned map. A structure appedsracket the impact by making two extreme assumptions. On
ing colder than the background will present a colour irthe one hand, the CMB template is assumed to be perfect,
dex larger than the average background, and will produie., without any foreground residual emission. In thaecas
a positive residual. On the other hand, a structure warntee CMB cleaning has no impact on the cleaned SEDs. On
than the average will be characterized by a negative restbe other hand, since the CMB template is mainly domi-
ual after this colour cleaning. We stress that the definitiorated by the signal of the 143-GHz band (where the signal-
of “warm” or “cold” at any frequency is determined relato-noise ratio of the CMB is the strongest compared to the
tive to the local background colour, which is a mixture obther astrophysical components), we assume in the worse
Galactic cirrus emission and CIB emission at this locatiogase that it includes a residual emission equivalent to the
Where the emission is dominated by Galactic cirrus, théxpected intensity at 143 GHz of the extragalactic high-
method will mainly clean the “warm” Galactic dust emissource.
sion; where the sky is dominated by CIB emission, it will The impact of cleaning is illustrated in Fig, where
clean the lowz component of the CIB and it will enhancethe SEDs of extragalactic sources at five redshifts (from 0.5
the highz part as positive emission. to 4) are modelled by modified blackbody emission with a
Notice also that real strong “warm” sources present temperature offyga = 30K, and a spectral indg&ga =
the 3 THz map will produce extremely negative residuals m5, normalized at 1 MJy st for 857 GHz. The Galactic
the cleaned maps, so that, more generally, the statisticscfus cleaning has been performed assuming a balanced
the negative pixels in the cleaned maps should not be cfixture of CIB and Galactic dust emission. Cleaned SEDs
related with these of positive pixels, both tracinfelient agre shown shown for the two cases of CMB template
phases of the observed sky. quality, i.e., ideal or highly foreground-contaminatetieT
SEDs of lowz (< 1) sources are stronglhfacted by the
cleaning from Galactic cirrus, as expected, while the SEDs
at higher redshiftsz = 4) are potentially moreféected by
The SEDs of sources located at high redshift will exhibthe CMB cleaning. This has to be kept in mind when com-
an excess of power at lower frequencies, located at thpiiting the photometry for any such sources detected in the
dust emission peak. In order to enhance tffisat, we build cleanedPlanckmaps.
the excess map at 545 GHz by subtracting from the cleaned Note that cleaning will tend to remove some of the flux
of real sources. We define the relative attenuatiorffcoe

|C
3000

5. Impact of cleaning on high-z candidates

3.4. Excess maps
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Fig. 3. Cutouts (I x 1°) in Galactic coordinates of the IRIS aR#anckmaps centred on the source PHZ G095.60.59,

after the various steps of the cleaning procesdtirgt row: original maps at 5plus thePlanckS’ CMB template Second

row: maps after CMB cleanin@-hird row. maps at 857, 545, 353, and 217 GHz after Galactic cirrusegigaFourth row:
excess map at 545 GHz. For the last two rows, the colour seeldéen chosen so that positive residuals appear in red
and negative residuals in blue. Units are expressed in M3yexcept for the CMB Stemplate map, which is expressed

in uKcmg.

cient in eactPlanckHFI band due to the cleaning processthe situation is less clear and requires more realistic simu

Aclean g lations to provide a reliable assessment of the detection of
[, —1P such sources, as performed in Séct.
clean_ 'V v (4) . . . .
A= . We emphasize that this attenuation fméent strongly

v

) ] ) ) depends on the SED type and the redshift of each source.
treme cases, depending on the level of contamination by & K to 40K shifts the transition zone from redshift 1-2 to

tragalactic foregrounds in the CMB template. An estimaig 3 (see Fig5), making it hard to predict the actual atten-
of this relative attenuation cfiecient is shown in FigS as  (ation codicients.

a function of redshift for the 857, 545, 353, and 217 GHz

Planck bands. We observe that, in the worse case (lower

panel), flux densities at 857 and 545 GHz are barely ind-6. Contamination by foreground astrophysical sources
pacted by the cleaning for redshifts> 2, while for the i ;

353-GHz band the attenuation reaches 5% to 20 %. The %t§'1' Thermal emission from cold Galactic dust

tenuation for the 217-GHz band is much larger, ranging bBecause of the degeneracy between the temperature of a
tween 30 % and 40 %. When the CMB template is assumedurce and its redshift, cold clouds at high latitude repre-
to be ideal (upper panel), the attenuation remains small feent an important contaminant for the detection of high-
z > 2 in all bands. At low redshifts<{ 1), the attenuation sources, Indeed, the SED of a Galactic cold source mod-
codflicient reaches 100 % in both cases, which means tiedlied by a modified blackbody with a temperatligs: =

the cleaning process fully removes these sources from theK (blue curve of Fig6) will mimic the same spectral
maps. In the intermediate range of redshifts{kz < 2), trend in the submm range as the SED of a warm source



Planck Collaboration: The PHZ

3F ! N 100 T -
3000 857 545 353 217 (143 100 L : : 857 GHz ]
: 205 ] 80F | ¥ — —  545GH; Tou ]
oF - L g - — - 353GHz — 30K A
= ot ] 60k 9 o 217 GHz — 40K .
% F ] T I S Ideal CMB template ]
> F 1 f=h + J
2 I ]
S < [ ]
F,# — |Initial SED E ok
e After cirrus cleaning + CMB (ideal) 1 i
-1 3 ~ ~  After cirrus cleaning + CMB (worse case) e 20t . .
1000 100 0 2 4 6
v [GHZ] Z

857 GHz

Fig. 4. Impact of the cleaning process on the SED of high- 100; 1
545 GHz Tot

z dusty sources. The SED of the extragalactic sources is 8oL
modelled by a modified blackbody witfyga = 30K and a i 353 GHz — 30K
spectral indexBygal = 1.5, for five different redshifts from 6ol 3 217 GHz — 40K ]
0.5 to 4. The original SEDs (solid line) are normalized te= i “\' ™ Highly foreground-contaminated CMB templale
be 1 MJy sr! at 857 GHz. The SEDs at various redshifts af§\~ a0l R o R
ter the cleaning process are shown with dotted and dashied | B
lines when the CMB is assumed to be ideal or highly con ool
taminated by foreground emission (e.g., SZ clusters), re- i
spectively. Note that the dotted and dashed lines may be ¢
overplotted in some cases. When not visible at all, those i
lines are mixed to the solid line case. -20L s s
0 2 4 6

(Txgal = 30K) redshifted taz = 2 (green curve of Figd).
This can only be disentangled by taking into account othEig. 5. Relative attenuation cdiécient A%®a" due to the
properties of such Galactic sources, such as thedl- cleaning process, as a function of redshift for eRtdnck
umn density or the structure of its surroundings, whicHFI band. This is computed for two input SEDs modelled
may be associated with Galactic components. For this ré® a modified blackbodyTyga = 30K and 40K, with
son, with each detection there will be associated an egiy, = 1.5) embedded in foreground emission equally bal-
mate of the local extinction at the source location and énced between CIB and Galactic cirrus. It is shown for
the background, as a tracer of the local eéblumn den- two extreme cases of the CMB template quality, i.e., ideal
sity. This is further discussed in Se6t7, in the analysis of (upper panel) or highly contaminated by extragalactic-fore
the cross-correlation between the list of higheurce can- grounds at higlf (lower panel).

didates and the catalogue of Planck Galactic Cold Clumps

(PGCC;Planck Collaboration XXVI1} 2015. o
3.6.3. SZ emission from galaxy clusters

3.6.2. Synchrotron emission from radio sources The SZ ¢fect Sunyaev & Zeldovich1970 is a distor-
tion of the CMB due to the inverse Compton scattering

The typical SED of the synchrotron emission from radigyduced by hot electrons of the intra-cluster medium. It
sources is observed in the submm range as a power law Wiherates ‘a loss of power at frequencies below 217 GHz,
a spectral index around —0.®lanck Collaboration XIll  and a gain above this frequency. An SZ spectrum after re-
2011), as shown as a red solid line in Fig While the slope  moval of the CMB monopole spectrum is shown as a black
of the cleaned SED is accentuated by the cleaning when #1iq |ine in Fig. 6, using a typical integrated Compton
CMB template is assumed to be ideal (red dotted line), (farametetyso = 10-3 (seePlanck Collaboration XXIX
the CMB template is highly contaminated by extragalacttsn14 planck Collaboration XXVIJ 2015. Along the di-
foregrounds at higlf, the cleaned SED (red dashed linejection towards galaxy clusters, if the CMB template is not
exhibits a positive bump in the 857 and 545-GHz bandg|ly cleaned for SZ emission, the CMB cleaning method
and a deficitin the 353- and 217-GHz bands, which mimiGgi|” artificially enhance the signal of the resulting SED
the excess at 545 GHz expected for the higlources. This (plack dashed line) by subtracting the (negative) SZ sig-
artefact can be identified by looking at the intensity in thga| at 143 GHz. This produces a clear bump of the cleaned
100-GHz band, which remains strongly positive in the cassep in the 353-GHz band, as expected for the SED of a
of synchrotron emission, compared to the expected emig;sty sourceTxgal = 30K) atz = 7.5, which is not likely
sion of highzdusty galaxies at 100 GHz. For this reason Wgy pe detected at Sesolution.
provide a systematic estimate of the 100 GHz flux density Hence the Sz SED does not properly reproduce the ex-
and compare it to the flux densities at higher frequenciespacted colours of the dusty galaxies at higtand should
order to reject spurious detections of radio sources. not be detected by our algorithm. However, it may represent
an important contaminant if a galaxy cluster and a high-
dusty source lie along the same line of sight. This is ad-
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4; 3000 gy pe "857 545 353 217 143 100 ] cleaned maps, because the constraint imposed by the spa-
: 1 tial consistency between detections in all three bands-is ex
3F Synchrotron 3 . .
: Sz 1 pected to reinforce the robustness of a simultaneous de-
, tection. Concerning the 100-GHz band, we adopt a simi-
T 25 /3 lar threshold by requiring the absence of any local maxi-
2 1 mum with §N > 3 within a radius of 5 Notice also that
= 1 : 3 this criterion is applied on the 100 GHz map, which is only
N cleaned from CMB after convolving the CMB template and
Og i \ 100 GHz maps at a common’li@solution. A detection is
p _ — Initial SED \\ ) finally defined by the following simultaneous criteria:
El After cirrus cleaning + CMB (ideal)” E X X .
) ~ ~  After cirrus cleaning + CMB (worse case) N |545/0'545 > 5;
1000 100 I /oD > 3, forv=2857545 and 353 GHz; (5)
v[GHZz]

c ,.C
I To0/ 0100 < 3-

Fig.6. Impact of the cleaning process on the SED of fore-
ground astrophysical sources: cold Galactic sources Xblué-2. Photometry

SZ signal from galaxy clusters (black); and radio sourc&$,e photometry is computed at the location of the detec-
(red). The SEDs are shown before (solid line) and a.ft%nspi)n the cleayned 857?545, 353, and 217 GHz maps. It is
cleaning, assuming two levels of CMB template qualityye formed in two steps: (i) determination of the extension
i.e., ideal (dotted line) or highly contaminated by extrag ihe source in the 545 GHz cleaned map; and (ii) aperture
galactic foregrounds at high(dashed line). photometry in all bands in the cleaned maps. We perform
an elliptical Gaussian fit in the 545 GHz cleaned map at the
dressed in SecB.7, in the analysis of the cross-correlatior{oc""ti(_)n of the detec_tion in order to fi_nd the exact centroid
between this list and the Planck Catalogue of SZ sourc%%ord'n_""_tes’ the major and minor axis FWHM values, and
(PSZ:Planck Collaboration XXV1j 2015. the posglon angle,. with assquated uncertainties. Flml(- de
sities, S}, are obtained consistently in all four bands via an
aperture photometry procedure using the elliptical Gaunssi
4. Point source detection parameters derived above in the cleaned maps. The accu-
racy of the flux densitiesr>, can be decomposed into three

v

We describe in this section how the point source detectiglmponentsy9°°™ comes from the uncertainty of the ellip-

is performed and the photometry estimates are Obta'n%gal Gaussian fito—fky represents the level of the local CIB

?:/\(l)eloilrsi(;o?glz?l;]hael f;?sa;izlchtlﬁ); dperr?giis?r']rbeii%? don boﬂﬂt?ctuations that dominate the signal at high latitude; and
y y : o9 s due to the noise measurement of flanck data

and estimated using half-ring maps.
4.1. Detection method An estimate of the elliptical Gaussian fit accuracy,
. . . . . 9eom is obtained by repeating the aperture photome-
The point source detection algorithm requires positive dﬁ-y in 1000 Monte Carlo simulations, where the ellipti-
tections simultaneously within & $adius in the 545GHz 5| Gaussian parameters are allowed to vary within a nor-
excess map, and the 857, 545, and 353 GHz cleaned maps; gistribution centred on the best-fit parameters and a
It also requires a non-detection in the 100 GHz clean ldispersion provided by the fit. The uncertaintf®™is

maps, which traces emission from synchrotron SOUrces. gefined as the mean absolute deviation over the 1000 flux
As already mentioned in Sec?.3, negative pixels in density estimates.

the cleaned and excess maps represent the locally warmeny,e se the first and last half-ring maps, which have
phase of the high-latitude sky, which may statisticalljeen cleaned following the same process as the full maps,
strongly difer from the one of the positive pixels tracing, ohtain an estimate of the accuracy of the photometry re-
the colder phase. For this reason negative p|.x.els are mas gd to the noise in the data. This is computed as the ab-
afterwards, so that we characterize the significance of a d&;,te half diference of the photometry estimatg&s and
tection by comparing the value of each pixel to the stastiglast optained from the first and last half-ring cleaned maps,
of positive pixels only. Hence the local noise is eSt'mater‘éspectively. Since this quantity follows a half-normai-di

as the median absolute deviation estimate over the posityg tion, the estimate of the noise measurement in the full
pixels of each map within a radil&e; = 60 around each survey is finally given by

pixel. A disk of I° radius covers about 150 times the beam

of &, providing enough statistics to obtain a reliable es- data p

timate of the standard deviation. It also covers twice the A

typical scale of any Galactic cirrus structures filteredHosy t

cleaning process (using a radRgs = 30, see Sect3.3). . sky .
A detection is then defined as a local maximum of thg The local level of the CIB fluctuations;, ”, is obtained

signal-to-noise ratio (8!) above a given threshold in eachS?t/ C:s?rr:\lg'lgg égfaisrfggiargndgvzttfpe O\kll?)rto4rr?gt: luv)\(/it%et?\_e
map, with a spatial separation of at leasb&ing required Y y P P y

: .~ nominal elliptical Gaussian shape parameters in the ctbane
between two local maxima. A threshold oft$ > 5 is r%aps at 400 random locations within a radius daiound

adopted for detections in the 545 GHz excess map, Wh{ e centroid coordinates. Those random locations are cho-
this is slightly relaxed to 8N > 3 for detections in the DO
sen among the positive pixels of the excess maps, for the

first last
Sv B Sv

. ®)
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same reason as given in Settl, i.e., to explore the samerealizations are defined as the quadratic sum of the data
statistics as the detection pixels. Notice that this eséroé noise,o9® and the elliptical Gaussian fit accuraoy, ™,
0¥ also includes the noise of the data, even if the latter $ that only proper noise components of the uncertainty are
shown to be low compared to the CIB fluctuation level. included, but not the confusion level from CIB fluctuations.
We stress that the flux densities are computed using thee probability estimaté” for each source is then defined
cleaned maps, since theitNBvalues are higher than in theas the ratio between the number of occurrences satisfying
original maps, where the highsource candidates are emihe two colour criteria of Eq.7) and the total number of
bedded in Galactic cirrus, CIB structures, and CMB fluctd€alizations. The colour-colour selection criterion hasii
ations. Nevertheless they still fer from several potential finally set up as the conditich > 0.9, based on the Monte
systematic fiects: (1) attenuation due to the cleaning; (2§arlo analysis described in Seét. This approach is far
contamination by the Sunyaev-Zeldovicfieet (SZ) dis- Mmore robust than a simple cut based on the two colour cri-

cussed in Sect.7; and (3) the flux boostingfiect pre- teria. It also enables us to reject sources that might gatisf
sented in SecB.3. the criteria owing to poor photometry alone.

4.3. Colour-colour selection and flux cut 5. Monte Carlo quality assessment

A colour-colour selection is applied to the cleaned flux ders. 1. Monte Carlo simulations
sities in order to keep only reliable higteandidates. This
aims to reject Galactic cold clumps and radio sources,
still present in the detected sample. We use the three High
frequencyPlanckbands in which detections afIS > 3 are

simultaneously required. The colour-colour space is th

defined by theSsas/ Sgs7 and Sasa/ Ssas colours. | by injecting 10000 simulated highpoint sources into the

Firstly, we requireSs4s/Sgs7 > 0.5, to reject potential =2 " e~
Galactic cold sources, which exhibit colour ratios rangin%Iglnal Planckand IRIS maps, yielding a total of 900 000

from 0.2 to 0.5 for dust temperatures ranging between 20/gK€ injected sources. The SEDs of these sources are mod-
and 10K (with a spectral index equal to 2). It is found th lled via modified blackbody emission with a spectral index
98.5% of the cold clumps in the PGCC catalogBéafick ~xgal = 1.5, and four equally probable values of fche temper-
Collaboration XXVIII, 2015 have a colouiSsss/Sgs7 < ature, Txgal = .2f0, 3?' 40, ar|1dd5t§) K. The rgdshéft O_f tgese
0.5. We emphasize that this criterion can be safely appli€durces is uniformly sampled between= 0 andz = .
to the colour raticSP,./SP.., obtained on cleaned maps, a e flux density dlstrlb_ut|on follows a power law with an
quantified with Mor??g Csasr7lo simulations (see SécB). index equal to the Euclidean vaIue?(.S) between 200 mly
Secondly, it is common to constraByss/Ssas to be and 5Jy at 545GHz. Each source is m_odeIIed as an ellipti-
less than 1 in order to avoid contamination from radi8aI (38aussd|an W'.tht? FWHM ;]/arylng unlf(()jrm_ly between 5
sources, which have negative spectral indices (e.g., ; and a ratio between the major and minor axes rang-
Planck Collaboration XXVIIJ 2015. However, this crite- ing uniformly between 1 and 2. The point sources are then

rion has to be adapted when using the photometry basediWﬁCted into the rgal IRIS anﬂ_lanckmapg (alreqdy con-
the cleaned maps. As already mentioned in S6t2 typ- volved at 3 resoluthn), excluding the regions withir &f
ical SEDs of radio sources are transformed after cleanirfg € detections of higlzsource candidates.

so that they no longer hasss/Ssss > 1. While SEDs The full cleaning, extraction, photometry, and colour-

of extremely redshifted dusty galaxies may present coloﬁ?l?ur SeéeCtiOE. procesfsing Eescribeq ilrlj.SeEtandb4 is |
ratios larger than 1, their cleaned SEDs will be strongfSormed on this set of mock maps, yielding a sub-sample
affected by the cleaning process, so that their colour r f about 70 000 detected sources from the 900 000 injected.

tio goes below 0.9 whatever the redshift (as discussed} t.icedthat rt]he cutlon the 54dSGHZ qu>|< denﬁity has ?een
Sect.5.3). This remains the case for galaxy clusters with afT/tted In this analysis in order to explore the complete-
SZ signature, which produces an excess of the flux deniﬁﬁ?s of the detection algorithm beyond .th's flux density
at 353 GHz after the cleaning process, so that this colour ra- It IFurtgermori, wel ha\{e tested two OP“O”.Z of Ithe C'\I/'B
tio would be larger than 1. Hence the criterion is finally Séﬁr‘nphate u_rl?g_t ?hcéearém%})rg&%ssmg..an |dea gej}lp ate
to S2.,/SP,. < 0.9, so that dusty galaxies are not rejected)' "' CONSIS'S N MICA map; and a highly.

but &7 contamination is. contaminated template, which has been built by injecting

inti ted flux densities at 143 GHz into 8¥CA %
In order to properly propagate the uncertainties of t[%e expec ) _ _
flux density estimates in all three bands during the colourMB template before cleaning, assuming here that the sig-

colour selection process, we construct for each source féotm th? ?Xt?ﬁalaﬁlﬂc so(;;rce;s still futI.Iy '?ﬁ'“de‘*’!‘*
probability for the two colour ratios to lie within the high-: emplate. This allowed us to quantify the maximum

zdomain, given the & error bars associated with the fluxmpact of the uncleaned fpregrour)ds present in the CMB
template we use for thefiicial cleaning. Finally, we stress

recovered flux densities of tH&lanck high-z candi-
ates and to explore the selection function of the algorjthm

have performed Monte Carlo simulations. A total of
@%sets of mock IRIS plu®lanck maps have been built

@;rder to assess the impact of the cleaning method on

densities: X ;
5 5 that the fraction of total detections over the total number
P Seus 05 d S3s3 0.9 7 of injected sources cannot be considered as an estimate of
o > Ooan D < U2 () the overall recovery rate of the algorithm, because of the

_ o ) ) ) unrealistic statistics of the injected population in terofis
This probability is built numerically by simulating for é&c temperature, redshift or flux density. However, these mock
source 100000 flux densities including noise in the 85&imulations allow us to build the a posteriori uncertaisitie

, 545-, and 353-GHz bandsSl., SL,, andS};), using on the properties of the recovered sources, and the selectio
the cleaned flux density estimates and their Uncertain- function due to the detection algorithm.

ties. The flux density uncertainties used to build theseanois
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3

Positional offset [arcmin]

fined as the geometric mean of the minor and major
FWHM, FWHM=(FWHMmin x FWHMm4)Y/2. The recov-
ered FWHM is overestimated compared with the input
FWHM over the whole range of/N of detection in the
545 GHz cleaned map (see left panels), by an average value
of 3.5% at high 8\, and up to 15% at low /8l (below
10). When looking more carefully at the distribution of re-
covered versus injected FWHMs, it appears that the largest
FWHM bin, the one close to’8is better recovered than
the smallest FWHM values, which are strongly overesti-
mated by up to 30%. In fact, the distribution of the recov-
ered FWHM peaks around%, while the input values were
uniformly distributed between' &nd 8.

In addition to this, the dispersion of the ratio between

Fig.7. Positional recovery. Histogram of the positioné&to the recovered and the injected FWHMs does not signif-
sets between the centroid coordinates of the recoveigantly decrease with the/S of the detection, and lies
sources and the initial coordinates. Vertical lines giwe learound 7 %. This is larger than the level of uncertainty pro-
els of the maximum positionalfiset for the following Vided by the elliptical Gaussian fit, which is about 1.5 % at
lower percentiles: 50 % (long dashed); 68 % (dashed); 90W@ximum. Indeed the uncertainty on the FWHM is mainly
(dash-dotted); 95 % (dash-dot-dot-dotted); and 99 % (détominated by the confusion level of the CIB.

ted).
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Fig. 8. FWHM and ellipticity recovernleft FWHM. Right
ellipticity. Top: ratio of recovered over injected FWHMscleaned map, which are barely impacted by the CMB clean-
and ellipticities (Re¢lIn.) as a function of the 8l of detec- ing.

tion on the 545 GHz cleaned mdgottom recovered versus
injected FWHMs and ellipticities. The dashed line gives thg

1:1 relation.

5.2. Geometry accuracy

The same analysis is performed on the ellipticity of the
sources, defined as

2
&= 1_(9min) i (8)

Gmaj

wherebfmin andfmgj are the minor and major axis of the el-
lipse, respectively. When looking at the ratio between the
recovered and injected ellipticity as a function of th&lS

of the 545 GHz flux density (right panels of Fig), the es-
timates do not seem biased fgiNSarger than 5. However,
the recovered versus injected ellipticity comparison show
that low ellipticities are systematically overestimatéte
average ellipticity estimates are greater than 0.6 over the
whole range of input ellipticity. Recall that an elliptigit

& = 0.6 corresponds to a major axis 1.25 times larger than
the minor axis. Such an error of 25 % between minor and
major FWHMs is fully compatible with the level of uncer-
tainty of the recovered FWHM, pointed above. Again this
effect is probably explained by the CIB confusion.

We have observed that these results are totally indepen-
dent of the choice of the CMB template (ideal or highly
foreground-contaminated) for the cleaning processing, be
cause the geometry parameters are obtained in the 545 GHz

.3. Photometry quality

We first recall that the recovered photomet®y, is ob-
tained on cleaned maps andfeus from the noise and the
CIB confusion, but also from the attenuatioffieet due to

We first analyse the positional accuracy of the detect#lte cleaning process. For eaBtenck band, the ratio of
sources and show the results in FigRecall that the cen- the recovered to input flux densit$?/S!) is shown in the
troid coordinates of the elliptical Gaussian are obtaingdp row of Fig.9 as a function of the /8! of the flux den-
through a fit on the cleaned 545 GHz map. Hence 68 % sify, defined here as the ratio of the recovered flux density
the sources exhibit a positionaffset smaller than’2.and  to the uncertainty due to CIB Confusiosg/g’jky_ This is
95% of them within 29, which are not negligible valuesshown for the two options of the CMB template, i.e., ideal
compared to the’Sesolution of the maps. This positional(squares) or highly contaminated (crosses).
uncertainty is mainly due to the confusion level of the CIB When assuming a very low level of foreground contam-
in which these sources are embedded.
More problematic is the fiiciency of the FWHM Planckbands are recovered with a very good accuracy, as
recovery, which drives the computation of the apertuigpected according to theoretical predictions of the atten
photometry (see Fig8). Recall that the FWHM is de- ation efect of Fig.5. The fact that all flux density estimates

ination in the CMB template, flux density estimates in all
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Fig. 9. Flux density recovery, from left to right, at 857, 545, 358d&17 GHz.Top ratio of the recovered to the input
flux density 6°/S!) as a function of the recovered flux densifNSSP /o) Y This is shown for two choices of the CMB
template, i.e., ideal (blue squares) or highly contamihateextragalactic foregrounds (red crosses). The averiageab
high SN is shown with a dashed line, while thd o- envelope expected at eachiNSs plotted as a dash-dot-dot-dot line.
The error bars correspond to thé o standard deviation computed over the sub-sample of sourasch bin of @\.
Bottom recovered$P) versus input$!) flux density per bin of input flux density. Again, two cases sinown depending
on the quality of the CMB template, ideal (square) or higldgtaminated (crosses). The colour scale provides thegeera
SN of the flux density inside each bin of input flux density. Tidtdd lines show the20 % limits around the 1:1 relation
(dashed line).

appear statistically slightly underestimated by about 485 f Sas3/ Ssas Ssas/ Sgs7
S/N > 5 is related to the quality of the source shape recov-* dloB e |
ery. On the contrary, when the CMB template is assumed %/ o " i H I
I bd bbb hds JUIMMMMM

to be highly contaminated by the extragalactic foregroun&1 OF ket . "ﬁ?ﬂ, 113334 L THTRTHH
flux density estimates are more impacted by the cleanmg)sf W NW

process, especially at 217 GHz. In this band, the attenuagg

tion factor due to cleaning reaches a level of 47% at high o 10 __ 20 30 40 0 40
SN, which is compatible with the predictions of Segts. S S/N 3545

The attenuation at 353 GHz is about 17 % at high.S

Below a SN of around 5 two other féects appear: a 14 20 o0
much larger overestimation of the FWHM, up to 30%'§t 1.2} m 1 15 85 o)
very low §N, as discussed in Sed.2, and the so-calledg  ,} }H B i ' 8.4y’
flux boosting &ect, which represents the tendency to ové-_ t ,L; HEb e l 75
estimate the flux densities of faint sources close to the @B’ @X%Xx ‘ ‘ ‘ ‘ 1.0} 70%
confusion because of noise upscatters being more Ilkel)(}e’ H@jl & '
than downscatters (s¢d¢ogg & Turner 1998. While the 3‘2"4&}'@ o 08 g zz

latter can be addressed using a Bayesian appraabpin
et al, 2005 2006 Scott et al. 2008 for intermediate S\
(i.,e., YN > 8), we used this set of Monte Carlo simu-
lations, as done byscott et al.(2002 and Noble et al. Fig.10. Colour-colour ratio recoveryleft Sass/Ssss.
(2012, to assess its impact on photometry estimates. As dRight Ssss/Sgs7. Top ratio of recovered over injected
served in the bottom panels of Fig.flux densities of faint colour-colour ratio (Re¢in.) as a function of the 545 GHz
sources are strongly overestimated, producing a plategttess 8. This is shown for two choices of the CMB tem-
around 0.5 Jy at 545 GHz. This is consistent with the confgtate, i.e., ideal (blue squares) or highly contaminated by
sion noise levels predicted Byegrello et al (2004 in the extragalactic foregrounds (red crossé)ttom recovered
Planckbands. versus injected colour-colour ratio per bin of input colour
Because of the complex interplay between the attengolour ratio. Again, two cases are shown depending on the
ation due to the cleaning process, the geometry recovegyality of the CMB template, ideal (squares) or highly con-
and the flux boostingféect, any simple Bayesian approachaminated (crosses). The colour scale provides the average
for flux de-boosting would be flicult to implement. For S/N of the 545 GHz excess inside each bin of input colour-
this reason, the flux density estimates of flanckhigh-z  colour ratio. The blue dotted lines shd®4s3/Ssas < 0.9
candidates presented in this work are not corrected for flaxd Ss45/Sgs7 > 0.5, which are the colour criteria adopted
boosting or cleaning attenuation. However, in order to mifier source selection.

05 1.0 15
Injected

02 04 0.6 08101214 2.0
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Fig.11. Completeness as a function of redshift and flux density at 883, 353, and 217 GHz (from left to right) and for
each category of injected sources with dust temperaturg®,d0, 40, and 50 K, from top to bottom, respectively. Grey
regions are domains without simulated data for these flusitlea and redshifts.

imize the impact of flux boosting when building the finaJected values. More precisely, when looking at the recov-
list, we will apply a minimal threshold on the 545 GHz fluxered versus injected trend (bottom left panel), it appears
density estimates, which has been set to 500 mJy, as deteat the higher théS'353/Sg45 ratio, the more underesti-

mined through these simulations. mated the output colour, so that the recoves&d,/S2,.
ratio always remains below 1 (withind) for input ratios
Shea/Stus < 1. The case is even worse when assuming a
highly-contaminated CMB template, yielding an underesti-
It is important to notice that the colour ratios of the demate of the recovere§§53/85D45 ratio by 17 % to 7 %, from
tected sources are relatively well preserved by the clganilow to high SN. This is well explained by the attenuation
and photometry processing, which is crucial to ensure tkedticient, which may dier between the 545- and 353-
quality of the colour-colour selection of these higlban- GHz bands. Thisfect has been taken into account when
didates. The dependence with th&Nf the detection in setting the colour-colour criteria in Sedt3in a conserva-
the excess map of the ratio between the recovered to five way.
put colour ratios is shown for bo®gs3/Ss45 aNdSs45/ Sgs7 The recoveredi&s/ 8557 ratio (right panels of FigB.1)
in the left panels of Figl0. Note that for this analysis we does not appear as strongly biased on average, but is still
include all the sources detected before applying any celoumnderestimated for higﬁg45/8§357 inputs & 0.8); this does
colour selection, in order to assess the robustness oftthe f@ot impact the overall colour-colour selection, since iis th
ter selection. Again, in this analysis, the ideal and highlyase the recovered ratio still satisfies the selectionrimite
contaminated cases of the CMB template are explored. (> 0.5).

When assuming an ideal CMB template, the recovered We have also used these Monte Carlo simulations to
85’53/8245 ratio (top left panel of FigB.1) is unbiased on check the accuracy of the colour-colour selection process.
average for B\ larger than 15 when compared to the inThe probability®, introduced in Sect4.3, and based on

5.4. Colour selection accuracy
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the recovered colour ratio8,./S5., and S2,./SP,, has 60 ' ' ' ' ' '

been compared to the exact probability that the input colour ?:Z;
ratios St/ Sys, and Shy,/ St satisfy the colour criteria. < | g
Hence requesting a probability of 0.84 to find the true= — 3ezed

colour values inside the expected colour-colour d0main§ I |
(which is equivalent to a & constraint on a half-bounded § |
domain), gives a minimal threshold & > 09 basedon 2 | |

the recovered colour values. This is what has been applieaL 20
to build the dficial list. S

5.5. Selection function

0 i 1 1 1 1 1 1

We now focus on the sample of detected sources, obtained 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045
after applying the 8\ criteria in all bands and the colour- E(B - V)xgal

colour criteria of Sect4.3, in agreement with the criteria

used for the true extraction. This allows us to quantify thejg 12. Completeness as a function of extinction. This is
selection function of our detection algorithm by computshown for four bins of redshift: & z < 1 (blue); 1< z < 2
ing the completeness of the detected sources as a funcligliow); 2 < z < 3 (orange); and X z < 4 (brown). Only

of redshift, extinction, and flux density. Here we define thgoyrces with input flux densitie8,,. > 0.5Jy have been
completeness as the ratio between the initial number of ien into account in this analysis.

jected sources and the number of detected sources in the
same bin for a given property.

In Fig. 11 the completeness is presented as a funselecting sources peaking in the submm range. For an aver-
tion of both redshift and input flux density in dllanck age dust temperature ®fga = 30K, this redshift window
bands for each category of dust temperature of the extranges from about 1.5 to 4.5.
galactic sourceTlyga. Of course, the completenessis highly  Finally, as shown in Figl2, there is no dependence
dependent on the input temperature of the extragalaatitthe completeness on extinction, which implies that the
source Txgal), because of the temperature-redshift degenleaning method and the presence of Galactic structures do
eracy. Sources with a high temperature (50 K) are only deet dfect the ability of the detection algorithm to extract
tected when located at high redshift @), while sources highz candidates (at least over the cleanest 26 % of the
with a low temperature (20 K) can be detected up to redshdity). This does not prevent the possible presence of some
z= 1. To solve for this well known degeneraGteve et al. spurious detections due to Galactic cirrus, which can be ad-
(2012 have used a prior on the temperature built on a samiressed by looking at the,lolumn density, as discussed
ple of 58 unlensed and 14 lensed higbubmm sources. in Sect.6.7.

They state that the median temperatures of the unlensed and

lensed population of sourcesat 1 areTyga = 34K and

Tygal = 46 K, respectively, and range from 15 to 80K, an@- The PHZ

30 to 80K, respectively. Studies have shown similar ranggs; gyjiging the source list

of temperature wittHersche] SCUBA-2 ad other instru-

ments Chapin et al. 2009 2011, Chapman et a1.201Q The full procedure of CMB and Galactic cirrus cleaning is
Magnelli et al, 2012 Symeonidis et a).2013 Swinbank performed on the set #flanckand IRAS data, enabling us

et al, 2014. As a confirmation, the mean temperature dp build the 545 GHz excess map on which the detection cri-
the dusty star forming galaxies discovered by SPT and cdgfionSy,./o%,. > 5 is applied, combined with the require-
firmed with ALMA observations as strongly lensed sourcesientsSP /o? > 3 in all 857-, 545-, and 353-GHz-cleaned
has been estimated @tga = 38K (Weild et al, 2013. maps simultaneously, and the requirenﬁfgo/o-‘foo <3
Furthermore, first confirmations of sources of this list hawe reject contamination by radio sources. This yields a first
shown median temperature of 44K for lensed candidatsample of 9052 source candidates for which the photome-
(Canameras et a015, and 32K for proto-cluster candi- try in the 857-, 545-, and 353-GHz-cleaned maps is com-
dates Flores-Cacho & et a]2015 submittell However, we puted with associated uncertainties due to noise measure-
have to keep in mind that this degeneracy cannot be brok@ent and CIB confusion. Notice that 44 sources have been
for all other sources of this list without any direct measureejected during this first step because of their clear de-
ment of the redshift. tection at 100 GHz, confirming the possible contamination

The completeness exhibits a very sharp diitem the by radio sources as discussed in S&c6.2 The colour-
lowest redshift side (e.g., at> 1.5 for Tygas = 30K), drop-  colour selection is performed by requiring a probability of
ping suddenly to zero below this limit. On the high redshif®0 % to satisfy both colour criteri&?,;/St,, > 0.5 and
side, after a plateau, it goes back smoothly to zero, becagge /SP < 0.9. In addition to the colour-colour selection,
of the impact of the attenuation due to the cleaning, whighealso apply a cut in flux densitfsss > 500 mdy, to
becomes more and more important with higher redshiftsasure a minimum bias due to the flux boostifiget, fol-
Focusing again on th&g, = 30K case, the complete-|owing the prescriptions motivated by the numerical simu-
ness reaches 100 % for strong sourc@sd > 3Jy) and |ations detailed in Seck.3. This leads to a final number of
2 < z < 3. However, the completeness drops quickly fop151 highz source candidates present in lanckList of
fainter sources, reaching a maximum of about 50 % atifigh-redshift Source Candidates (PHZ).
flux density of 700 mJy and redshifts between 1 and 3. Our The all-sky distribution of the PHZ sources is shown
detection method therefore operates as afilter in redshiftfy Fig. 13, where it can be seen that they span the whole
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Fig. 13. Distribution of the 215%Planckhigh-z source candidates over the whole sky in Galactic coordéretel ortho-
graphic projections.

northern and southern caps. The distribution shown daesd around 6, leading to a real average size dBafter
not exhibit any evidence of contamination by the extendetconvolution by the '5Planck beam. Concerning the el-
Galactic structures. lipticity distribution, Monte Carlo simulations have show

A full description of the content of the PHZ is giventhat it is artificially stretched to an average ellipticity o
in TableD.1. We stress that the flux densities provided i8.65, because of the confusion with the CIB in which the
this list have been obtained on the cleaned maps and nRiZ sources are embedded. However, the actual distribu-
be strongly &ected by attenuation due to the cleaning prdion peaks at even larger ellipticities, around 0.8, suggges
cess, depending on their SED type and redshift, which drg that the PHZ sources are not compact or spherical but
still unknown. For this reason these flux density estimatesmewhat extended objects.
have to be taken with some caution. In order to help the user The distribution of the Galactic extinctide(B — V)xgal
to assess the reliability of the PHZ sources, we also prfzottom right panel of Figl4) is similar to the statistics of
vide cutouts (1x 1°) of the excess map at 545 GHz and théhe whole mask. This is entirely consistent with what has
cleaned maps at 857, 545, 353, and 217 GHz, available sdomen observed in Monte Carlo simulations in SBd, i.e.,
through the Planck Legacy Architeand theMuFFInS® our detection algorithm is not sensitive to the Galactiefor
(Multi FrequencyFollow-up InventoryService) portal. ground level, thanks to thdfecient Galactic cirrus cleaning.
The distribution of the flux density estimates at 545 GHz is
sharply cutd at 500 mJy because of the threshold applied
to avoid too strong a flux boostingfect, and extending
The statistics of the main properties of tR&anck highz to 2.5Jy. In the other bands the distribution peaks around
candidates are shown in Fig4: SN of the detection on 0.8Jy, 250 mJy, and 70 mJy at 857, 353, and 217 GHz, re-
the excess map at 545 GHz; FWHM and ellipticity of thépectively.
Gaussian elliptical fit; average local extinctiB(B—V)ygar,
and flux densities in all cleaned bands. Thi 8f the de- :
tection in the 545 GHz excess map does not extend to ng? - Colour-colour domain
ues larger than 10, peaking close to 5 (i.e., the threshditie distribution of the PHZ sources in the colour-colour
imposed by the detection criteria), while theNSf the de- diagram is shown in Figl5, and compared to the loci
tection in the cleaned maps at 857, 545, and 353 GHz hayea few typical highz astrophysical sources: the Galactic
80 % to 90 % of their values below 6. The PHZ sources aosld clumps of the PGCC catalogue; a subset of nine dusty
not extremely high 8\ detections. The distribution of thestar forming galaxies (DSFG) discovered with the South
FWHM peaks around®. As has been shown with MontePole Telescope (SPVijeira et al, 2010 and followed-up
Carlo simulations (see Se&.2), the FWHM are statisti- with SABOCA and LABOCA Greve et al.2012); and the
cally overestimated by 20 % at low$ (below 10), which submm galaxy SMMJ213%102, the “Cosmic Eyelash,”
is the case for most of the detections. This means that floeated atz = 2.33 (Swinbank et al.2012; Ivison et al,
actual size distribution of PHZ sources is probably cer201Q Danielson et aJ2011). The contours of the pixel dis-
" ) tribution inside the full mask and towards Galactic cirmus i

http://www.cosmos.esa.int/web/planck/pla the initial Planckmaps are also shown, including 99.9 %,

® http://muffins.irap.omp.eu 50%, and 10% of the distribution. Hence the Galactic

6.2. Statistical description
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Fig. 14. Distribution of the PHZ geometric properties and photomefop: from left to right, SN of the detection in
the 545 GHz excess maps; FWHM; and ellipticity of the Gaussiiptical fit; plus the local extinctiofe(B — V)ygal.
The distribution of the extinctio& (B — V)yga is also shown for the whole mask (blue dashed liBettom flux density
estimates on the cleaned 857, 545, 353, and 217 GHz maps|éfotm right, respectively).

C T T T T : ] sured by the colour criteria on tH&45/Sgs7 colour ratio.
1'4:' A 12 ] Furthermore it can be seen that the above criteria allow us
1ok N . ! 61 toseparate the high¢> 2) from the intermediate and low-
T A 1 l51 (< 2) component of the CIB, which dominates the distribu-
1.0F 'l 1 tion of the full mask.
B o N k& Comparing now to the loci of known highebjects, the
D 08 2E2 10, PHZ sources span a quitefidirent domain; this is fully ex-
mﬁ e " mEyelash '@l { plained by the impact of attenuation on the flux density es-
0.6F *PGCC W23 timates obtained on cleaned maps, as has been investigated
il el o - > ki 1--1 using numerical simulations in Sed.3 The S5,,/SP
0.41 7 — Fulmask, 7 colour ratio is especiallyfiected by the cleaning for high
0o o EEe ) L C'”IUS ! 1 redshift sources, i.e., at high intrins8s3/Ss4s colour ra-
0.0 0.2 0.4 0.6 0.8 10 Uo, so that the measures,./Sp, . ratio lies between 0.2
' ' 5353/3545 ' ' " and 0.6 even for redshifts as high as 4. That is why we can-

not use this colour ratio to obtain an estimate of the retshif

. . . of the PHZ sources. On the contrary the second colour ra-
Fig. 15. Colour-colour diagram of the 213lanckhighz 3045/3557 is not afected by the cleaning, up to a value

. . 0
source candidates (red dots), and other typical astrophysy g §'and’then slightly underestimated by about 10 % for
cal sources. Galactic cold clumps from the PGCC catalog intrinsic colour ratio of 1. This can then be used as a

are shown as grey dots. Triangles represent the nine DSF§33.c tracer of the redshift combined with the dust temper-
discovered by SPT, with confirmed redshifts from 2.5 19yre of the detected sources. The fact that 73 % of the PHZ
4.5. The square is the “Cosmic Eyelash” submm galaxy, I, rces exhibit a colour rat 5/ Sh., between 0.5 and 0.8
ing atz = 2.33. The colour of the symbols is proportionalg mainiy due to the féiciency of the detection algorithm in

to the redshift of the obj(?ct .from 2 to 6 (in blue scaleynis colour range. The 27 % of sources sD_ 0.8
Contours give the plxel d'St”bU“OU of th_e full mask (Or'represents an?nteresting sample of hiéﬁ% ?/edgssﬁifted or ex
ange) and towards cirrus (purple), including 99.9 %, 50 O/tij"emely cold sources.

and 10% of the distribution. Notice that the colours o

PHZ sources are computed using flux densities obtained on

cleaned mapssy,,, S2,., andS.,. The dashed lines show 6.4. Redshift estimates

the two criteria used to build the colour-colour selection.

We performed a photometric redshift determination for
each source, assuming simple SED modelling given by a
cirrus pixels (defined as those pixels with an extinctiomodified blackbody emission with a dust spectral index
E(B — V)xgal larger than 0.03 inside the mask), as well a8gar = 1.5 and six diferent cases of the dust tempera-
the Galactic cold sources of the PGCC, occupy very dit#re, namelyT,ga = 25, 30, 35, 40, 45, and 50K. In or-
tinct domains compared with the higreandidates, as en-der to take into account the impact of the cleaning algo-
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shift and the dust temperature, this redshift range shofts t

600F T T T ] 2.6 <z<5.7 for the highest temperaturBga = 50K.
500F — %K
22 ﬁ ] 6.5. FIR luminosities and SFRs
400§_ — 40K § Given the redshift estimates, we derive for each source the
> 300E 45K 3 FIR bolometric luminosity associated with the sixfdrent
50K ] assumptions _made on the dust temperature. This is com-
200E 3 puted as the integral of the redshifted modified blackbody
] emission between 300 GHz and 37.5THz. Following the
1005_ 3 prescription oKennicutt(1998 and assuming that the con-
] tribution from the AGN is negligible for these objects, we
0k j finally derive an estimate of the star formation rate as SFR
0 g [Moyr?1 =17x100Lgg[Lo]. The distributions of bolo-

z metric luminosity and SFR are shown in Figz, for three
options of the dust temperaturBga = 30, 35, and 40K,

Fig. 16. Distribution of the submm photometric redshift es|~ying in the most probable range of temperature expected

timates assuming six fierent cases for the extragalactiéOr grzstyéré)mbmlgalaﬁles.l inosity distribut K
dust temperature, from 25 to 50K. ¢ olometric luminosity. Gistribution peaks

around % 10* L, (assuminglyga = 35 K), with an associ-

SFR[1¢ Moyr’ld ated SFR around 32004y, which is not really compat-
7009 2 . 6 8__1 12__ 14 ible with the expected luminosities of single submm galax-
i ies at highz typically 10"-3 x 108L, (Kovacs et al.
600F 4 2006 Chapin et al. 2011, Geach et a).2013 Swinbank
30K i etal,2014 Casey et al2014. Only strongly lensed galax-
S00F 35K 3 jes may reach such high apparent luminosities, because
400E — 40K 3 of the magnification. The brightest strongly lensed dusty
> ] galaxies detected by SPT exhibit intrinsic FIR luminosi-
300F 4 ties ranging between 1.9 and96x 10'3u L., whereu
i is the unknown magnification factoWigira et al, 2013
200¢ 3 Hezaveh et a).2013, which represents the lowest tail
100%_ 3 of our sample distributionCanameras et a(2019 re-
i ported intrinsic FIR luminosities of (0.5-1>7)0"u 1L,
0E . - i towards 11 higlestrongly lensed star-forming galaxies se-
0 2 4 6 8 lected usingPlanckdata and confirmed withlerschel(see

L [10% L] AppendixC). Focusing now on the four sources of the lat-
ter sample with a counterpart in the final PHZ, we observe

Fig. 17. Distribution of the FIR bolometric luminosity and that these sources exhibit an apparent FIR luminosity about

SFR for three assumptions of the extragalactic dust temp@rt0 5 times larger ifPlanckthan inHerschel
ature,Tygal = 30, 35, and 40K. Assuming now that th&lanck PHZ sources are com-

posed of multiple galaxies, the range of FIR luminosities
derived above may be compared to recent estimates ob-
rithm introduced in Sect3.5, we built a grid of attenu- tained by integrating the submm emission of galaxy mem-
ated flux densities modelled for each value of the redshifers towards proto-cluster candidates at higl-g., about
(0 < z < 8) and the dust temperature & analysis based 10L,, at redshift <z<1.5 (Brodwin et al, 2013, or
on this grid yields the best fit of the redshift together witff0.5-7x10"3L,, atz ~ 2 (Clements et a).2014. Using
1o lower and upper limits. The accuracy of the redshift eshe dedicatedHerschelfollow-up of 228 Planck candi-
timate processing has been analysed on Monte Carlo sidates Planck Collaboration Int. XXVI112014) described in
ulations (see Appendi®). The average uncertainties asscAppendixC, it also appears that tiéanckFIR luminosity
ciated with these photometric redshift estimates are ab@stimates are about 2 to 3 times larger than the integrated lu
0.5, given a specific dust temperature. Of course the degerninosities of the galaxy members identified wiilerschel
eracy between the redshift and the dust temperature magide the elliptical Gaussian profiles of tiéanck PHZ
induce much larger uncertainties on those sources with@murces. Despite the precaution we made by applying a flux
spectroscopic data. density threshold at 500 mJy at 545 GHz, the flux boost-
The distribution of redshift estimates can be seen ing effect can still reach 20% for flux density estimates
Fig. 16 for each case of the extragalactic dust temperatusgound 0.5 Jy; this may explain a fraction of the discrep-
For an average dust temperature of 35K, which is consancy betweerPlanck and Hersche| but not all. This re-
tent with the latest analyses (e.Greve et al.2012 WeiR maining discrepancy suggests that Fanckestimates in-
et al, 2013 Magnelli et al, 2014 Swinbank et al.2014), tegrated over a’®eam include a component that is barely
the distribution exhibits a median value nf= 2.5, with traced by SPIRE because of confusion. As characterized by
95 % of sources lying between 1.5 and 3.7. This is in peviero et al.(2019), this dfect is even stronger for sources at
fect agreement with the outcomes of the Monte Carlo andiigh redshift, and can reach 50 % of enhancement when go-
ysis of Sect5. Because of the degeneracy between the reidg from HerschelSPIRE resolution td@lanckresolution.
HencePlanckflux densities allow us to recover an estimate
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Fig. 18. Number counts of PHZ sources in the 857-, 545-, 353-, and@HZ-bands (from left to right, respectively),
where the flux densities have been computed in the cleaned arapmay beféected by the attenuatiorffect. Three
cases are presented, depending on the assumption madétebiottinsic number of objects composing the PHZ source:
n =1 (red);n = 3 (orange); anah = 30 (blue). The predictions of ti@éthermin et al(2012 model integrated between
redshift 1.5 and 4 are shown for three populations of sourcain sequence (dotted line); starburst (dashed line); and
lensed (dot-dash line).

of the overall budget of the submm emission at higby 4R N '
including a population of faint sources contributing to the E 2R o)y AN --- 0=1
Planckflux, but undetected iklerschek higher resolution 3 ;_E Y \\@ FgEEg N —— Q=1/b
data. \ a‘f‘@ By --- Q=1/p

6.6. Number counts

The reliability of the flux density estimates in the cleaned
maps has already been discussed above. It is impacted by ;
the overestimation of the extension of the sources, but also : \
by the CIB fluctuations, and more seriously by the attenu- of . \
ation due to the cleaning process, which may strongly af- 4
fect the flux density estimates (depending on the dust tem-

perature, the redshift of the sources, and the level of fore-

ground contamination of the CMB template). A theoretijq 19 PHZ number counts at 353 GHz (red squares),
cal approach has shown that the flux densities at 353 pared to the “clumps” number counts analytical pre-
217 GHz can be underestimated on average by about 1Q}#xions ofNegrello et al(2005 for three assumptions of
and 40 %, respectively, while the 857- and 545-GHz banglss amplitude of the 3-point correlation functia@, where

are not #ected. The numerical analysis of Seepointed | js the clustering bias parameter. Two cases of the PHZ
out an additional bias of 3.5%. However, these biases &{gmper counts are presented, depending on the assump-
both compensated at low flux densities by the flux boostifg, made about the intrinsic number of clumps compos-
effect. We stress that an exact correction for this attgnuatim’g the PHZ sourcen = 1 (red); anch = 3 (orange). The
effect for each individual source could only be carried 0gje diamond gives the number counts estimate reported by

by knowing its SED and redshift. Clements et al(2014) for proto-cluster candidates selected
Despite this warning, itis interesting to perform a crudgom theplanckERCSC catalogue.

number counts analysis on the PHZ sources. The number

counts are shown in Fig8for all channels. The population

of PHZ sources appear extremely bright compared to thge beams such as those Riinck or Herschel Those
predictions oBéthermin et al(2012) for three types of in- authors considered three scenarios for the clustering; ass
dividual galaxies: main sequence (MS); starburst (SB); arthted with the 3-point correlation function (see Fig). It
lensed sources. For this analysis the modelBé&thermin appears that the PHZ distribution is more or less consistent
et al. (2012 have been integrated in the range of redshiftith the modelling that is the most realistic of the three,
15 < z < 4, according to the expected detection range aksuming no evolution with redshift for the amplitude of
our algorithm. Three versions of the PHZ number countle 3-point correlation function. Again, two versions of th
are shown, depending of the assumed number of indiviBHZ number counts are shown, depending on the assumed
ual objects composing thelanck source, namely = 1, typical number of internal objects composing tRnck

3, and 30. If we assume ttB#thermin et al(2012 model source, i.e.n = 1 orn = 3. This may suggest that a frac-
represent the PHZ contents, then the= 3” counts be- tion of the PHZ sources are combinations of objects located
ing closest to the model suggests that the PHZ candidaleng the line of sight either by chance or because they be-
sources typically include multiple galaxies. The PHZ numeng to the same cosmic filament.

ber counts at 353 GHz may also be compared with ana-

lytical predictions byNegrello et al.(2005 that explore

the impact of clustering when building number counts with

log(dN/dlogs, [sr]
i} :
-

l09(S3s3) [JY]
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Table 2. Number of associations within’ Setween the logues: the HFI band-merged catalogue is defined as the
PHZ and thePlanckcatalogues PCCS2, PSZ2, and PGC@®CCS2 sources with simultaneous detections in the 857,
Matches with the PCCS2 catalogue are divided into twe15, and 353 GHz HFI bands; and the LFI band-merged
zones corresponding to the quantified-reliability zone (@gtalogue requires detection in all LFI bands, i.e., 70, 44,
and filament zone (1). Notice that the zones 2 and 3, cand 30 GHz (se®lanck Collaboration XXV]2015. The
responding to Galactic regions, are already rejected by tH&l and LFI band-merged catalogues trace twfiedent
mask used in this work (sdelanck Collaboration XXV populations, dusty submm sources and radio sources, re-
2015. Concerning the PGCC, the cross-correlations are dipectively. As shown in Tablg, the overlap between the
vided into the three categories of flux quality (FQ) 1 to PCCS2 and the PHZ is extremely small. Taking into ac-
(seePlanck Collaboration XXVII} 2015. count the redundancy between bands, a total of 35 sources
are present in both catalogues, while no radio sources
(from the LFI band-merged catalogue) and only two dusty

Catalogue Option Mask PHZ submm sources (from the HFI band-merged catalogue) are
PCCS2857 ............ zone 0 2447 10 found in the PHZ sample. Notice that the sources of the
zonel 297 1 PCCS2 bands are divided into two categories, depending
PCCS2545 ... ... ...... zone0 818 12 on their reliability, namely high reliability sources (zon
zonel 114 ... 0) or unvalidated sources (zones 1, 2, and 3), where the 0-
PCCS2353 .. ... sone0 779 17 3 zones corr_espond to quantifieq-relliability zone, filament
zone 1 47 zone, Galactic zone, and Galactic filaments zone, respec-
PcCS2217 Jone 0 831 1 t|vely_. Matches b_e_tween_ thg_ PHZ and PCCS2 only hap-
sone 1 4 pen in the quantified-reliability zone, suggesting that the
PHZ sources are quite clean from the cirrus contamination
PCCS2143 ............ zone0 683 1 yrzced by the PCCS2 masks. When looking at the individual
zonel ... .. low-frequency matches between PHZ and PCCS2 sources,
PCCS2100 ............ zone0 520 2 the dust emission signature in the HFI bands is clear, but
zonel ... ... may be associated with radio emission observed in the LFI
PCCS270 ............. zone 0  232... bands. The PHZ is thus seen to be complementary to the
zonel ... ... PCCS2, by picking out the faintest and coldest objects at
PCCS244 ............. zone 0  189... high latitude.
zonel ... ... The PGCC catalogue has been built over the whole sky,
PCCS230 . . .. .. ... .. .. zone 0 367 1 but focuses on the Galactic objects by rejecting any pos-
zone 1 sible associations with extragalactic sources. This arifi
PCCS2 85%545¢353 ... _zone O 407 > tion step was perform.ed using three independent m_ethods
zone 1 51 . (seePlanck Collaboration XXVI1J2015: cross-correlation
with well-characterized catalogues of extragalactic sesi
PCCS2 784430 ... . Zzoonlelo 157 .. identification with galaxies in optical data; and colour-
— colour selection. Among the 87 PGCC sources lying in
Psz2 ................ 48 3 the high-latitude mask used in this work, 19 are found to
PGCC................ FQ1 31 3 be correlated with PHZ sources withih These 19 cross-
FQ2 43 16 matched sources exhibit very low temperature in the PGCC
FQ3 3 .. catalogue (with a median around 9K), and are associated

with low H 1 column densities (amongst the lowest 10 % of
the PGCC catalogue). On the PHZ side, these 19 sources
6.7. Cross-check with Planck catalogues exhibit a similar distribution of flux density at 545 GHz as
I'bq, whole PHZ, with extinction values spanning the full
sk statistics, suggesting that the PHZ population does
not consist of the faintest component of the PGCC pop-
ulation. Despite this, it is still hard to determine if these
sources are Galactic or extragalactic, and they are flagged
in both catalogues accordingly.
This analysis can be used to disentangle the possible
XXVIII , 2015, contamination of the PHZ by cirrus. Because of the degen-

We counted only three associations between the PI§ZACY between redshift and temperature, the PHZ sources
and the PSZ2, which confirms theff@girent astrophysical can be interpreted as “cold” or “red sources. For the qna!-
nature of thesé two populations of objects. Sources frofsis here, we assume that each PHZ source is located inside

P Galaxy, i.e.z = 0. We derive its temperature from the
the PSZ2 catalogue are virialized galaxy clusters traced P}F . : X
their Sunyaev-Zeldovich signal due to the hot intergatact x density estimates at 857, 545, and 353 GHz, assuming

gas, while sources from the PHZ are traced by their dL%thSI spectral index of 2, as is observed for dense regions

submm emission coming from the higtgalaxies located with temperature below 10 K. We compute the column den-

s ity of each source by applying the same recipe as for the
inside thePlanck beam. The probable nature of the PH ! :
sources will be discussed in Segt. %GCC sources (seelanck Collaboration XXVII) 2015.

Hence the PHZ source candidates, assumed to fie-dd,

The cross-match with the PCCS2 has been performgx ibit temperatures around 8 K and mean column densities
with the catalogues extracted in all nine individ@&hnck P

9 A2 ; _
HFI and LFI bands, but also with two band-merged catg—f about 5x 10"cm . The relation between the tempera

We performed a cross-check between the 2151 sourced
the PHZ and the other catalogues made available with t
Planck 2015 release (see Tabk: the Planck Catalogue
of Compact Sources (PCClanck Collaboration XXV

2015; the Planck Catalogue of SZ sources (PSZ
Planck Collaboration XXVI12015; and Planck Catalogue
of Galactic Cold Clumps (PGCCPlanck Collaboration
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102 : : : : : : galaxies along the line of sighilégrello et al.2005 201Q
: - i1 Chiang et al.2013 2014). Given the flux density threshold
. Egééassumed tobeatz=0) " 1 0of500mJy applied at 545 GHz, all the PHZ detections have
: N C 4 been obtained at more than 3.7 and 3.3 times the confu-
1 sion noise estimated for a Poisson plus clustering contribu
.1 tion with two different correlation modeldNggrello et al.
4 2004. Assuming a Gaussian distribution for the Poisson
1 plus clustering fluctuations as a first guess, the associated
1 probabilities to find such CIB fluctuations at & &cale
4 become M12 and 061deg?, respectively, to be com-
1 pared with the density of the PHZ sources which is about
[ - i .1 0.21deg? Hence the PHZ source density is 17.5 and 3.5
100 tdtragel T e L - times larger than chance alignment expectations derived in
g g p
6 8 10 12 14 16 18 20 the two clustering cases dfegrello et al.(2004). While
TIK] it has been shown with othdterschelanalysis that this
chance alignment may be larger than expected, the popu-

Fig.20. H1 column density versus temperature relation fdation of the PHZ sources is still hard to explain by chance

PGCC sources (grey dots) and PHZ sources (red dots) wiignment alone, even if this cannot be fully rejected yet fo
they are assumed to bezt 0. some fraction of the candidates.

First hints about the nature of titanckhigh-z candi-
dates have been obtained witlerschelfollow-up observa-
ture (assuming a dust spectral index of 2) and the colurtions.Negrello et al(2007) andBéthermin et al(2012 pre-
density of the PGCC sources and the PHZ sources assurdisiled that a small fraction of the very bright sources ahhig
to be Galactic objects is shown #0. For PGCC sources, redshift ¢ > 2) are expected to be lensed dusty starburst
the lower the temperature, the higher the column densigalaxies. Hence the source H-ATLAS J11463701132,
as expected for the dense Galactic medium. However, tienultaneously detected in thderschel H-ATLAS sur-
opposite trend is observed for the PHZ sources, which arey field, in the ERCSC catalogu®lanck Collaboration
located in a very distinct domain compared to the PGC®Il, 2011), and in a previous incarnation of tH&lanck
Similarly, theE(B — V)yga distribution of the PHZ sources list of high-z candidates, was confirmed to be a gravita-
has been shown to perfectly follow the distribution insidgonally lensed galaxy at=3.3 (Fu et al, 2012 Herranz
the full mask (see top right panel of Fity), without show- et al, 2013. Similarly the source HLS J091828.614223,
ing any bias towards denser regions associated with cirrd#scovered in théderschelLensing Survey Egami et al,
This reinforces the fact that the PHZ source candidates @@10) and independently detected®anckdata, was con-
not linked to dense Galactic structures located in cirrus, bfirmed to be a strongly lensed galaxyzat 5.2 (Combes
lie at high redshift instead, and represent a complementatyal, 2012. Furthermore a dedicatddierschelfollow-up
sample of sources to the PGCC catalogue. programme on a sub-sample of 2R&nck high-z source
candidates Rlanck Collaboration Int. XXVI| 2014, de-
. . . scribed in more detail in Appendi®, provided unique in-
7. Discussion and conclusions formation on the nature of this sample. While 3% of the

We have applied an original multi-frequency detection aHerschefields show clear evidence of single bright sources
gorithm on thePlanckHFI plus 3 THz IRAS data set to inside thePlanckbeam, further follow-up observations in
build the List of Planck High-redshift Source Candidatesoptical, Far-IR and the submm of 11 candidates confirmed
(the PHZ), comprising 2151 objects selected by their duidtat these objects arlanckdiscovered strongly lensed
emission excess in the 545-GHz band, over the 25.89glaxies. They exhibit flux densities at 3@ larger than
cleanest part of the sky. We have fully characterized our 820 mJy and up to 1Jy, with spectroscopic redshifts rang-
tection algorithm using Monte Carlo simulations. This ha§d from 2.2 to 3.6 Canameras et al2015. Compared to
enabled us to assess the quality of the flux densities ptBe properties of the recent discoveriesHrscheland the
vided in this list, and, more specifically, the impact of the aSouth-Pole Telescope (SPT) of large sets of strongly grav-
tenuation due to the cleaning process, which tends to-statfationally lensed submm galaxies with flux densities be-
tically underestimate the flux densities by 4 % to 40 %, déween 100 and 200 mJy (e.dNegrello et al. 201Q Vieira
pending on the frequency. However, we have demonstrafigal. 2013 Wardlow et al, 2013, thesePlanck highz
the robustness of the colour-colour selection processtiwhiensed sources are amongst the brightest lensed galaxies in
allows us to @iciently reject Galactic cold clumps, low-the submm range. _ _
z dusty sources, and contaminants such as radio galaxiesComplementary to this population of strongly lensed
or low-z galaxy clusters exhibiting strong SZ signaturegjalaxies,Planck Collaboration Int. XXVII(2014 states
The algorithm has been shown to preferentially detect dugfat more than 93 % of thelanckhigh-zsources followed-
sources located at redshifts between 1.5 and 4, dependiffigvithHerschelre overdensities of around 10 red sources
on their intrinsic temperature (ranging from 20 to 40 K)on average, with SEDs peaking at 368. This confirms,
reaching a completeness levels of about 50 %, 80 %, ap@ @ small sub-sample of sources, what was suggested by
100 % for sources witlsss = 1, 2, and 3 Jy, respectively. the numbgr counts analysis performed on_the whole list (see
Despite the reliability of the higlz-dusty signature for Sect.6.6), i.e., PHZ sources are preferentially structures of
all the PHZ sources, the astrophysical nature of these capultiple sources instead of single red objects. This state-
didates is still uncertain. They could first of all be statist Ment is in agreement with the predictions¥ggrelio et al.
cal fluctuations of the CIB, i.e., chance alignments of fielt2Z009 on the detectability of such overdensities of high-
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dusty star forming galaxies in the submm, and with receqik); CSIC, MINECO, JA, and RES (Spain); Tekes, AoF, and CSC
works (e.g.,Gobat et al.201]; Santos et al.2011, 2013 (Finland); DLR and MPG (Germany); CSA (Canada); DTU Space

i : _ (Denmark); SERSSO (Switzerland); RCN (Norway); SFI (Ireland);
2014 Clements et &].2014 providing the first observa FCT/MCTES (Portugal); ERC and PRACE (EU). A description of

tions. . . the Planck Collaboration and a list of its members, indigativhich
The first newly discovered PHZ proto-cluster cantechnical or scientific activities they have been involvectan be found at
didate with spectroscopic confirmation is the sourdetp://www.cosmos.esa.int/web/planck/planck-collaboration.
PHZ G095.56-61.59, which consists of two systems at
z = 1.7 andz = 2.0 (Flores-Cacho & et al2015 submit-
ted). Spectroscopic redshifts have been obtained towarggferences
four and eight galaxies, associated with each one of thadreon, S. & Huertas-Company, M., Red sequence deteriminat the
two structures, respectively, within a comoving radius of redshift of the cluster of galaxies JKCS 041+ 2.2. 2011, A&A, 526,
1 MpC, consistent with sizes of local cluster and recentl%laggljygrgl\lgégtzrbt?ﬁ: J., Aneedlet internal linear cambion analysis
discovered prOIO'CIUSterS a > 15 (CaSte”ano et al. ofWMAP 7-year data’: e:étimation of CMB temperature map andguo
2007 Andreon & Huertas-Company011 Gobat et al.  spectrum. 2012, MNRAS, 419, 1168Xiv:1106.5383
2013. With an integrated SFR of 2000—300Q 4~ over Basak, S. & Delabrouille, J., A needlet ILC analysis of WMAR&ar po-
the Planckbeam and a mass of#x 104 Mo, this object Ilasrization data: CMB polarization power spectra. 2013, MR 435,
flt_S into the galaxy cluster Categor}l' Desplte the fagt thgteckwith, S. V. W., Stiavelli, M., Koekemoer, A. M., et al.h& Hubble
this source has turned out to be a line of sight combinationyira peep Field. 2006, AJ, 132, 1729:Xiv:astro-pH0607632
of two structures, it nevertheless has acted as a pointer #@elen, A., Omont, A., Bavouzet, N., et al., Submillimetéservations
wards highz objects. This indicates that the PHZ will be Of;heggc};i-gfsm Ly protocluster at z 2.38. 2008, A&A, 485, 645,
useful for finding such structures, even if a fraction of thg,ar V2UEDS.
sources are multiple objects; the reason is that the sefectf “yectin e, SO (o0 (PE0e e 2ore, B o R
process ensures that something along the line of sight has t@yolution model. 2011, A&A, 529, A%rXiv:1010.1150
be red, i.e., has to have the colours of star-forming gasaxi®éthermin, M., Le Floc'h, E., lbert, O., et al., HerMES: gerumber
Considering the above option of a proto-cluster popula- counts at 25gm, 350um and 50Q:m in the COSMOS and GOODS-N
tion, it is interesting to compare the expected surface den-gigjsénggr‘;i\?‘i”z%;qg;ghe cosmic infrared background 22@&A,
sity of massive halos at high redshift with the one of thgogwin, M., Eisenhardt, P., Gonzalez, A., et al., Galaxys®érs at z 1
PHZ sources, i.e.,.21 deg”. From theTinker et al.(2010 in the IRAC Shallow Survey. 2005, JRASC, 99, 135
halo model we derive a surface density of dark matter halB®dwin, M., Greer, C. H., Leitch, E. M., et al., The MassivedeDistant

with M > 10" M. atz > 2 of about 05 de 72 Given the Clusters of WISE Survey. lIl. Sunyaev-ZeI’dovich MassedGaflaxy
detection @ici n® f our algorithm (d r?din n the red Clusters at z1. 2015, ApJ, 806, 2GrXiv:1410.2355
etection éiciency orour algo (dependingonthe redg oquin. M., Ruel. J. Ade, P. A. R, et a., SPT-CL J0546-

shift and flux density), and the fact that only a fraCtiO_n Of 5345: A Massive 21 Galaxy Cluster Selected Via the Sunyaev-
these dark matter halos may be observed during their starzel'dovich Effect with the South Pole Telescope. 2010, ApJ, 721, 90,
forming phase, the total number of PHZ source candidatesrXiv:1006.5639

; : Brodwin, M., Stanford, S. A., Gonzalez, A. H., et al., The BfaStar
and the expected numbers of massive higfalaxy clusters Formation in Galaxy Clusters. 2013, Apd. 779, 138

are about the same order of magnitude. Brodwin, M., Stern, D., Vikhlinin, A., et al., X-ray Emissiofrom Two
Moreover the submm photometric redshift distribution Infrared-selected Galaxy Clusters at-z1.4 in the IRAC Shallow
of the PHZ sources, likely ranging from= 1.5to 4, corre- _ Cluster Survey. 2011, ApJ, 732, 33
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Appendix A: Cleaning with the Planck CMB 8’ n o5k . : 1% -
map o . 0.1
Complementary to the Monte Carlo analysis performed in 0.0 o5 s 0-% Y

Sect.5 to study the impact of the CMB template quality 00 D [yl 01 pd2 . 03
on the detection and photometry processing, we used the Sssa [ W] Sar Y]
Planck143 GHz map as a CMB template to assess the level . "
of extragalactic foregrounds included in tesIca cCMB F19-A.1. Comparison of the flux densities of the PHZ
component map, and its possible impact on the PHz. AjPurce candidates (af)8computed on the cleaned maps
Planck IRIS, andSMICA CMB component map have beenobtained using th@lanck 143 GHz map $08 143) or the

first smoothed at a common resolutiohi order to be sMIcA CMB component mapS(E’g/) as a CMB template
compatible with the 143 GHz map. On this alternative set @iring the cleaning processing. The blue line provides the
maps, we applied the full processing of cleaning, detectioft1 reference. The dashed line gives the expected attenua-
photometry, and colour selection, to build two new lists Gfon codficients of 10 % at 353 GHz and 40 % at 217 GHz
high-zsource candidates at,8ising either théMICACMB  qye to extragalactic foreground contamination of the CMB
componentmap or thelanck143 GHz map as a CMB tem- template.

plate, counting 1121 and 1038 higlsource candidates, re-

spectively.

The two catalogues have about 80 % of their sources in It should be noted that earlier versions of the PHZ,
common. The 20 % of non-matches correspond to soursgkich were used to select targets for follow-up obser-
with SN close to the detection thresholds, which is exsations, such as théderschel follow-up described in
plained by the fact that theMICA CMB component map AppendixC, were all built using the 143 GHz map as a
and thePlanck143 GHz map do not exhibit the same nois€MB template, because no CMB component maps were
properties. available at this time at’Fesolution. However, the’&nd

The level of extragalactic foreground contamination ib’ PHZ lists do not exactly cover the same population. Only
the SMICA CMB template can be seen by comparing thé58 objects match both lists withiri.5This is explained by
flux densities toward to 1121 sources of the list based time fact that compact sources detected anh&y be diluted
the SMICA CMB component map at' &nd obtained on the in an 8 beam, yielding no detection in the latter case. On
two versions of the cleaned maps at 857, 545, 353, atite other hand, extending structures integrated within a 8
217 GHz maps, as shown in Fig.1. The flux density es- beam may not exhibit any $eatures, yielding no detection
timates of both cases are fully consistent in the 857- ainithe 3 list.
545-GHz bands, as is expected for the range of redshift of
the PHZ sources (¥ z < 4, see Secf.5). The attenuation ) ) )
becomes important in the 353- and 217-GHz bands. TA@Pendix B: Redshift estimate accuracy
flux densities obtained using tt®IICA CMB component e have tested the accuracy of the photometric redshift es-
map appear statistically larger than when usingRf@nck  timate processing (see Seét4) using the Monte Carlo
143 GHz map, which confirms that they are le®@ed simylations presented in Se&.1 We applied the same
by the attenuation. However, they do not entirely follovsgpfitting algorithm based on the recovered flux densi-
the statistical expectation of unattenuated flux densilly esjes at 857, 545, 353, and 217 GHz for each injected and
mates shown in blue dashed line of Fg1. This discrep- getected source of the mock catalogue. In order to check
ancy may come from the diversity of the SEDs that haie impact of the cleaning process and the photometric ac-
been assumed to follow a modified blackbody emission lawracy on these redshift estimates, we have compared the
with a dust spectral index of 1.5 in our modelling. It cahecovered redshift estimates with the input values infecte
also be due to a residual of extragalactic foregrounds in thethe Monte Carlo simulations, assuming the correct in-
SMICA CMB component map, yielding up to 5% of attenjected temperature.
uation in the 353-GHz band, instead of the 10% expected as shown in FigB.1, the photometric redshift estimates
in the worse case. Unfortunately this residual emission gge not reliable over the full range of redshift. Even if the
hard to quantify, and has to be included in the photometig9yig template is assumed to be ideal for both the simu-
uncertainties. lations and the SED modelling used to fit the redshift, the
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Fig. B.1. Photometric redshift recovery, for injected dust temp&etTyga = 20, 30, 40, and 50K (from left to right).
Redshift estimates have been obtained assuming the exatdedwperature for each source, and an ideal CMB template.
The 2-D histogram of the recovered redshift estimates edtmiinjected redshifts are shown for two cases of the gualit
of the CMB template used for cleaning: ideal (top) or highbhntaminated (bottom). The dotted lines show #20 %
limits around the 1:1 relation (dashed line).

photometric redshift estimates are systematically high fand 24 others were selected from the Planck Catalogue of
the lowest detectable redshifts, and are underestimated @mpact Sources (PCC®Janck Collaboration XXVIl)
the largest detectable redshifts, for each range of dust te2014). From this sample, 25 (16 from PHZ plus 9 from
perature. However, in the intermediate range of redshiRCCS) sources are now outside the mask defined for
where most of the sources are detected, the accuracyGalactic extinction, and 83 (82 from PHZ plus 1 from
about 10 %, which is diiciently accurate for our purpose. PCCS) sources remain in the final PHZ. Without includ-
When assuming an ideal CMB template in computng the sub-sample of sources selected separately from the
ing the theoretical attenuation d@eients for eactlPlanck PCCS, 120 of the observed sources are not in the final PHZ
band before the SED fitting, Fig®.1 shows that when the list, which is explained by two main factors: improvement
estimate is actually highly contaminated by extragalactaf the data quality; and evolution of the detection method.
foregrounds (bottom panels), the associated photomeffice SN of the Planckmaps has been improved thanks to
redshift estimates are statistically underestimated bto15the completion of the full mission and a better control of
20 %. This last number gives the maximum impact due the systematics, so that previous detections may now fall at
the contamination of the CMB template on the redshift efewer SN. To characterize thisfiect, we produced a larger
timates. list of Planck sources by relaxing the/S criteria of the
This simple analysis, of course, does not take into adetection to 1 in all bands (excess and cleaned maps), and
count all other uncertainties impacting any photometriee find associations in this deep list for almost 90 % (182
redshift estimate, such as the degeneracy between the lirces) of the 203 sources of tHerschelsample present
shift and the dust temperature, or the SED assumption. Foeside the mask. The/N distribution of theHerschelsam-
all these reasons, the photometric redshift estimateg-delple is shown as a blue histogram in Fig11, while the sub-
ered in this list are provided as basic estimates only, asdmple of sources present in the PHZ is given in orange.
should be used with caution. It appears that most of the sources of Herschelsample
that have not been selected in the final PHZ exhibifd S
) close to the threshold criteria in at least one band, so that
Appendix C: The Herschel sub-sample they are rejected when simultaneously constraining detec-

A dedicated follow-up of th@lanckhighz candidates has tions in all bands. Hence only 10 % of the sources fail in
been carried out with thilerschelSPIRE instrument, cul- More than one band. Furthermore the detection algorithm
minating in three accepted programmes during the ot@s beenimproved compared to the firstincarnations of the
(10 sources, PI: Montier), OT2 (70, PI: Dole), and Mustr_pethod, especially when f'i_pplylng.the colour-colour crite-
Do (106, HPASSS, PI: Dole) calls. A total of 228 sourcedd- We now use a probability to reject sources not satisfy-
were selected from thBlanckdata: 204 sources were selnNd the colour-colour criteria, while a simple threshold-c
lected using an algorithm similar to the one described Rf? ach colour was applied before. This enabled us to im-
this work, but applied at'&esolution on earlier versions of Prove the robustness of the final product. All of these inves-
the Planckdata before the completion of the full missiontigations show that sources of thierschelsample are not
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Fig.C.1. Distribution of the @\ in the excess and clean®@lanck maps at the coordinates of the 182 sources of the
Herschelsample that exhibit a detection in the deep list obtained wito- threshold in all bands. The distribution of the
83 sources followed-up bilerscheland present in the PHZ is shown in orange, while the rest ofaingple is shown in
blue. The distribution of the full PHZ is shown in dot-dashmalck line, scaled by a factoy20. The dashed lines show
the SN thresholds required in all bands for a detection.
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Fig.C.2. Distribution of the properties for thiderschelsub-sample of 83 sources still present in the PEt FWHM.
Middle: ellipticity of the Gaussian elliptical fiRight local extinctionE(B—V)xga. The distribution of the PHZ is repeated
(dashed line) with a factor/10. The distribution of the extinctio(B — V)yga is also shown for the whole mask (dashed
blue line), and for the wholklerschelsub-sample (orange).

likely to be spurious if they happen not to be included in theHZ has been built at’Sesolution, while the initial se-
PHZ, but are simply at lower significance. lection of theHerschelsample was based on a first list
The statistics of the FWHM, ellipticity and extinction ofbuilt at 8 resolution. However, the overdensity of sources is
the sub-sample of 83 candidates followed-up wiirschel still clearly identified in both sub-samples. Furthermave,
and present in the final PHZ are shown in Fiy2. They have performed ohlerschelSPIRE maps a similar process
spans the same range of properties as the full list (dasresdthe one applied oRlanckmaps to show the red excess
line). However, thisHerschelsub-sample is characterizedat 500um. For each source, the background colour is first
by statistically higher 8\, smaller FWHM, smaller ellip- estimated between the 250 and 200 maps on a region
ticities, and lower extinctions than the full PHZ. This camefined outside thBlanckpeak emission at 545 GHz. This
be explained by the process of selection applied to obtdiackground colour is used to extrapolate the 250map at
robust target lists for the three variodsrschelcalls, which  500um, and this is then removed from the original 200
tended to bias the selection towards cleaner regions of tiap, yielding the red excess map at »0®
high-latitude sky, and to preferentially pick higiNscom-
pact sources, i.e., with small sizes and regular shapes. MRX = Msgo — <M’> Maso (C.1)
Another way to probe the reliability of thelanckcan- 500 M250/ g '
didates followed-up wittHerschelbut not present in the
final PHZ is to compare, via a stacking analysis, the st§1€réMaso andMsgo are theHerschelSPIRE maps at 250
tistical properties of two sub-samples, namely sources fA?d 50Qm, and Oy, means the average over the back-
cluded or not included in the final PHZ. Thus we hav@round region defined above. Positive pixels in this kind of
performed the stacking of thelerschelSPIRE 20 x 20 red excess map are ass.ociated WiFh cologrs rgdder than _the
cutouts at 50@m, over the 83 sources included in the PH2ackground, and potentially associated with higher rétishi
on the one hand, and over the 120 sources no longer ﬁlir_u_ctures,_whne negative pixels are bluer and_mostly as-
cluded in the PHZ on the other hand. The resulting stackeégciated with lower redshift structures. By stacking the re
maps and the associated profiles are shown in the first rE{F€SS Maps over the tuierschelsub-samples, we get the
of Fig. C.3. The overdensity oHerschelsources appears Stackéd maps shown in the second row of Kig3, which
slightly more compact for the sub-sample of sources still igxhibit a clear excess of red colours for both samples. The

cluded in the PHZ, with a radial profile presenting a plated@dia! profile obtained with the sample lderschelsources
within about 2. This is consistent with the fact that the/ncluded in the PHZ presents a red excess larger in the cen-
tral part compared to the other sample. This is linked to
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Fig. C.3. Stacking analysis on two sub-samples of sources followedith Hersche] depending on their presence in the
final PHZ.Top: stacked maps and radial profiles obtained on thes®BlerschelSPIRE intensity map®8ottom:stacked
maps and radial profiles obtained on the pfidOHerschelSPIRE red excess maps. Error bars have been obtained via

bootstrapping.

the left panel of FigC.2, where it can be seen that the 83 ppendix D: List description

Herschelsources included in the PHZ exhibit larggN3n . . o
thePlanckexcess and cleaned maps than the other sounj@;%kt.)hIS last z_ippendlx we present a description Of. the PHZ.
This analysis demonstrates firstly that the PHZ represe {e [1'1 gf;lveshthelnames, units and, explanation of the
a sample of sources with a larger reliability than the ihjtig OMNtENts of éach column.

fﬁ;?%ﬁggurgid;mf&retgg %rjfcheesl fv(\)/li![ﬁvc\)lul: F;’nsr;%jr?t(;??pda{)r([s iln APC, AstroParticule et Cosmologie_, Université_Paris Dader
. . ) CNRSIN2P3, CEAIrfu, Observatoire de Paris, Sorbonne

the PHZ are not spurious detections, but simply have lower pis citg, 10, rue Alice Domon et Léonie Duguet, 75205 Paris
significance, as already stressed above. Cedex 13, France

From the 11 sources of thgerschelsub-sample con- 2 African Institute for Mathematical Sciences, 6-8 Melrose
firmed as strongly lensed star-forming galaxi@afameras  Road, Muizenberg, Cape Town, South Africa
et al, 2015, four sources (over the five previously selected® Agenzia Spaziale Italiana Science Data Center, Via del
with a similar algorithm used in this work) are present in Politecnico snc, 00133, Roma, Italy

the final PHZ. Two other sources, confirmed at redshifts Aix Marseille Université, CNRS, LAM (Laboratoire
2.2 and 2.4, did not pass the colour-colour criteria, while a gAstrophysmue de Marseille) UMR 7326, 13388, Marseille,
: Al H rance

third one exhibits a Bl on the 545GHz excess map just ; Astrophysics Group, Cavendish Laboratory, University of

bel_ow the required threshold of 5. The last five sources, Cambridge, J J Thomson Avenue, Cambridge CB3 OHE, U.K.
which have been selected from _the PCCS catalogue, ha"eAstrophysics & Cosmology Research Unit, School of
no counter part in the PHZ. Additionally, the first spectro- Mathematics, Statistics & Computer Science, University of
scopically confirmedPlanckdiscovered proto-cluster can-  Kwazulu-Natal, Westville Campus, Private Bag X54001,
didate, PHZ G095.5061.59 Flores-Cacho & et al2015 Durban 4000, South Africa
submitted, exhibits one of the smallesy!$ values for the 7 CITA, University of Toronto, 60 St. George St., Toronto, ON
545 GHz excess in the PHZ. M5S 3H8, Canada

Finally, itis worth remarking that because tHerschel ~ ° CNRS, IRAP, 9 Av. colonel Roche, BP 44346, F-31028
SPIRE follow-up of thePlanck high-z source candidates , roulouse cedex 4, France

and the final PHZ are not fully consistent (in a statistical Sasllfzrnla Institute of Technology, Pasadena, California

sense), it is hard to draw definitive conclusions abc_)ut the Centro de Estudios de Fisica del Cosmos de Aragén (CEFCA),
nature of the PHZ sources based onlifegschelanalysis. Plaza San Juan, 1, planta 2, E-44001, Teruel, Spain
11 Computational Cosmology Center, Lawrence Berkeley
National Laboratory, Berkeley, California, U.S.A.
12 DSM/Irfu/SPP, CEA-Saclay, F-91191 Gif-sur-Yvette Cedex,
France
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Column Name Unit Description
Identification
NAME . ... Source name
SNR_X545 .. ... SN in the 545 GHz excess map
SNR_D857 . ottt SN in the 857 GHz cleaned map
SNR_D545 ... ... SN in the 545 GHz cleaned map
SNRD353 ...ttt SN in the 353 GHz cleaned map
Source position
GLON . . ottt [deg]  Galactic longitudesbd on morphology fitting
GLAT . ..o [deq] Galactic latitude edn morphology fitting
RA. [deg] Right ascension0Q@) in degrees
DEC . .ottt [deg] Declination (J2000)3egrees
Morphology
GAU_MAJOR_AXIS .........ccvu.... [arcmin] FWHM along the major axis of thiéiptical Gaussian
GAU_MAJOR_AXIS_SIG . ............ [arcmin] b uncertainty of the FWHM along the major axis
GAU_MINOR_AXIS ...........c.u.... [arcmin] FWHM along the minor axis of thkiptical Gaussian
GAU_MINOR_AXIS_SIG ............. [arcmin] b uncertainty of the FWHM along the minor axis
GAU_POSITION_ANGLE ............. [rd] Position angle of the elliptical Gawamsj defined as the clockwise angle
between the Galactic plane orientation and the orientatidhe major axis
GAU_POSITION_ANGLE_SIG. ......... [rd] 1o~ uncertainty of the position angle

Photometry on cleaned maps

FLUX_CLEAN_857 ... ... [Iy] Flux density of the source at 857 GHz
FLUX_CLEAN_857_SIG_SKY . ......... [Iy] 1o uncertainty at 857 GHz due to sky confusion
FLUX_CLEAN_857_SIG_DATA......... [Iy] 1o uncertainty at 857 GHz due to measurement error
FLUX_CLEAN_857_SIG_GEOM. ........ [Jy] 1o uncertainty at 857 GHz due to elliptical Gaussian fit accurac
FLUX_CLEAN_545 ... .............. [Iy] Flux density of the source at 545 GHz
FLUX_CLEAN_545_SIG_SKY.......... [Iy] 1o~ uncertainty at 545 GHz due to sky confusion
FLUX_CLEAN_545_SIG_DATA......... [Iy] 1o uncertainty at 545 GHz due to measurement error
FLUX_CLEAN_545_SIG_GEOM. ........ [Iy] 1o uncertainty at 545 GHz due to elliptical Gaussian fit accurac
FLUX_CLEAN_353 ................. [Jy] Flux density of the source at 353 GHz
FLUX_CLEAN_353_SIG_SKY.......... [Iy] 1o~ uncertainty at 353 GHz due to sky confusion
FLUX_CLEAN_353_SIG_DATA......... [Jy] 1o uncertainty at 353 GHz due to measurement error
FLUX_CLEAN_353_SIG_GEOM. ........ [Iy] 1o uncertainty at 353 GHz due to elliptical Gaussian fit accurac
FLUX_CLEAN_217 . ..., [Iy] Flux density of the source at 217 GHz
FLUX_CLEAN_217_SIG_SKY.......... [Iy] 1o uncertainty at 217 GHz due to sky confusion
FLUX_CLEAN_217_SIG_DATA......... [Iy] 1o uncertainty at 217 GHz due to measurement error
FLUX_CLEAN_217_SIG_GEOM. ........ [Jy] lo- uncertainty at 217 GHz due to elliptical Gaussian fit accprac

Physical Properties
PROB_COLCOL . ... ... Colour-colour selection probability
EBV_MEAN . .. ... ... Mean extinctionE(B — V),ga Within the source PSF
EBV_APER . .. ... ... Aperture estimate of the extinctid®(B — V),ga Within the source PSF
EBV_APER_SIG ... .. ..., 1o uncertainty of the aperture extinctid(B — V),ga Within the source PSF
ZPHOT_[25,360,35,40,45,50]K ...... Submm photometric redshift estimate withya = 25, 30, 35, 40, 45, and 50K
ZPHOT_[25,30,35,40,45,50]K_LOW .. Lower limit of the 68 % confidence level
ZPHOT_[25,30,35,40,45,50]K_UP ... Upper limit of the 68 % confidence level
ZPHOT_[25,360,35,40,45,50]K_CHI2 . .. Reduced? of the best fit
LFIR_[25,30,35,40,45,501K ....... [Lo] FIR luminosity estimate witfT,q = 25, 30, 35, 40, 45, and 50K
LFIR_[25,30,35,40,45,50]K_LOW . .. [Lel Lower limit of the 68 % confidence level
LFIR_[25,30,35,40,45,50]K_UP . ... [Lo] Upper limit of the 68 % confidence level
SFR_[25,30,35,40,45,50]K .. ...... [Moyr™!] Star Formation Rate estimate withga = 25, 30, 35, 40, 45, and 50K
SFR_[25,30,35,40,45,50]K_LOW .... [Myyrl] Lower limit of the 68 % confidence level
SFR_[25,360,35,40,45,50]K_UP .. ... [Moyrt]  Upper limit of the 68 % confidence level

Flags

XFLAG_PCCS_857 ... oviiii i [0,1] 1 if present in the PCCS2 857-GHrda
XFLAG_PCCS_545 .. ........cuu... [0,1] 1 if present in the PCCS2 545-GHada
XFLAG_PCCS_353 . ................ [0,1] 1 if present in the PCCS2 353-GHada
XFLAG_PCCS_217 .. ... i [0,1] 1 if present in the PCCS2 217-GHada
XFLAG_PCCS_143 . ................ [0,1] 1 if present in the PCCS2 143-GHada
XFLAG_PCCS_100 . ................ [0,1] 1 if present in the PCCS2 100-GHada
XFLAG_PCCS_70 . ....... ... [0,1] 1 if present in the PCCS2 70-GHrda
XFLAG_PCCS_44 .. ............ ... [0,1] 1 if present in the PCCS2 44-GHnda
XFLAG_PCCS_30 .................. [0,1] 1 if present in the PCCS2 30-GHrda
XFLAG_PCCS_HFT . ................ [0,1] 1 if present in the PCCS2 857-, 54 353-GHz bands
XFLAG_PCCS_LFI ................. [0,1] 1 if present in the PCCS2 70-, 441 80-GHz bands
XFLAG_PCCS_SZ .. ..... ... [0,1] 1if present in the PSZ2
XFLAG_PGCC . ...t [0,1] 1 if present in the PGCC
XFLAG_HERSCHEL . ................ [0,1] 1 if present in tHéerschelfollow-up programme
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