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ABSTRACT

We present the first all-sky sample of galaxy clusters detEolindly by thePlancksatellite through the Sunyaev-Zeldovich (SZ) effect frésmsix
highest frequencies. This Early SZ (ESZ) sample of 189 amtds comprises high signal-to-noise clusters, from 6 tit28igh reliability (purity
above 95%) is further insured by an extensive validatiorcgss based oRlanckinternal quality assessments and external cross-ideattdit
and follow-up observation®lanckprovides the first measured SZ signal for about 80% of the B Mnown clustersPlanckfurther releases 30
new cluster candidates among which 20 are within the ESZakiganoise selection criterion. Eleven of these 20 ESAmates are confirmed
using XMM-Newton snapshot observations as new clusterst mfcthem with disturbed morphologies and low luminositiese ESZ clusters
are mostly at moderate redshifts (86% withelow 0.3) and span over a decade in mass, up to the rarest@stdmassive clusters with masses
above 10x 10" M.
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1. Introduction technique that has made tremendous progress in recent years
. . . since its first observation8{rkinshaw & Gull 1978; see also

Galaxy clusters provide valuable mformatlon on CosmOJogNephael(1995; Birkinshaw(1999; Carlstrom et al(2002.

from the nature of dark energy to the physics driving galaxy a

structure formation. The main baryonic componentintheskd ~ The SZ effect is undoubtedly the best known and most stud-

matter dominated objects is a hot, ionized intra-clustedioma  ied secondary contribution due to cosmic structure impdrun

(ICM). The ICM can be studied both in the X-ray and througthe cosmic microwave background after decoupling [for a re-

the Sunyaev-Zeldovich effect (SZ3(¢nyaev & Zeldovich 1972 View of secondary anisotropies séghanim et al(2008)]. It is

Sunyaev & Zeldovich 1980a fairly new and highly promising caused by the inverse Compton interaction between the cosmi
microwave background (CMB) photons and the free electréns o

* Corresponding author: M. Douspis, marian.douspis@ipsut-fr  the hot ICM. It can be broadly subdivided into the thermal Sz
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in the Rayleigh-Jeans part of the spectrum: the Ryle Tefesco
at 15 GHz (ones et al. 1993the OVRO 5 meter telescope at
32 GHz Birkinshaw & Hughes 1994 the SuZIE array at 140
GHz (Holzapfel et al. 1997 BOLOCAM at 143 and 265 GHz
(Glenn et al. 1998 the Diabolo array on IRAM 30 meter tele-
scope at 140 GHzRpintecouteau et al. 1999MITO at 143,
214, 272, and 353 GHDEe Petris et al. 1999the Nobeyama
45 metre telescope at 21 GHZ, 43 GHz and 150 Gikimgatsu
et al. 1999, the BIMA array at 30 GHzPawson et al. 2001
ACBAR at 150 and 220 GHZZ36mez et al. 2003 CBI working
between 25 and 36 GHtJfomprasert et al. 2004VSA at 30
GHz (Lancaster et al. 2005the Atacama Pathfinder Experiment
(APEX) SZ Camera at 150 GHDpbbs et al. 2006 the SZ
Array at 30 GHz Sharp et al. 2007AMI at 15 GHz Zwart et al.
2008, and AMIBA at 90GHz Wu et al. 2008; seeBirkinshaw
& Lancaster(2005 for a review of observational techniques.
Measurements of the SZ effect were further made or attempted
in the Wien part of the spectrum with PRONAOS(narre et al.
1998, SCUBA (Zemcov et al. 200)7 and more recently with the
Herschel Space Observato&emcov et al. 2010
) ] All these experiments have not only allowed us to accu-
Fig. 1. Planck ymap of Coma on & 3° x 3° patch with the my|ate over the years SZ measurements for about a hundred
ROSAT-PSP@o-luminosity contours overlaid. clusters, but have also laid the grounds for SZ-based studie
clusters and of cosmology. In combination with other obaerv
tions, especially in X-rays, they were used to measure cosmo
(TSZ) effect where the photons are scattered by the random nagical parameters such as the Hubble constant, and to titebe
tion of thermal electrons, and the kinetic SZ (KSZ) effeciailh distance-duality relation between the angular-diametelr la-
is due to the bulk motion of the electrons. In the former casminosity distances, and the cluster gas mass fraction [gilg.
the scattered CMB photons have a unique spectral dependeg8cevhite (1978; Kobayashi et al(1996); Grego et al(2001);
whereas the final spectrum remains Planckian in the caseof Bbonamente et a{2006); Uzan et al(2004); Reese et a{2002);
KSZ effect. Ameglio et al.(2006)]. The SZ effect has also been used to char-
The SZ effect offers a number of advantages for cluster stuatterise the clusters themselves, as it can potentiallysunea
ies. First, the Comptopparameter, which measures the integraheir radial peculiar velocitiesBenson et al. 2003 The rela-
of the gas pressure along the line of sight and sets the amelit tivistic corrections to the SZ effect (e.dtoh et al.(1998) can
of the SZ signal, does not suffer from cosmological surfacbe used to measure the gas temperature directly for masssre c
brightness dimming. This implies that the SZ effect is an effiers Pointecouteau et al. 1998 he spectral signature of the SZ
cient method for finding high-redshift clusters. Second,ttital effect can in principle even probe the electron gas distidbu
SZ signalyY, integrated over the cluster’'s angular extent, directgnd constrain any non-thermal electron population in tie@in
measures the total thermal energy of the gas and as such isofxster mediumColafrancesco et al. 200Shimon & Rephaeli
pected to correlate closely (i.e., with a tight scatter mgbaling 2004). The SZ can as well be used as a tracer of the WHIM dif-
relation) with total cluster mass. This fact is borne outbloy fuse gasGénova-Santos et al. 200B1oreover multi-frequency
numerical simulationsgorgani 2006da Silva et al. 200IMotl SZ measurements might provide a novel way of constraining
et al. 2005 Pfrommer et al. 2007and indirectly from X-ray ob- the CMB temperature and its evolution with redshiagtistelli
servationdNagai et al.(2007); Arnaud et al.(2007); Vikhlinin et al. 2003Horellou et al. 2005
et al. (2009 using Yx, the product of the gas mass and mean Deep surveys covering hundreds of square degrees and capa-
temperature and X-ray analogue of the integrated SZ Compisig of detecting many tens to hundreds of clusters, perfdimge
parameter first introduced Hgravtsov et al.(2006. This con- the South Pole Telescope (SPDaflstrom et al. 200%nd the
trasts with the X-ray luminosity which, at a given mass, isyve Atacama Cosmology Telescope (ACT4rriage et al. 2010
sensitive to the cluster’s thermodynamical state, foransé a are accumulating, and already delivering, data. One ofr thei
recent merger event or in the presence of a strong coolirg cqjoals is to use SZ cluster counts and the SZ angular cooelati
Hence SZ surveys are expected to provide clean cluster samplinction as cosmological toolsigiman et al. 200Weller et al.
over a wide range of redshifts, in the sense of being close 2002 Levine et al. 2002Majumdar & Mohr 2004Douspis et al.
an unbiased mass-limited selection. These are key prepéoti  2006). Such surveys are particularly powerful for detecting dis
statistical studies with clusters, either to constraimoolegical tant clusters, as was recently proven by results fuamderlinde
models (e.g., from the evolution of the mass function) orte et al.(2010).
the physics of structure formation (e.g., from clusterisggand In this context ESA'Planck mission, launched on 14 May
structural properties). 2009 carries a scientific payload consisting of an array afé4
For these reasons, alongside the efforts developed to mea-
sure CMB anisotropies many pioneering instruments werd use;

. Planck(http://www.rssd.esa.int/Planck) is a project of the Ee@n
or developed to observe the SZ effect and use it as new @%‘aoe Agency (ESA) with instruments provided by two scintion-

servational probe of cluster physics, large-scale stractand gqortia funded by ESA member states (in particular the leashizies
the cosmological model. The first observations of the SZcgffe France and Italy), with contributions from NASA (USA) andetscope
targeted at specific X-ray selected clusters, were perfdmse reflectors provided by a collaboration between ESA and asfiecon-
ing interferometric or single-dish experiments mostlyetég sortium led and funded by Denmark.
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tectors sensitive to a range of frequencies between rofhly known clusters, and an additional follow-up programme is re
and 1000 GHz, which scan the sky simultaneously and contimuired to scientifically exploiPlanckcluster data. This includes
ously with an angular resolution varying between about 30 arluster confirmation (catalogue validation) and the measent
cmin (FWHM) at the lowest frequencies and about four arcmof relevant physical parameters. These different stedsedt5Z

at the highest. The array is arranged into two instrumehts: tconstruction and validation are presented in Secti@nd the
detectors of the Low Frequency Instrument (LFI) are pseudssbsequent results are given in Sectiorinally, Sectionss,
correlation radiometers covering three bands centred 2480 7 and8 present the general properties of the ESZ cluster sam-
and 70 GHz; and the detectors of the High Frequency Instrumete. Planck early results on clusters of galaxies are presented
(Lamarre et al. 201,0Planck HFI Core Team 20118iFIl;) are here and in a set of accompanying articlegfck Collaboration
bolometers covering six bands centred at 100, 143, 217, 32811¢f,g,h).

545 and 857 GHz with bolometers cooled to 0.1 K. The design of Throughout the article, and in all the above ciféldnckSZ
Planckallows it to image the whole sky approximately twice peearly result papers, the adopted cosmological modeN€BM

year, with an unprecedented combination of sensitivitgudar cosmology with Hubble constarttyy = 70 kms*Mpc, mat-
resolution, and frequency coverage. Hiancksatellite, its pay- ter density parameték,, = 0.3 and dark energy density param-
load, and its performance as predicted at the time of laureh ater Q, = 0.7. The quantityE(2) is the ratio of the Hubble
described in 13 articles included in a special issue (Vol62® constant at redshift to its present valueHy , i.e., E(2? =

of Astronomy & Astrophysics. The main objective Bfanck Qu(1 + 2)° + Qa.

is to measure the spatial anisotropies of the temperatutigeof

Cosmic Microwave Background (CMB) with an accuracy set b% o

fundamental astrophysical limits. Its level of performandll 2. Planck data description

enablePlanckto extract essentially all the information in th
CMB temperature anisotropieBlanckwill also measure to high
accuracy the polarisation of the CMB anisotropies, which e

®The ESZ sample was constructed out offt@nckchannel maps
of the HFI instrument, as described in detaiRlanck HFI Core
Ream (2011H. These maps correspond to the observations of

tion, thePlancksky surveys will produce a wealth of informatio

on the dust and gas in our own galaxy and on the propertiesQlis This includes a low-pass filter, glitch treatmenth@rsion

extragalactic sources. . . to units of absorbed power, and a decorrelation of thernaglest
Planckwas specifically designed from the beginning to megy

, X . uctuations. For cluster detection, and more generallgéorce
Zﬁrgktyesgzc I?Jz?grﬂgarlcg?olgqueet ﬁhégf?i?gdag@”gli;z IYV'th a(r; detection, one data flag of special importance is associgitad
-~ y . r 9BAC 5015 System Objects (SSO). These objects were identified in
for in the HFI data, Abell 2163 (Fig5 and 6), was indeed y ) ( ) )

. '~ TOI data using the publicly-available Horizon ephemeris] a
found from 100 GHz to 353 GHz shortly after the First Light,e 550 flag was created to ensure that they are not projected

Survey (FLS) was performed and observations in routine mo Rto the skv. in order to avoid possible false detectiomstini
by Planckstarted. Three other known clusters falling in the FL v P noing.

region were seen across the positive and negative partseof th™

SZ spectrum. The scanning strategy soon allowed us to map g¥rained using observations of Mars. Beams are described by

tended cIu_sters suc_h as Coma onwide pa_tches of the skyllFig.g|jintical Gaussian parameterisation leading to FWKiMjiven

SZ detection techniques were then applied to the data and i%i"glanck HFI Core Tean2011b. The attitude of the satellite

first blind detections were performed. ) as a function of time is provided by the two star trackers in-
ThePlanckall-sky SZ cluster catalogue, with clusters out {Qialed on théPlanclspacecraft. The pointing for each bolometer

redshiftsz ~ 1, that will be delivered to the community at thgyas computed by combining the attitude with the locatiornef t

end of the mission will be the first all-sky cluster surveycgin ps1ometer in the focal plane reconstructed from Mars oleserv
the ROSAT All-Sky Survey (RASS), which was at much lowefigns.

depth (the median redshift of the NORAS/REFLEX cluster cat- From the cleaned TOI and the pointing, channel maps have

alogue iz ~ 0.1). Thans to its all-sky na;uré’,lanckNiII_detect been made by co-adding bolometers at a given frequency. The
the rarest clusters, i.e., the most massive clusters inxpe-e path from TOI to maps in the HFI data processing is schemati-

nential tai! of the mass function which are the best cIus‘kmrs cally divided into three steps: ring-making, destripingdanap-
cosmological studies. ThelanckEarly SZ (ESZ) sample is de- mafing. The first step averages circles within a pointingquer

livered alongside the Early R_elease Compact Source Catalogy make rings with higher signal-to-noise ratio, takingahage
(ERCSC) Planck Collaboration 201}cthe nine-band source uf the redundancy of observations provided by Benckscan-
catalogue,_ and the Early Cold Core (ECC.) catalogeiar(ck ning strategy. The low amplitude/ 1 component is accounted
Collaboration 2013sat http://www.rssd.esa.in/Plandlanck o %in the second step using a destriping technique. Finally
Collaboration 2011y Thg ESZ is a high-reliability sample of ;jcaned maps are produced using a simple co-addition of the
189 SZ clusters or candidates detected over the whole shy frPleaIpix-based rinds SSO flag channel maps, used in the inter-

the first ten months of thelancksurvey of the sky. nal validation of the ESZ sample, were also made followirgy th
The present article details the process by WhManckESZ  same procedure.

sample was constructed and validated. Phenckdata and the ~  The noise in the channel maps is essentially white with
specific SZ extraction methods used to detect the SZ camdiday cstandard deviation of .8,0.9,1.4,5.0, 70, 1180uK degreé

are presented in Sectiosand 3. Plancks measurements pro-
vide an estimate of the integrated Compton param¥tesf de- 2 http://healpix.jpl.nasa.govorski et al. 2005

tected SZ cluster “candidates”. A subsequent validatiot@ss 3 In the following and unless otherwise stated refers to equiva-
is needed to identify which among the candidates are preljioulent CMB temperature fluctuations juK.

I) and associated flags correcting for different systenedt

Focal-plane reconstruction and beam-shape estimates were
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from low to high frequenciesRlanck HFI Core Team 201)1b REXCESS sample Bohringer et al. 200) with data from state-
Photometric calibration is performed for the lower fregeyen of-the art numerical simulation86rgani et al. 2004Nagai et al.
channels at the ring level using the CMB dipole (from WMARO0OQ7, Piffaretti & Valdarnini 2008 out to 5Rsgo. In the follow-
(Hinshaw et al. 2009, and at the map level using FIRAS datang, Rsgg is the cluster size defined as the radius where the mean
(Fixsen et al. 199¢for the higher frequency channels at 545 andnclosed density is 500 times the critical density. It eddb the
857 GHz. The absolute gain calibration of HFlanckmaps is characteristic cluster scak through the NFW concentration
known to better than 2%Planck HFI Core Team 201)b parametetsoo (Rs = Rso0/Cs00)-

The pressure profile model used in the present article
. . is equivalent to the standard self-similar case descrilmed i
3. Detection and Cluster extraction Appendix B ofArnaud et al(2010.° It is equivalent to a shape

In order to generate a cluster candidate list, a suitablaetion function characterised by two free parameters, a centtaeva

algorithm must be run on the maps. SZ clusters can be congiid a characteristic scade

ered as compact sources with respect toRlenck beam, but The SZ effect from the hot ICM is due to the first-order

they are definitely not point sources. Their extension thests) correction for energy transfer in Thomson scattering. &hsr

a special adapted processing. For this reason, severatéatr a spectral distortion, energy transferred from photonshi t

methods were developed within ti#anck collaboration, and Rayleigh-Jeans tail of the cosmic blackbody radiation @ th

those were tested and Compared using Plenck Sky model Wien tail. In the non-relativistic limit the frequency demi'ﬁnce

Simulation (PSM). The details of the comparison of the cluste@f the distortion is universal (the same for all clustersjarac-

extraction algorithms, called the “SZ challenge”, can benid terised by a distinct frequency, ~ 220 GHz, where the TSZ

in Melin et al.(2011). effect vanishes. Below this frequency there is a decrenfeheo
Methods fall into two classes: “direct” methods use individCMB intensity, giving an apparemtecreasen the sky bright-

ual channel maps to extract the clusters, while “indirecgétim  ness, and above lies an enhancement.

ods use sky maps obtained via component separation algo- The magnitude of the SZ effect, known as the Compton pa-

rithms. The methods used in this article are direct methodgmetery, depends only on the cluster's characteristics, elec-

with the reference method chosen on the basis of the SZ cH&pnic temperatur@. and densityne, as

lenge. The direct detection algorithms used to construtvat |

idate the ESZ sample incorporate prior assumptions on tiee cl,, _ kot f Te(ne(l) d

ter signal, specifically its spectral and spatial [i.e., shape of *  m.c? e

the Intra-Cluster Medium (ICM) pressure profile] charaistérs i

(see Sect3.1). This enhances the cluster contrast over a set $herek is the Boltzmann constant;r the Thomson cross sec-

observations containing contaminating signals. tion, m,c? the electron rest mass ahik the distance along the
Most of the methods developed prior to the launch were aff?€ Of sight. The total SZ signal is characterised by the-int

plied to thePlanckdata, but only direct methods were favouredrated Compton parameter denotee ['ydQ, whereQ is solid

for implementation in the pipeline infrastructure. Thddaling angle. It can be written aBiY = (o-T/mecz)deV, whereDa

three were used to construct and validate the ESZ sample: is the angular-diameter distance to the systemRrthek T, the

— A matched multi-frequency filter (MMF) algorithm, referredEI;Ctron pressure. In the following, the integral perfodnoeer

to henceforth as MMF3, was the reference method used
the blind detection of SZ candidates, and the construclﬁongr
the ESZ list.

— Two other methods (Sectior®s3.2and3.3.1) were used to
confirm the blind detections of the ESZ candidates. 3.2. Reference extraction method (Matched Multi-Filter,

In addition, a slightly different version of MMF3 was run MMFS3)
as part of ESZ validation, in order to re-extract the Compiton The ESZ sample is the result of a blind multi-frequency searc
parameter of the SZ clusters incorporating fixed clustessind in the all-skyPlanckHFI maps, i.e., no prior positional infor-
positions taken from X-ray observations (see S&@. mation on detected known clusters was used as input to the de-
tection algorithm. The ESZ sample is produced by running the
MMEF3 algorithm, which is an all-sky extension of the matched
multi-frequency filter algorithm described Melin et al.(2006),
The ICM pressure profile has historically been describedrby aver the six HFI frequency maps. The spectral distortiorhef t
isothermals-model Cavaliere & Fusco-Femiano 197&rego CMB due to the ICM can in principle be detected down to the
et al. 2001 Reese et al. 2002.g.,). However, recent X-ray ob-lowest frequencies at whidPlanckoperates; however, the beam
servations have shown thatgamodel is a poor description of at the lowest frequencies is large compared to typical efust
the gas distribution in clusters, leading several authorsro- Sizes. Since clusters at moderate redshifts typically spayu-
pose more realistic analytical functions based on a Gepedal lar scales of~ 5arcmin, the large beam éflanck at the LFI
Navarro-Frenk-and-White (GNFW) profildagai et al. 2007 bands results in beam dilution of the SZ signal. The inclusib
Arnaud et al. 201D the lowestPlanckfrequencies using the current algorithm there-
The baseline pressure profile used in the present workf@e results in a lower signal-to-noise ratio (S/N) for thetestted
the standard “universal” pressure profile derived Agnaud sources than if only the HFI bands were used. This reduces the
et al. (2010. It is constructed by combining the observed Xefficiency of SZ cluster detection, which can potentiallyitne
ray pressure profile withiRsoo, from 31 galaxy clusters of the proved in the future with refinements to the algorithm. As a-co

he sphere of radiuBspo (5Rs00) is notedYsoo (Ysrsoo)- Thus,
defined hereYsoo and Ysrsoo have units of solid angle, e.g.,
cmirt.

3.1. Baseline cluster model

4 ‘Planck Sky Model’, http://www.apc.univ- 5 More details on the pressure profile can be foundPilanck
paris7.frfAPCCS/Recherche/Adamis/PSM/ psky-en.php Collaboration(20111)
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sequence, for the generation of the ESZ list, onlyRlenckall- cussed below. These methods previously compared rathieowel

sky maps at frequencies of 100 GHz and above are considerazhch other within the SZ challenge match in terms of the detec
The MMF algorithm [studied extensively iyerranz et al. tion properties (especially for high signal-to-noiseaaturces).

(2002 andMelin et al. (2006] enhances the contrast, and thu3heir estimated sizes and SZ signals agree on average as well

signal-to-noise ratio, of objects of known shape and kngevats though they differ on a case by case basis.

tral emission profile over a set of observations containioig-c

taminating signals. In its application for Sz, the methockesg I

use of the universal frequency dependence of the thermal $2-1- The Matched Multi-Filter Method, MMF1

effect. The filter optimises the detectability using a lineam- 1,5 MMEL algorithm is a completely independent implementa-
bination of maps (which requires an estimate of the steSistijjon of the multi-frequency matched filter integrated withhe
of the contamination) and uses spatial filtering to suppbe$s p 5 cieHF| pipeline and infrastructure. A more detailed descrip-
foregrounds and noise (making use of the prior knowledge @iy, of MMF1 is given inMelin et al.(2013). The full-skyPlanck
the _cIuster profile). The fllt_er optimises cluster detectu_Jnl_t is frequency maps are divided into 640 flat patches, each 1466 d
notimmune to contamination by false, non-SZ, detectionsWh 4 ee5 ona side (corresponding to 512 by 512 pixels), witi-ove
calls for an extensive validation procedure described itiGe lapping regions of six degrees. The performance of the MMF
4. _ . _ algorithm is extremely sensitive to the quality of the estied
MMF3 first divides the all-sky maps into a set of 504 overy ;1. and cross-power spectra of the background compoment i
lapping square patches of areaxd@0 square degrees. Holes ing5ch frequency map. The size of the patches thus needs to be
the maps due to unsampled or badly sampled pixels are idepiiye enough to ensure a representative assessment ofcte ba
fied to construct an effective detection mask and are thedfifl  ,.5,nd. The large overlap between patches was chosen sdithat

with the median value of the adjacent pixels. The matChe“i_mugetections in a two degree border around the edge of the patch
frequency filter then combines optimally the six freques®@® oy pe discarded.

each patch assuming the SZ frequency spectrum and using th
reference pressure profile presented in Se@ian

Auto- and cross-power spectra used by MMF3 are direc
estimated from the data and are adapted to the local instrum
tal noise and astrophysical contamination. For each péteh

he detection of the SZ-candidates is performed on all the
atches, and the resultant sub-catalogues are mergeteoget

'groduce a single SZ-candidate catalogue. Similarly to MMF3
e candidate size is estimated by filtering the patches thveer

i ) ' range of potential scales, from point-source sized objants

position and the scale radius (chosen to Beof) of the clus- Iargger, angfinding the scale whicﬁ maximises the signadjdise

ter p_roflle, 1€, _the C"."Ster Siz&spo, are varied to MaxiMISE oo of the detection of the candidate. In the version usethe

the_5|gnal-to-n0|se ratio of each detect|0_n_. The algor_|thmce Planck data, when merging sub-catalogues produced from the

assigns to each detected source a position, an estimated ¢l v sis of individual patches, it is also the signal-tiseaatio

:ﬁr size, 5'5?0' z;\_n:j an :jnteglrated tﬁompton Fa:rame\(gﬁsooaln of the detection which is used when deciding which deteation
e present article and unless otherwise statedrd@suredn- ' oo Gidore s kept.

tegrated Compton parameter, no¥gsgo, is thus computed by
integrating the GNFW profile within a sphere d%°. The de-
tected sources extracted from the individual patches, thiéhr  3.3.2. PowellSnakes (PwS) for SZ
assigned sizes and integrated Compton parameters, arg final ) o
merged into an all-sky cluster list. In practice the MMF3alg PowellSnakes (PwS) is quite different from the MMF methods.
rithm is run in an iterative way; after a first detection of ®2 It is a fast Bayesian multi-frequency detection algorither d
candidates, consecutive runs centred on the positiongafth- Signed to identify and characterise compact objects bunied
didates refine the estimated signal-to-noise and candatape diffuse background. The detection process is groundedia-a s
erties. At this stage, the uncertainty ¥grsoo is provided and tistical model comparison test where two competing hypothe
takes into account the uncertainty in the cluster size esém Ses are compared: the detection hypothesis and the nulttgpo
The MMF3 algorithm can also be performed with fixed cluste§is- The statistical foundations of PwS are describégkirvalho
size and position to estimate the SZ signal. This versiomef tet al.(2009.
algorithm was used to measure the integrated Compton parame Similarly to the MMF algorithms, a template parameterised
ters of known X-ray clusters in the ESZ sample, as explained$Z pressure profile is assumed known and representative of th
Section6.2. majority of the cluster population observable with the feson

In order to address contamination by point sources, MMFBd noise characteristics of the instrumental setup. Atiagrto
uses a built-in source detection algorithm to reject pamnirses our data model, the pixel intensities result from the cdwition
with signal-to-noise above ten which are then masked. Thi§three independent components: the SZ signal, the astrono
step avoids most of the false SZ detections associated wital background component, and the instrumental pixelenois
point sources. However, some residual contamination by3ion The last is assumed to be a realisation of a homogeneous sta-
sources captured by the MMF3 algorithm may still be presefi@nary Gaussian random white noise process. The backdroun
and requires additional validation of the detection caatiid astronomical components and the pixel noise are assumed un-
(see Sectiod). correlated and can each be modelled locally by a homogeneous
Gaussian process.

The algorithm starts by minimising the model’s likelihood
ratio with respect to the model’s parameters by using a Rowel

The two other “direct” SZ detection methods used to confirfiinimiser iteratively one source at a time. We assume treat th
the blind detections of the ESZ candidates by MMF3 are digources are well separated and the fields not too crowded. The
parameter estimation and the acceptance/rejection thicesh

6 In the spherical assumption with this profilésg the integrated defined using Bayesian approach with priors adjusted on the
Compton parameter withiRsog relates tovspseo bY Ysrsoo = 1.81x Ys0o.  PlanckSky Model SZ Catalogue.

3.3. Other extraction methods
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PwS performs on flat 518 512 pixel patches of 14.66 de-
grees on a side. When applying a Galactic cutbpt> 14 de-
grees, PwS splits the sphere into 2324 patches. Howevar, onl
detections lying inside the inner 25@56 pixels are considered.
So, on average PwS detects each cluster more than three time:
(usually four times), increasing the reliability of the eetion.

The selection of the candidate detection that goes into itz fi
catalogue uses the Bayesian mode of PwS, based on the highes
ratio of model posteriors.

STEP 1
(In PLANCK)

4. Validation of the ESZ sample

The SZ validation process, Fi@, is an integrated HFI-LFI
effort within Planck Working Group 5 (WGB) “Clusters and
Secondary anisotropies”. It has been established in oodealt
idate the full SZ candidate lists obtained from the extaacti
methods developed by tidanckcollaboration. It relies mainly
on a three-stage process detailed in the following sulmeti

cross-check
4 Cross-check
Abell, Zwicky Radi.
Wen - o cat

— Internal validation steps based oRlanckdata:
— search for and rejection of associations with Solar
System objects and artefacts;
— rejection of sources with rising spectral energy distribu-
tion in the high HFI frequency bands;
— cross-check with othé?lancksource catalogues toreject ~ —'— — — — — — | PLCKESZStepd | — —
SZ candidates identified with cold cores (CC) and other

Galactic sources; and
— redundant detections of the same candidates by methods

other than the reference one.
— Candidate identification steps based on ancillary data:
— identification of SZ candidates with known clusters fronfig. 2. Flowchart of the SZ validation process applied to the
existing X-ray, optical/NIR, SZ catalogues and lists; anBlanckcluster sample.
— search in NED and SIMBAD databases.
— Follow-up programmesfor verification and confirmation of
SZ candidates.

SZ candidates. Second, the remaining blind SZ candidate sam
. . o ple is further cleaned by rejecting all objects associatith &i-
4.1. Construction of ESZ sample and internal validation ther Galactic sources, or CC detected using the CoCoCagtet al

. . . rithm (Montier et al. 2019Planck Collaboration 201} svithin
The construction of the ESZ list of SZ candidates starts wi ; : : :
the blind detection of candidates using the implementation gl? arcmin radlu_s_of SZ candu_:iates. This step further redinees
; . sample of remaining SZ candidates by about 17%.

MMF3 algorithm at the USPDC applied dflanckHFI chan- ) o . .
nel maps at Galactic latitudels| > 14 deg. A total of about After this two-step process, the |n|t|al_bI|nd Sz ce_mdldate_
1000 blind SZ candidates are detected with SINL. As dis- S@mple has beenreduced to around 770 blind SZ candidates wit
cussed above, the MMF3 algorithm uses prior information N> 4. However at this S/N level many candidates will not cor-
the SZ spectrum and on the cluster shape. However, esgeciggsPond to actual clusters. Theoretical predictions baseitie
due to the beam-sizes of the order of a few arcminutes, the FexM Simulations indicate that the purity (ratio of true tséa
sulting list of SZ candidates is not immune from false detect detections) is expected to be of the order of 70% at S/N = 4
due mainly to dust emission at high frequencies from theintdF19: 15). The simulations do not account fully for the complex-
stellar medium (ISM) or infrared sources, and very modgyatd?y Of the true sky nor for the inhomogeneity of the noise asro
to the CMB fluctuations at low frequencies (see illustrasion e SKy. The actual purity is thus likely to be worse than tree p
channel maps in upper panels of F&). In the following, we diction. In order to ensure a high level of purity in the ESHhsa
do not explicitly check for association with extragalagimint Pl€ and based on lessons learnt from the XMM-Newton observa-
sources emitting @lanckHFI frequencies, which is essentiallytions of low S/N candidates (s&anck Collaboratio2011¢),
dealt with internally by the MMF3 algorithm (Se@.2). Some &0 early decision Was_mz;de to cut at a higher S|gngil-t0-n0|se
residual contamination of the SZ Comptémparameter by point |€vel of SN > 6 for this firstPlanck data release. This more
sources may, however, still be present (see Seétiéfor a spe- Stringent condition retains 201 SZ cluster candidateSnted-
cific discussi(’)n). ' vantage of the lessons learnt by the follow-up programme for

The internal validation process starts by removing Spmogluster confirmation by XMM-Newton, we further retain only

detections from the output list of blind SZ candidates, Wt the SZ candidates detected blindly by the MMF3 algoritmd
achieved in two steps. We first reject the candidates shofigng at least one other method, be it MMF1 or PowellSnakes. Thisre

ing spectral energy distribution in the high&anckHFI fre- sults in 190 SZ cluster candidates; these constitute thelibas
quency bands. They represent around 14% of the initial blifgPZ Sample. A detailed inspection of the SZ maps and spectra
of the 11 discarded SZ candidates was performed (see Section
" http://www.ita.uni-heidelberg.de/collaborationsipté/ 5.2.2 and confirmed that these sources were false detections.
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A final internal check consisted of searching for assoaiatio4.2.3. With known SZ clusters

of the obtained 190 SZ candidates with possible artefacts su_ . I _ . o
as low-frequency noise stripes, ringing from neighboukiright The identification of SZ candidates is also performed atimé}

sources, hot pixels, non-observed pixels or poorly sampiled tre Wa}ve_lengths by cross-matching the SZ candidate Ii_$t wit
els in the vicinity of SSO-flagged regions. None of the 190 ESgPMPilation of SZ observed galaxy clusters from the literat

candidates was associated with such artefacts. undertaken bypouspis et al(2011, in preparation). This compi-
lation is based on SZ observations conducted with the numsero

experiments developed during the last thirty years (RWRO,
4.2. Candidate identification with ancillary data BIMA, MITO, Nobeyama, SZA, APEX-SZ, AMI, Diabolo,
Suzie, Ryle, AMIBA, ACBAR, etc). It also includes the new
clusters recently discovered through their SZ signatur&®y
; . ™ €%nd SPT. In total the compilation comprises 111 SZ clusters i
ternal cluster catalogues in X-rays, optical and SZ domdihis cluding 28 newly discovered by ACT and SFWlénanteau et al.
allowed us to identify the SZ candidate_s associated Withiprezom Vanderlinde et al. 2020 The association of thlanck
ously known clusters and consequently isolateRfzackcandi- - 57 candidates was based on positional matching with a search
date new clusters. radius of five arcminutes.

The second stage of the SZ validation process consistedsg-cr

4.2.1. With X-ray cluster catalogues 4.2.4. Queries in SIMBAD and NED databases

For the association d?lanckSZ candidates from the blind ex-
traction with known X-ray clusters, we have used the Met
Catalogue of X-ray detected Clusters of galaxies (MCX
Piffaretti et al. 2019 This homogeised compilation of X-ray g ay0id missing a few associations. It is also importanteto r
detected clusters of galaxies comprises approximately0 1§Qqe the information on redshifts for those identifiedstérs
clusters from publicly available ROSAT All Sky Survey-bdse

ot included in the MCXC. We therefore performed a system-
(NORAS, REFLEX, BCS, SGP, NEP, MACS, and CIZA) and, b y

s ic query in SIMBAD. The adopted search radius was set to five
serendipitous (160SD, 400SD, SHARC, WARPS, EMSS, etﬁgcminutes. For NED, no systematic query was implemented.
cluster catalogues.

) . Cluster candidates within the same search radius wererrathe
For each X-ray cluster in the MCXC several properties agecked against a list of objects retrieved from NED flagged a
available, amongst which are the X-ray centroid coordsjatecysters of galaxies”. Finally the candidates were alseckied

redshift, identifiers, antlsoo.® The luminosities are adopted against the X-ray cluster databaSagat et al. 200BAX:).
proxies to estimate the total maskoo using theL—M relation

from REXCESS (Pratt et al. 2008 and radiusRsgo, and predict o _ _
the integrated ComptonsLersoo’ or aIternativeIWégO, as detailed 4-3. Follow-up programme for validation and confirmation

in Planck Collaboratiorf2011) as well as othePlanckrelated o, 46| to the effort of SZ candidate cross-identifioatia
quantities.

B he MCXC ilation includ v el _Lﬁoherent follow-up programme targeted towards the verifica
Because the M compilation includes only clusters Witf, yaligation of the cluster candidates in the SZ catatogas
available luminosity (redshift) information, we supplemét

. g e SERRTETE _ putinto place in the form of an internal roadmap. The mairigoa
with about 150 clusters where this information is missingisT of this follow-up programme are to confirffanckcandidates as

implies that for the latter only centroid positions are &vaine,, cjusters, and as a consequence to better understartti@oth
able. The resulting meta—catalogue, for simplicity reféifto as g7 ejection criteria in thelancksurvey and the reliability of
MCXC in the reminder of the article, is extensively used du%’elected SOUrces

ing the external validation process. For a gi®anckcandidate Consideri : .

. ; I onsidering the complementarity of X-ray, optical and
cluster we identify the closest MCXC cluster. The reliapibf | ,o observgtional foIIO\F/)v—ups haveybeen cogrdingtedpo 0
the association is checked based on the distance, as caftpare . " "o idotion and the understanding of Blanck se-
the cluster size, and on the measulggsoo (or S/N) values, as lection. In practice, this took the form of a confirmation pro

compared to the expected Valuel%SOO (or S/N) for the MCXC gramme relying on observations with XMM-Newfomaking

clusters. use of Director Discretionary Time (DDT) as detailedAlanck
Collaboration(20119. This is complemented by observations in

4.2.2. With optical cluster catalogues the optical using the European Northern Observatory faesli
(ENO), the European Southern Observatory 2.2m-telesemie,

The baseline for the identification of blind SZ candidatesrfr two pilot programmes, one with the WISE experimemright

the ESZ with clusters known in the optical is the cross-matefi al. 2010 for the search of overdensities in the IR data, and one

with the Abell cluster catalogueApell 1958 5250 clusters of with the Arcminute MicroKelvin Imagéf (AMI, Zwart et al.

which 1026 have a redshift) and the Zwicky cluster catalogyg0o08) for the confirmation ofPlanck candidates with SZ ob-

(Zwicky et al. 19619134 objects). The association criterion hergervations.

was a positional match with a search radius for both cat@®gu  aAn ensemble of SZ candidates spanning a range of signal-

set to five arcminutes. to-noise ratios between four and eleven was selected from ea

Furthermore, the ESZ sample was cross-checked against the

MaxBCG (Koester et al. 2007andWen et al (2009 catalogues ° XMM-Newtoris an ESA science mission with instruments and con-

with a search radius of 5 arcmin. tributions directly funded by ESA Member States and the USASA)

10 AMI is a pair of interferometer arrays located near CambejdgK,

8 The X-ray luminosities as measured within an aperture ofusad operating in six bands between 13.5 and 18 GHz, with seitgitiy
Rsoo angular scales 30 arcsec — 10 arcmin.

The information provided from querying databases is mainly
edundant with cross-checks with cluster catalogues irayX-r
r optical. However, running both cross-matches is imptrta
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lier versions of the HFI channel maps and sent to the abdideaned” channel maps (from 100 to 545 GHz) as well as corre-
mentioned facilities. The targets were selected from adist spondingy-maps, for a few clusters, with S/N ranging from the
SZ candidates after the external validation stage (i.entifi- highest ones to more typical ones.
cation of known clusters). They went through visual insjoect
of their maps and spectra produced by all the available ndstho
described in SectioB.2.2 Furthermore in order to avoid dupli-5.1. ESZ candidates identified with known clusters
cating existing observations of candidates with the sansinor o ) . . i
ilar facilities, the cluster candidates were further crosstched 1Ne external validation with ancillary data identified 168se
with logs of X-ray, optical and NIR observatories. ters in total out of the 190 candidates detected bll_ndly.yTziTe
The search in X-ray observatories (ROSAT, Suzaku, XM vKnown X-ray or optical clusters arlanckdata provide the first
Newton and Chandra) was performed using the HEASA easure_ofthe Sz signal for the majontyofthem,c_)penmgm ne
tool.! For XMM-Newton and Chandra both master catalogu servational window on those already known objects.
and accepted GO (Guest Observer) targets were used in theMost of the identified SZ candidates, 162 in all, were associ-
search. For Suzaku, only the master catalogue was usedated with known clusters from the MCXC compilation and 158
the case of optical and NIR observatories, the search was geve known redshifts (provided in the compilation), X-rasni-
formed in the public logs of several optical/infrared olvsén- nosities, X-ray estimated size% o), etc. Moreover, as expected,
ries. In some cases, this search was completed using V@i@Virta very large fraction of them (127 clusters) are at the same fi
Observatory) toof€. The checked resources were: ING Archivedentified in the optical. They are mostly Abell clustersrfrthe
UKIRT Archive, ESO Archive, HST Archive (at ESO), CFHTROSAT X-ray cluster catalogues.
ArChive, AAT ArChive, NOAO Science ArChive, Multimission The remaining seven identifiedlanck clusters were ob-
Archive at STScl (MAST), Gemini Science Archive andained from search in SIMBAD (one cluster, RXJ0748.7+5941
SMOKA (Subaru Mitaka Okayama Kiso Archive). In additionwithout published redshift), from logs of observatoriemdo
a search in the footprint of the covered area for known swveyluster, H1821+643 az = 0.299 Schneider et al. 1992
was performed. The searched areas considered were thosgref from optical only, i.e., without an X-ray counter-
SDSS, UKIDSS, HST (ACS-WFC) as they are described in theyrt, identification with Abell or Zwicky clusters (five chus
VO footprint servicé® (Budavari et al. 2007 as well as those of ters). These are ZwCI2120.1+2256, AC114Northern, A3716S,
SPT and ACT experiments. o ~ ZwCl1856.8+6616 and ZwCl0934.8+5216 clusters. The last tw
The details and results of the confirmation follow-up withave no published redshifts. For all these clusters, rédstinen
XMM-Newton are given irPlanck Collaboratio20119. Ato-  they are available are retrieved from the SIMBAD and NED
tal of 25 targets were observed with short snapshot expssuggtabases.
(Il.e.’t 10 ks notmlnal IfEPNI)t.OIUt OftWhO'lcg )2<1 were confirmed as The cross-match with known SZ clusters further indicates
glus ers oIr syéemslo. mu 'Irt)PeI ex ekn fi : -rayds?u”rce._sdcn;]- that one cluster, AS0520, is commonRtanck ACT and SPT.
€ or triple). Complying witfPlanckpolicies and following the Additionally, five'® clusters from ACT are in common with the
agreement between tianckand XMM-NewtonESA project Planck ESZ sample, and twelve massive clusters observed by

scientist, all the data are made public with the publicatibthe ¢+ Pla
: gge et al. 200)&re also observed WBlanckand quoted
Planckearly results and thelanckERCSC. Of the 21 confirmed in the ESZ. Finally by comparing with the SZ compilation from

PlanckSZ sources, 11 are found in the ESZ sample and are dis- _ - . :

X =2 - . ouspis et al(2011), we find that, in total, 41 clusters from the
g?sscsuesi:an d?r%?gﬁgkzéoﬁgsg?argg:@ggg féu%ires (\;\gtnh diSdlgltg Slrues_ ESZ sample have already been observed in SZ by previous ex-
ter in the ESZ samble was confirmed b. AMI and WISE. No eriments. For these clustétkanckprovides us with a homoge-

P y : ous set of SZ measures. Moreover, out of the full ESZ sample

?efktar;i(;[are%ertr?eﬁﬁé fééggsé?é\éﬁgﬂnc'rﬂetng optical with theCENabout 80% have been observed in SZ for the first time and have
P ' a homogeneous measurement of their Compton parameter from
Planck

5. Results of the validation Out of the known clusters in the ESZ sample, a few are
i i ) given in the Early Release Compact Source Catalogue (ERCSC)
In the following we will detail the outcome of the externalva (Planck Collaboration 201)vas they were detected by the
idation of the 190 SZ candidate clusters retained afterrttes g rce extraction techniques used to construct the ERCS&. T
nal val|dat|on: We find _that they are d'Str'buFed betweervkmo 5.6 1ES 0657-55.8 (commonly known as the bullet cluster and
clusters (169 in total, Fig blue) and 21 candidate new clustersyetected blindly with an S/N of 19.7), A2218, ACO S0520
Among those 21, twelve have been confirmed (Bigeellow) — ¢z J1938.3+5409, A0119, RXC J1720.1+2637, A3376, and
and these are discussed in Secion.1 Nine remain as candi- \\acs J2135.2-0102. It is worth noting that the quoted fluxes
date new clusters requiring confirmation (Figred); they are i, the ERCSC are obtained using aperture photometry on the
described in Sectiof.2.2 The further checks performed on the.annel maps without band merging. They cannot be compared
candidate new clusters resulted in the rejection of oneidate easily with the obtained integrated Compton parameterken t
The final released ESZ list thus comprises 189 clusters Resent article. Moreover, two of the above-listed clustRIXC
candidate new clusters. The content of the released‘datare- J1720.1+2637 and MACS J2135.2-0102, suffer from astrophys

sented in Appendi.1. Tablel summarises the different stepSc5| contamination that may affect the computed
of ESZ sample construction and validation detailed in thexipr

ous sections. Figurésand6 show illustrations of the raw and

15 One of the candidate new clusters confirmed by XMMNewton ap-

E http://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/waiseopl peared in publication as one of the ACT SZ optically-confidrokisters

VO command line tools http://iraf-nvo.noao.edu/vo-cli/ (Menanteau et al. 20}@o be observed bghandra after we scheduled
13 http://www.voservices.net/footprint it for observation with XMM: PLCKESZ G262.7-40.9/ACT-CL 488-
1 http://www.rssd.esa.int/Planck 5419. We retain it as new candidate in the following.
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clusters identified with known clusters, in green the ESZicored candidates, and in red the ESZ candidate new clustéts e
confirmed. Right panel: In red diamonds the ESZ sample, ickideosses the compilation of SZ observations prior to 201@ark
blue triangles ACT clusters froflenanteau et a(2010), in purple squares SPT clusters frdfanderlinde et al(2010. The blue
area represents the masked arejpjof 14 deg.

Table 1. Summary of the ESZ sample construction and validation steps

Selection SZ Candidates  Rejected
S/N> 6 and good quality flag on SZ spectrum 201
Detected by one method only 11
Bad quality flag from visual inspection 1
ESZ sample 189
Known clusters 169
X-ray only 30
Optical only 5
NEDSimbad only 1
X-ray + Optical 128
X-ray + SZ 1
SZ + Optical 1
X-ray + Optical +SZ 3
New Planckclusters 20
XMM confirmed 11
AMI confirmed 1
Candidate new clusters 8
5.2. New Planck clusters in the ESZ sample The eleven new clusters in the ESZ confirmed by XMM-

. ) Newton have S/N ranging from 11.5 to 6.3. They were found to
The ESZ sample contains 20 new clusters or candidates cCliigyelow the REFLEX flux limit of 3x 10 erg s, except for
ters with S/Ns ranging from 11.5 to 6. As mentioned above,ig, confirmed clusters above the limit. These clusters happe
follow-up programme set up to help understand the seledionpaye associations with BSC sources and to be situated abeve t
Planckclusters allowed us to confirm 12 clusters. Eleven wWefgacs Jimit: however their redshifts; = 0.27 andz = 0.09 are
confirmed with XMM-Newton snapshot observations and ongsow the considered redshifts for MACS [see the detailsél di
cluster was confirmed with AMI observations and correspongdgssion inPlanck Collaboratiorf20114]. The redshifts of the

to an overdensity of galaxies in the WISE data. new confirmed clusters were estimated directly from X-ray ob
servations of iron emission lines, and range betweer®.2 and
52.1. Confirmed ESZ cluster candidates 0.44. Only two out of the eleven confirmed new clusters have op

tical redshift estimates. For one new cluster (PLCKESZ G285
The XMM-Newton observations for confirmation of SZ candi23.7), the agreement between the X-ray estimated and photo-
dates were based on earlier versions of the channel maps ar@dric redshifts is quite good. The second cluster, PLCKESZ
an earlier version of the data processing than that usedéor £5262.7-40.9, was found to be an ACT cluster, published after
ESZ construction. The 25 targets sent for observation were ghe scheduling of XMM-Newton observation, for which these i
lected in two different campaigns, a pilot programme (exploa discrepancy between the X-ray-estimated redshié 0.39)
ing S/Ns from six down to four) and a higher S/N programmand the photometric redshift & 0.54) from Menanteau et al.
(above S/N of 5). Among the 2Rlanckcluster candidates con-(2010. The range in temperature spanned by the new confirmed
firmed by snapshot observation with XMM-Newton, 11 clustergjusters in the ESZ is from about 4 to 12 keV, and the derived
have aPlancksignal-to-noise ratio above six (in the present mapasses range from about 4 to 280'*M,. Three new clusters
version) and thus meet the ESZ selection criteria. Two afthen the ESZ sample have masses okI®'“M,, or above, includ-
were found to be double clusters on the sky. All eleven are pubg the most massive cluster detectedfdgnckwith a mass of
lished in the ESZ release. Together with the remaining tes-cl about 15< 10'M,. The confirmation of th@lancknew clusters
ters confirmed by XMM-Newton, all are described Rlanck by XMM-Newton provides us with positions and, most of all, a
Collaboration(20114. In the following we just summarise thebetter estimate of the cluster size that will be importanttfe
general properties of the new confirmed clusters in the ESZ. re-extraction ofY values (see Sectioh 2).
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SZ-centred patch. The contribution from other sources gf sk
emission such as thermal dust and radio and infrared soisrces
30 (I T AR A thus more accurately reduced. Other approaches basedain loc
E . component separation and aperture photometry were algd-dev
oped in order to check themaps and SZ spectra of the candi-
dates. Patches centred on the SZ candidates are produoed fro
] the Planckchannel maps and the IRIS madiyille-Deschénes
E & Lagache 200% Local component separation is performed by

: : / = N decorrelating from the low-frequency channels an extratjpar
o 3 @ | ] of the dust emission computed with the 857 GHz and IRIS maps.

20 Bl :

10F

[arcmin]

|

The “dust-free” 217 GHz map is then removed from all channels
] and visual inspection can then be performed on these cleaned
e % E patches. From this set of maps we then obtain SZ reconstructe
'b y-maps and an SZ spectrum by applying aperture photometry to
; ] each patch. The internal inspection of fkanckdata § maps,
208 e E frequency maps and spectra) therefore provides us with af set
; FE W quality flags that were used for the selection of targetstier t
B0 B follow-up programmes and that are used for a qualitativessss
30 20 -0 -0 10 20 30 ment of the reliability of the candidates.
farcmin] Converging negative quality assessments result in the-reje
tion of the SZ candidates. However in most cases, it is useful

Fig.4. y-map of PLCKESZ G139.59+24.19 as observed b@pmbine and complement tidanckinternal quality flags with
Planck (colour image) and AMI (contours) at a common rescexternal information. In practice this consists in seargtior as-

lution of 13 arcmin. The contours are from two to nine in S/I§ociations with FSC (Faint Source Catalogue) and BSC (Brigh
ratio. Source Catalogue) RASS sources, searching in, and viswgglis

the RASS maps at the candidate cluster positions, and finally
performing visual checks of the DSS (Digital Sky Survey) im-

One additional candidate cluster, PLCKESZ G139.59+24.hges in the candidate field (within a five arcminute radiumfro
detected at S/N = 7.2, was confirmed by a pilot project fahe Planckposition). Based the lessons learnt from the XMM-
confirmation with the AMI interferometer (see Fig.showing Newton confirmation programme, the association of candilat
the Planck ymap with the AMI contours, obtained after thewith FSC or BSC-RASS sources (in the five arcminute radius
subtraction of bright sources with the large array obsemat field) was considered as an indication of the reliability loé t
overlaid). ThePlanck cluster was detected at9by AMI in  candidate. The presence of an excess in the count-rate RASS i
a long-time exposure of approximately 30 hours. Prelinyinaages in the candidate field was also used as a reliability Tlag.
results from AMI give an integrated Compton parameter @SS images were used simply as an “empirical” assessment of
Ysrsoo = (16.98+ 1.74)x 10-*arcmir?, extracted fixing the clus- the presence of an overdense region. It is worth noting tet t
ter size to the estimated size froftanck The Planckvalue, external information provided in particular by the RASSadat
Ysrsoo = (3210+ 1342) x 1074, is obtained from the blind de- never supersede the Planck-internal quality flags. As aemaitt
tection of the cluster. The error bar takes into account there fact, two of the confirmed new clusters had neither FSC nor BSC
in the cluster size estimate by the MMF3 algorithm. A dethileassociations. Conversely, associations with FSC and B&SSR
comparison is planned. This same cluster was also confirinedaurces were found for SZ candidates that turned out to be fal
a signal-to-noise level of five by WISE. detectionsPlanck Collaboration 201)e

Using the internal quality flags and the additional external
checks, out of the nine candidate new clusters retained dy th
ESZ construction, seven were judged reliable. Two candidat
A closer inspection of the ESZ candidate new clusters was p8ew clusters had rather poor quality flags and no externatass
formed in order to ensure the reliability of the retaineddidate ations. One of them was found to be associated with dust cloud
new clusters. The same close inspection was also perfoimeémission. Note that this source was not flagged by the cross-
posteriori, in order to confirm the rejection of the 11 camdés match with the CC and Galactic sources, nor identified with a
excluded in the final steps of the ESZ construction becauese thising spectral distribution at high frequencies during ihter-
were observed solely by MMF3 (Sedt.1). This closer inspec- nal validation and ESZ construction. This candidate waectep
tion of the candidates was based on both internal (uBiagck from the final ESZ sample, reducing the total number of chsste
alone) and external data. and candidate clusters from 190 to 189. The second cluster ca

For the in-depth inspection of thBlanck data, we used didate with low reliability (PLCKESZ G189.84-37.24), wasyk
cleaned channel maps, reconstrucgethaps and SZ spectra.in the ESZ list as it was not associated clearly with any nan-S
All these products are quite sensitive to the procedure tmed source. Tabl€ summarises the external information associated
cleaning the channel maps, i.e., to the component separatéth the candidate new clusters in the ESZ sample.
method. We therefore simultaneously employed differezdai
ing approaches developed by tRéanck collaboration, briefly
described below, in order to ensure convergence and redapdg8- Error budget on the cluster parameters
in the derived conclusions. One of the methods is based on f1¢ pqsition
construction of SZ&/ maps centred on the ESZ candidate posi-
tions using the Modified Internal Linear Combination Algbm The ESZ sample contains a list of 189 clusters or candidage cl
(MILCA, Hurier et al.(2010) applied independently on eachters distributed over the whole sky with positions obtaifrech

10 F

5.2.2. ESZ candidate new clusters
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Fig. 5. Observations of a few clusters from the ESZ sample. For elaskec, the upper panels show the raw (1 square degree) maps
at 100, 143, 217, 353, and 545GHz. The lower panels show tliespwnding cleaned maps (see SB@.2). These clusters span
S/N from 29 to 6 from the upper left to the lower right

blind detection with the MMF3 algorithm. Based on the simaula  For the 158 ESZ candidates identified as X-ray clusters with
tion used for the SZ challenge comparison, we find that MMHA&own X-ray size, the coordinates of the X-ray counterpeet a
recovers cluster positions to 2 arcmins on average. Howevergiven by the MCXC. The X-ray position is also given for the
there is alarge scatter in the positional accuracy, as sd€g.i7. Planckcluster candidates confirmed by XMM-Newton as single
objects. The comparison of the SZ candidate positions elériv
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Fig. 6. lllustrations of reconstructegtmaps (15° x 1.5°, smoothed to 13 arcmin) for clusters spanning S/N from 29fto® the
upper left to the lower right.

from the blind detection with the X-ray positions of the idendistribution. It is worth noting that such a positional effgsom-
tified or confirmed clusters for a total of 167 clusters is showbines both the error in the position reconstruction from NaVIF
in Fig. 7, left panel. The positional offset betwePranckblind and the possible physical offset between the centroids yX-
and X-ray positionsPsz_x, is of the order of 2 arcmin on av- and SZ signals (e.qg., in merging clusters). The eight ctastéh
erage, consistent with the estimates obtained from the 8E cHDsz_x > 4 arcmin are all nearby merging clusters or members
lenge simulation. Very few clusters (8 in total over 167)dawn of larger structures such as A3532 in the Shapley supeetjust
offsetDsz_x > 4arcmin, and stand out as clear outliers in ther contaminated by radio source emission. The cluster A1066

12
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Table 2. For thePlanckcandidate new clusters yet to be confirmed, external infoaom&rom RASS.

Name RASS Distance to S/N of S/N of RASS Note
association  source (arcmin) RASS source Pianckaperture
PLCKESZ G115.71+17.52 BSC 0.17 8.7 8.5 Possible contaromay dust emission
PLCKESZ G121.11+57.01 FSC 1.72 2.9 4.1 Possible assatiatio with WHL
J125933.4+600409 fronwen et al. (2009,
z=0.33
PLCKESZ G189.84-37.24 None - - 13 Low reliability, high éwf contamination by
Galactic emission
PLCKESZ G225.92-19.99 FSC 1.11 25 6.7 With XMM-Newton arfiTHpointed observa-
tions
PLCKESZ G255.62-46.16 FSC 0.9 2.7 3.8 With ESO and Suzalatgmobservations
PLCKESZ G264.41+19.48 BSC 1.22 4.6 5.7
PLCKESZ G283.16-22.93 FSC 0.54 3.6 4.2
PLCKESZ G304.84-41.42 BSC 0.55 3.6 5.1 With ESO pointed mlasiens
200 50
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- . Fig. 8. Input versus recovered integrated Compton parameter

from MMF3, based on simulations for the SZ challenge

Fig.7. Upper left panel: Positional accuracy from MMF3

based on simulations for the SZ challenge. Upper right panel . )

Distribution of the distance between the SZ blind positiod a t€rs in the ESZisqo (Fig. 7, right panel). However, we expect
the X-ray position Dszx) for 167 known, or confirmed with that it will be of the order of cluster size for clusters atligg
XMM-Newton, X-ray clusters. Lower panel: Separation of thgedshifts than the range currently probed. This positiaiél

SZ blind and X-ray positionBsz_x as a function 0Dsz_x nor- Setis therefore an additional source of uncertainty in thster
malised to the cluster sizgoox. position which needs to be taken into account in the follgw-u

observations for candidate confirmation.

(z = 0.07), which has the largest positional offsBisg_x = 10
arcmin), is in the Leo Sextans superclusteng@sto et al. 2001
In addition, it may suffer from point source contaminatidhe

6.2. Cluster size-Y degeneracy

The MMF algorithm, and more generally algorithms that are
cluster Abell 1367 az = 0.02 with Dsz_x = 7.8 arcmin is a based on the adjustment of an SZ profile to detect clustens, ge
young cluster currently forming at the intersection of twia-fi erally perform better than algorithms which do not assume an
ments Cortese et al. 2004vith complex gas density and tem-SZ profile. The GNFW profile used in the present study corre-
perature structuresshizzardi et al. 2010 sponds to a shape function characterised by two paramtters,
As seen from Fig7, right panel, large (greater than four arcentral value and a characteristic scaJgwith 6s = 6500/Cs00
cmin) offsets are only seen in nearby clusters (seven outeof @&nd csoo iS the concentration parameter). Simulations showed
eight clusters wittDsz_x > 4 have redshifts lower than 0.08).that the intrinsic photometric dispersion of the recoveree-
They remain smaller than the cluster size, as expected for grated Compton parameter, with a GNFW profile, could be of
sets dominated by physical effects. On average, the offsets order 30% (see Fig8) even with the prior information on the
to decrease with increasing redshift and seem to become ingeessure profile. This is due to the difficulty of estimatihg t
pendent of redshift above~ 0.3. This is due to the decreasingcluster size, which in turn is degenerate with theYs&stimate.
contribution of possible physical offsets, which becomeetin This cluster size¥ degeneracy is illustrated, here using PwS,
solved. The overall offset, including the absolute recartsion in two extreme situations (Fig) showing the likelihood plots
error, remains smaller than the cluster size for most of the-c¢ (integrated Compton vs cluster size) of an extended high S/N
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Fig. 9. lllustration of the cluster siz&-degeneracy from PwS. Fig. 10. Ratio of predicted vs observetizsoo for the MCXC
Shown are the cases of Coma cluster (high S/N and extenddsters as a function of the X-ray luminosityge used to esti-
in blue), and that of an S/N = 6 unresolved cluster (in blacknate the cluster properties (radius and integrated Conymen
Parameters are plotted with respect to the best fit pointach e rameter). The light-blue diamonds indicate a cut of 6 in ted
direction. S/N corresponding to the ESZ selection criterion.

cluster such as Coma (blue contours) and an unresolved S/N aré integrated Compton parameters re-extracted frorRdreck
cluster (black contours). In both cases, the integratedffom channel maps for the MCXC-identified clusters. Figliteright
parametely is highly correlated with the estimated cluster sizepanel, displays the ratio of blind to predict®¥eksoo versus the
We find a correlation coefficiept= 0.91 ando = 0.75 for Coma ratio of estimated cluster size from blind detection to X-chus-
and the “unresolved cluster” respectively. On average twer ter size derived from X-ray luminosity. This clearly confstfior
ESZ sample we find a correlation pf= 0.85. The degeneracy the 158 identified clusters that an overestimate of clusteris-
between cluster size and is extremely detrimental, as it will duces an overestimate of the SZ signal. As seen in thelHig.
more than double the average fractional error bar relatithe (left panel), the scatter is significantly reduced from abt8%
Y value in the case where we knew the true valué gierfectly. to 34% by imposing a cluster size. Likewise the offset change
As aresult, any attempt to constrain the cluster size (edgritly from 80% to 14%.
6s), fixing or assuming a prior for its value, brings a significan  The dispersion in the predicted integrated Compton parame-
reduction on the value dispersion. ter is affected by the intrinsic dispersion in theo-M relation
The issue of the cluster si2é-degeneracy is of particular used to derive the predicted SZ quantities as shown inIfig.
importance in the case &lanck for which a vast majority of The selection criterion S/t 6 (blue diamonds in the figure)
clusters are only marginally resolved. This issue is alsial used to construct the ESZ sample indicates that the high S/N
when one wants to use the SZ signal as a mass proxy. Indeddsters are biased towards larger SZ signals, showingtftleat
the dispersion ity due to the cluster siz¥-degeneracy is likely obtained positive offsetin Fid.1 (left panel) is indeed expected.
to dominate the intrinsic scatter of order 10% of this massyr As emphasised, a prior on the cluster size helps to break the
(da Silva et al(2004), Arnaud et al(2007)). degeneracy betweeri and cluster-size estimates. As a conse-
As a result, we have re-estimated the integrated Comptguence, the better the cluster size estimate, the morélelia
parameter for all the ESZ candidates with prior information the ComptonY parameter estimate. From a selected subsam-
their sizes. We have chosen the X-ray si#ggdpo derived from ple of 62 ESZ clusters with XMM-Newton archival datlénck
the X-ray luminositiesl_sqo, as detailed ififfaretti et al (2010, Collaboration 2011gwe have derived accurate estimates of the
as suitable estimates of the cluster sizes. Using the MMI3 v&-ray sizes, without using the X-ray luminosities, and ¥igg
sion implemented in HFI Core team and SZ validation tearwgere re- evaluated on thélanckchannel maps, allowing us to
Ysrs0o Were thus re-computed from tHelanck channel maps tightly constrain the local SZ versus X-ray scaling projstt
at fixed X-ray position and with imposed cluster size equal #s shown in Appendix A oPlanck Collaboratior20119, the
the X-ray luminosity baseésrsoo The integrated Compton pa-scatter is reduced even more that in FibL (left panel) and no
rameterY was re-estimated for all the clusters with known Xeffset is observed anymore between the predicted and meshsur
ray counterparts, being the 158 ESZ candidates identifi¢idl wisoo values.
known clusters from the MCXC and the nine ESZ clusters con-
firmed by XMM-Newton as single objects. .
Fig. 11, left panel, illustrates the effect of fixing the posi-6'3' Systematic effects

tion and the cluster size, in the GNFW profile,ésoo for the  Due to the cluster size ¥ degeneracy discussed above, beam
158 ESZ identified clusters. The figure displays the measurgdcertainties are likely to have a significant impactYoesti-
Ysrs00 Values versus the predicté@g500 values using X-ray lu- mates for our candidates because they affect both the afigin
minosities. The squares stand for integrated Compton paragetection and the estimation of cluster size. The beams ean b
eters obtained from the blind detection whereas the diasoraharacterised by their shapes and the associated accurbice
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Fig. 11. Left: The scatterplot of the measured integrated ComptaameaterYsgsoo from the 158 X-ray identified ESZ clusters
against the predictedx. Black squares: Estimated cluster size from blind detasti®ed diamonds: Re-computed integrated
Compton parameter at X-ray positions and with X-ray derisfedter size. Right: The ratio between ti@alues and the predicted
YLx against the ratio between the estimated cluster size aruté¢iaécted sizeq)/6x)

beams for each frequency channel, used for the detectiolY an@lable 3. Systematic error budget on thérsgo values for the
estimate with all methods presented in this study, weremasdu ESZ clusters

Gaussian with FWHM giverPlanck HFI Core Tean(2011h.
Uncertainties on the recovered beams have been estimated inSource Beam  Calibration ~ Colour  Astrophysical
Planck HFI Core Teani2011h and found to range between 1 correction _ contamination
and 7% (from 100 to 857 GHz). These errors on the beams have EfTor

been propagated to thémeasurements by applying the MMF3_contribution 8% 2% 3% 3%
algorithm on the channel maps varying the beam size wittgn th

uncertainties at-1o. In doing so we treat differently the ESZ

clusters with known X-ray cluster size, for which X-ray posi6.4. Contamination by astrophysical sources

tions and estimate@rsoo are fixed, and the ESZ clusters or can- . . . .
didate clusters without estimated cluster size for whighYh Galactic and extragalactic sources (both radio and infrare
were re-estimated without prior information. We find thag thgalaxies) are known to lie in the interior of galaxy clustarsi

: ; ; hence are a possible source of contamination for the SZeckist
taint the obtained; f the order of 10% ; : ; ;
;JhnecErS?r;grﬁgle.e ObaINEERs00 IS OTThe order o 0 across and candidatesRubifio-Martin & Sunyaev 2002\ghanim et al.

2005 Lin et al. 2009.

The Planck HFI maps used for the cluster extraction are Inthe course of ESZ validation, we have gone through an in-
calibrated to better than 2% for frequencies from 100 to 35pection of thirteen known clusters which show some pool-qua
GHz, and to better than 7% beyond [$&lanck HFI Core Team ity flags. All these clusters were annotated and the notebean
(201181]. This uncertainty in the calibration is accounted fofound in Planck Collaboratiorf2011y). Ten of them are likely
again by performing the SZ-candidate detection with the MMFo be contaminated by dust emission from our Galaxy or by IR
algorithm on the channel maps. We find that that on averagint sources in their vicinity. Two of them were found to be
the calibration uncertainty propagates into an uncestaintthe contaminated by NVSS [at 1.4 GHZondon et al(1998)] ra-

Y less than 2%. The higheBlanckHFI frequencies, with the dio sources that are clearly seen in the LFI channels. Cdniin
largest calibration uncertainties, have a low impact onSie data from SUMSS [at 0.85 GHBock et al.(1999], NVSS,

Y measurement and thus do not impact significantly the overalid Plancks LFI and HFI frequencies we find that most ra-
error budget. dio sources in the ESZ sample have a steep spectrum which
makes their contamination to the SZ signal negligible. €hre

Finally, we have checked that the colour corrections, the., L : :
average SZ signal in the HFI bandpasses, induces less th adgimonal clusters (beyond the thirteen), have relaginelght

. . ; > 0.2 Jy) radio sources in their vicinity (< 15 arcmin).
3% difference on the estimatefirsgo. The SZ-candidate de- i 2CHz ;
tection and theY estimates by the MMF3 algorithm were thusNVSSH‘FI data reveal flat spectra (indexes between 0 and

performed without taking into account the integration & 87 a = —0.5). The flux of the radio sources is thus still significant
spectrum in thélanckbandpasses is negligible and hence the SZ signal could be affected by their presence.

A statistical analysis has been performed in order to ex-
Table 3 summarises the effects of beam, calibration arplore the astrophysical contamination over the entire ES#-s

colour correction. It shows that the beam effect is the male, rather than on an individual cluster basis.

jor source systematic uncertainty in the SZ signal estimate In order to exhibit the initial average level of contamioati

It is worth noting that the systematic uncertainties are nptior to the use of the MMF algorithm, we have stacked cutouts

included in the errors quoted in the ESZ table provided 4t5 degrees on a side from the channel maps centred at the ESZ

http://www.rssd.esa.int/PlanckPlanck Collaboration 201)v  cluster/candidate positions from 100 to 857 GHz using a&kstac
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ing library*® detailed inDole et al.(2006 andBethermin et al.

(2010. TheY values per frequency, obtained from aperture pho- L L L
tometry on the stacked cutouts, are displayed in red treangl 5 atsl?:k?r?egwfrggggrliq#uexncyﬂux ]
Fig. 12. The spectral signature normalised to the averaged inte- - Best Fit E
grated Comptory-over the whole ESZ sample shows quite good : ]
agreement with the theoretical SZ spectrum at low frequesnci
(Fig. 12, black solid line). Above 353 GHz the signal is highly
contaminated by IR emission from Galactic dust and IR point
sources.

The Y measurements, per frequency, of the MMF3 algo-
rithm normalised to the integrated Comptpare averaged over
the ESZ sample and the resulting spectral energy distobusi
compared with the normalised SZ spectrum (see Eiyblue
crosses). The excess of emission at high frequencies igisign
cantly reduced by the filtering technique of the MMF algarith : E
reinforcing the idea that most of the excess at the highest fr 3 E
quencies is due to large-scale (larger than the beam) fluctua 3 ]
tions in Galaxy emission. The remaining excess after therilt E
ing could be due to a combination of small-scale Galactic fluc 0 200 400 600 800 1000
tuations and/or infrared galaxies. In order to quantify effect Frequency
of this residual IR emission on the integrated Compyateter-

mination, an SZ spectrum was fitted to the averaged spectryiyy. 12. Average contamination of the ESZ sample by astro-
The normalisation was left free. The displayed error bars cophysical sources. Blue crosses: Averagjemeasurements from
tain the dispersion of the measuréger frequency and, addedymF3 algorithm normalised to the integrated ComptoriRed

in quadrature, the uncertainties due to the beam, the colr triangles:Y, obtained from aperture photometry on the stacked

rection and the calibration~(10%, ~ 3%, ~ 2% respectively). cutouts in the channel maps prior filtering by the MMF. Black
The best value for the normalised integrated Compton paemesolid line: Normalised theoretical SZ spectrum.

is Ysir = 1.01, showing an excellent agreement with the expected
spectrum despite the IR excess emission at high frequeties
same procedure was applied on the 100, 143, 217 and 353 GHz

Normalised Intensity

Y values only and led t&i,,, .., = 0.97. This shows that, on av- ol ‘
erage, the residual IR contamination has negligible effe@%0) I
on the integrated Comptonvalue estimated for the ESZ sam- 08k |
ple. '

. 2 o6l A
7. Purity and completeness 5 |

g |

The ESZ sample is characterised by the fact that a significant g
fraction of the clusters and candidate clusters lies negleaton 8 o4r 1
cut. In a catalogue of this sort, the properties of the cgtata >
clusters will not be representative of the true underlyilugier I
population. For example, if the SZ signal of a cluster istezla 0.2 )
to a different cluster property such as mass (collectivelgnred »
to as ‘scaling relations’) the observed integrated Comyytpa- ool L S
rameter valuesy, will be biased near the selection cut, an effect 10° 10° 10* 10° 107
known as Eddington and Malmquist biases [for discussiomas in Yasoo E(2)*° D} [Mpc?]

cluster context sellantz et al(2010; Andersson et a(2010)].

For the full ESZ sample, we do not always have other clubig. 13.Expected completeness of the ESZ sample as a function
ter properties to relate the integrated Compydn; but we can of E~2/3(2) YsrsooD3, estimated from mock catalogues.
nevertheless examine some statistical effects of sefedticor-
der to do this, we generate large mock cluster cataloguesavho
properties are designed to mimic those of the observed sampl
To impose a selection cut on the mock catalogues, we use {aue is then assigned as described above, and the cut ithpose
observedelation betweerYsoo and S/N from the region signif- to create the mock Cata]ogue_
icantly above the selection cut and extrapolate below @@l \ye first use these simulations to estimate the completeness
with an estimate of scatter again from observations. TIE®S ¢ {he ESZ sample as a function Blrso. The clusters are first
ried out in several redshift bins, and leads to a predicted Sanled to the same redshift assuming self-similar scaliity w
value for each mock cluster. We then construct large mock cgio quantityE2/3(2) YsrsooD2. For those clusters within a given
alqgues of clus'gers thrOL_Jgh drawing of Poisson _samples :’xor%in N E-23(2) YegoaD?. WeAextract the fraction of mock clus.
suitably-normalised)enkins et al. 209Imass function. To each ters which lie above the selection cut. The result is shown in

\?J::ﬁfg;vniﬁii?;g gf#i?sﬁﬁﬁve%hﬁgpéggef\ffgT,gﬂgﬁdns Fig. 13, and indicates that the sample becomes significantly in-
complete (less than 90% complete) bel&n?/3(2) YsrsooD3 =~

16 http://www.ias.u-psud.fr/irgalaxiesBéthermin et al. 2010 4% 1074 Mpc?.
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Fig. 14. Expected mearYsgspo, as a function of cluster mass,Fig. 15. Purity as a function of S/N from MMF3, based on sim-
for the observed sample and for the predicted underlying-clwlations for the SZ challenge.

ter sample. At low masses, the observed mean rises above the

true mean due to Malmquist bias.

Planck/ESZ new clusters and candidates
Planck/ESZ known clusters

We then analyse the extent to which the m&agqo of the
observed clusters is biased in relation to the mésggo of the
underlying cluster distribution, through those clusteithviow
Ysrs00 fOr @ given mass being lost via selection. The underlying
mean Ysrsgo in the mock samples is given by the inpty—
Msoo scaling relation froniPlanck Collaboratio20119 and the z
observedsrsoo- Ysoo Scaling; as shown in Fig.4the mean of the
observed clusters will be biased upwards from this, theceffe
becoming significant foMso < 4 x 10'*M,,. Note that this bias
does not imply that th¥srs00 measurements for the ESZ clusters
are systematically wrong; the bias is because the selectibn
prevents those clusters being representative of the tuster!
population at those masses.
Finally, numerical simulations based on tianck Sky
Model were used to estimate the purity of tRlanck SZ cat- SIN
alogue. They showed on a simulated sky that a cut in S/N T ; - :
five ensures 100% pl_Jrity of the obtained sample_(seeE};. figrﬁé?e.!}élssz?eﬁo;ngf égﬁ gilggfel_é?dgfelfse) ratio (for the full ESZ
However, the simulation does not capture the entire conitglex
of the real sky and, in particular, the contamination byastys-
ical sources emitting above 217 GHz from IR sources and duyst tion i it i S7 than in X- Y
emission or cold cores was found to be higher than expected. unction 1s moretur;ltrc])rmlln t da': mt ray Sllirveyst. owgver
final ESZ sample obtained after applying the selection rioite mgur:_;:tase m‘os_oo 12 ¢ UZ?LS etec ?{WC arel a é‘ea(;dy
cut in S/N of 6 contained 190 SZ candidates. The validation Gfoo = e‘“ed'a”_l 15) arrl] el majorlfy are resoived, adding
the sample showed that one of them was found to be a spuri(%gn more complexity to the selection function.
source identified with dust emission and it was rejected.r€he
maining candidate new clusters are to be confirmed. Theypu
of the ESZ sample thus lies between about 95% and 99%.
Although an attempt to characterise the completeness arfte ESZ sample is the first all-sky sample of high SIN SzZ-
purity is made, we do not provide a fully characterised s&lac detected clusters of galaxies produceditgnck Its high relia-
function along with the ESZ sample. The cluster sizdegen- bility is ensured by the high signal-to-noise ratio of thpaded
eracy discussed above, together with the large scatteeioah- detections and by the subsequent validation process. ThefS/
tamination level of the SZ detections due mostly to dust emithe objects in the sample, obtained from blind detectiongisi
sion, makes it difficult to draw a simple relation between thEIMF3 on the reference channel maps, are displayed in1Fg.
S/N limit used to construct the sample and the measYMggdo. They range between 6 and 29 with median S/N of about eight.
It is thus not presently possible to provide a reliable masg | Six clusters, including A2163 with S/N = 26 and Coma with
to our sample. When the telescope beam is larger than thecluS/N = 22, are in the tail of the S/N distribution with signakt
size, a survey is limited by SZ signal. Then, since for the i§Z s noise ratio above 20. The twelve confirm@idncknew SZ clus-
nal the redshift dependence enters through the angularetéa ters, included in the ESZ, have their S/N distributed betw&8
distance rather than the luminosity distance, the masstg®ie and 11.5. Additional confirmed new clusters with lower S/ks a

¥ Statistical characterisation of the ESZ sample
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of 3.5x 10'%Mpc3. It is worth noting that in surveying the whole
sky, Planckhas a unique capability to detect rare massive clus-
ters in the exponential tail of the mass function. Indeedyragn
the 21 newly discovered clusters confirmed by XMM-Newton
in total (pilot follow-up programme and high-S/N programme
three have total masses of100'* M, or larger and two of them
are high S/N clusters in the ESZ sample.

In order to check the consistency of the cosmological model,
we compare the measur¥gksoo with the X-ray predicted/ég500
that is derived in a given cosmology. To do so, we use the 158
ESZ clusters with X-ray-based size estimates. We vary tke co
mological parameteh, in a range of 0.3 to 1 assuming a flat
universe n, = 0.3 andQ, = 1 - Q). The integrated Compton
parameters of the 158 clusters were re-estimated fromldreck
data with the size Bsgp Obtained for each explored set of cosmo-
o logical parameters. The predicted SZ signals are then ceadpa
10° 1028 10 108 10" with the SZ signal measured Blanck providing us with the

Ysrsoo [aremin’] best value foh. We find thath is barely constrained with a best

H _ +1 1 -1 i
Fig. 17. Distribution of ESZ sample in integrated Compton pagstlmate OHo = 71.7; kms™ Mpc™ (1o uncertainty).

rametery.
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8.1. Comparison with existing catalogues

) ) ) ) ) After the first blind detection of galaxy clusters througgittsZ
given inPlanck Collab(_)rat|0|Q201le. The elght candidate New signature by SPT3taniszewski et al. 200@nd further discover-
clusters yet to be confirmed have S/N ranging from 610 8.5. jag by both SPT\anderlinde et al. 209tand ACT Menanteau

The ESZ provides us with measures of the integrated al. 2010, Planckwith its broad frequency coverage is pro-
Compton parameter within &500 sphereYsrsoo, for 189 clus-  viding the first sample of SZ clusters detected blindly over t
ters or candidates. For about 80% of the known clusters in ty@ole sky. For its first and early releagdianckdelivers to the
ESZ, this is the very first SZ measure performed in their diregommunity 189 clusters and candidates with $IN5, in the
tion. The integrated Compton parameter of the whole sampiesz sample and additional ten clusters at lower S/N. In total
displayed in Fig17, shows that the SZ signal extends over abowfie thirty new SZ-discovered clusters or candidatesanck
two orders of magnitude from abouslx 1072 to 117x 10  double the number of new clusters provided by ACT and SPT
arcmir?. Unsurprisingly, the largest value is that of the Comauring the last year and based on their 4552cad 178 ded
cluster. Moreover, the estimated cluster sizes from the MMFkespective surveys. Moreovet|anckis providing the first ho-

algorithm for the ESZ clusters and candidates are all aboyfgeneous SZ measurements for many known X-ray or optical
56500 = 8 arcmin, indicating that the high S/N clusters undef|ysters.

study can all be considered as extended sources. We corhparet |t is worth examining the distribution of the SZ clusters in
estimated cluster size (from blind detection) with the Y-clus-  the M-z plane (see Fig20). The range of redshifts covered by
ter size obtained from the X-ray observation of the confir®&d the Planck ESZ sample, fronz = 0.01 to 0.55 with more than
clusters, considered as a representative cluster sizend/éhit 80% of the clusters lying below = 0.3, is quite complemen-
the SZ blind size is generally larger than the X-ray clusiest  tary to the high redshift range explored by ACT and SPT exper-
can be 2 times larger. As discussed previously, due to tisterlu jments, fromz ~ 0.15 to 1.2. The comparison of the estimated
size<Y degeneracy this affects the integrated Compton parameigisses from the different experiments is complicated bfattte
measurement. that they are obtained using different approaches, fronuiee
Using the MCXC compilation and the XMM-Newton ob-of X-ray proxies to that of mass-significance relations. @itg
servations of the confirmeBlanck SZ candidates, we obtainwe can see from Fig20 that the SPT cluster masses quoted in
massesMsgo, estimated from mass-proxies (luminodityM re-  Vanderlinde et al(2010 range between 1 and>610* M,,. As
lation, or Yx) for 167 clusters out of the 189 of the ESZ sammentioned previoushPlanck being an all-sky survey, spans a
ple. Furthermore, using the redshift information compitethe broader cluster mass range from 0.9 tox100'* M, and is par-
MCXC that we retrieved during the validation process and anidularly adapted to the detection of very massive clustetie
the redshift estimates from XMM-Newton follow-up observatail of the distribution.
tions, we gather the redshifts for 175 clusters of the ESZpéam
The distributions of redshifts and masses are exhibitedge.F ~ The combination oPlanckwith ACT and SPT experiments
18and19, respectively. The redshifts of the ESZ sample are dialready nicely samples thd-z plane (see Fig22). In particu-
tributed in the range of small to moderate redshifts fromuabolar the highest redshift clusters are accessible to ACT &Ml S
z = 0.01 toz = 0.55, with a median redshift of 0.15. The vasaind the most massive clustersRtanck Moreover,Planckal-
majority of the ESZ clusters, 86%, are thus nearby ones lyaig ready samples quite well the low mass low redshift space and
low z = 0.3. Most of the newly-discovered clusters confirmed bwill provide us with a robust reference point in this rangethv
XMM-Newton within the ESZ sample have redshifts of the orthe deeper observations of the whole sky, combined with ap-
der of 0.4. Among the neWlanckclusters confirmed by XMM- propriate follow-up programmes for redshift estimatelnck
Newton, but with S/N lower than 6, released outside the ESZ wall be able to explore the cluster mass function in its mas-c
find a cluster withz = 0.54. As for the mass distribution of themologically interesting regimes: high redshifts and highsses.
ESZ clusters, it spans over a decade with cluster massesmgandiowever, the detection of the highest redshift clusterskedyt
from 0.9 to 15x 10'* M,, within a surveyed volume of the orderto be hampered by the dilution Blanckbeam. A combination
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of the Planck ACT and SPT carefully taking into account the
selection functions of all three experiments will thus beahed

T T T T
Planck/ESZ known clusters

to fully take advantage of SZ clusters as a cosmologicalgrob Pl ey funed

Moreover, combining the data from a sample of clusters
with different resolutions (including high resolution igiag
of SZ clusters with interferometric experiments like SZAdan
CARMA) will allow us to perform detailed studies of extended
clusters and have a much better handle on the pressure profile
from SZ data directly.

Although the ESZ sample is not a catalogue with a fully
characterised selection function, it is worth comparinghe
ROSAT-based cluster catalogues. To do this we take adwantag
of the MCXC, which not only contains NORAS and REFLEX
but other survey-based and serendipitous cluster catasogu
Using the homogenised cluster properties of the MCXC compi- 00 01 02 re?,fhm 04 05 06
lation, we can moreover predict the SZ signal and the S/ rati
for a measurement of the Compt¥mparameter. In order to do Fig. 18. Distribution of ESZ sample in redshift. The 177 identi-
this we estimate th@lanck noise from real noise maps at thdied ESZ clusters with redshift are in blue, the ESZ clusters c
cluster positions using MMF3. Using this information, wereo firmed with XMM-Newton in red, and the RASS clusters (num-
pared the number of detected clusters in the ESZ/&t $ 6 ber density divided by 10) in black solid line.
to the number predicted at that level of significance. We find
very good overall agreement in terms of detected and pestlict
clusters, despite the fact that the predictions we use aedba ‘ ‘ ‘
on X-ray-selected clusters from the MCXC compilation arat th 40 PianaESZ XM conftmad
the cluster model used for the prediction does not account fo RASS clusters (W10
the dispersion in the scaling relations, and despite thietteat
the noise properties of channel maps are inhomogeneoussacro
the sky. Only 26 MCXC clusters with predicted SA\6 are not
within the ESZ sample. For 20 of these clusters information o
the presence of a cool core or peculiar morphology is availab z
in the literature. We find that 13 of these host cool cores. For
these clusters, the X-ray luminosity is boosted due to the ce
tral density peak. The mass predicted from the luminosity, a
hence the predicted SZ signal, is over-estimated. For 3etkis
the luminosity measurements adopted in the MCXC are not re-
liable because of evidence of AGN contamination (e.g., A689
The remaining four clusters are peculiar because they haye v
asymmetric morphologies or are located in superclustegs, (e

A3526 in Centaurus and the A901/A902 system), making the ° ° My [10141,\(/15%] o

SZ signal predictions highly uncertain.

Fig. 19. Distribution of ESZ sample in mass. The 169 identified

There is a large overlap between flanckESZ sample and . : !
the RASS-basedg cluster (F:)atalogues in particular REpFLEd( affSZ clusters with masses are in blue, the ESZ clusters caedirm

NORAS (Fig.21). The 162 SZ candidates identified with X-ray/Vith d>_<'\_" d'\";j'\'tfwto”_‘” gled’lf‘”dl_t(;“l? RASS clusters (number den-
clusters from the MCXC compilation are predominantly clusity divided by 10) in black solid line.

ters from the REFLEX (74) and NORAS (59) surveys, which
corresponds to an overlap of 17% and 13% with the REFLEX . .
and NORAS surveys respectively. The eleven ESZ clusters con 1 Ne SDSS-MaxBCG cluster catalogue is the basis of the
firmed by XMM-Newton with SN > 6 were found to lie just study of optical-SZ scaling relationsPlanck Collaboration

around the REFLEX flux limit (only two are above this limit). 2011H in Plancldata. It is usedaigc%artlcular to measure an in-
) ) ) tegrated Compton parameté(rg" , from the Planck chan-
It is thus interesting to compare the ESZ sample mass qq&

S Thus 1hie ¢ maps at the MaxBCG pospﬁ?gn using fixed cluster size ac-
redshift distributions with those of the RASS-based cafaés. cording to published weak-lensing calibrated mass—risimne-
This is illustrated in Figs18 and19 in which the RASS-based |ations for the MaxBCG catalogue. Only 20 clusters from the
mass and redshift distribution divided by ten are overiptbt \jaxBCG have a measured signal-to-noise ratio larger than si
on the ESZ h|§tograms in thick solid line. We find that thgng are thus expected to be within the ESZ selettiokmong
ESZ clusters with masses below 41M represent only 12% them, 18 are effectively associated with ESZ clusters (wigh
of the RASS-based clusters in the same mass range; howay&{rch radius of five arcminutes). One of the two clustersmot

they represent 90% of the RASS-based clusters at higheesiasge sz sample is Abell 1246 & 0.18). The second is a for-
M > 910" M. As for the redshift distribution, thBlanckESZ  yitous association with a low-redshitz & 0.06) group of the

clusters represent 14% of the RASS-based clusters withifegis
lower than 0.3 and they constitute 31% of the RASS-based clug This number accounts for the possible association of a dareli
ters above = 0.3. new cluster with a cluster froen et al.(2009.
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Fig.20. The 158 clusters from thBlanck ESZ sample identi- Fig.22. The ESZ sample compared to the previously observed
fied with known X-ray clusters in redshift-mass space, cor&Z clusters in redshift-mass space.

pared with SPT and ACT samples fravtenanteau et a(2010);

Vanderlinde et al(2010, as well as serendipitous and RASS

clusters

observed in X-rayPlanckprovides for the first time SZ obser-
vations for about 80% of the ESZ clusters and hence homoge-
neously measured SZ signal. Twelve candidate clusterdah to
out of the twenty, have been confirmed. One candidate was con-
firmed by AMI and WISE. Eleven were confirmed with XMM-
Newton, including two candidates found to be double clgster

the sky.

The clusters in the ESZ sample are mostly at moderate red-
shifts lying betweerz = 0.01 andz = 0.55, with 86% of them
belowz = 0.3. The ESZ-cluster masses span over a decade from
0.9 to 15x 10* M,, i.e. up to the highest masses. The ESZ, con-
structed using clear selection criteria, is a nearly cote@0%
aboveE2/3(2) Ysrs00D3 = 4 x 1074 Mpc?), high-purity (above

102' T T T T T T ——=T

10"

[uny

107

Lsoo [0.1-2.4)ev [10* ergs/s]

1024 : 95%) SZ cluster sample. However, as mentioned above, ittis no
£ Planck/ESZ known clusters ¢ . . . .
Planck/ESZ XMM confirmed a1 possible at the present stage to provide users with a feltgeh
Serendipitous clusters in mask 1 .
i RASS clusters in mask x4 function.
100 o — 0‘2 — 0‘4 — 06 Thanks to its all-sky coveragBJanckhas a unique capabil-
' " redshit ' ity to detect the rarest and most massive clusters in therexpo

tial tail of the mass function. Planck is detecting new @ust

Fig. 21.The 158 clusters from tHelanckESZ sample identified N @ region of the mass-redshift plane that is sparsely-faopd
with known X-ray clusters in redshift-luminosity spaceyeo PY the RASS catalogues. As a matter of fact, two of the newly-
pared with serendipiti and RASS clusters discovered clusters in the ESZ and confirmed by XMM-Newton

have estimated total masses larger that? M,. Furthermore,

as indicated by XMM-Newton snapshot observations, most of
MaxBCG catalogue near the position of Abell 1795, which ithe new clusters have low luminosity and a disturbed morphol
detected in the ESZ catalogue. ogy, suggestive of a complex dynamical st&®&anckmay thus
have started to reveal a non-negligible population of mvassy-
namically perturbed objects, that is under-representetiiay
surveys.

Thanks to its all-sky coverage and to its frequency range-spa A significant fraction of the ESZ clusters have good archival
ning the SZ decrement and incremeRianck provides us with X-ray and optical data. In addition, the ESZ sample should mo
the very first all-sky signal-to-noise selected SZ samplas T tivate follow-up effort by the community. It will hence seras
early release sample of high-reliability SZ clusters anddta a valuable reference for studies of cluster physics at lod/ an
dates (S/N from 6 to 29) was constructed using a matched-muitioderate redshifts (e.g., galaxy properties versus uitrster
filter detection technique. It was validated usPignckinternal gas physics, metallicities, dynamical state and its eimhyt
quality assessment, external X-ray and optical data, andl#&m etc). These studies will require multi-wavelength obstoves
frequency follow-up programme for confirmation relying riips including further SZ observations at higher spatial retofu
on XMM-Newton snapshot observations. The ESZ sample coamnd observations in X-rays (with XMM-Newton, Chandra, and
prises 189 candidates, of which 20 are candidate new ctustS8uzaku), in the optical (imaging and spectroscopy), andhén t
and 169 have X-ray or optical counterparts. Of these, 162 weadio (e.g., with LOFAR).

9. Summary
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The ensemble of early results on the SZ signddlenck us-  Virtual Observatory. A description of the Planck Collakima and a list of its
ing a selected local sub-sample of ESZ clusters with highlityu members, indicating which technical or scientific actastithey have been in-
XMM-Newton archival dataRlanck Collaboration 201)gnd volved in, can be found at http://www.rssd.esa.int/Planck
using the compilation of about 1600 MCXC clusteRgnck
Collaboration 2011f is showing us the excellent agreement beF'Zeferences
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Appendix A: ESZ sample extract

TableA.1is an extract from th®lanckESZ sample available at
www.rssd.esa.int/Planakiming at presenting the content of the
realeased product. Four entries are given as examplesdbr ea
category Planck ESZ known clustersPlanck ESZ new con-
firmed clustersPlanckESZ clusters candidates). In the present
extract, only Galactic longitudes and latitudes are givEme
ESZ sample contains, in addition, the right ascensions &nd d
clinations for all the entries.

For each entry the following fields are provided:

— Name:PlanckName of Cluster Candidate

— GLON: Galactic Longitude fronPlanck

— GLAT: Galactic latitude fronPlanck

— S/N: Signal-to-Noise ratio returned by the matched multi-
Filter algorithm (MMF3)

— ID: External Identifier ofPlanck Clusters e.g. Coma, Abell
2163 etc

— z: Redshift of Cluster from the MCXC X-ray cluster compi-
lation unless otherwise stated in the individual notes

— GLON-X: Galactic Longitude of the associated X-ray clus-
ter

— GLAT-X: Galactic Latitude of the associated X-ray cluster

— Ox: Angular size at R500 from X-ray data

— Ypsx Integrated Compton parameter at X-ray position and
within 5R500 @x),

— YER® Uncertainty in Integrated Compton parameter at X-ray
position and within R500 @)

— O: Estimated angular size from matched multi-Filter
(MMF3),
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— Y: Integrated Compton parameter Rtanck position and
within ©, from matched multi-Filter (MMF3)

— YERR Uncertainty in Integrated Compton parameter af
Planck position and within® from matched multi-Filter
(MMF3)
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Table A.1. Extract from the ESZ sample.

Name GLON | GLAT SIN ID z | GLONyx | GLAT Ox Ypsx YEER €] Y YERR
PLCKG111.0+31.7] 110.98| 31.73| 28.93| A2256 | 0.06 | 111.00 31.77| 83.14| 0.0242| 0.0009| NaN NaN NaN
PLCKG57.3+88.0 57.34| 88.01| 21.94| Coma| 0.02 56.82 88.01 | 203.37| 0.1173| 0.0054 | NaN NaN NaN
PLCKG239.3+24.8| 239.28| 24.77| 25.67 | A0O754 | 0.05| 239.31 24.81| 90.56| 0.0330| 0.0012| NaN NaN NaN
PLCKG272.1-40.2| 272.11| -40.15| 25.90 | A3266 | 0.06 | 272.11| -40.12| 84.19| 0.0282| 0.0012| NaN NaN NaN
PLCKG285.0-23.7| 284.99| -23.71| 11.48 null | 0.44| 284.98| -23.69| 19.50| 0.0023| 0.0002| NaN NaN NaN
PLCKG287.0+32.9| 286.99| 32.92| 10.62 null | 0.39| 286.97 32.93| 25.33| 0.0061| 0.0006| NaN NaN NaN
PLCKG171.9-40.7| 171.95| -40.66 | 10.61 null | 0.39| 171.95| -40.64| 29.56| 0.0062| 0.0006 | NaN NaN NaN
PLCKG271.2-31.0| 271.20| -30.97 | 8.48 null | 0.27| 271.18| -30.95| 20.06| 0.0020| 0.0002| NaN NaN NaN
PLCKG225.9-20.0| 225.93| -20.00 | 8.07 null | NaN NaN NaN NaN NaN NaN | 28.21| 9.6361 | 0.0040
PLCKG255.6-46.2| 255.63| -46.17 | 8.46 null | NaN NaN NaN NaN NaN NaN | 31.23 | 8.2676 | 0.0026
PLCKG304.8-41.4| 304.84| -41.42| 7.58 null | NaN NaN NaN NaN NaN NaN | 21.68 | 7.8039 | 0.0022
PLCKG121.1+57.0] 121.12| 57.01| 6.66 null | NaN NaN NaN NaN NaN NaN | 17.99 | 5.9021 | 0.0016
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