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ABSTRACT

All-sky data from thePlanck survey and the Meta-Catalogue of X-ray detected Clustegalafxies (MCXC) are combined to investigate the
relationship between the thermal Sunyaev-Zeldovich (&) and X-ray luminosity. The sample comprise$600 X-ray clusters with redshifts
up to~ 1 and spanning a wide range in X-ray luminosity. The SZ sigmaktracted for each object individually and the statédtgignificance
of the measurement is maximised by averaging the SZ sigrmah@of X-ray luminosity, total mass or redshift. The SZ sibjis detected at very
high significance over more than 2 decades in X-ray lumigddi@®erg/s < LsooE(2)"3 < 2 x 10%%erg/s). The relation between intrinsic SZ
signal and X-ray luminosity is investigated and the mea$s&2 signal is compared to values predicted from X-ray daenckmeasurements and
X-ray based predictions are found to be in excellent agreemeer the whole explored luminosity range. No significaatidtion from standard
evolution of the scaling relations is detected. For the finsé the intrinsic scatter in the scaling relation betwe&rsignal and X-ray luminosity
is measured and found to be consistent with the one in thenhsity — mass relation from X-ray studies. There is no ewdefor a deficit in
SZ signal strength iPlanckdata relative to expectations from the X-ray propertiesladters, underlining the robustness and consistency of our
overall view of intra-cluster medium properties.

Key words. Galaxy Clusters — Large Scale Structure — Planck

1. Introduction effect, we consider only with the thermal SZrext. Because

) _ ) o ) of the diferent scaling of SZ and X-ray fluxes with electron
Clusters of galaxies are filled with a hot, ionised, intrastér jangjty and temperature, SZ and X-ray observations ardyhigh
medium (ICM) visible both in the X-ray band via thermakomplementary. The combination of information from these t
bremsstrahlung and fromiits distortion of the Cosmic Mica@® yhes of observations is powerful for cosmological studies
Background (CMB) from inverse Compton scattering, i.e8 tye|| as for improving our understanding of cluster physigse(
Sunyaev-Zeldovich féect (Sunyaev & Zeldovich 19701972 gjrkinshaw 1999 for a review). In this framework, it is of
SZ, hereafter). The SZ signal can be divided into a kinetic Sp?aramount importance to investigate to what degree the ICM
and a thermal SZfeect, due to bulk and thermal motions of ICMy o herties inferred from SZ and X-ray data are in agreement.
electrons, respectively. Since the kinetic SZ is a secadéfo
Unfortunately, there is currently no consensus on whether
* Corresponding author: R. fRaretti,rocco.piffaretti@cea.fr  predictions for the SZ signal based on ICM properties derive



http://arxiv.org/abs/1101.2043v1
rocco.piffaretti@cea.fr

Planck CollaborationPlanckearly results: Statistical analysis of SZ scaling relatifor X-ray galaxy clusters

from X-ray observation are in agreement with direct SZ obseshift: Msgg = %n pcrit(2) SOORgOO. We adopt an overdensity of
vations, hampering our understanding of the involved pisysi 500 sinceRsqo encloses a substantial fraction of the total virial-
Lieu et al.(2006 found evidence for a weaker SZ signal in thézed mass of the system while being the largest radius privbed
3-yearWMAPdata than expected froROSATobservations for current X-ray observations of large samples of galaxy ehsst
31 X-ray clustersBielby & Shankg2007) reached similar con- The SZ signal is characterized byso defined as
clusions using the sam&MAP data and ROSAT sample andD3(2) Ysoo = (o-T/mecZ)deV, whereDa (2) is the angular dis-
additionalChandradata for 38 clusters. ConverseKfshordi tance to a system at redshifto-r is the Thomson cross-section,
et al. (2007 found good agreement between the strength of tiehe speed of lightme the electron rest masP, = nekTe the
SZ signal inWMAP3-year data and the X-ray properties of theipressure, defined as the product of the electron numbertgensi
sample of 193 massive galaxy clustédgego & Partridgg2010  and temperature and the integration is performed over thersp
argued that a large contamination from point sources isetewdf radiusRspe. The quantityYseg is proportional to the apparent
to reconcile the SZ signal seen in tlMAP 5-year data with magnitude of the SZ signal armi Ys00 is the spherically in-
that inferred from a large sample BIOSATclusters. However, tegrated Compton parameter, which, for simplicity, will tee
using the same SZ data and a slightly larger but similar sampérred to as SZ signal antrinsic SZ signal in the remainder of
of ROSAT clustersMelin et al. (2010 found good agreementthe paper. All quoted X-ray luminosities are cluster reatrfe
between SZ signal and expectations. The latter finding is cdominosities, converted to the [0.1-2.4] keV band.
firmed by the work byAndersson et a[2010, where high qual-
ity Chandradata for 15 South Pole Telescope clusters are used.
Finally, theWMAP7-year data analysis Blomatsu et al(2019 2. Data
argues for a deficit of SZ signal compared to expectationg-€sp, the following subsections we present fianckdata and the
cially atlow masses. o _ _ _ X-ray cluster sample used in our analysis. In order to avoit ¢
Improved understanding of this issue is clearly desir@desi tamination from galactic sources in tRéanckdata we exclude
it would provide invaluable knowledge about clusters obgal the galactic pland:b |< 14 deg from the maps. In addition, we
ies and aid in the interpretation and exploitation of SZ ewsv exclude clusters located less thafixibeam full width half max-
such as the South Pole Telescope (SBdtlstrom et al. 2009 jmyum (FWHM) from point sources detected at more thap-1i0

survey, the Atacama Cosmology Telescope (AEdwler et al. any of the single frequendglanckmaps, because such sources
ZOOD, and PIanCH‘ (Tauber et al. 201X) Since August 2009 can Strong'y fect SZ measurements.

the Planck satellite has been surveying the whole sky in 9 fre-
quency bands with high sensitivity and a relatively high-spa
tial resolution.Planckdata thus ffer the unique opportunity to 2.1. SZ data set

fully explore this heavily debated issue. As part of a seo®s pjnci (Tauber et al. 2010Planck Collaboration 201})4s the
papers orPlanck early results on clusters of galaxieBldnck ;g generation space mission to measure the anisotrogheof
Collaboration 2011@f,g,h), we present a study on the relayg |t ghserves the sky in nine frequency bands covering 30—
tionship betw_een X-ray luminosity and SZ signal the d'm_t' 857 GHz with high sensitivity and angular resolution from 31
of ~ 1600 objects from the MCXC X-ray clusters compilationy g The Low Frequency Instrument LFIM@andolesi et al.
(Piffaretti et al. 201pand demonstrate that there is excellerﬁom Bersanelli et al. 2010Mennella et al. 201)lcovers the
agreement between SZ signal and expectations from the X-ky 44 and 70 GHz bands with amplifiers cooled to 20 K. The
properties of clusters. _ High Frequency Instrument (HFLamarre et al. 2010Planck

The paper is organized as follows. In SeZtwe briefly HF| Core Team 2019aovers the 100, 143, 217, 353, 545, and
describe thePlanck data used in the analysis and present th&57 GHz bands with bolometers cooled to 0.1 K. Polarizaton i
adopted X-ray sample. In Se@we present the baseline modejneasured in all but the highest two banteghy et al. 2010
used in the paper. The model description is rather comprehgfsset et al. 20)0A combination of radiative cooling and three
sive because the model is also adopted in the companion paschanical coolers produces the temperatures neededefor th
pers onPlanck early results on clusters of galaxieBlgnck detectors and opticsP{anck Collaboration 201)bTwo Data
Collaboration 2011e,f,h). Sect.4 describes how the SZ signalprgcessing Centers (DPCs) check and calibrate the data and
is extracted fronPlanckfrequency maps at the position of eachyake maps of the skyP(anck HFI Core Team 2011Bacchei et
MCXC cluster and how these are averaged in X-ray luminosify 2017. PlancKs sensitivity, angular resolution, and frequency
bins. Our results are presented in Séand robustness tests arggverage make it a powerful instrument for galactic andaextr
detailed in Sect6. Our findings are discussed and summarlsqﬁimctic astrophysics as well as cosmology. Early astrsiphy
in7. results are given in Planck Collaboration, 2011e—x.

When necessary we adopt\&CDM cosmology withHo = In this paper, we use only the six temperature channel maps
70 knmysMpc, Qu = 0.3 andQ, = 0.7 throughout the paper. of HFI (100, 143, 217, 353, 545 and 857 GHz), corresponding
The quantityE(2) is the ratio of the Hubble constant at redshifto (slightly more than) the first sky survey of Planck. Detaif
zto its present valuelo, i.e.,E(2)? = Qmn(1+ 2% + Q4. how these maps are produced can be fourllamck HFI Core

The total cluster mad¥lsqg is defined as the mass within theTeam(20118; Planck Collaboratiof20114. At this early stage
radius Rspo within which the mean mass density is 500 timesf the Planck SZ analysis adding the the LFI channel maps does
the critical density of the universggit(2), at the cluster red- not bring significant improvements to our results. We usédtite
resolution maps at HEALP#nside=2048 (pixel size 1.72 and

1 planck (httpy/www.esa.intPlanck is a project of the European W& assume that beams are adequately described by symmetric

Space Agency (ESA) with instruments provided by two scfention- Gaussians with FWHM as given in TatdleUncertainties in our
sortia funded by ESA member states (in particular the leamhiries results due to beam corrections, map calibrations and taicer

France and Italy), with contributions from NASA (USA) andetgcope  ties in bandpasses are small, as shown in Sdmtlow.
reflectors provided by a collaboration between ESA and asfizecon-

sortium led and funded by Denmark. 2 httpy/healpix.jpl.nasa.gov
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Table 1. Values of the beam full width half maximum assumed

for each of the six channel maps of HFI. 10% ' ' ' . =
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2.2. X-ray data set 102k <. 3 107° -

The cluster sample adopted in our analysis, the MCXC (Meta- S Nogfp?p/,?'g%é . 10"%

Catalogue of X-ray detected Clusters of galaxies), is priese 1073[ , , ] o
in detall in Piffaretti et al.(2010. The information provided by 0.01 0.10 1.00

all publicly available ROSAT All Sky Survey-based (NORAS, Redshift z

REFLEX, BCS, SGP, NEP, MACS, and CIZA) and serendip-

itous (160SD, 400SD, SHARC, WARPS, and EMSS) clustefig 1. Observed [0.1-2.4] keV band luminosities (right vertical
catalogues was systematically homogenised and duplicate gxis) and inferred masses (left vertical axis) as a funafoed-
tries were carefully handled, yielding a large catalogu@pf ghift. Shown are the MCXC (the NORASEFLEX control sub-

proximately 1800 clusters. For each cluster the MCXC presjd sample in shown in red) and the supplementary clusters (blue
among other quantities, coordinates, redshifts, and losilies. gots).

The latter are central to the MCXC and to our analysis because
luminosity is the only available mass proxy for such a langen

ber of X-ray clusters. For this reason we will focus here ow ho

the cluster rest frame luminosities provided by the MCXC afgic-) We do not attempt to homogenise them to the fiducial lu-
computed. Other quantities such as total mass and clugeer iNOSItY Lsoo as done irPiffaretti et al(2010. In aimost all the
will be discussed in SecB below, because they are more modéjasSes the adopted luminosity is however e_|ther the to_tqusn
dependent ' ity (i.e. extrapolated to large radii) or the directly thenmnosity

In addition to being converted to the cosmology adopted |0 Given (t)he fact that the ﬁefeﬂce be_tween t_heS? is of the
this paper and to the [0.1-2.4] keV band (the typical X-raysy order of 10 /o_and that uncertaintiefexting luminosity mea-
energy band), luminosities are converted to that for andermer surement of h'gh redshlft c_Iustgrs are much larger, we aiat
sity of 500 (see below). This allows us to minimise the scattiyminosities as fiducial luminositysoo.

originating from the fact that publicly available catal@gupro- The MCXC andz > 0.6 supplementary clusters located

vide luminosity measurements withinfidirent apertures. around the galactic plang¢ b |< 14 deg) or near bright point
Because cluster catalogues generally provide luminssitigPU"ces* 100, distance< 1.5x FWHM) are excluded from

measured within some aperture or luminosities extrapolage e analysis. The resulting sample comprises of 1603 chjste

to large radii (total luminosities), the luminositiesy provided With 845 clusters being members of the NORREFLEX sam-

by the MCXC were computed by converting the total IuminosPIe' There is a total of 33 gupplementar_& 0.6 clusters located
ties toLsgo UsSing a constant factor or, when aperture luminositidd te sky region selected in our analysis. _
are available, by performing an iterative computation Hase In Fig. 1 we show luminosity and mass as a function of
theREXCESS mean gas density profile ahgoo — Msoo relation. redshift for the whole sample V\_/lth the NQR/—FEFLEX and
TheREXCESS Lsgo— Msg calibration is discussed in Seétbe- supplementary > 0.6 cIu_sters dlsplay_ed Wlth fierent colors.
low. While the comparison presented in Section 5.®igfaretti 1he figure shows the fierent clustering in the L-z plane of
et al. (2010 indicates that the @ierences between these twdrASS (mostly NORAFREFLEX) and serendipitously discov-
methods do not introduce any systematic bias, it is clear tif§€d clusters. The NORABEFLEX clusters are central to our
the iteratively computetlsqo are the most accurate. The iterafor many reasons. First, being the most luminous and nunsgrou
tive computation was possible for the NORREFLEX, BCS, they are expected to yield the bulk of the SZ signal from known
SHARC, and NEP catalogues. As shown Riffaretti et al. clusters. Second, their distribution in the sky is unifoN@RAS
(2010 the luminositied_soo depend very weakly on the assume@nd REFLEX cover the northern and southern sky, respegfivel
Lsoo — Msoo relation. Nevertheless, when exploring théetient With the galactic plane excluded b |< 20deg). Finally, the
Lsoo — Msoo relations detailed below, we consistently recompufdORASREFLEX sample was also usedMelin etal.(2019 in
Lsoo Using the relevaritsgo — Msgo relation. an analysis equivalent to the one presented in this workdmedb

In addition, we supplement the MCXC sample witk 0.6 onWMARS5yr data. Forthese reasons we use NORES-LEX
cluster data in order to enlarge the redshift leverage. &laeis Clusters as control sample in our analysis.
ditional high redshift clusters are collected from thertitere _ For simplicity, in the remainder of the paper the whole com-
by utilizing the X-Rays Clusters Database BAXnd perform- Ppilation of MCXC plus supplementas > 0.6 clusters will be
ing a thorough search in the literature. For these objectsaie referredto as MCXC. The [0.1-2.4] keV luminosities of thes:!
lect coordinates, redshift, and X-ray luminosity. The Inosity ters in our sample range fromSBx 10*°to 291x 10* erg s*,
values given in the literature are converted to the [0.14% With a median luminosity of @5 x 10* erg s*, and redshifts
band and adopted cosmology as doneiffaretti et al.(2010. range from 0.0031 to 1.45. Notice that while the adopted $amp
Because the available luminosities are derived undew/fdift ~€ssentially comprises all known X-ray clusters in the slgioe

ferent assumptions (e_g_, aperture radius, extrapo|m'gjhods, of interest, its selection function is unknown. The lattsuie and
how we evaluate its impact on our results is discussed in. Sect

3 httpy/bax.ast.obs-mip.fr 3.1below.
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3. The cluster model Table 2. Values for the parameters of the adopted— M rela-
tion. Values are given for thiéducial casewhere the observed
REXCESS Lx — Yx andM — Yy are assumed as well as for the
the cases where these two assumptions are varied: i.@siatri
r(Malmquist bias corrected)x — Yx relation and standard slope
of theM — Yx relationamy, .

Our cluster model is based on tREXCESS, a sample expressly
designed to measure the structural and scaling propeftibg o
local X-ray cluster population by means of an unbiased,eep
sentative sampling in luminosityBphringer et al. 20017 The
calibration of scaling relations and the average struthaeam-
eters of such an X-ray selected sample is ideal because is not
morphologically biased. Furthermore, the gas propertigdhe
REXCESS clusters can be traced ¥MM-Newtonup to large
gl\l/J:}ggﬁ;{\;rg; 5d(|)s(,)t.ances, allowing robust measuremantn 5561 T 5195 176 5155
] . T . 3/5 REXCESS 0.295 1.50 0.183

Since X-ray luminosity is the only available mass proxy for 35 Intrinsic 0215 161  0.199
our large cluster sample, the most fundamental ingrediethieo
cluster model is the scaling relation between [0.1-2.4] kavid
luminosity and total cluster mass, which is detailed in Sedt
Given a cluster redshift massMsgg and hence cluster sifg, We simply consider the intrinsitspg — Msgg relation as an ex-
the universal pressure profile Afnaud et al(2010 is then used treme and illustrative case, since it is equivalent to agsghat
to predict the electronic pressure profile. This allows upr selection &ects of our X-ray sample are totally negligible. On
dict Di Ys00, the SZ signal integrated in a sphere of radigg the other hand, in particular for the NORAZEFLEX control
as summarised in Se@.2 It is important to notice that the es-sample and at high luminosities, tR&XCESS Lsgg — Msgo re-
timated cluster siz&soo and the universal pressure profile aréation is expected to be quite close to the one that would be
also assumed when extracting the SZ signal fRienckdata as observed in our sample. For these reasons,fiducial model
detailed in Sec# below. adopts theREXCESS Lsgp — Msgg relation and théntrinsic case

In the following we describe the assumptions at the bas#&used to test the robustness of our results.
of our fiducial modeland provide the adopted scaling laws. In  These diterent choices result in fourfiierent calibrations of
addition, we also discuss how these assumptions are variedhe Lsgg — Msgg relation. The corresponding best fitting parame-
order to investigate the robustness of our results. ters are summarised in Talilésee als@rnaud et al. 201p The
table also lists the intrinsic dispersion in each relatiwhjch
we use to investigate thefect of scatter in the assumed mass-
observable relation in our analysis.

For a given [0.1-2.4] keV band luminositysoo the total mass ~ For a givenlseo — Msoo relation we estimate, for each clus-
Msoo is estimated adopting thREXCESS Lsgo — Msgo relation  ter in our sample, the total masdsgo from its luminosityLsoo.

My L-M l0gCv  awm  TlogL-logm
0.561 REXCESS 0.274 1.64 0.183

3.1. L5Qo - M5Qo relation

(Pratt et al. 2009 When the latter is computed iteratively (see S&d), the same
o Lsoo— Msqg relation is adopted for consistency. Finally, the clus-
EQ) 73 Lsoo ~CLy Msoo0 1) ter size or characteristic radi®ggg is computed from its defini-
10%ergst 3x 104 M, tion: Msoo = 37 pcrit(2) S500RE .

Because this relation has been calibrated using the lovtescat
X-ray mass proxyYyx (Kravtsov et al. 200% the parameters 3.2. The SZ signal

Cuw andauw depend on whether the slope of the underlym}gﬁ shown inArnaud et al.(2010, if standard evolution is as-

Msoo — Y relation is assumed to be equal to the standard (Seéumed, the average physical pressure profile of clusterbean
similar) value ofamy, = 3/5 or it is allowed to be a free pa- described by:

rameter, yieldingryy, = 0.561 (see Egs. 2 and 3 ifsrnaud

et al. 2010. In the reminder of the paper these two cases will Msoo @p Po

be referred to astandardandempirical respectively. Oufidu- P(r) = P500(3 109 M ) =~ @

cial modeladopts thempiricalcase, which reflects the observed X o/ (Cs00%)? (1 + (Cs00X)*) =

mass dependence of the gas mass fraction in galaxy cluBtergyith x = r /Rsgo andaep = 1/amy, — 5/3. In the standard case we

is thus fully observationally motivated. haveep = 0, while in the empirical casep = 0.12. Notice that
_In addition to these two variations of theoo — Msoo re-  the most precise empirical description also takes into @ato

lation, we also consider the impact of Malmquist bias on owsr a weak radial dependence of the exponenf the form

analysis. To this end we perform our analysis using the L — M, — 0,12+ a/,(x). Here we neglect the radially dependent term

or uncorrected for the Malmquist bias. In the reminder of theagligible correction.

paper these two cases will be referred to asittiensic and The characteristic pressuPey is defined as:

REXCESS Lsgo — Msqg relations, respectively. Notice that the

difference between thetrinsic andREXCESS Lsgg— Msgg rela- IR Msoo |73 =

tions is very small at high luminositPtatt et al. 2009 Ideally, Psoo = 1.65x 10°E(2) (m) keVem™.  (3)
one should use thiatrinsic Lsgo — Msgo relation and compute, ©

for each sample used to construct the MCXC compilation, tAdne set of parameter®{, csoo, ¥, @, 8] in EQ. 2 are constrained
observed_spo— Msqg relation according to each survey selectioby fitting theREXCESS data and depend on the assumed slope
function. Unfortunately this would be possible only for aadm of the M — Yy relation. In Table3 we list the adopted best fitting
fraction of MCXC clusters because the individual selecfiorc-  values, which, as detailed in Sedtbelow, are also used to opti-
tions of the samples used to construct it are extremely cexnpimise the SZ signal detection. The table provides the besifitt
and, in most of the cases, not known or not available. Thezefovalues for the average pressure in fltucial caseas well as
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Table 3. Parameters describing the shape of the pressure profil@seare presented and results obtained by varying the assump-
Values are first given for théducial casewhere the observed tions are going to be compared to it in Sekt.
M —Yx relation (with sloperuy,=0.561) and the average profile  For simplicity the cluster size and SZ signal for the
of all REXCESS clusters are adopted. The values for the averapCXC clusters inPlanck Collaboratior{20119 are provided
cool-core (CC) and morphologically disturbed (MREXCESS  in the standard Mgy — Yx slope case. As we show Rlanck
profiles, also given i\rnaud et al (2010, and the average pro- Collaboration(20119 the dfects of this on X-ray size and both
file derived assuming a standard slope of Me- Yx relation predicted and observed SZ quantities for clusters in théyEar
(amy, = 3/5), are also listed. Sunyaev-Zeldovich (ESZ) catalog are fully negligible with
spect to the overall uncertainties.

amyy Po Cs00 Y o B ) ]
Al 0561 8403 1.177 0.3081 1.0510 54905 4. Extraction of the SZ signal
CC 0561 3249 1.128 0.7736 1.2223 54905 y
MD 0561 3.202 1.083 0.3798 1.4063 5.4905 4-1.Individual measurements

Al 3/5 8130 1156 0.3292 1.0620 5.4807 The SZ signal is extracted for each cluster individually lyc
ting from each of the six HFI frequency maps’2010° patches
(pixel=1.72 arcmin) centered at the cluster position. The result-
. . ing set of six HFI frequency patches is then used to extract th
those describing the profiles of cool-core (CC) and morpdroloc|yster signal by means of multifrequency matched filterb@l
ically disturbed (MD) clusters (se&rnaud et al(2010, Table hereafter). The main features of the multifrequency matdie
C.2) that we use to estimate the uncertainties originatiomf ters are summarised Melin et al.(2010 and more details can
deviations from the average profile (see SéEtBecause of the pe found inHerranz et al(2002 andMelin et al.(2008.
large number of free parameters, there is a strong paraceter  The MMF algorithm optimally filters and combines the
generacy and therefore a comparison of individual paraimete patches to estimate the SZ signal. It relies on an estimatesof
Table3is meaningless. The parameters forstendardcase are pgjse auto- and cross-power-spectra from the patches.ikigork
also listed in the table. _ with sky patches centered at cluster positions allows useto g
The model allows us to compute the physical pressure profilg: pest estimates of the local noise properties. The MM& als
as a function of masblso andz and thus to obtain thB3 Ysoo makes assumptions about the spatial and spectral chasticger
— Msq relation by integration oP(r) in Eq.2 within a sphere of of the cluster signal and the instrument. Our cluster mazleéi
radiusRsoo: scribed below, for the instrumental response we assumee sym
2 5 metric Gaussian beams with FWHM given in Talile
DA Yso0 = 2.925x1071(1) We determine a single quantity for each cluster from the

Msa0 MYy 23 Mo Planck data, the normalization of an assumed profile. All the
(m) E(9“* Mpc”, (4)  parameters determining the profile location, shape andssize
© fixed using X-ray data. We use the profile shape described in
or, equivalently, Sect.3 with csgp, @, B8 andy fixed to the values given in Table
3 and integrate along the line-of-sight to obtain a template f
Ys00 = 1.383x 107°1(1) the cluster SZ signal. The integral is performed by consgider

M v DA®?) -2 a cylindrical volume and a (;Iuster extent of>.<ER500 along the
X (ﬁ) “E@%? (A—) arcmirf, (5) line-of-sight. The exact choice of the latter is not relevdine
3x 104 Mo 500 Mpg normalization of the profile is fit using data within a ciraula
aperture of radius % Rsqp for each system in our X-ray cluster
catalogue, centering the filter on the X-ray position ancdhfixi
the cluster size t6s500 = Rsoo/ Da(2). Notice that the dependence
of cluster size on X-ray luminosity is weaRdpo o L322, from
Eqg. 1), implying that MMF measurements are expected to be
2 5 insensitive to the details of the underlyihgho — Msqg relation.
DA(2) Yoo = 2.925x 1071 (1) The MMF method yields statistical SZ measurement errors
E(9~ "3 Lsoo oi on individual meaurements. The statistical error inclugies
[ Cim (1044ergsl

wherel(1) = 0.6145 andl(1) = 0.6552 are numerical factors
arising from volume integrals of the pressure profile in the e
pirical and standard slope case, respectively fsgaud et al.
201(Q for details). Combining Eq4. and4 gives:

certainties due to the instrument (beam, noise) and to tine-as
physical contaminants (primary CMB, Galaxy, point soujces
. In thefiducial casey = 0.92,im- Obviously, it does not take into account the uncertaintiesuar
plying thatYsgo Di o Lgl)'(‘% for our model predictions. The clus-X-ray priors and instrumental properties which will be sad
ter model allows us to predict the volume integrated Comptdm Sect.6
parameterDi Ys00 for each individual cluster in our large X-  The same extraction method is usedPianck Collaboration
ray cluster sample from its [0.1-2.4] keV band luminodiggo. (2011H where the optical-SZ scaling relation with MaxBCG
These X-ray based prediction can be computed fffeint as- clusters Koester et al. 2007are investigated. There are only two
sumptions about the underlying X-ray scaling relatiostarf- differences. First, in this paper we use the X-ray scaliag —
dard/empirical and intrinsic/REXCESS cases) and comparedMsgg to adapt our filters to the sizes of our clusters while we
with the observed SZ signal, whose measurement is detaileduse the opticaN,gp — Msgg relation of Johnston et al(2007)
the next section. andRozo et al(2009 in the other paper. Second, the MaxBCG
To reiterate, ouffiducial caseassumesempirical slope of catalogue includes 14,000 clusters so we do not build a set
M — Yy relation andREXCESS Lspg— Msqg relation. If not other- of patches for each cluster individually. Instead, we divitle
wise stated, in the remainder of the paper results fofitheeial sphere into 504 overlapping patchesq(¥010°, pixel=1.72 ar-

)]_ EQ”MpZ.  (6)

WhereaLy = aLm X amy
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Fig. 2. Left: Intrinsic SZ signal from a sphere of radiRsy as a function of the X-ray luminosity for all the clusterslretsample
individually. Error bars indicate the pure measurementeuinties based on MMF noise estimates (statistical taicgies). Red
diamonds show the bin averaged values with thick and thior érars indicating the statistical (not visible) and bawatstuncer-
tainties, respectivel\Right: Zoom onto the scale indicated by the horizontal dotted lingke left-hand panel. Red symbols and
error bars as in left-hand panel. Green triangles (shitiegtds lower values by 20% with respect to diamonds fortgleshow the
result of the same analysis when the signal is estimatechdbra positions instead of true cluster positions. The aatamtthick
error bars indicate the statistical uncertainties.

cmin) as inMelin et al. (2010. We also extract SZ signal for dence depending on the studied scaling relation) and tleeiass
each cluster individually but the clusters are no longeaied at ated statistical errors are computed accordingly. Theibgde-
the center of the patch. pends on the adopted relation and will be detailed in eadh cas

_Under the assumption that the shape of the adopted pro- |p the left-hand panel of Fig the binned signal is overlaid
file template corresponds to the true SZ signal, our extaction the individual measurements. In this case the SZ signal is
method allows us to convert the signal in a cylinder of apertuayeraged in logarithmically spaced luminosity bins. We geelr
radius 5x Rsoo t0 Ysoo, the SZ signal in a sphere of radiBsoo.  the lowest four luminosity bins into a single bin to obtainig s

By definition the conversion factor is a constant factor @1§ pjicant result. The statistical uncertainties, which aepidted
cluster but depends on the assumed profile. Treeeof the un- py the thick error bars, are not visible in the figure and d¢jear
certainties on the assumed profile are discussed in Gbetow. | ;nderestimate the uncertainty on the binned values.

Theintrinsic SZ signals computed by taking into account A better estimate of the uncertainties in the binned values
the angular distance dependence of the observed signalsangloimes from an ensemble of 10,000 bootstrap realisatiorfeeof t
expressed asDi(1)/500 Mpcf Ysoo This signal has units of entire X-ray cluster catalogue. Each realisation is aralyis

arcmirf as for the observed quantity, but its valufefs from the same way as the original catalogue and the standard devi-
the intrinsic signal in units of Mpgcby a constant, redshift- .. y origina gue .
tion of the average signal in each bin is adopted as total er-

independent factor. Making such a conversion allows us-o Bootst ainti hich take int ¢ tsatin
rectly compare our measurements with the predictions eléri\/(l).r' oods rap.ur)celr ainties, which take II'? 0 act():oul? hi )
from the model detailed in Sed(see in particular Egl andb). Elng_arj[h s}a;tlsrtllcaduncerltalm:l_es,:re_ S ?\.Nn y I et f“t)rze
When a specifc scalng eaton s estgated, the Szagn (2111 et el 116 A e nepctin ite
appropriately scaled according to the adopted scalingioeta cgnce over a wide luminosity ?ange The lack of clgar d%tec—
presented in Secg (e.g., see the left-hand panel of Fi). tion at LsooE()7/3 < 0.05% 10Merg/s is due to the combined
The SZ signal for all the clusters in our sample is shown ag g, ofS(I)gw signaran.d small number of objects. In the com-

Luncélon of Ith$ [0.1-2.4] keV band )é—raé/ Iumlln(_)snyr:n theftle anion papePlanck Collaboratiof2011F we explore this low

and panel of Fig2. Assuming standard evolution the intrinsi uminosity (mass) range in more depth. The results of these t

quantities Da(2)/500 Mpcy Ysoo E(2)%/2 are plotted as a func- : - : ;
: 213 . complementary analysis are summarised and discussed.iii Sec
tion of LspoE(2)~"/°. The figure shows th&lanckdetects the SZ (see Figl1and related discussion).

signal at high significance for a large fraction of the cluste

The diference between statistical and bootstrap errors are
rendered in more detail in Fi§, where relative bootstrap uncer-
tainties (dot-dashed line) are compared to in-bin relathatis-
tical errors (solid line). The figure shows that tof0E(2) "2 <
10*erg/s statistical uncertainties are dominant. This implies tha
intrinsic scatter, which is discussed in more detail in Se8t
¢an only be measured at higher luminosity.

4.2. Binned SZ signal

As shown in the left-hand panel of Fig.the SZ signal is not
measured at high significance for all of the clusters. Inipart
lar, low luminosity objects are barely detected individualVe
therefore take advantage of the large size of our sampleand
erage SZ measurements in X-ray luminosity, mass, or redshif The figure also shows the quantity /@N) x (oraw/Y)
bins. The bin average of the intrinsic SZ signal is definechas t(dashed line), which is computed from the unweighted raw sca
weighted mean of the signal in the bin (with inverse variander oaw, the bin averag®, and the number of clusters in the bin
weight, o2, scaled to the appropriate redshift or mass depeN- The diterence between the latter and the relative bootstrap
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P Table 5. Bin averages of théD3 Ysoo — Lsoo relation shown

g 100 ¢ ' 0 /5(1/07) : 3 in the left panel of Fig.4. Values are given for the quanti-

S AN oY)/ VN —— —— |1 ties Lspp = LsooE(2)~"2 in units of 10%rg/s and Ysoo =

g S Bootstrop —---—:-:- ] Ys00E(2) "%/ (Da(2)/500 Mpg? in units of 10 arcmirf. Both

g; & S F total (i.e., bootstrap) and statistical errorsYago are listed.

& > h /

?a 0.10F S ’\:\v\ ) /4

b R Ny demmgl el s Lsoo Nr. Lsoo Ys00 AYs00  AYsoo

8 4 ® —o=—g range Obj. statistical  total

c 0.100 - 0.222 152 0.162 0.037 0.006 0.009

° 0.222 -0.331 130 0.272 0.093 0.009 0.012

2 0.331-0.493 144 0.419 0.169 0.010 0.012

o 0.01F 4 0.493-0.734 175 0.615 0.254 0.012 0.021

Z N=152,130,144,175,190,177,149,121,100,51,26,9 ] 0.734 -1.094 190 0.894 0.401 0.013 0.020

° . . . 1.094-1.630 177 1.319 0616 0.016 0.041

« 0.1 - 1.0 " 10.0 1.630-2.429 149 1.931 0.879 0.022 0.057
E(2) Lego,f0.1-24)ev [10** erg/s] 2.429 - 3.620 121 2.997 1.521 0.026 0.130

3.620 - 5.393 100 4.138 2.356 0.038 0.142
Fig. 3. Bin averaged relative statistical errors (solid line) agld r 5.393 - 8.036 51  6.572 3.456 0.076 0.171

ative bootstrap errors (dot-dashed line) are shown as difumc ~ 8.036-11.973 26  9.196 5.342 0.126 0.359
of X-ray luminosity. The numbers given in the legend indécat _11.973-17.840 9 14345 7369 0236  1.758
the number of objects in each luminosity bin. For comparison

the scaled unweighted standard deviation (dashed linbpisrs.

curvefit function). In the fitting procedure, only the stttial
uncertainties in the low luminosity bins is due to the range grrors given by the MMF are taken into account. The o_lenved
relative errors on individual measurements in a given bin. uncertainties on the best f|tt|r_19 parameters are quotedb!eTa
As a robustness check we have undertaken the analysé%s statistical errors. In addition, uncertainties on thet ffie
; ; ' " ; ting parameters are estimated through the bootstrap puoeed
second time using random cluster positions but keepindall t : ; .
9 b pind described in Sect. Each bootstrap catalogue fit leads to a set

roperties of our sample (sizes, profile shape). The result O
ghof/)vn by the green trigngl(es in thpe right-hanpd )panel of Eig.Of parameters whose standard deviation is quoted as th&-unce

and, as expected, is consistent with no detection of the §Z si2inty on the best fitting parameters. Values are given fgeth
nal. This demonstrativeull testclearly shows thefiiciency of diferentchoices of priors as given in Tadlevhere the best fit-
the MMF to pull out the SZ signal from our cluster sampléNd Parameters are listed. The table also provides thegtieal

e - ; of our X-ray based model for comparison.
Additional robustness test are discussed in Seloelow. Fixing the slope and the redshift dependence Oﬂlﬁé(soo

—Lsgg relation, the best fitting amplitude is4%1x 102 arcmir?,
5. Results in agreement with the model predictio®@8x 1072 arcmir? at
1.80~. When keeping the redshift dependence of the relation fixed
but leaving the slope of the relation free, we find agreement b

The main results of our analysis are summarised in&itp the  tween best fitting and predicted slopes at better thaywihile
left-hand panel of the figure the individual and luminosityted the amplitudes remain in agreement @ For maximum use-
PlanckSZ signal measured at the location of MCXC clusters afélness and in particular to facilitate precise comparsswith
shown as a function of luminosity together with the lumingpsi OUr findings, we provide, in Tablg the data points shown in the
averaged model predictions. The latter are computed byagveﬂeft'hand panel of Fig4. For completeness, we also show the
ing the model prediction for individual clusters (see Sepwith D Ysoo — Msoo relation in Fig.5. In this case the SZ signal is
the same weights as for the measured signal. Notice thaigsz &veraged in logarithmically spaced mass bins, where iddali
nal and X-ray luminosity are intrinsic quantities and araled Massedsq are computed from thiso — Msop relation in Eq.
assuming standard evolution. The figure shows the highfsignt- Following the same procedure as for D Ys00 — Lsoo rela-
icance of the SZ signal detection and the excellent agreemtian, we fit individual points of thé2 Ysoo — Msoo plane with:
between measurements and model predictions. The agreement s S
betweenPlanck measurements and X-ray based predictions is Yeor = ¥, Mso0 " E(z)ﬁM Da(2 @)
rendered in more detail in the right-hand panel of Eigvhere 2007 T0M | 35 1 0lAM,, 500 Mpg,
thePlanckto-model ratio is plotted. Taking into account the to-
tal errors given by the bootstrap uncertainties (thin barthe The same cases as for thg Ysoo — Lsoo relation are considered
figure), the agreement is excellent over a wide luminositgea and the best fitting parameters are provided in Tabkdong
We model the observed? Ysoo— Lsgo relation shown in the left- With the model prediction. Concerning the agreement batwee
hand panel of Fig4 by adopting a power law of the form: best fitting parameters and model predictions, the corahgsi
drawn for theDi Ys00 — Lsgo relation obviously apply also for

~ E(Z)_7/3L500 & A DA(Z) -2 the Di Ys00 — Msoo.
Y. =Y. _— E AL 7
500 = To0at ( 10*erg/s @ 500 Mpc/ )

5.1. The Di Ys00 — Lsoo and Di Ys00 — Msqq relations

and fitting directly the individual points shown in the figure5'2' Redshift evolution

rather than the binned data points. We use a non-linear-ledsk also considered the case where the redshift evolutiomeof t
squares fit built on a gradient-expansion algorithm (the ID&caling relations is allowed to fiiér from the standard expecta-
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Fig. 4. Left: Scaling relation betweeRlanckSZ measurements and X-ray luminosity fol600 MCXC clusters. Both quantities
are intrinsic and scaled assuming standard evolutionvichail measurements are shown by the black dots and thespomding
bin averaged values by the red diamonds. Thick bars givet#iistecal errors, while the thin bars are bootstrap uraieties. The
bin-averaged SZ cluster signal expected from the X-raydasedel is shown by the blue stars. The combination of the tadop
Di Ys00 — Msgo and Lsgg — Msgp relations (Eq6) is shown by the dashed blue line while the red dot-dasheddiows the best
fitting power-law to the data (E@.and Tabled). Right: Ratio between data and model bin averaged values shown ieftipanel.
Error bars are as in the left panel.

Table 4. Best fitting parameters for the obser\Bﬁ Ys00 — Lsoo relation given in Eq7. Values are given for threeftéerent choices
of priors and as predicted from X-rays for comparison. Bothlterrors from bootstrap resampling and statisticalrsraoe quoted.

YsoaL [1073 arcmirf] aL BL
0.451+ 0.003 stat £0.013 tot] 1.087 (fixed) B (fixed)
Planck+ MCXC 0.447+ 0.006 stat £0.015tot] 1095+ 0.008 stat {£0.025 tot] 23 (fixed)
0.476+ 0.006 stat £0.025 tot] 1.087 (fixed) —0.007 + 0.154 stat £0.518 tot]
X-ray prediction 428 1.09 2

Table 6. Best fitting parameters for the obser\Bﬁ Ys00— Msqg relation given in Eq8. Values are given for threeftierent choices
of priors and as predicted from X-rays for comparison. Bothlterrors from bootstrap resampling and statisticalreraoe quoted.

Ysoam [10-3 arcmirf] am Bu
0.896+ 0.007 stat £0.027 tot] 1.783 (fixed) B (fixed)
Planck+ MCXC  0.892+ 0.008 stat -0.025tot] 1796+ 0.014 stat {-0.042 tot] 23 (fixed)
0.945+ 0.012 stat {0.049 tot] 1.783 (fixed) —0.007+ 0.154 stat §£0.518 tot]
X-ray prediction 0850 1.783 3

tion. Using the simplest model (E@.or equivalently Eq8) we surement compares with expectations based on the repsesent
attempt to constrain the power law ing&x(or equivalentlyBy). tive REXCESS sample Arnaud et al. 201pand the findings re-
We find that the measured SZ signal is consistent with standaorted in the companion papetanck Collaboratio20119.
evolution (see Tablé) and our constrains on any evolution are  The intrinsic scattewr, iS computed in luminosity bins
weak. Fig.6 shows the measured and predicted, redshift binnegs the quadratic fference between the raw scatteg, (see

SZ signal, the expected standard redshift evolution, aedbéist Sect.4.2) and the statistical scatter expected from the statis-
fitting model. The figure shows that, although measurements aical uncertainties, i.ec2, = 0%, — 0%, The latter is esti-
predictions agree quite well, the best fitting model is caised mated by averaging the statistical uncertainties in a ghien

primarily by the low redshift measurements. Possible fitor- i.e. o2, = N™* 3 o, where N is the number of clusters in the

provements are discussed below in Séct. bin. For a given luminosity bin, the uncertaimty,, on the esti-
mated intrinsic scatter are evaluated By-()? = o2, (2N (N-
-1 2 2 2
5.3. Scatter in the D2 Ysoo — Lsoo relation D)= XA+ (07 /o))

We find that intrinsic scatter can be measured only for
As discussed in Sect.2, we find a clear indication of intrinsic LsgoE(2)~"/® > 10*erg/s, being the statistical uncertainties at
scatter in our measurements of tD§ Ys00 — Lsoo relation. In  lower luminosities of the order of the raw scatter (see alstt.S
this section we quantify this scatter and discuss how our meh2). In a given bin with average sign| the resulting fractional



Planck CollaborationPlanckearly results: Statistical analysis of SZ scaling relatifor X-ray galaxy clusters

MSOO [1015 MO]

% il\PAIOSCIL | 1.0: |

S 1072 3 oce ' 0.8 - A'\.\ N
ﬁg : )“/;/{ g *. \A\A\.\ ]
i 10-5-_ /‘J 8 061 ..\"'\», T 7 ]
3 e S - N B 7 ]
5 -~ S
Sl e E ////////W% o
i E//f/ 02 ZTIT Sotistical .*“-\\*\"'\+ AAAAA —— _
U:T% 10_5 I I 0.0 [| - - -~ intrinsic .

> 0.1 1.0 1

10
E(2)77? L500,0.1-2.4]cev [10* erg/s]

Fig. 7. Fractional raw (dot-dashed blue line and triangles), sta-
Fig.5. Scaling relation betweeRlanckSZ signal and and total tistical (dot-dot-dashed green line and plus signs), atréhsic
mass. Symbols and lines are as in Fig. (dashed red line, diamonds, and error bars) scatter dhﬁhe,oo
— Lsgp relation. The coargéne-hatched regions corresponds to
the 10 uncertainties on the intrinsic scatter reportedmaud

C'E 0.0015 - - - - et al.(2010 andPlanck Collaboratio20119, respectively.

o - from XMM-Newtonis used, the intrinsic scatter in tme,i Ys00

é 0.0010F = o m — ?,/z — Lsgo relation is found to berjogv,,, = 0.143+ 0.016. These

s - %; e values are shown in Fi@.by the fine—hatched region. Rlanck

8 o Collaboration(20119 it is found that cool core clusters are re-
~ sponsible for the vast majority of the scatter around thatiah.

é 0.0005 I ] Because the sa_lmple_used in th_is study is X-ray selected,_ we ex
- pect it to contain a higher fraction of cool core systems timan
“g Blonck o 11 the ESZ sub—sample studied Rianck Collaboratiorf20119.

= Model % |] This implies that the scatter in t@f\ Ys00 — Lsgg relation mea-

3 0.00001[ . . . . ] sured in our sample is expected to be higher than the one found
> 0.0 0.2 0.4 0.6 0.8 1.0 in Planck Collaboratiorf20119, as observed. Given the segre-

gation of cool core systems in tt[ef\ Ys00 — Lsoo reported in
Planck Collaboratiorf20119, we investigate the link between
the scatter in the relation and cluster dynamical stategusin

Fig. 6. Bin averaged SZ signal from a sphere of rad®u (Yso0)  large X-ray sample. To this end we compétanck measure-
scaled by the expected mass and angular distance depermgengents and the X-ray based predictions (i.e., &dor individual
a function of redshift. Thélanckdata (red diamonds) and theobjects. In Fig8 we show the dference betweeRlanckmea-
SZ cluster signal expected from the X-ray based model (blgerementand the X-ray based prediction in units of the nreasu
stars) are shown together with the expected standard fedsfient statistical error as a function of X-ray luminosity.the
evolution (dahed line). The best fitting model is shown by tH@llowing we show that the disagreement between predistion
dot-dashed line and therlconfidence region is limited by the and model is clearly linked to cluster dynamical state.
dotted lines. Herdso is given in units of 3x 101M,. Because the dynamical state characterization is not &leila
for all the sample we investigate this issue by considerirgg t
largest outliers and search information on their dynanstate
intrinsic scattelring /Y is shown in Fig.7 along with the frac- in the literature. Information is based on the classificatid
tional raw and statistical scatters. The estimated intrissatter Hudson et al(2010 if not stated otherwise. We find 13 clus-
is of the order of 40- 50% and in agreement with the expecters with a predicted signal smaller than tAanck measure-
tations given inArnaud et al(2010 (oiogy,, = 0.184+ 0.024, ment at 50. Of these 5 are well known mergers: Coma, A2218
the range of these values is indicated by the coarse—hatehedGovoni et al. 2004 1ES0657, A754 Govoni et al. 2004
gion in the figure). Notice that the intrinsic scatter repdrin  A2163 Bourdin et al. 201} 5 are classified as non-cool core
Arnaud et al (2010 is computed for th&REXCESS sample and clusters and may therefore be unrelaxed: A2240 & Fabian
evaluated adoptingMM-Newtonluminosities and a predicted 1998, A2256, A2255, A02094hang et al. 2008 A3404 Pratt
SZ signal for individual objects based on the same model ag-al. 2009, and A3266 is a weak cool core cluster. No informa-
sumed here but relying on the mass pro#y. Therefore, the tion is available for the remaining clusters: A1132 and A818
intrinsic scatter quoted itrnaud et al.(2010 reflects the in- Conversely, there are 12 over-predicted clusters at. 50f
trinsic scatter in the underlyinigspo — Msgg relation. InPlanck these 5 are strong cool core clusters: RXJ15832021 Ebeling
Collaboration(20119, where a sample of clusters detected &t al. 2010, 2A0335, Zw1021.60426 (Morandi et al. 200Y,
high signal to noise in th@lancksurvey (the ESZ sample, seeA3112, HerA Bauer et al. 200b, and A0780. No informa-
Planck Collaboration 201)énd with high quality X-ray data tion is available for the remaining clusters: A689, ACOSIL,11

Redshift z
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6.1. Beam effects

g 15 T T T T T '6'""'I T '_-

¢ [ i g ] The beam ffects studied irPlanck Collaboratiorf20119 are

S 1oF tT further scrutinised by directly estimating their impact oar

M [ e B results. To this end, the whole analysis is redone by asgumin

= [ 5‘”‘52"}; 3 different beam FWHM. For simplicity, we systematically in-
° of E; "frf‘j creasgdecrease the adopted beam FWHM for all channels si-
b ¥ L it asa e, ] multaneously by addiigemoving the conservative uncertainties
g 0 L WX AR, given in Tablel from the fiducial beam FWHM values. We find
> i s NE ' ] that the binned SZ signal varies by at most 2% from the value
! I R - B computed using the fiducial beams FWHM.

3 T

= (IR I

0'0 —10 e RADIO FLUX > 5 Jy E - =Y 4 6.2. Modelling
8 c 1 L L L 5 L

>

= 0'001_7/30'010 0.100 14’4000 10.000 The dfects of changes in the underlying X-ray based model

E(2)™" Lsofor-zapev [10™ erg/s] on our results are investigated by repeating the full aiglys

for the fiducial case but by assuming the standard slope of the
Fig.8. Difference between thelanckmeasurement and the X-Msg — Yy relation angor the intrinsicLsgg — Msgg relation (see
ray based prediction in units of the measurement statistica Sect.3). For simplicity, in the following we discuss results ob-
ror (pure measurement uncertainties based on MMF noise egfined by varying only one assumption at a time. We find that
mates) as a function of X-ray luminosity. Outliers at morarth the dfect resulting by varying both assumptions is equivalent to
5 o, which are discussed in the text, are labelled by their namge sum of the fects obtained by varying the two assumptions
Clusters with SZ signal possibly contaminated by radio sesir separately.

(see discussion in Sed) are shown in red and labelled by their ]
name. As expected from the weak dependence of clusterRige

on luminosity, the measured SZ signal is bardfeeted by these

changes. If the standard slope case is adopted instead @fithe

pirical one, the bin averaged SZ signal changes by less than a
A3392, J1253.6-3931, J1958.2-3011, and RXCJ0o64®R44. few percent at all luminosities and the same is found when the
Notice that the luminosity of A689 is likely to be overestiintrinsic Lspo — Msqp relation is adopted. The model predictions
mated by a large factor because of point source contammatere of course morefiected by changes in the assumed scaling
(Maughan 2008 In addition, for A3186 and ACOS1111 therelations. In Fig.9 we contrast thé’lanck -to-model ratio ob-
model prediction rely on the EMSS luminosity measurementigined for the dierent cases. The figure shows that the assump-
given inGioia & Luppino(1994), which might be unreliable.  tion on the slope of th#s00 — Yx relation has a fully negligible

Notice that all these- 50 outliers have luminosities in the impact. On the other hand it shows that the intririsigo — Msoo

range where intrinsic scatter is clearly measured. Thefiggh relation is not compatible with our measurements 5o~ dis-
tion of dynamically perturbegd cool-core clusters with largely crepancy). This finding is not surprising given the fact thaen
undeyover predicted SZ signal is confirmed when additiong@idopting the intrinsid.soo — Msgo relation one assumes that se-
outliers at smallerr are searched. These findings suggest thigction dfects of our X-ray sample are negligible. Notice that

the observed scatter in tH22 Ysoo — Lsoo relation is linked to the WMARSyr data used in the similar analysis bielin et al.
the cluster dynamical state. (2010 did not have sfiicient depth to come to this conclusion.

Furthermore, the agreement of our results forrRExCcEss and
intrinsic Lsgp — Msgg relations at high luminosity confirms that

Malmquist bias is small for very luminous objects.
6. Robustness of the results

As in the other fourPlanck SZ papers Rlanck Collaboration

2011de,g,h), we test the robustness of our results for thiea of  6.3. Intrinsic dispersion in the Lsoo — Msoo relation

several instrumental, modelling, and astrophysical uaagies.

Tests common to aPlanckSZ papers are discussed in detail ihe intrinsic dispersion in thiespo— Msoo relation dominates the

Sec. 6 ofPlanck Collaboratio2011d. Of these, calibration and uncertainty on the clusters’ sif&gin our analysis. We investi-

color correction #ects are relevant for our analysis. Calibratiogate how this propagates into the uncertainties on the His#e

uncertainties are shown to propagate into very small uaitert signal by means of a Monte Carlo (MC) analysis of 100 realisa-

ties on SZ signal measurements2%) and color correction is tions. We use the dispersion given in TaBland, for each reali-

found to be a~ 3% dfect forPlanckbands. sation, we draw a random mass Mggo for each cluster from a
In the following we report on robustness tests aimed at coi@aussian distribution with mean given by thgo — Msqo rela-

pleting this investigation. We show that our results areusbb tion and standard deviatian.g -1ogm /@M. FOr each realisation,

with respect to the instrumental uncertainties, that threyia= we extract the signal with the new values Moo (thus Rsog).

sensitive to the finest details of our cluster modelling, #rat  The standard deviation of the SZ signal for the 100 MC realisa

they are unfiected by radio source contamination. We show th&ibns in a given luminosity bin is found to be at mes8% of the

restricting the analysis to the reference homogeneoussytie signal. Hence, given the size of the total errors on the lur8ié

of NORASREFLEX clusters leads to measurements fully consignal (see Fig3) our conclusions are fully uriiected by this

patible with what we obtain for the whole sample. effect.
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6.4. Pressure profile

Planck/Mod

Furthermore, we investigate how the uncertainties on the as , , [ ]

sumed pressure profile propagates into the uncertainti¢iseon Tt { 1

binned SZ signal. For simplicity, we only quantify the lasge I I ﬂ } I ]

possible &ect by redoing the analysis but adopting the pressure 1.0 } H """" } """"" i } """""" ]

profile parameters for the cool-core and morphologicall di : ! z 1

turbed sub-samples given in Talllg.e. we assume that all clus- o8k [ I I ]

ters in the sample are cool-core or morphologically distdrb Tt 4 1

Both of the two resulting sets of binned SZ signal deviatenfro I I ]

the one derived assuming the universal pressure profile by ap™ 0.6 ]

proximatively 8% in the lowest luminosity bin and decrease | : intrinsic Lygy—Mseq, empirical Msgo—=Yy + |-

early with increasing logsoo, becoming approximatively 1% in o4l REXCESS Lo M atiera wrone My o |1

the highest luminosity bin. Furthermore the normalizatbgq. I . .

4 changes by less than 3% if the average pressure profiles param 0.1 10 10.0

eters of cool-core and morphologically disturbed clustgven E(2)7"* Lyoofor-zapev [10% erg/s]

in Table3 are adopted instead of the ones for the average profile, T

o aohel pecitonsare fobust, COPSMP i . Rt o binnecPlanckcata pots 1o model for -

our findings are fully undiected by the exact 'shape of the ant model assumptions. Tﬁcduual_model(black diamonds)

template IS shown together Wlth results obtained by varying the ulyder
’ ing Lsgo — Msgg relation fromrREXCESS to intrinsic (green plus

signs), and by varying the slope of the underlyMgpo — Yx re-

6.5. X-ray sample lation from empirical to standard (red triangles). Thickdagive

) ) the statistical errors, while the thin bars are bootstragettain-
Because of the reasons detailed in S&cZ, we also repeated tjgg.

our analysis by considering the NORAZEFLEX control sam-

ple and find results fully consistent with those derived for the

full sample. The results are shown in term&Ptdinck-to-model Jy are shown by the red symbols. However, given the very low
ratio in Fig.10. Notice that in this case the luminosity binning idraction of possibly contaminated clusters, we find thatdvier-
chosen as to be comparable with that in WBIAR-5yr analysis aged signal is fully un@ected when these are excluded from the
of Melin et al.(2010. The comparison betweddMAR5yr and analysis.

Planckresults is discussed in Setbelow.

7. Discussion and conclusions

6.6. Radio contamination .
As part of a series of papers d¢Hanck early results on clus-

In addition we investigated thefect of contamination by radio ters of galaxiesRlanck Collaboration 2011€lf,g,h), we mea-
sources on our results. Most radio sources are expectegtéamhasured the SZ signal in the direction €f1600 objects from the
steep spectrum and hence they should not have significaasfluMICXC (Meta-Catalogue of X-ray detected Clusters of galsxie
at Planckfrequencies. However, some sources will show up iRiffaretti et al. 2010see Sec®.2) in Planckwhole sky data (see
Planck LFI and HFI channels if their radio flux is ficiently Sect.2.1) and studied the relationship between X-ray luminosity
high andor their spectral index is near zero or positive. Extremend SZ signal strength.
examples are the Virgo and Perseus clusters that host irithei ~ For each X-ray cluster in the sample the amplitude of the
terior two of the brightest radio sources in the sky. In thZESSZ signal is fit for by fixing the cluster position and size te th
sample Planck Collaboration 201)dhere are also a few ex- X-ray values and assuming a template derived from the univer
amples of clusters with moderate radio sources in theinitici sal pressure profile dkrnaud et al(2010. The universal pres-
(1 Jy or less in NVSS) and still significant signal at LFI (andure profile was derived from high quality data freseXCESS.
even HFI) frequencies. To check for possible contaminatien RecentlySun et al(2010 found that the universal pressure pro-
combine data from SUMSS (a catalog of radio sources at 0.8% also yields an excellent description of systems withdow
GHz, Bock et al.(1999) and NVSS (a catalog of radio sourcesuminosities than those probed witkexCEss. This implies
at 1.4 GHz,Condon et al(1998). We have looked at the posi-that the adopted SZ template is suitable for the entire losiip
tions of the clusters in our sample and searched for radi@esu range explored in our work.
in a radius of 5 arcmin from the cluster center. We find that 74 The intrinsic SZ signaIDi Ys00 is averaged in X-ray lumi-
clusters have a radio source within this search radius in 8lV®osity bins to maximise the statistical significance. Thymal
or SUMSS with a flux above 1 Jy. Among these, 8 have fluxé&sdetected at high significance over the X-ray luminositygex
larger than 10 Jy, 2 sources larger than 100 Jy and one a extrdi®f3erg/s < LsooE(2)~7/2 < 10%%erg/s (see Fig2).
radio source with a flux larger than 1 KJy. We find excellent agreement between observations and pre-
As a robustness test, we investigate the impact of contamiiléctions based on X-ray data, as shown in FigOur results
tion by radio sources on our results by excluding clustestsing do not agree with the claim, based on a red&MAR-7yr data
radio sources with fluxes larger than 1 or 5 Jy and compariagalysis, that X-ray data over-predict the SZ sign&@rhatsu
the results to those obtained for the full sample. Intemggti et al. 2010. Due to the large size and homogeneous nature of
we find that, as expected, the individual SZ signal is on avehe MCXC, and the exceptional internal consistency of ous-<l
age lower than the X-ray based predictions in clusters treat @aer model, we believe that our results are very robust. Megeo
likely to be highly contaminated. This is shown in F&where as reported in Sec8, we show that our findings are insensitive
clusters associated with radio sources with fluxes largem 8 to the details of our cluster modelling. Furthermore, weehav
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Fig.10. Data-to-model ratio forPlanck results for the full = 10_5' E// . . . ]
sample (black diamonds) and the NORRE&FLEX control g 10 10.0
K .

sample (green plus signs). TH&MARSyr results for the
NORASREFLEX by Melin et al. (2010 are shown by the red
triangles. Error bars are as in F@§.

0.1 .
E(Z)_7/5 L500,[0.1-2.4]cev [10* erg/s]

Fig. 11. Bottom panelComparison between our results (red di-
amonds, as in left-hand panel Fig) and those obtained by

shown that our results are robust against instrumentabteal Planck Collaboratio2011) (green triangles), where MaxBCG
tion, color correction, beam) and astrophysical (radiotaon- ~ clusters are investigated. X-ray luminosities and assediar-
nation) uncertainties. ror bars for the MaxBCG clusters are based on the analysis of
Our results confirm to a higher significance the results of RYKOIT et al.(2008. Vertical error bars are as in Fig.and the
the analysis byMelin et al. (2010 based oWMARS5yr data. X-ray prediction (i.e., Eg6) is shown by the dashed blue line.
This is show in Fig10where the data-to-model ratio as a funcIOP PanelX-ray luminosity histograms of the MCXC (red) and
tion of luminosity is presented. Luminosity bins are choasto MaxBCG (green) samples. For the MCXC the width of the bars
as to be comparable with that bfelin et al.(2010 andPlanck is equal to the luminosity bin width, while for the MaxBCG we
results are presented for the whole sample used in this watk £dopt the horizontal error bar shown in the bottom panel.
the NORAJREFLEX sample adopted iMelin et al. (2010.
In addition to the good agreement between results from tbe t

data sets, the figure shows that in WeMAR5yr study byMelin \f¥1ese results with the X-ray luminosity of the MaxBCG clus-

et al. (2010 statistical uncertainties are dominant. As shown ifers measured birykoff et al. (2008 by stacking RASS data,

i i 2
Sect.4.2, Planckdata allows us to overcome this limitation and" IPtI;inc]!( Ct?]"alk\)/loragggmrlnh IW eTorI]eirl\:e thI??A \E’O?N; It‘5°° "
to investigate the intrinsic scatter in the scaling relatietween relation for the viax sampié. 1Nis resuft 1S sho ogethe

intrinsi i 2 . . with the one derived in the present paper in Rif.. The X-ray
g]g;ns\}l\,cesfijgnfaﬁ;:(}%?r?ndsi rsi};!(?er?lir:]ofrl]téfo\?sie_e ‘E;zt' luminosity histograms shown in the top panel of the figurdahig
9. A

. g ! light the complementarity of the two analyses. The bottomgba
relation and show that it is linked to cluster dynamicalestat ¢ 6 figure shows agreement between the results from the two

The agreement between_ luminosity b_inned X-ray predictio ta sets and, very importantly, that observations andgireqals
and Planck measurements is reflected in the excellent accofd aq on X-ray data agree over a very wide range in X-ray lumi-
between predicted scaling relation and best fitting power I"’hosity

5 . . ;
_modei to thiDA Y5°8|._.|d‘5°0| rdel?tlon._Tthe_power law gt' Wh'ih We investigate the evolution of the scaling relation and find
is performed on individual data points, is comparedrignc it to be consistent with standard evolution. Although refish

Collaboration(20119 to thecalib_ration derived fr_om_a sample binned measurements and predictions agree quite well over a
of galaxy clusters detected at high signal to noise inRl@ack ;e e dshift range (see Fig), our constrains are weak be-
SL.’?}’?}Y (I:[]he Efz )s(amplg, Sé?’ar;‘;(koliﬂ()l'l\?borat'%n %Ql:)chndd cause the inferred best fitting model is almost completety- co
with high quality X-ray data fro VI-Newton As discussed i qinad by only the low redshift measurements. Given thee re

in Planck Collaboratiorf2011 the slight diferences between .o of S7_selected samples for cosmological studiestend t
the two best fitting relations reflect thefidirence between the | ¢ complementary X-ray observations for such studies (
selection of the adopted samples. Indeed, the X-ray sanspl Up 31 Collaboration 2011and discussion therein), improved

in the present work is X-ray selected and therefore biased [, 4o standing of the evolution of Sz-X-ray scaling relasias
wards the cool core systems, while the sample usédlanck clearly desired. High quality data similar to those useHlanck

CoIfboratio_r(ZOél_g g SZ selicteld. L h Collaboration(20119, but for higher redshift clusters will pro-
S m%rrtmned In eﬁﬂ.szzt € urlmt?osny ran?ehw ere”‘Nevide tight constrains on evolution, in particular when ng&Z
are not able to detect the signal because of the small NYfpceqyered clusters (sé&danck Collaboration 2011énd refer-

ber of low mass objects (see Fig), is explored inPlanck : S lity X- ical :
Collaboration(2011H. In the latter analysis we use the optic nr;cl:jgetg.erem) with high quality X-ray and optical data i

catalogue of~ 14,000 MaxBCG clustersKpester et al. 2007

Qnd’ i_n a fully Similar way as done in this work, extract .th_e OMncknowledgementsThis research has made use of the X-Rays Clusters
tical richness binned SZ signal froflanckdata. By combining Database (BAX) which is operated by the Laboratoire d'Asiysique de
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