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ABSTRACT

We examine the relation between the galaxy cluster éssd Sunyaev-Zeldovich (SZ)fect signalD? Ysqo for a sample of 19 objects for
which weak lensing (WL) mass measurements obtained fromar@ulelescope data are available in the literature. HydtiosK-ray masses are
derived fromXMM-Newton archive data, and the SZfect signal is measured froRlanck all-sky survey data. We find aw,—D3 Ysoo relation
that is consistent in slope and normalisation with prevideterminations using weak lensing masses; however, teeendrmalisation fiset
with respect to previous measures based on hydrostatigy Xiess-proxy relations. We verify that our SEext measurements are in excellent
agreement with previous determinations fréhanck data. For the present sample, the hydrostatic X-ray mas$esgoaare on average 20 per
cent larger than the corresponding weak lensing masseshvigicontrary to expectations. We show that the mass diaoogpis driven by a
difference in mass concentration as measured by the two methdd®athe present sample, that the mass discrepancy &edetice in mass
concentration are especially large for disturbed systdiine.mass discrepancy is also linked to tifiiset in centres used by the X-ray and weak
lensing analyses, which again is most important in disaidystems. We outline several approaches that are needetptadhieve convergence
in cluster mass measurement with X-ray and weak lensing editsens.

Key words. cosmology: observations — galaxies: clusters: generallaxigs: clusters: intracluster medium — cosmic backgroradiation —
X-rays: galaxies: clusters

1. Introduction et al. 1999 Komatsu et al. 199%Korngut et al. 201} and cat-

) . . alogues of tens to hundreds of SZ-detected clusters to be com
Although the Sunyaev-Zeldovich (SZjfect was discovered in pijeq (e.g.Vanderlinde et al. 20Marriage et al. 201;Planck
1972, it has taken almost until the present day for its p@EBItt | |aporation VI 2011 Reichardt et al. 20792
be fully realised. Our observational and theoretical userd-
ing of galaxy clusters has improved immeasurably in the last The Sz signal is of singular interest because it is ficed
40 years, of course. But recent advances in detection sensipy cosmological dimming and because the total SZ flux or in-
ity, together with the advent of large-area survey capgblieve tegrated Compton parametdt;, is expected to correlate par-
revolutionised the SZ field, allowing vast improvementsen-s ticularly tightly with mass (e.g.Barbosa et al. 19961a Silva
sitivity and dynamic range to be obtained (elfgointecouteau gt 7). 2004 Motl et al. 2005 Nagai 2006 Wik et al. 2008
Aghanim et al. 200p SZ-detected cluster samples are thus ex-
* Corresponding author: G.W. Prafybriel .pratt@cea. fr pected to range to high redshift and be as near as possible to
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mass-selected, making them potentially very powerful amsm19 clusters of galaxies. We find that for this particular skmp
logical probes. Notwithstanding, a well-calibrated riglaship the weak lensing masés; relation at large radii has a slightly
between the total mass and the observed SZ signal is needeldigher normalisation than that expected from studies based
leverage the statistical potential of these new clustepszsn hydrostatic X-ray mass estimates. We show that this is dtheto
In fact the relationship between mass afad is still poorly hydrostatic X-ray masses being, on averdgeger than the cor-
determined, owing in large part to theflitulty of making suf- responding weak lensing masses, in contradiction with ¥e e
ficiently precise measurements of either quantity. Moredhe pectations from numerical simulations. We show that théopro
majority of mass measurements used to date (Bagison et al. lem is particularly acute for merging systems and appeale to
2004 Bonamente et al. 2008\ndersson et al. 2011Planck due, at least in part, to a systematidfelience in the concen-
Collaboration X1 201) have relied on X-ray observations thatration as measured by the two methods. In addition, féseb
assume hydrostatic equilibrium, which many theoreticadists between the centres used for the X-ray and weak lensing mass
tell us is likely to result in a mass that is systematicallgeres- determinations appears to introduce a secondary systesfati
timated by about 1015 percent due to neglect of bulk motiofect.
in the intracluster medium (ICM; e.glagai et al. 2007Piffaretti We adopt aACDM cosmology withHo = 70 km s* Mpc™,
& Valdarnini 200§ Meneghetti et al. 2000 This efect is now Qy = 0.3 andQ, = 0.7. The factorE(2) = VQu(1+ 2)3 + Qa
commonly referred to in the literature as the “hydrostat&ss is the ratio of the Hubble constant at redshitt its present day
bias”. value. The variable®l, andR, are the total mass and radius cor-
In this context, weak lensing observatiorfeo an alterna- responding to a total density contrasp.(z), wherep(2) is the
tive way of measuring the total mass. As the weak lensing efvitical density of the Universe at the cluster redshiftighe.g.,
fect is due directly to the gravitational potential, it isngeally Msoo = (47/3)5000c(2) RS, The quantityYx is defined as the
thought to be unbiased. However, it is a technique that is sgmmoduct of Mgs00, the gas mass withiRsge, and Ty, the spec-
sitive to all the mass along the line of sight, so that praogect troscopic temperature measured in thel§3-Q75] Rsoo aper-
effects may play an important role in adding scatter to any otwe. The SZ flux is characterised b, whereY, D3 is the
served relation. In addition, as it only measures the ptegec spherically integrated Compton parameter witRig andD, is
(2D) mass, analytical models are needed to transform irgo tine angular-diameter distance to the cluster. All unceties are
more physically motivated spherical (3D) mass, and thig&yt  given at the 68 percent confidence level.
to add further noise because of cluster triaxiality (eCoprless
& King 2007, Meneghetti et al. 20)0Furthermore, recent the- 5 Sample selection and data sets
oretical work suggests that some bias may in fact be present
in weak lensing observations. The systematic 5-10 peraent The present investigation requires three fundamental skt
derestimate of the true mass in the simulation8etker & Thefirstis a homogeneously analysed weak lensing dataget wi
Kravtsov(2017) is apparently due to the use of a Navarro-Frenlpublished NFW mass model parameters to enable calculation
White (NFW) model that does not describe the data correttlyef the mass at the radius corresponding to any desired gtensit
large radii. Notwithstanding, the most recent observaiioa- contrast. The second is a good quality X-ray observatioa dat
sults from small samples of clusters for which both X-ray angket that allows detection of the X-ray emission to large usdi
weak lensing data are available indicate either that tieegedd (i.e., at least up tdRsop). The third is a good quality SZ data
agreement between X-ray and weak lensing masses 1 et al. set including high signal-to-noise SZ flux measurementsfior
201Q Vikhlinin et al. 2009, or that the X-ray mass is system-systems.
atically lower than the weak lensing mass by up to 20 percent, While there are many weak lensing investigations of individ
with the underestimate being more important at larger (adij., ual objects in the literature, lensing observations of nnatdy
Mahdavi et al. 2008 large clustersamples are comparatively rare. For the present
The only investigations of the ma¥sz relation using comparison, we chose to use published results from LoCusSS,

weak lensing masses published to date have been thosevbich is an all-sky X-ray-selected sample of 100 massivexgal
Marrone et al(2009 2017), using data from the Local Clusterclusters at L < z < 0.3 drawn from the REFLEXKohringer
Substructure Survey (LoCuSSYhe first directly compared 2D et al. 200} and eBCS[beling et al. 200)catalogues, for which
quantites (i.e., cylindrical SZfeect vs projected mass) within agravitational lensing data from ttéubble Space Telescope and
fixed physical radius of 350 kpc, while the second compared thubaru Telescope are being accumulated. At the time of writ-
spherically integrated Compton parameter against degiggje ing, relevant data from only part of the full sample have been
mass. In the latter case, a much larger scatter than expeaged published, as detailed below.
found, which the authors attributed to line of sight projeet ~ Results from a Subaru weak lensing analysis of 30 LoCuSS
effects in weak lensing mass estimates. clusters have been publishedbyabe et al(2010, who provide

In the present paper we make use of the same weak lend¥fgV mass model parameters for 26 systems. A similar lensing
data set from LoCuSS, high quali¥MM-Newton archival X- analysis has been undertaken on a further seven mergiregrsyst
ray data, and SZ observations from flanck? All-Sky Survey Py Okabe & Umetsy(2009). Excluding the two of these merging
to investigate the interplay between theffelient mass mea- clusters that are bimodal and thus not resolved inRfsack

NFW profile mass model is available in the literature. These a

ideal for our study, given the object selection process éiwas
X-ray clusters) and the fact that the lensing analysis pioce

1 http://www.sr.bham.ac.uk/locuss/index.php

2 Planck (http://www.esa.int/Planck) is a project of the |
European Space Agency (ESA) with instruments provided toy<ei- IS the_ same f(_)r all systems. .
entific consortia funded by ESA member states (in particiilarlead High-quality XMM-Newton X-ray data with at least 10ks
countries France and Italy), with contributions from NASASA) and EMOS exposure time are available for 21 of these clustenseSi
telescope reflectors provided by a collaboration betweehdifl a sci- We wished to undertake a fully homogeneous analysis of the X-
entific consortium led and funded by Denmark. ray data, we excluded two systems, A754 and A2142, whose
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Table 1:Basic properties of the sample.

X-ray Weak lensing @set Relaxed Disturbed
Cluster z R.A. Dec. R.A. Dec. (arcmin)

A68 0.255 00:37:068 +09:09:246 00:37:069 +09:09:245 0.05
A209 0.206 01:31:5p -13:36:404 01:31:5%5 -13:36:405 0.01 v
A267 0230 01:52:43 +01:00:337 01:52:419 +01:00: 257 0.15 v
A291 0.196 02:01:43 -02:11:484 02:01:431 -02:11:504 0.03 v

A383 0.188 02:48:03 -03:31:440 02:48:034 -03:31:447 0.01 v
A521 0248 04:54:08 -10:14:159 04:54:08 -10:13:258 0.88 v
A520 0.203 04:54:08 +02:55:164 04:54:140 +02:57:116 2.19 v
A963 0.206 10:17:03 +39:02:534 10:17:036 +39:02:500 0.06

A1835 0.253 14:01:02 +02:52:417 14:01:021 +02:52:428 0.03 v

Al1914 0.171 14:26:Q08 +37:49:276 14:25:567 +37:48:589 1.52
ZwCl1454.8-2233 0.258 14:57:1% +22:20:327 14:57:152 +22:20:336 0.02 v
ZwCl1459.4-4240 0.290 15:01:22 +42:20:474 15:01:231 +42:20:380 0.16 v
A2034 0.113 15:10:1Z +33:30:376 15:10:118 +33:29:123 1.43 v
A2219 0.228 16:40:20 +46:42:384 16:40:197 +46:42:420 0.11
RXJ1720.%2638 0.164 17:20:10 +26:37:301 17:20:100 +26:37:305 0.01 v

A2261 0.224 17:22:20 +32:07:565 17:22:272 +32:07:571 0.03
RXJ2129.6-0005 0235 21:29:40 +00:05:190 21:29:400 +00:05:218 0.05 v

A2390 0.231 21:53:36 +17:41:418 21:53:368 +17:41:433 0.03 v

A2631 0.278 23:37:3% +00:16:004 23:37:397 +00:16:170 0.59

Notes. X-ray coordinates correspond to the peak of the X-ray emissihe weak lensing coordinates correspond to the posificghe BCG.
Cluster morphological classification is described in Seé&.4

observations consist of a mosaic of several pointings ggmh. 3. Data preparation and analysis

the remaining 19 systems, a full hydrostatic X-ray massyeisl

; ; ; ; ; Tablel lists basic details of the cluster sample, including name
is possible using the approach described below in Sezi2 ple, g '
P g PP redshift, and the coordinates of the X-ray and weak lensamg ¢

tres.

3.1. Weak lensing

SZ observations of the full sample are available fidlanck,  As mentioned above, spherical weak lensing masses forthe sa
(Tauber_ et al. 201;O.Pla_1nck Collaboration | ZOJ)lthe third- ple are given byOkabe & Umetsu(2009 and Okabe et al.
generation space mission to measure the anisotropy of 8% q01(). These were derived from fitting a projected NFW model
mic microwave background (CMBJlanck observes the sky in 5 5 tangential distortion profile centred on the positiorthef
nine frequency bands covering 30-857 GHz with high sersitiyyjghtest cluster galaxy (BCG). In all cases we converted th
ity and angular resolution from 310 5. The Low Frequency pest-fitting NFW profile model to our chosen cosmology and
Instrument (LFI;Mandolesi et al. 2050Bersanelli et al. 2010  gptainedM, by interpolating to the density contrast of intefest
Mennella et al. 201)icovers the 30, 44, and 70 GHz bands withq the 16 clusters ifkabe et al(2010), we used the published
amplifiers cooled to 20 K. The High Frequency Instrument (HF{actional uncertainties at = 500 and 2500. Uncertainties at
Lamarre et al. 2050Planck HFI Core Team 201).eovers the A — 1000 were obtained from Okabe et al. (2012, priv. commu-
100, 143, 217, 353, 545, and 857 GHz bands with bolometgfigation). For the three clusters published®yabe & Umetsu
cooled to 0.1 K. Polarisation is measured in all but the tvghhi (2008 A520, A1914, and A2034), onlily; andcy, are avail-
est frequency bands.¢afy et al. 201pRosset et al. 2000 apje. Here we estimated the uncertainties at each densitsaso
A combination of radiative cooling and three mechanlcallcooOy multiplying the fractional uncertainty d¥y; given inOkabe
ers produces the temperatures needed for the detectorpandz)\ets1/(2008) by the median fractional uncertainty, relative

tics (Planck Collaborat!on I 201)1 Two data processing centres M.ir, of all other clusters itDkabe et al(2010) at this density
(DPCs) check and calibrate the data and make maps of the gkWtrast.

(Planck HFI Core Team 201iHFacchei et al. 2011 Planck’s

sensitivity, angular resolution, and frequency coveragkenit a

powerful instrument for Galactic and extragalactic adiygics 3.2. X-ray

as well as cosmology. Early astrophysics results, basedtan (\iria .
taken between 13 August 2009 and 7 June 2010, are gi g1 Data analysis

in Planck Collaboration VIII-XXVI 2011. Intermediate astr The preliminary X-ray data analysis follows that descritied
physics results are now being presented in a series of papersit et al(2007), Pratt et al(2010), andPlanck Collaboration
based on data taken between 13 August 2009 and 27 Novembe{2011). In brief, surface brightness profiles centred on the
2010. All of the 19 systems considered in this paper have been

observed byPlanck as part of this survey, and indeed their char-3 For A963, only one-band imaging data are available, whicly ma
acteristics are such that they are almost all strongly dedec lead to an underestimate of the weak lensing mass (Okabe 26,
having a median signal-to-noise ratio-of7. priv. communication).
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X-ray emission peak were extracted in the 0.3—2keV band aB@.3. X-ray pressure profile
used to derive the regularised gas density profiles,), using

the non-parametric deprojection and PSF-correction naetfio
Croston et al(2006. The projected temperature was measur(!f‘d’
in annuli as described iRratt et al.(2010. The 3D temper- It
ature profiles,T(r), were calculated by convolving a suitabl
parametric model with a response matrix that takes intowtco

Using the radial density and temperature information, ve® al
Iculated the X-ray pressure profitér) = ne(r) KT (r). We then
ed the pressure profile of each cluster with the genemlis
dNavarro, Frank & White (GNFW) model introduced biagai
et al.(2007), viz.,

projection and PSFfkects, projecting this model accounting Po
for the bias introduced by fitting isothermal models to multiP(x) = Ty (2)
temperature plasma emissiokl{zzotta et al. 20Q4Vikhlinin (Csoap X)7 [ 1+ (Cs0ap X)?|

2006, and fitting to the projected annular profile. Note that in

addition to point sources, obvious X-ray sub-structuresrge Here the parametersy(3,y) are the intermediate, outer, and
sponding to, e.g., prominent secondary maxima in the X-uay scentral slopes, respectivelgsogp is a concentration parameter,
face brightness) were excised before calculating the geastl rs = Rsoo/Csoqp, andx = r/Rsgo. In the fitting, the outer slope
temperature profiles discussed above. was fixed atg = 5.49, a choice that is motivated by simula-
tions since it is essentially unconstrained by the X-rayadate
Arnaud et al. 2010for discussion). The best-fitting X-ray pres-
sure profile parameters are listed in TaBlé, and the observed

The X-ray mass was calculated for each cluster as describedfofiles and best-fitting models are plotted in FigL.
Démocles et al(2010. Using the gas density(r) and temper-
atureT(r) profiles, and assuming hydrostatic equilibrium, th
total mass is given by:

We divided the 19 clusters into three morphological sulss#a
_kT(r) r|dinne(r)  dinT(r) (1) based on the scaled central dengity) 2 n:;, Whi%h is a good
Gumy | dinr dinr proxy for the overall dynamical state (see, efgatt et al. 2010
To suppress noise due to structure in the regularised gastylenArnaud et al. 201)) The scaled central density was obtained
profiles, we fitted them with the parametric model describged firom a g-model fit to the innerR < 0.05Rspo region. The
Vikhlinin et al. (2006 and used the radial derivatidén n./dInr  seven clusters with the highest scaled central densitgsalere
given by this parametric function fit. The correspondingemc classed as relaxégthe six with the lowest values were classed
tainties were given by ffierentiation of the regularised densityas disturbed; the six with intermediate values were classed
profile at each point corresponding to thféeetive radius of the intermediate (i.e., neither relaxed nor disturbed). Safplica-
deconvolved temperature profile. tion of theREXCESS morphological classification criteria based

Uncertainties on each X-ray mass point were calculated us: scaled central density and centroid shift param@te(Pratt

ing a Monte Carlo approach based on thatoftt & Arnaud et al. 2009 results in a similar classification scheme.
(2003, where a random temperature was generated at each ra-images of the cluster sample ordered B{z)2ne, are
dius at which the temperature profile is measured, and a cubiown AppendidB. Henceforth, in all figures dealing with mor-
spline used to compute the derivative. We only kept randam piphological classification, relaxed systems are plottedlire,b
files that were physical, meaning that the mass profile must imrelaxed in red and intermediate in black. Scaled X-ray pro
crease monotonically with radius and the randomised teapefiles resulting from the analysis described below, colooted
ture profiles must be convectively stable, assuming thedarah by morphological sub-class, are shown in Figl
Schwarzschild criterion in the abscence of strong heat wond
tivity, i.e., dInT/dInne < 2/3. The number of rejected profiles
varied on a cluster-by-cluster basis, with morphologicdik- 3.3. 52

turbed clusters generally requiring more discards. Théfite@s The Sz signal was extracted from the six High Frequency
profiles were built from a minimum of 100 and a maximum Ofnstrument (HFI) temperature channel maps corresponding t
1000 Monte Carlo realisations. The mass at each density c@e nominalPlanck survey (i.e., slightly more than 2.5 full sky
trast relative to the critical density of the Univers#,, was cal- surveys). We used full resolution maps of HEALPi{rski
culated via interpolation in the Idd —logA plane. The uncer- et 4. 2009° Ngge = 2048 and assumed that the beams were
tainty on the resulting mass value was then calculated ff@m tgescribed by circular Gaussians. We adopted beam FWHM val-
region containing 68 percent of the realisations on eaah sid  yes of 9.88, 7.18, 4.87, 4.65, 4.72, and 4.39 arcmin for oblann
For two clusters, the hydrostatic X-ray mass determinatiofrequencies 100, 143, 217, 353, 545, and 857 GHz, resphctive
should be treated with some caution. The first is AS21, whighyx extraction was undertaken using the full relativigtieat-
is a well-known merging system. Here the gas density profile @ent of the SZ spectrunit¢h et al. 199%, assuming the global
large radius declines precipitously, yieldingm ne/dInr value - temperaturely given in Table2. Bandpass uncertainties were
that results in an integrated mass profile that is pracieafiure - taken into account in the flux measurement. Uncertaintiesalu
power law at large cluster-centric distances. Although we epeam corrections and map calibrations are expected to He sma
cised the obvious substructure to the north-west beforeXthe a5 discussed extensively iflanck Collaboration VIII(2017),
ray mass analysis, the complex nature of this system preslug|anck Collaboration 1X2011), Planck Collaboration X2011),

a precise X-ray mass analysis. The second cluster for whieh tj51ck Collaboration X(2017), andPlanck Collaboration XII
X-ray mass determination is suspect is A2261, for the mave py201 7).,

saic reason that the X-ray temperature profile is only detkap
t0 Ryetmax ~ 0.6 Rsgo ~ 0.8 Rigoo In the following, we exclude 4 As these systems have the highest scaled central densigyate
these clusters in cases when the hydrostatic X-ray massler urfully equivalent to a cool core sub-sample.

discussion. 5 http://healpix.jpl.nasa.gov

3.2.2. X-ray mass profile

§.2.4. Morphological classification

M(<R) =
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Table 2:Masses, X-ray and SZ properties. X-ray masses are caldutateescribed in Se@.2.2 weak lensing masses were published in the
LoCuSS weak lensing analysis papet&ébe & Umetsu 2008kabe et al. 201))

2500 1000 500

Name M2s00 D/%g Y2500 M1000 D,ZE Y1000 Mso0 D2 Ysoo Mgassoo Tx Yx 500
104M,) (105 Mp) (104M.) (10°Mpcd) (104M.) (10°Mp2) (10°M.) (keV) (M, keV)

X-ray
A6S 4. 3+0.6 3.8+0'8 5.9+0.9 5.5+ 12 6.9* 12 6.5% 14 7.9+0.1 8. 1+0.3 6.4+0'3
A209 16j§{§ 2.3t§f§ 4.3t§f§ 6.6j$}§ 6.3§{§ 10.7t§f§ 10.6j§é 6.7j§{§ 7.1t§f§
A267 19*% 2103 3.0°02 3.6 3602 4511 40700 5501 2201
+ A201 1583 0904 230 1587 2778 1988 3gl 408 15l
 A383 16f§f§ o.5j§f§ 2.2j§}§ o.8j§ff 2.6j8f} o.gjgfé 3.7j§fg 4.2j§§ 1.6j§}§
£ A521 Q7+23 1.0°%1 5.6 8112 39110 14.1+21 6.5700 5601 37701
A520 29j§-§ 3985 6.0jﬁ 8.1j%-5 8.3’:%% 10.6j§% 114j8~? 8.0j8-§ 9.1j8»§
A963 2022 21+83 3.9°07 4.0j°f8 4.9j1f8 5,303 6.7j8}° 546j851 3701
A1835 59j§;g 9.01%3 7.7j§{§ 128j§;§ 8.2j§;2 14.7%% 116j§;§ 8.3j§;i 9.7%
A1914 41+ 5.0 5.5 7.1%% 6.9" :4 8.5 108%y 8.3 8.9%
ZwCl1454.8-2233 18:8% 19788 2.7j8»§1 29187 3.4708 3.7:08 49700 4681 2301
ZwCl1459.4+4240 23j8Zg 1.9t83g 4.1i8?8 3.4j815 5.4@ 4.5i9?? 7.0j819 6.3j835 4.4i8?8
A2034 3370 2983 41708 44704 57708 55705 7000 63782 4.4701
A2219 45:87 7.5j35i 7.2i9fg 14.5j83 103738 212j9f3 17.6j8f5 9.5j8f§ 168707
RXJ1720.%42638 24j§{§ 2.61§§ 4.4j§§ 4.7j§;§; 6.0’:%2 6.513;2 6.9j§;g 5.8j§;§ 4.01%‘3
$A2261 250 4975 317551 71 39 90'¢c 94> 670 637
RXJ2129.6-0005 250 1.9'¢ 3.7j§;3 3L, 43758 3910 730 564 4l
A2390 49j5§;§ 6.2j§;§ 7.8‘:%:‘3‘ 11508 074 157+ 158'3 9.0j8;§ 14.3j8;g
A2631 26412 3092 6.6'12 7.2H1 9.83¢ 9.91% 9.801  7.4+03 7.2+02
Weak lensing
ABS l4+0.6 2.3+0.5 2. 7+0.8 4.4" 10 41" 12 6.0" 13 8.O+O'l 8. 3+0.3 6.6+0'3
A209 21j§}§ 2.7j§§§ 5.1j§{§ 7.3j3§f§ 8.6jif§ 123%{3 10.6‘:3% 6.6’:%% 6.9j§{§
A267 140 1.8 24704 3.2% 3.2 4.3% 4130 562 2370
 A291 0904 0.7:0 238 1507 40718 21718 37788 3981 14701
+ A383 17j813 o.5j3?§ 2.6j8¢3 o.8j81; 3.3j839 1.0j95¢8 3.7j8¢8 4. 1’:8& 1.5j8¢35
+ A521 1182 1282 88 4487 3o 8013 600 e10f 40
A520 11j§f§ 2.1j§§§ 2.5j§{§ 5.8j§ff 4.1j§{§ 9.1j§ 113j§§? 7.9j§}§ 9.0j§}§
A963 10* :2 147 24" :6 3.4 :5 4.275 5.2f0:8 6.7" :o 5.6" :1 3.8 :l
A1835 28j§;§ 6.2t§;§ 6.ot§;g 112j?;§ 9.5%% 14.1j§;§ 116j§;§ 8.4j§é 9.7j§;§
A1914 16708 3.1:03 31t 5.4:0% 4.7k 7.0°0 10.9*00  85+02 9.2+02
ZwCl1454.8-2233 09:84 1502 1708 2607 26718 3502 4908 468 2380
ZwCl1459.4+4240 18j§f§} 2.0j§fg z.gjgfg 3.6j§ff 3.9j§}§ 5.0%3 7.0% 6.4j§}§ 4.5j§f§
A2034 162 2.1 3.4+L 4.1°0% 512 5.4+C 7071 6470 4.5
A2219 37+08 6703 6008 134788 gortt 10608 17602 9685 16007
RXJ1720.%2638 19j§}§ 2.3j§;§ 2.9j§;z 4.0j§}§ 3.7%3 5.5j§;§ 7.0j§;g 5.9j§§ 4.1j§}?
1A2261 35* :4 55" 15 5.97% 8.4" :8 8.0fl: 1047 9.27¢ 6.1" :6 5.6" :8
RXJ2129.6-0005 13j§;§ 1.4j§;§ 2.9j§;§ 2.9j§;§ 4.6%i 4.0%8 7.3j§;§ 5.6j§;§ 4.1j§;?
A2390 31+% 4.9 5.1:0¢ 9.8:07 7.0t 1431 15891  91:02 14405
A2631 24j§f§ 3.1j§f§ 3.7j§}§ 6.3j§f§ 4.8j§f§ 9.0j%}§ 9.8j§fi 7.5j§}§ 7.4j§}§

Notes. Tx is the spectroscopic temperature witRyo.
+A291 and A383 were excluded from scaling relation fits inimdySZ quantities (see Se&.3for details).
$Ab21 and A2261 were excluded from scaling relation fits imired hydrostatic X-ray mass estimates (see Seet2for details).

We extracted the SZ signal using multi-frequency matchedalisation (or SZ flux) is determined by the MMF (e.glanck
filters (MMF, Herranz et al. 20G2Vielin et al. 2009, which op- Collaboration XI 201). Here we adopted the latter mode, us-
timally filter and combine maps to estimate the SZ signal. Asg the position, size, and SZ profile of each cluster deteeahi
input, the MMF requires information on the instrumentalinea from external X-ray antr weak lensing data. In this case the
the SZ frequency spectrum, and a cluster profile; noise auddMF thus returns only the integrated SZ flux and its assodiate
and cross-spectra are estimated directly from the dataaFhestatistical uncertainty.
gorithm can be runin a blind mode, where the position, normal - our baseline SZ measurement involved extraction of the SZ
isation and extent are all determined by the MMF (&3a/1ck  flux from a position centred on the X-ray emission peak using
Collaboration VIII 201), or in a targeted mode, where the posithe observed X-ray pressure profile of each cluster destribe
tion and size are estimated using external data, and onlydhe apove in Sect3.2.3as a spatial template. Apertures were de-
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Fig. 1: Relations betweelYs; and total mass for apertures determined from weak lensirgs mpeofiles corresponding to density contrasts of
A = 2500 (eft), 1000 ¢niddle), and 500 (ight). In all panels the dark grey region represents the bestgfitelation obtained with slope and
normalisation as free parameters, and the light grey reggmotes the best-fitting relation obtained with the slopedfito the self-similar value
of 5/3. Previous results froritlarrone et al(2011), Bonamente et a(2009, and the analysis of 62 nearby systems-bdgnck Collaboration XI
(2011) are shown for comparison. The masses in the latter twoestwdére derived from X-ray analyses. The original cylinalficintegrated SZ
signal measurement iBonamente et ahas been converted to a spherically integrated measurerssmning anArnaud et al. 201)profile.

Table 3: best-flttlng parameters for the weak Iensing mﬁ)%s¥500 rays, exhibits an fiset exceeding 4 arcmin,(O.B R500) between

scaling relations. the SZ and X-ray positions. This cluster is detected at aerath

low signal-to-noise ratio, and we also note théirrone et al.

A Mo A B o, ovim (2011, in their Sunyaev-Zeldovich Array (SZA) observations,
(Mo) (%) (%) found that this system has an unusually low SZ flux for its ap-

parent mass. In additioitrin et al. (2012 find that A383 is

a cluster-cluster lens system, where the nearby 0.19 clus-

ter is lensing a more distamt= 0.9 object that lies about’ 40

the north-east from the centre of the main systéitiin et al.

2500 2x 10" -453+0.04 148+021 36+7 20+4
1000 3x 10" -438+003 151+022 33+6 18+3
500 5x10“ -4.15+0.04 165+0.38 33+8 17+4

2500 2x 1012 —4.53+0.03 33 38+4 1942 also mention the presence of at least two other well-defiped o
1000 3x 1811 , 438:002 93 35£2 18+2  ticql structures within 150f A383. In view of the complexity of
500  5x1 —413+004 ¥3 38+3 20+2 these systems, we exclude them from any analysis that fsllow

, involving discussion of the SZ signal.
Notes. Relations are expressed&&)” [D2 Ysod = 10* [E(2)* M/Mg]®,
withy = -2/3,k = 1.
o, is the orthogonal dispersion about the best-fitting refatio 4. Results
oy is the dispersion ifY at givenM for the best-fitting relation.
4.1. Fitting procedure

, , . , We obtained the parameters governing scaling relationsdsat
termined independently either from the weak lensing or the Xarious quantities by fitting each set of observablej with a
ray mass analysis. The extraction was achieved by excising&ver law of the form
10 x 10° patch with pixel size 172, centred on the X-ray (or
weak lensing) position, from the six HFI maps, and estinwatire(2)” Y = 10°[E(2)* (X/Xo)] 5, (3)
the SZ flux using the MMF. The profiles were truncated Bs%
to ensure integration of the total SZ signal. The flux andeorrwhereE(2) is the Hubble constant normalised to its present-day
sponding error were then scaled to smaller apertiRgs,(Riooe,  V2IUE andy andx were fixed to their expected self-similar scal-
Ras00) using the profile assumed for extraction. ings with redshift. The fits were undertaken using lineareeg

We undertook two further tests of the SZ flux extractiofion in the log-log plane, taking the uncertainties in badhi-v
process. First, we measured the SZ flux using the “univeddles into account, and the scatter was computed as debcribe
sal” pressure profile as a spatial template. Here we find tHat~ratt et al.(2009 and Planck Collaboration X(2011). The
the error-weighted mean ratio between these measuremehtsting procedure used the BCES orthogonal regression rdetho
those using the X-ray pressure profile as a spatial tempgatel/4kr1tas & Bershady 199§ In addition to fitting with the slope
Yonew/ Yany = 1.02 + 0.05, with no trend with morphological and normal_lsatlon free, we also mvestlgate_d fche scalilagions
sub-class. Second, we measured the SZ flux with the posit@pfained with the slope fixed to the self-similar values. vk
left free. In this case the mean error-weighted ratio betvtee ~ Certainties on fitted parameters were estimated using tapts
flux measurements M4ee/ Yix = 1.04+0.05, again with no trend resampling.
with morphological sub-class.

‘The SZ flux measurements for two systems are suspect. ONg sz — weak lensing mass scaling relation
object, A291, appears to be strongly contaminated by a radio
source. The other, A383, while not obviously contaminatgd Hrigurel shows the relation between the weak lensing nh&s
a radio source and appearing to be a very relaxed system inaxd the SZ flumi Y500 measured using our baseline method.
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Fig. 2: Comparison of present SZ flux measurements to our previsustseQuantities are measured within fRg, derived from weak lensing.
Left panel: Relation betweellDi Ys00 andCxsz Yx s00 = MgsooTx, WhereTy is the spectroscopic temperature in thel f0- 0.75] Rsoo region. The
grey shaded region is the best-fitting power-law relatioioled with slope fixed to 1; the red line shows the resultsifour previous analysis
of 62 local systemsH|anck Collaboration X| 20])1Right panel: Correlation betwee®3 Ysq and Mggo derived from the relation ofirnaud et al.
(2010, compared to the results fromianck Collaboration X(2011). The shaded region illustrates the best-fitting BCES gohal regression

and associatedllo- uncertainties.

All quantities have been integrated in spheres correspgrdi A fit of their data excluding A383 yields a slope af7f7 + 0.16,

A = 250Q 100Q and 500, as determined from the weak lensing good agreement with our value (Marrone 2012, priv. commu-
mass profiles. The best-fitting power-law relations are pleér nication).

ted, both for regression with the slope fixed to the self-simi

value of 53 (light grey region), and for regression with the slope

and normalisation free (dark grey region). Numerical valioz
the best-fitting relations, including the dispersion abihgm,
are given in Tabl&.

For fits where the slope and normalisation were left as fr
parameters, the slope of tM¥-—D3 Ysqo relation is compatible
with the self-similar value of B at all values of the density con-
trastA. The orthogonal scatter about the best-fitting relation
o, ~ 30-35 percent, and the scatteiDf Ysoo for a givenM -
isoym ~ 20 percent, with no significant trend with density con
trast.

Similar fits to theD3 Ysoo—M ' relation for diferent SZ ex-

tractions, e.g., with the “universal” pressure profile, attwthe Perhaps the most interesting outcome from the present anal-
SZ position left as a free parameter, did not yield resugsii-  ysis concerns the normalisation of tB& Ysoo-MY5 relation.
cantly diferent from those described above. As shown in the right-hand panel of Fig, there is a normal-
isation dfset when the slope is fixed to the self-similar value
. . of 5/3, which is significant at Bo with respect to our previ-
5. Discussion ous investigation of 62 localz(< 0.5) systems using masses
estimated from théMsoo—Yx s00 relation lanck Collaboration
X1 2011). Interestingly, a similar fiset was found by/arrone
For the D2 Ysoo-MY'" relation, our results are in good agreeet al. (2011) when comparing their scaling relations to those of
ment with earlier determinations at all values\gfalbeit within  Andersson et al(2011). This normalisation fiset could be due
the relatively large uncertainties of both our analysis #rabe either to a larger than expected SZ flux, or toffadence in mass
of previous investigations. A comparison to the most recent measurements between studies (or indeed, kftebte may con-
sults ofMarrone et al(2011), who also use weak lensing massesibute). Notably, bottlanck Collaboration Xand Andersson
shows that, while the normalisations are in agreement|dipes et al. used cluster masses estimated from Migo—Yx 500 rela-
are slightly (although not significantly) shallower. Thisdgasily tion calibrated using X-ray observations. In the followjnge
explained by our exclusion of A383 from the regression analfirst verify the consistency between the present resultscamd
sis (see SecB.3for details); this object was not excluded in th@revious work, finding excellent agreement. We then exammine
Marrone et alregression fits (see discussion in their Sect. 4.3nore detail the reasons behind the observed normaliséftiest o

The scatter we observe{ ~ 20 percent) is also in excel-
lent agreement with that seen biarrone et al(2011). Although
numerical simulations predict that there is intrinsicailyly of
%éder ten percent scatter between the mass and the inteégrate

ompton parameter (e.gla Silva et al. 200y} observational
measurement uncertainties and complications due to,meass
flong the line of sight or cluster triaxiality introduce arther
source of scatter. Simulations that take an observatiopal a
proach to measurement uncertaintiéscker & Kravisov 201)L
predict a dispersion of order 20 percent, as observed.

5.1. Comparison to previous results
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Fig. 3: Left panel: Relation between the mass derived from the hydrostaticyXaralysis (Sect3.2.2 compared to the mass derived from the
Msoo—Yx 500 Proxy relation ofArnaud et al(2010. The shaded region shows the best-fitting BCES orthogatial fihe data and associatedo
uncertainties, and the dashed line denotes equBlight panel: Relation between the mass derived from the hydrostaticyXarealysis and the
weak lensing mass @bkabe & Umetsi (2009 andOkabe et al(2010). The shaded region is the best-fitting regression betweetwio quantities
with the slope fixed at 1. The dashed line denotes equality.

5.1.1. SZ measurements ing correlation betweeﬁ)i Y500-M;(go to our previous measure-
. . . ments. The right-hand panel of Fig.shows this comparison,
ggreﬂ we wish to ver|f%/ the dcot?]sstency bett‘;‘l’.Gin dtgle prES‘Wﬁere the grey shaded area is the best-fitting power-law rela
ux measurements an 0S€ We publiSheArianck ian hetween the two quantities obtained using orthogo@& 8

Collaboration Xl(.ZOl])' We compare the measurements in ?egression with the slope and normalisation as free parame-
statistical sense since not all of the present sample afipéze 2 Yy . . ; T
s. TheDy Ysoo-Mgy, relation from our previous investigation

62 ESZ clusters published in that paper. We first compare t . ; :
S7 flux measurerr?ent 0 its X-ray anF;IcF)) 500, This quanﬁity anck Collaboration XI 201)lis overplotted. Once again, the
which was first introduced idravtsov et al(2006), is defined as aﬁjgjéé?:rﬁ#}r:tzgﬁms are in very good agreement with our pre-
the product of the gas mass and the temperature. For coriste , ' ) )

Given the excellent agreement with previous results, we thu

with our previous work, we definéx soo = Mgs00Tx, whereTx JIec v 5 WL
is the spectroscopic temperature in thelf- 0.75] Rsoo region.  conclude that the normalisatiorfteet in theDy Ysoo-Mgog rela-

The left-hand panel of Fig2 shows the relation between the SZAION is not due to a systematic overestimation of the SZ fluk wi
flux andYx s00, The latter has been normalised by respect to our previous measurements.

or 1 19 Mpc?
C =— =1.416x 10 —
xSz MeC? (eMp % Mo keV

(4) 5.1.2. Mass measurements

i The normalisation fiset of theD3 Ysoo—Myos relation may also

for e = 1.148, the mean molecular weight of electrons fope que to a systematicfiirence in mass measurements. We first
a plasma of 0.3 times solar abundance. The grey shaded a{gg&q to verify that the hydrostatic X-ray mass estimatesiléet
?pows tl:?te _besdt-ﬂtfféﬂgtﬁowelr-law flfe|a(§l0tneble"iween the MANEU iy sect 3.2 2(MEE) are in agreement with the expectations from
ities obtained with the slope fixed to®.1For comparison, . .
We blot the Cres Y. ~* Yp relation obtained b)F;DIanck the mass proxy relat|0r1\,{ggo). The comparison between these

P SISz TX800T A 500 two quantities is shown in the left-hand panel of Fig.The
Collaboration XI(2011): Dy Ys00/Cxsz Yx 500 = 0.95+ 0.04. As ihaded region enclosed by the BCES orthogonal regression fit

can be seen, the present SZ flux measurements are in excelepfits uncertainties is entirely consistent with equalgyween
agreement with our previous determinatfon. the two quantities.

We recall that inPlanck Collaboration X(2011) the mass This leaves us with only one remaining possibility to explai
was estimated from th&ls00—Yx 500 relation of Arnaud et al. h lisation di i thE2 Yoo M Ftion-
« tor all ob- the normalisation discrepancy in ti Ysoo—Msoo relation: a
(2010. As a second test, we thus calculatiés, for a systematic dference in X-ray and weak lensing masses. The
jects using theArnaud et al.relation and compared the res“"‘right-hand panel of Fig3 shows the comparison between the
i _ HE i WL
6 A fit with the slope left free is shallower, but compatible hvitnity Rydlrostzcift;c )t( ray .m(;iSkgS%O and the weak lensing madéy;.
at the 1-sigma level. clear dfset can indeed be seen. o
7 The ratio is also consistent with that predicted solely from HOwever, contrary to expectations, thfset indicates that

REXCESS X-ray observationsD2 Ysoo/Cxsz Yxs00 = 0.924+ 0.004 on average the hydrostatic X-ray masses larger than the
(Arnaud et al. 2010 weak lensing masses. A power-law fit with the slope fixed to
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Fig. 4: Left panel: This plot shows the ratio of weak lensing mass to hydrost&tiay mass as a function of the ratio of NFW mass profile
concentration parameter from weak lensing and X-ray apaly®ight panel: The ratio of weak lensing mass to hydrostatic X-ray mass is a
function of dfset between X-ray and weak lensing centres. In both pamelsdlid line is the best-fitting orthogonal BCES power-lahation
between the quantities, and théfdrent sub-samples are colour coded.

1, denoted by the grey region in Fig, indicates thaMys; = numerical simulations, all of which conclude that the hysdatic
(0.78 + 0'08)M5HOEO' In other words, for this sample, the weal@ssumption underestimates the true mass owing to its nexflec
lensing masses are 20 percensmaller than the hydrostatic X- pressure support from gas bulk motions (eMggai et al. 2007
ray masses at the6er Signiﬁcance level. Piﬁ‘a_retti & Valo_lar_nini 2008M<_eneghetti etal. 20])Olfthe weak

The mass discrepancy is clearly dependent on morpholol§i?Sing mass is indeed unbiased (or less biased) and thus, on
cal sub-class. For relaxed systems, a power-law fit withithges 2verage, more representative of the true mass, then one woul
fixed to 1 yields a mean ratio dfi’s = (0.94 + 0.10)MHE ~ E€Xpect the weak lensing masses tddrger than the hydrostatic
indicating relatively good agreement between weak lenamgy X-Ty masses. What could be the cause of this unexpecteltiresu
X-ray mass estimates. In contraLst, the mean ratio fHoEr tleerime-
diate and disturbed systemsvk; = (0.72+0.12)M; . So the .
mass discrepancy is gsseng\a(%odri\fen by thﬁed?ien?:%obetween 5.2.1. Concentration
the hydrostatic X-ray and weak lensing masses of the inter
diate and disturbed systems (although there is still astiffet
even for relaxed systems).

Zhang et al(2010 compared hydrostatic X-ray and LoCuSS
Subaru weak lensing data for 12 clusters, finding excellent
agreement between thefidirent mass measuredfls = (1.01+  M(<r) = 4npe(2) 62 [In (1 +r/rs) —

0.07)MEE]. As part of their X-ray-weak lensing studyhang
et al. (2010 analysed the sam¥MM-Newton data for ten of

the clusters presented here. For the clusterslyge have iL‘Eoom”\‘/vherepc(z) is the critical density of the universe at redshjfthe
the ratio of X-ray masses measuredRajo is M /M

Zhang500/ 'V'500 —  quantityrs is the scale radius where the logarithmic slope of the
0.83+ 0.13. This dfset is similar to the ffset we find between density profile reaches2, ands. is a characteristic dimension-
the X-ray and weak lensing masses discussed above, asenpggks density. This model has been shown to be an adequate fit to
sinceZhang et al(2010) found M5 ~ MEF.. However for re-  the mass profiles of many morphologically relaxed systengs, (e
laxed systems (four in total), we find good agreement betwegpatt & Arnaud 2002Pointecouteau et al. 200Gikhlinin et al.
hydrostatic mass estimates, with a ratioM§iZ, - /MET = 2006 Gastaldello et al. 2007We emphasise that for the present
1.00+ 0.09. It is not clear where the fllerence in masses comesnvestigation we use it only as a convenient fitting formuilatt
from, although we note that for some clust&isang et alcen- allows direct comparison with the equivalent weak lensiag p
tred their profiles on the weak lensing centre. This pointiss d rameterisations. The best-fitting NFW mass model parameter

ml% investigate further, we fitted the integrated X-ray mass p
files with an NFW model of the form

r/rs
1+r/rg|’

(5)

cussed in more detail below. are listed in Tabléd.1 and plots of the integrated mass profiles
and the best-fitting models can be found in Figl.
5.2. The mass discrepancy Figure4 shows the ratio of weak lensing to hydrostatic X-ray

mass aRsgg in terms of the ratio of the concentration parame-
Our finding that the hydrostatic X-ray masses are largerthean ter of each NFW mass profile fit. There is a clear trend for the
weak lensing masses contradicts the results from many trecerass ratio to depend on the ratio of the concentration param-
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Fig. 5:Lensing and X-ray mass profiles for A2631tig§ kpc (eft panel) and in terms oRsqo (right panel).

eters. Indeed, a BCES orthogonal power-law fit to the ratatibensing shear profiles on the position of the BCG. In contrast
yields our hydrostatic X-ray analysis centres each profile on thay-
peak after removal of obvious sub-structufegne fact that at

M;"&, _ 10-009:003 CsoqwL ~025:007 (©) Rsoo the mass ratio vs. _concentration ratio seems to be driven by
HE — the intermediate and disturbed systems (seedyiguggests that
Mcoo Cs0qHE . g .
the diferent choice of centre could have a bearing on the results.
This result is extremely robust to the presence of outliethé We test this in the right-hand panel of Figj.which shows
relation and to the radial range used to determine the X-F/N the weak lensing to hydrostatic X-ray mass ratio as a functio
fit. The median ratio of scale radius Ryoqne iS I's/Rsoqne =  Of the dfset between the BCG position and the X-ray peak. A

0.35; excluding the three clusters for whicliRsoqre > 1 yields clear trend is visible, in the sense that the larger tigetRy _w
aslope 0f-0.25+0.11. The result indicates that the weak lensingetween centres in units Boo, the larger the mass discrepancy.
analysis finds NFW mass profiles that are, on average, moke clirfieed, an orthogonal BCES power-law fit yields

centrated than the corresponding hydrostatic X-ray NFWsmas, . ~0.10£0.04

profiles in disturbed systems. As illustrated in Figthis in turn 7500 _ 4 -027:007 [RX—WL]
typically explains the trend for the weak lensing masseseto IS Rso0
lower than the X-ray masses@&oo.

Recent simulations (and some observations) have found t
the X-ray “hydrostatic mass bias” is radially dependeng.(e.
Mahdavi et al. 2008Meneghetti et al. 20LXZhang et al. 2010
Rasia et al. 201)2 presumably due to the ICM becoming pro
gressively less virialised the further one pushes into thster

)

hus at least part of the flierence between X-ray and weak
ensing mass estimates appears to be duefferdnces in cen-
tring between the two approaches. Although the trend ibhesi
in each morphological sub-sample, the most extreme densti
occur in the intermediate and disturbed systems, whichea#h
Ahe largest fisets between X-ray and BCG positions. This is
ell-known characteristic of the observed cluster paputa
.g.,Bildfell et al. 2008 Sanderson et al. 200Blaarsma et al.
2010.

not be solved by appealing to such a radially dependent X-
“hydrostatic mass bias”. If thisfiect is real, then the hydro-
static X-ray mass estimateffectively ignore it, meaning that at .
each radiu>; at which the X-ray mags %rofile is measurged,mlae g We tested theféect of using a dferent centre on th_e X-ray
mass would be underestimated and the underestimation wolig>> for_ two systems. A2631 dlsplays the Iargeﬁed;r_]ce_ln
become worse with radius. The resulting hydrostatic X-ragsn Mass ratio as a function of concentration parameter (ie.the
profile would be over-concentrated relative to the true ulyde right-most point in th_e left-hand panel of Fig) and a qu_er-
ing mass distribution. Correcting for thigfect would reduce ate X-ray-weak lensing centréet~ 0.14Rso0. A520 exhibits

even further the measured X-ray concentration, exaceptite '€ largest dference in mass ratio as a function of X-ray-weak
effect we see here. lensing centre fiset (i.e., it is the right-most point in the right-

hand panel of Figd), with an X-ray—weak lensing centrdfeet
of ~ 0.40Rsg0. For A2631, the choice of centre does not signifi-
5.2.2. Centre offsets cantly change either the X-ray mass profile or the paramefers

the NFW model fitted to it, as can be seen in FigHowever,

In the present work, the X-ray and weak lensing analyses gf€q, the X-ray profiles were centred on the weak lensing eentr
completely independent, extending even to the choice dfeen

for the various profiles under consideration. We recallthieibe 8 This is in fact required, since otherwise the X-ray analysisild
& Umetsu (2009 and Okabe et al(2010 centred their weak give unphysical results.
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we were unable to find any physical solution to the hydrostatiesulting in an overestimate of the meafteetive background
X-ray mass equation (Eq) for A520. galaxy redshift compared to the true value.

We note that the dependence of the mass ratio on centre shift Thirdly, the weak lensing distortion measurementSi@fibe
is qualitatively in agreement with the results of the sintiolss & Umetsu(2009 andOkabe et al(2010) are based on an imple-
by Rasia et al(2012). These authors found that the strongedpentation of the KSB method Kaiser et al. 1995Luppino &
weak lensing mass biases (with respect to the true mass) 6aiser 1997 Hoekstra et al. 1993Tests against simulated lens-
curred in clusters with the largest X-ray centroid shit, This  ing data {ieymans et al. 20G@/assey et al. 20(indicate that
conclusion is supported by the clear correlation betwegmnd this method is generallyfiected by a multiplicative calibration

Rx_w, for which we obtained a Spearman rank fiiméent of bias, underestimating the true lensing signal by up to 15 per
—0.70 and a null hypothesis probability &f0.001. cent, depending on details in the implementation of the oukth

This would result in an underestimate of the cluster masges b
the same amount; however, tests of the particular K88ple-
5.2.3. Other effects mentations oDkabe & Umetsy(2008 andOkabe et al(2010
) ) against realistic simulated weak lensing data would beiredu
Several other féects could systematically influence the wealy measure the calibration factor needed to correct foetfést.

lensing mass measurements @fabe & Umetsu(2009 and Finally, recent simulations predict that at large radii the
Okabe et al(2010), and thus contribute to theffset between mass distribution departs from the NFW model that was used to
X-ray and weak lensing masses that we find here. fit the tangential shear profile ifkabe & Umetsy(2009 and

Firstly, a potential bias could arise from dilution of theame Okabe et al(2010). For exampleDguri & Hamana(2011) re-
sured weak lensing signal produced by any cluster galaxies ccently investigated the use of smoothly truncated NFW pesfil
tained in the galaxy samples used to measure the tangeistial finding them to be a more accurate description of their simu-
tortion profiles. As discussed iDkabe & Umetsy(2009 and lated clusters. They predicted that the use of a standard NFW
Okabe et al.(2010, for all but one cluster considered heramodel would produce an overestimate of the concentratiush, a
(A963), data in two passbands were available, enablingaraep corresponding underestimation of mass, of order five p&foen
tion of cluster and background galaxies based on theirilmtat clusters similar to those studied here. This bias can benmigeid
in a colour-magnitude diagram. The sample of assumed babk-including the €ect of large-scale structure in the shear mea-
ground galaxies consisted of two components: a “red sampkirement uncertainties, thus giving lower statisticaghieto the
with (depending on the available Subaru dafa} i’, V — Ic, weak lensing measurements at large radii (¢igskstra 2003
V - Rg, or g’ — Rc colours significantly greater than the colouDodelson 2004Hoekstra et al. 2019)b
index of the red sequence formed by early-type cluster galax Interestingly, while all thesefiects are individually well
ies; and a “blue sample” with significantly lower colour ixde within the statistical errors of the mass measurement ofha si
than the red sequence. The red sample should have very litfle cluster, they would all have a tendency to bias the medsur
contamination, as all normal galaxies redder than the obder weak lensing masses downwards with respect to their trugval
red sequence would be predicted to lie at higher redshiéls thHence, their cumulativefect (combined with the centréfeets)
the cluster. By contrast, the blue sample will be contanehat could go a long way towards explaining thefdience between
some level by cluster dwarf galaxies undergoing signifistaat X-ray and weak lensing masses.
formation. Interactions with other galaxies and the irtrsier
medium in the central regions of the cluster would tend to d
stroy dwarf galaxies or quench their star formation, praagc

an observed radial distribution of dwarf galaXieS which iscim For the present Samp|e’ the mass discrepancy between hydro_
shallower than that of the bright early-type galaxieéssCy et al. static X-ray and weak lensing mass measurements is such that
2004). Hence, while likely present, a small residual contamingt Ry, the X-ray masses are larger by20 percent. This ap-
tion of cluster galaxies in the “blue” background galaxy s&n pears to be due to a systematidfelience in the mass concen-
would be dificult to identify and remove without adding moreration found by the dferent approaches, which in turn appears
photometric filters to the data set. A dilution bias systecadly o be driven by the clusters that were classified as intermedi
lowering the measured weak lensing masses by a few percggt angor disturbed. Such systems also show a clear tendency
cannot be eXClUded, and there would also be Signiﬁcantm'l‘ustto have smaller weak |ensing to X-ray mass ratios as a fumctio
to-cluster variations in the strength of thigezt. of offset between the X-ray peak and the BCG position. On the
Secondly, the derived cluster masses are sensitive to theaher hand there is a mass normalisatidiset for relaxed sys-
timated redshift distribution of the gravitationally lestsback- tems, but it is not significant, as found by previous studéeg.(
ground galaxies. For the lensing mass measurementsatfe & Vikhlinin et al. 2009 Zhang et al. 201))
Umetsu(2008 andOkabe et al(2010), the background galaxy  The results discussed above bring to light three fundamen-
redshifts were estimated from the photometric redshifilogiue tal, interconnected obstacles to a proper comparison adyX-r
of galaxies in the COSMOS survey fieldbert et al. 200). and weak lensing mass measurements. The first is how to define
Given the depth of the Subaru data, mass measurements of dius “centre” of a cluster and determine what is the “correeti-
ters in this redshift range (D < z < 0.3) are not very sensi- tre to use. For X-ray astronomers, the obvious choice, Oieee c
tive to percent level uncertainties in the photometric héftls sub-structures are excluded, is the X-ray peak or centto@sé
of the background galaxies. However, a potentially sigaific are not necessarily the same). In contrast, since the weak le
bias may arise fromfeectively excluding gravitational lensinging signal is most sensitive on large scales, many weakrignsi
measurements of galaxies that are smaller than the poisadpranalyses use the position of the BCG.
functions (PSFs) of the Subaru images without imposing a sim For relaxed clusters, the BCG position and the X-ray peak
ilar size cut on the COSMOS galaxy catalogue. This would algenerally coincide, so that the question of what centre tmsh
tend to lower the lensing mass estimate by removing the afwes not arise. However, as numerical simulations wilifigst
parently smallest (and thus on average more distant) gaaxior disturbed clusters neither of these choices is necbstae

g.-S’. Summary

11



Planck Collaboration: The relation between galaxy clustass and Sunyaev-Zeldovich signal

“correct” centre, in the sense that often neither coincidéisthe 6. Conclusions

true cluster centre of mass. Indeethekstra et al(20119 show ) ) _

that the recovered weak lensing mass at a given densityastnt® Well-calibrated relation between the direct observabid a
depends on theftset of the BCG from the cluster centroid andhe underlying total mass is essential to leverage thesttati
that the mass can be underestimated by up to ten percenafor ROWer of any cluster survey. In this paper we presented an in-
sonable values of centroidfeet. This means that for unrelaxed/€stigation of the relations between the SZ flux and the mass
systems with isets between the position of the X-ray peak anf@" & small sample of 19 clusters for which weak lensing mass

the BCG position, both approaches will likely give incotres Measurements are availabl_e in the literature and high’tg{ual
sults. X-ray observations are available in ti@&IM-Newton archive.

) This “holistic” approach allowed us to investigate the ide
The second obstacle is connected to the fact that X-rays mgandence of the fierent quantities and to attempt to square the
sure close to 3D quantities, while lensing measures 2D @uargircle regarding the dierent mass estimation methods.

ties, and an analytical model is required to transform betwe Using weak lensing masses from the LoCuSS saniple/oe

the two. The choice of an NFW model is motivated by its simg ;1 4iq, 2008 Okabe et al. 207)) we found that the SZ flux

ple functional form and from the fact that it provides a ristely Cane” correlated with the total mass, with a slope that im€o

good fit to both X-ray and weak lensing data. But we shouidh e with self-similar, and a dispersion about the Hittibg
not_fprget that the original NFW model profile was defined 19 5tion that is in agreément with both previous observatio
equilibrium haloes Qavarro et al. 1997 and many Subsequentdeterminationsl\(/larrone et al. 201)land simulations that take

works have shown that the functional form is not a partidylar:o sccount observational measurement uncertaibtyler &

?OdOd 3escription of nolrg-equiliib‘riur}rg‘haloesz(oel.@mg dZé)Og: Kravisov 201). However, aRsq, there was a normalisatiofffe
ndeed, very recent work byecker & Kraviso(2011) an ale -~ set with respect to that expected from previous measurement
et al. (2012 shows that the use of an NFW model profile in Pased on hydrostatic X-ray mass estimates.

weak lensing context can introduce non-negligible biasés i s .
the mass estimation procedure, primarily because of a tiepar We vte_rn‘letd th?ttghe SZ flutx mealsurem_ents an"d hg/dr:r)‘;tanc
of the mass distribution from the NFW form at large clustef!'25S ESUMAIES OF (€ present samplé are in excellent agneem
; s with our previous work lanck Collaboration XI 2011 The
centric radii. . . I,
normalisation ffset is due to a systematicfidirence between
This point is exacerbated by the third obstacle: the fadt tHaydrostatic X-ray and weak lensing masses, such that fer thi
X-rays and weak lensing observations have fundamentaHy dparticular sample the weak lensing masses are 82percent
ferent sensitivities to the mass distribution in a clusterays smaller than the hydrostatic X-ray mass estimates. THheedi
probe the central regions, and with present instrumentsat,| ence is essentially driven by the intermediate and mormholo
it is difficult to make very precise measurements of the logally disturbed systems, for relaxed objects, the weakilen
rithmic temperature gradient at and beydRgho. In contrast, mass measurements are in good agreement with the hydcostati
this is just the radial range at which weak lensing startseto bX-ray estimates.

come most sensitive. Certainly, the combination of strond a  we examined the possible causes of the mass discrepancy.
weak |enSing ffers much tlghter constraints on the inner masst R500| the X_ray_weak |ensing mass ratio is Strong|y corre-
distribution (e.g.Kneib et al. 200} but precise strong lensing|ated with the @set in X-ray and weak lensing centres. It is
measurements arefficult to achieve with ground-based instruz|so strongly correlated with the ratio of NFW concentratio
ments. parameters, indicating that the mass profiles determinad fr

There are several requirements for future progress onghis{/€ak lensing are systematically more concentrated thacahe

sue. The good agreement found here between mass estimatelefgPonding X-ray mass profiles in disturbed systems. Wesargu
relaxed systems is encouraging and needs to be confirmed!fit & raphally dependent “hydrostatic mass .b|as” in theax-r

a much larger sample of objects, allowing a more precise oservations WOUId exacerbatg thf’éee_t, anq d!scussed se_veral
servational constraint to be put on the “hydrostatic maas’bi Other alternative explanations, including dilution andentain-
Additionally, such a sample of relaxed objects will allowneo (€S due to the use of NFW mass profiles to model the weak

straints to be put on the irreducible scatter between tferd '€NSing data set.

ent mass estimates due to the conversion from 2D to 3D quanti- Significant progress on the mass calibration of clusters can
ties. Projects such as the “Cluster Lensing and Supernavapu only be achieved with a dedicated X-ray-lensing surveyrepa

with Hubble” (CLASH; Postman et al. 20)awill surely make resentative sample of clusters. Data of Sicient quality are an
great progress on these questions. However, a new, or at l&ssential prerequisite for such a survey. X-ray obsematidth
co-ordinated, approach is needed in the case of dynamitiaHy suficiently deep exposures to measure the temperatuRgoat
turbed systems. Here, numerical simulations can also hetonseare needed, as are optical observations of uniformly higiityu
inform the diferent analyses and to optimise the mass estimée expect such data to become available in the coming years.
tion procedure in each case. One possible approach woutd be t

use the centroid of the projected X-ray pressure profile as t&
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point around which both X-ray and weak lensing profiles coulge present work is partly based on observations obtainéuXiiM-Newton,
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homogeneous as possible. In the case of the X-ray data eet,grmany); CSA (Canada); DTU Space (Denmark); S0 (Switzerland);

. 'RCN (Norway); SFI (Ireland); FGMCTES (Portugal); and DEISA (EU). A
data mus_t b_e S‘ﬁmently deepto mea_sure _the temperatur_e profi scription of the Planck Collaboration and a list of its nbens, including the
to Rsgo. Similarly stringent data quality will also be required fottechnical or scientific activities in which they have beevolued, can be found

the weak lensing data set. athttp://www.rssd.esa.int/Planck.
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Table A.1:best-fitting X-ray pressure profile parameters.

Cluster Rsoo Psoo Pq Cso0 [0% Y Xz dof
(Mpc)  (10%keV cnT?)

A68 1030 2828 2401 154 131 Q000 18 7
A209 1344 4328 1451 Q078 079 0008 Q9 13
A267 0964 2345 2666 118 089 0000 63 8
A291 1044 2558 158 141 182 0919 a5 9
A383 0989 2256 1461 149 097 0422 24 7
A521 1015 2699 175 117 353 0434 17 6
A520 1056 2654 967 129 188 0000 77 6
A963 1055 2667 881 098 097 0463 10 9
A1835 1363 4934 536 181 171 Q721 85 8
A1914 1115 2769 7297 156 095 0000 301 6
ZwCl1454.8+2233 0914 2242 70626 071 044 0000 143 6
ZwCl1459.4-4240 0998 2870 1852 120 110 Q000 83 7
A2034 1174 2726 973 178 172 0000 100 8
A2219 1302 4258 2192 103 099 0056 45 9
RXJ1720.%2638 1034 2344 7914 Q071 058 0178 109 8
A2261 1305 4244 8701 154 Q70 (0000 a1 O
RXJ2129.6-0005 1079 2967 624 123 120 0612 14 9
A2390 1244 3913 781 091 113 0467 31 8
A2631 1078 3260 744 124 161 0200 a0 6

Notes. Column (2):Rsoo, the radius corresponding to a density contrast of 500mastid from the weak lensing mass analysiOéfbe &

Umetsu(2008; Okabe et al(2010. Column (3):Psqo as defined by Eq. 5 ofrnaud et al(2010. Columns (4) to (7) give the best-fitting GNFW
parameters for the pressure profiles (B.The external slope paramefgihas been fixed t0.89 (see text). No uncertainties are given as the
GNFW parameters are highly degenerate. The profiles anditiex GNFW models are illustrated in Fig..1.

Table D.1:best-fitting mass profile model parameters.

X-ray Weak lensing
Cluster z Cs00 Msoo Cs00 Msqo
(10 Mo) (10“ M)

A68 0.255 1802 1002 1.9 4112
A209 0.206 15t8}5 6307 12 8613
A267 0.230 28j83 3605 31 32953
A291 0.196 34j8;g 2.71855 1.0 409;8
A383 0.188 38t8;§ 3.ot§§ 4.6 33!
A521 0.248 000 17976 1.4 398’
A520 0.203 osjgfg 126j§32 1.4 412Z
A963 0.206 31j8;5 4806 1.2 4295;s
A1835 0.253 32j8;‘21 0485 16 a5t
A1914 0.171 34j8% 0088 20 a7t
ZwCl1454.82233 0258 4705 3408 20 2618
ZwCl1450.44240 0200 B03 628 35 39t8
A2034 0.113 ng 7.8j§3§ 1.8 51%2
A2219 0.228 12 121715 35 80~

RXJ1720.%42638  0.164 5j8;§ 5320 45 3713
A2261 0.224 Wj% 4.3;8{g 3.1 809;g
RXJ2129.60005  0.235 5%3 465 16 46%
A2390 0231 223 10875 32 70%

A2631 0.278 cpj§f§ 124ﬁ§}§ 4.1 48%{2

Notes. Columns (3,5): concentration parameter. Columns (M6égo
from the best-fitting NFW model. The profiles and best-fittigay
NFW models are illustrated in Fi@. 1.
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Fig. A.1: Pressure profiles of the sample with the best-fitting GNFWehouderplotted (red line). The dotted vertical line ind&EsRsq, for each

cluster.
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Fig. C.1: X-ray profiles scaled bfRsqo from the Msoo—Yx 500 relation of Arnaud et al (2010). From left to right, top to bottom: gas density, gas
temperature, gas pressure, integrated mass. Cool coensystre plotted in blue, morphologically disturbed objéctged, and intermediate
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Fig. D.1:X-ray mass profiles of the sample with the best-fitting NFW siaerplotted (red line). The dotted vertical line indiesRsoo for each
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