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ABSTRACT

Using Planckdata combined with the Meta Catalogue of X-ray detectedt€ta®f galaxies (MCXC), we address the study of peculiaionst
by searching for evidence of the kinetic Sunyaev-Zeldoeitict (kSZ). By implementing various filters designed to esttthe kSZ generated at
the positions of the clusters, we obtain consistent coimssran the radial peculiar velocity average, root mean sgj(rans), and local bulk flow
amplitude at dierent depths. For the whole cluster sample of average fe@st8, the measured average radial peculiar velocity witheesio
the cosmic microwave background (CMB) radiation at thashéftl i.e., the kSZ monopole, amounts to#80 kms*. This constitutes less than
1% of the relative Hubble velocity of the cluster sample wibpect to our local CMB frame. From a subset of this clusier@ePlanckfinds
the radial peculiar velocity rms to be below 800 krh at the 95 % confidence level, which is around three times\@®M prediction for the
typical cluster radial velocity rms at= 0.15. Planckdata also set strong constraints on the local bulk flow inmelsi centred on the Local Group.
There is no detection of bulk flow as measured in any comovyphgie extending to the maximum redshift covered by the@tsstmple. A blind
search for bulk flows in this sample has an upper limit of 254kh(95 % confidence level) dominated by CMB confusion and imseutal
noise, indicating that the Universe is largely homogenaemu&pc scales. In this context, in conjunction with supeanolservationsRlanckis
able to rule out a large class of inhomogeneous void modeaiematives to dark energy or modified gravity. TRlanckconstraints on peculiar
velocities and bulk flows are thus consistent with N@DM scenario.

Key words. cosmology: observations — cosmic microwave backgroundgetacale structure of the Universe — galaxies: clustenseigl

1. Introduction of dark matter kept growing gravitationally. It was onlyefthe

, _epoch of hydrogen recombination that the baryons, which had
Today we have a cosmological model that appears to fit §fkt gecoupled from the CMB, could freely fall into the paieh
available data. Nevertheless, it is important to contiraiéest (|5 created by the dark matter component.
this picture. Peculiar velocities provide an important viaylo
so. According to the standatiCDM scenario, gravity drives  Since then, the gravitational infall of matter into potahti
the growth of inhomogeneities in the matter distributiortted  wells has been conditioned by the density field and the uni-
Universe. After the radiation-matter equality epoch, flations versal expansion rate. On large scales, where baryonidgshys
in the dark matter component were largely fieeted by the and non-linear evolution may safely be neglected, the naiti
Thomson interaction binding the evolution of baryons and-phequation provides a simple link between the matter densty fi
tons of the cosmic microwave background radiation (CMBand the peculiar velocity field. In particular, in2aCDM sce-
During that epoch, the inhomogeneities in the spatialidistion  nario, it predicts that peculiar velocities must show tgbicor-
relation lengths of the order of 20-40" Mpc, and their growth
* Corresponding author: C.Hernandez-Monteagutio@cefca.es must have practically frozen since the onset of the acdelgra
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expansion (see the review of, e.§trauss & Willick 199%. By mentum (e.g.Groth et al. 1989Juszkiewicz et al. 19980n
averaging the peculiar velocity field on scales correspugth  sub-cluster scales, as predicted by, digpgamov & Sunyaev
galaxy groups and clusters today it is possible to obtaigalin (2003, some weak evidence for kSZ has also been reported by
theory predictions for the root mean square (rms) of theatadthe MUSTANG experiment\iroczkowski et al. 201
peculiar velocity of those structures. These predictigpgally In this paper we shall focus on the constraints fPlanck'
amount to about 230k} (see, e.g.Hernandez-Monteagudocan set on the kSZ-induced temperature anisotropies. Erese
& Sunyaev 201) with a weak dependence on the galaxy clugtiven by the line-of-sight integral
ter/group mass. If instead one looks at the velocity amplitude R
for extended or correlated motion of matter on larger scales ﬂ(ﬁ) _ _f dlown Ve A (1)
finds that it decreases when larger volumes are consideuéd, I, - e
should still be at the level of 50—100 kmi'sfor radii of a few ) ) o
hundred Mpc (see, e.g., figure 2 Mak et al. 201). The de- Whereor is the Thomson scattering cross-sectiwsis the phys-
tection of these large-scale, coherent flows of matter e |ca! electron number Qensnye denote_s th(_a electron pecu_llar ve-
referred to adulk flowd has been the subject of active investiloCity, ¢ the speed of light, and the direction of observation on
gation for several decades (e.gonry & Davis 1981 Aaronson the sky. We are adopting here a reference frame centred on the
et al. 1982 Dressler et al. 1987Dekel et al. 1993Lauer & Observers position, and hence infalling electrons willéiaega-
Postman 1994Hudson et al. 1999Willick 1999: Riess 2000 tive radial veIOC|t|e§. Note that, unllk_e in other approaches_ebla
to cite just a few). One crucial problem that most of thoseksor UPON galaxy redshift surveys, the distance to the clusterals
encounter is related to the need to accurately determitendiss €vant to its peculiar velocity estimation. Since the expeéSZ
to galaxies in order to subtract the Hubble flow-inducedeigjo  Signal coming from an individual cluster is smaller thantyye-
During the ninetietauer & Postmaif1994), Willick (1999, cal Ievgl of intrinsic C_MB temperature fluptuatlons, we $hat
and Hudson et al(1999 claimed the existence of large scal@!Y various filters which attempt to minimize the impact dfet
bulk flows with amplitudes of 350-700 km'sin local spheres of Signals on the angular positions of a sample of galaxy disiste
radii 60-150~1 Mpc, with somewhat discrepant directions. Af:md use these to extract statistical constraints on the lgpials
the turn of the millennium, howeveRiess(2000 andCourteau " those sources. In t_he standax@DM scenario one expects to
et al. (2000 reported the lack of any significant local bulk flow/@Ve matter at rest with respect to the CMB on the largeséscal
up to depths of about 150 Mpc, in apparent contradiction and hgnce rqughlyth_g same.number of clusters with positige a
with the previous works. More recently, claims of the preseof  N€gative radial velocities. This means that the meanamopole
a large-scale, large amplitude peculiar velocity dipoleshaeen of kSZ estimates should be .conS|stent with zero, ajthou_gfeth
raised again by various authors. While some worksdson &' inhomogeneous scenarios (addressed in 8&tn which
et al. 2004 Watkins et al. 2009Feldman et al. 203)0find ev- _the average velocity of cIl_Jsters mayter frqm zero. L|k(_3W|se it
idence for a peculiar local velocity dipole of about 400 krh s IS POssible to set constraints on the kSZ-induced variamtes
(and in tension withCDM predictions), others find lower am-CMB temperature anisotropies measured along the direofion

plitudes for the local bulk flow, (e.gNusser & Davis 2011Ma galaxy clusters. This is a direct probe of the rms peculitoorny
& Scott 2013. of those objects with respect to the CMB, and can be compared

At much larger depths (up ta~0.2-03) there are also to theoretical predictions. In this context, it has been tioaed

claims Kashlinsky et al. 20082010 Abate & Feldman 2010 above that the motion of matter is predicted to occur in bulk

of yet higher amplitude bulk flows{1000-4000kms). These flows with coherence on scales of aboutB&Mpc. If these bulk
cannot be accommodated withiA&DM context, since the the- flows are local and the observer is placed inside them, then th

ory predicts bulk flows to be negligible on the very largesiss. _sho_u_ld giverise toa dip_olar pattern in the kSZ measurenwnts
M())/r%over, these results are ir? c%ntradiction wi)t/h o?herksor individual clustersKashlinsky & Atrio-Barandela 20Q0If they
(e.g.,Keisler 2009 Osborne et al. 201 Mody & Hajian 2013. are instead distant, then the projection of the coheremgghenf

Some of the most recent results on bulk flows extending §22 measu,rer(;ent'a ont the s|d<y S,[‘Olmg S&;'hnk dfown_:q a few de-
large distances are based on the study of the kinetic Sunya%fles ternandez-Monteagudo et al. 2008herefore it is pos-

Zeldovich dfect (hereafter kSZ;Sunyaev & Zeldovich 1980 ¢ etto Ll'se the Sei mﬁd![wdua}[IrI](SZ est|ma|tes from galax_y clus-
This effect is due to the Doppler kick that CMB photons ex(€'S {0 place constraints on the monopole (mean), variamak,
dipole of the peculiar velocities of the cluster populatidthile

rience in Thomson rin lectrons moving with - ! ;
penence omson scatteringf dree electrons moving wit me of our statistical tools target the kSZ signal in eadk-cl

respect to the CMB rest frame. This process introduces-int Hr separately, others are particularly designed to proéocal
sity and polarization anisotropies in the CMB along the clire bulk blow and set constraints on the kSZ dipole at the pastio

tion of massive clouds of ionized material, such as galaug-cl X
&f clusters, as will be shown below.

ters and groups, but produces no distortion of the CMB s . . : .
trum. Theg kSZp fect h%s been theoretically exploited to chrr):\r- This paper is organized as follows. In Seztwe describe
acterize the growth of velocity perturbations (elfa & Fry the _data used, both for the CMB and Iarge_—scale structure. Th
2002 Hernandez-Monteagudo et al. 20@hang et al. 2008 statistical tools we use for the kSZ detection are described
to search for missing baryonB¢Deo et al. 2005Hernandez- Sect.3, and the results obtained from them are presented in
Monteagudo & Sunyaev 20080 et al. 2009 Hernandez- S€cl-4. We examine the robustness of our results in Sect.
Monteagudo & Ho 2009Shao et al. 2011 and to study bulk Flnally,.m Sect.6, we discuss the cosmolog|cal implications
flows in the local Universaqashlinsky et al. 20082010 Keisler of our findings and conclude. Throughout this paper, we use a
2009 Osborne et al. 203IMak et al. 2011 Mody & Hajian L Planck (http://waw.esa.int/Planck) is a project of the
b ety e o g . SUgbeaspce AT (54 i e piod e

' ! ! FEL" entific consortia funded by ESA member states (in partictilarlead
troscopic galaxy data from the Baryonic Acoustic Oscilatiocountries France and Italy), with contributions from NASASA) and
Survey (BOSS) with CMB data from the Atacama Cosmologilescope reflectors provided by a collaboration betweehdfl a sci-
Telescope (ACT), after searching for the kSZ pairwise mestific consortium led and funded by Denmark.
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cosmological parameter set compatible WittMAR-7 observa- Table 1.Nominal and tSZ-ffective frequencie\T to ysz con-
tions (Komatsu et al. 2011 density parametey, = 0.272 and version factors and FWHMs for each HFI channel used in this
Q, = 0.728; Hubble parametér= 0.704; 8h~*Mpc normaliza- paper. The second column provides tiEeetive frequency of
tion og = 0.809; andns = 0.96 for the spectral index of scalarthe channels after considering the spectral dependendeeof t
perturbations. non-relativistic tSZ &ect and the finite response of the HFI de-
tectors. The third column displays the conversion facttwben
. . SZ Comptonization parameteif) and thermodynamic temper-
2. Data and simulations ature (in K). The fourth column provides, for each HFI chdnne
2.1. Planckdata the average FWHM value of théfective Gaussian beam at map

) ) level, as described iRlanck HFI Core Tear(R011h.
Planck(Tauber et al. 203,(Planck Collaboration | 20)1is the

third generation space mission to measure the anisotrofheof
CMB. It observes the sky in nine frequency bands covering 30—
857 GHz with high sensitivity and angular resolution front 31

HFI nominal HFI défective ys;/AT FWHM
frequency  frequency

~1 .
to 4.39. The Low Frequency Instrument (LAYJandolesi et al. [GHz] [GHz] [Keve] [arcmin]
201Q Bersanelli et al. 201;0Mennella et al. 201)lcovers the 100 1031 -02481  9.88
30, 44, and 70 GHz bands with amplifiers cooled to 20K. The 143 1445  -0.3592  7.18
High Frequency Instrument (HFLamarre et al. 20L0Planck éég gég; gg(ﬁ jg;
HFI Core Team 201J)aovers the 100, 143, 217, 353, 545, and 545 528.5 0692 472

857 GHz bands with bolometers cooled to 0.1 K. Polarizaton i

measured in all but the highest two bandedhy et al. 2010 857 759 @380  4.39
Rosset et al. 2000 A combination of radiative cooling and
three mechanical coolers produces the temperatures némded
the detectors and optic®lanck Collaboration Il 201)1 Two consists of estimating directly the kSZ signal at MCXC clus-
data processing centres (DPCs) check and calibrate thewdtater positions from the original HFI frequency maps, usinghbo
make maps of the skyP{anck HFI Core Team 201iHacchei aperture photometry and matched multi-band filtering. Tee s

et al. 201). PlancKs sensitivity, angular resolution, and fre-ond consists of first producing a map of the CMB and kS§Z&at
guency coverage make it a powerful instrument for Galactibat is nearly free from tSZ contamination before estingatire
and extragalactic astrophysics as well as cosmology. Early kKSZ emission from MCXC clusters using the aperture photome-
trophysics results are given in Planck Collaboration VXXVI  try and single frequency matched filtering. As describedwel
2011, based on data taken between 13 August 2009 and 7 Jingmap makes use of both HFI and LFI data.

2010. Intermediate astrophysics results are now beingpted

g]oggsaer?gsz;)t\]geggts)e?azsoeldo_0n data taken between 13 Au%ftl. The two-dimensional internal linear combination map

_ Although the 70GHz LFI channel was included initiallyln the absence of a fully reliable model of foreground emissi

in the analysis, it was found that constraints were pralfyica (including number of foregrounds, emission laws, and cehees
identical when using HFI frequency maps alone (see detailsdf their emission acrosBlanckfrequencies), a minimum vari-
Table 1). Measuring the kSZ féect requires avoiding, in the ance map of CMB emission can be obtained by the so-called
best possible way, contamination by the much stronger therminternal Linear Combination” approach (hereafter ILCheTl
Sunyaev-Zeldovichféect (hereafter tSZSunyaev & Zeldovich cMB map is obtained from a linear combination of input ob-
1972. While in theory observations at 217 GHz, close to théervations, subject to the constraint that the CMB is preskr
zero of the tSZ emission, should notffar much from tSZ | e  for CMB-calibrated maps (in thermodynamic units)the
contamination, it is necessary to account for the broad-sp&avB is obtained ag’; wix with 3, w; = 1, the latter condition
tral band of each detector and each chanrRiar(_ck HFI Core guaranteeing the preservation of the CMB signal. This alslip
Team 2011p In terms of the tSZ fect, the ‘dfective’ frequen- also preserves the kSZ signal, which has the same frequency d
cies of the HFI channels (i.e., those frequencies at whieh thendence.

tSZ emission is equal to its integral over the frequency band  The minimum variance map, however, is not necessarily that
are listed in the second column of TalleRaw HFI frequency of minimum contamination by any particular foreground. tm o
maps are usefu_l fqr testing for systematiieets associated with present analysis, the measured map of GMBZ will be further
foreground emission, tSZ spectral leakage, or FWHM charggrcessed, first being filtered on the basis of predicted hSZ ¢
terization errors. Note a}Iso that HFI frequ_ency maps are piRr shapes and locations, to suppress contamination bgirter|
duced in thermodynamic temperature units, so that both pgaje primary CMB, and then stacked to combine the measure-
mary CMB and kSZ emission have constant amplitude acrqggnts of all individual clusters. While this filtering anésking
frequency channels. In the third column we display the eorrgjj reduce contamination of the measurement by independen
sponding tSZ Comptonization parametgs) to AT conversion foregrounds such as Galactic dust emission, as well as by de-
factors. The Comptonization parametgy is a dimensionless tector noise, tSZ residuals are likely to add-up cohereartg

line-of-sight integral of the gas pressure, contaminate the measurement significantly. The ILC must the
ks Te be modified to ensure that instead of the total variance afidye

Ysz = fle'Tne_z» (2) being minimized, the contamination by tSZ must be minimized
MeC instead.

with Te andm, the electron temperature and rest mass, kgnd It is possible to extend the ILC method to add a constraint

the Boltzmann constantS(inyaev & Zeldovich 1972 to reject the tSZ fect specifically, and thus make sure that

Two different strategies are used in this paper to meastine CMB+kSZ map is completely free from tSZ contamination.
the kSZ ¢fect at the positions of the cluster catalogue. The firShe idea is similar to that used in the unbiased Multifreqyen
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Matched Filter approactherranz et al. 2005Mak et al. 201}, of the (CMB+ kSZ) signal may induce a large bias in the cali-
i.e., a constraint is added to null the tSZ contribution ® dlut- bration of the output of the ILC. Thidkect can be strong in the
put map. The method is described and validated on realigtic s high SNR regimeQick et al. 2010, which is the case here be-
ulations inRemazeilles et a(20113. cause the strong CMB anisotropy signal itself contribubethé
Note that this method is a special case of a multi-dimensioriatal signal. With CMB calibration errors of 0.1 %, we check o
generalization of the ILCRemazeilles et al. 201}bin which simulated data sets generated with the the Planck Sky Model
several components of interest with known emission laws, céDelabrouille et al. 201Pthat the corresponding error on the
be recovered simultaneously with vanishing contamindtiom final map is small (less than 1%). This is also confirmed on
each other. Here we consider two specific components, ohe vilie actuaPlanckdata by comparing the power spectrum of the
the CMB emission law, which comprises both primary CMB an@MB+kSZ map with the current CMB best fil;, since any se-
kSZ, and one with the emission law of the tSZeet (neglecting rious loss of power would be immediately visible in the power
relativistic corrections). We refer to the map obtained hig t spectrum of the reconstructed CMBSZ map.
method as a two-dimensional ILC (hereafter 2D-ILC). Errors in the assumed tSZ emission law (by reason of rel-
In detail, the 2D-ILC map used in the present analysis is oBtivistic corrections, colour correction, or mis-calitioa), can
tained from all LFl and HFI maps as follows. For each freqyen@lso potentially result in residual contamination by tSZthe
band, point sources detected by a Mexican Hat Wavelet fitter@VB+kSZ ILC map. Note, however, that the two-dimensional
more than % at that frequency are masked. The masked regitifC does not amplify the contamination by a mis-calibrated t
has a radius of three times the standard deviation of thesgaus component. Uncertainties of a few percent on the tSZ frequen
beam (i.e., 27x FWHM). The masked regions are filled in bydependence (the typical size of relativistic correctiongtte
interpolation using neighbouring pixels. Maps are thenl-andhermal SZ &ect) will hence not impact the reconstruction of
ysed on a frame of spherical needlets for implementatiohef tthe CMB+kSZ signal by more than a few percent of the original
ILC in needlet space, in a very similar way to what has bedBZ.
done onWMAPdata byDelabrouille et al(2009. However, the
covariance matrices associated with the filter, insteadeaid
computed using average covariances of needlefic@nts over
HEALPIx? superpixels, are computed from products of maps/e use the Meta Catalogue of X-ray detected Clusters of galax
of needlet cofficients, smoothed using a large Gaussian beaies (MCXC), a compilation of all publicly availablROSAT
similarly to what was done bBasak & Delabrouillg2012 on  All Sky Survey-based samples (NORAB)hringer et al. 2000
WMAP 7-year data. The constrained ILC filter implemented IREFLEX, Bohringer et al. 2004BCS, Ebeling et al. 1998
that of Eq. 20 oRemazeilles et a{20113. Thus, the exact lin- Ebeling et al. 2000SGP, Cruddace et al. 2002NEP, Henry
ear combination used to reconstruct the CM&Z map depends et al. 2006 MACS, Ebeling et al. 2007and CIZA, Ebeling
both on the sky region and on the angular scale. In particulat al. 2010 Kocevski et al. 200), and serendipitous cluster cat-
on scales smaller than some of tRkanckLFI and HFI beams, alogues (160SDMullis et al. 2003 400SD Burenin et al. 2007
the relative weights of the corresponding lower frequeriane  SHARC,Romer et al. 200Burke et al. 2003WARPS,Perlman
nels become negligibly small, due to their low resolutioheT et al. 2002 Horner et al. 2008and EMSS,Gioia & Luppino
final CMB+kSZ map is reconstructed at esolution. In order 1994 Henry 2005 The information was systematically homog-
to carry this out, at the very smallest scales the GMB8Z map enized and duplicate entries were carefully handled, yigla
is reconstructed mostly from observations in the frequehey- large catalogue of approximately 1750 clusters. The MCXC is
nels at 217 GHz and above. At intermediate scales (of ordgr 1@resented in detail iRiffaretti et al.(2011), and has been used
however, measurements from all HFI channels are used ta+ecim previousPlanckstudies, (e.gPlanck Collaboration X 2011
struct the final map. For each cluster the MCXC provides, among other quanti-
The ILC (classical or 2D version) assumes the emission ldi@s, the position, redshift, and mass of each cluster. Tasses
of the component of interest to be known. This knowledgeds neare estimated from the luminosities thanks to the REXCESS
essary to ensure the preservation of the signal of intehese( Lsoo—Msoo relation of Pratt et al.(2009. Hereafter, all cluster
the kSZ dfect) and, for the 2D-ILC, to reject the contaminatguantities with the subscript “500” are evaluated at theéusd
ing signal (here, the tSZ). As discussedDitk et al. (2010, (Rsoo) at which the average density equals 500 times the critical
imperfect knowledge of the emission law can result in a $ignidensity at the cluster’s redshift. In this waViggo is defined as
cantloss of CMB power. In practice, thective emission laws, Msgg = (47/3) 5000¢(2) Rgoo' wherepc(2) is the critical density
as observed by the detectors, depend on the calibrationeof #t the cluster redshift
observations in each frequency channel. For the CMB and kSZ For the measurement of velocities, we also need cluster opti
signals, it hence depends on the absolute calibration dhall cal depths. Our approach here is based upon the stuisnaiid
Planckchannels used in the analysis (here, the HFI channelg).al.(2010: using REXCESS data, we either use the universal
For the tSZ, it also depends on the accuracy of the knowledgessure profile and then divide by the average temperatore p
of the spectral bands, and on the validity of the non-rekttiv  file to estimate a density profile, or fit directly an averagesity
approximation for tSZ emission. profile. For this purpose, we make use¥§k), the volume inte-
ForPlanckHFI channels, the absolute calibration error is egral of gas pressure up to a radius giverday r/Rsgo:
timated (conservatively) to be less than about 0.1 % in tlaa€h

2.2. Tracers of moving baryons: X-ray MCXC clusters

r=Xx ’
nels calibrated on the CMB itself with the CMB dipole, and o, (x) = f R’”Odr, aTne(r’)Mi 3)
CMB anisotropies themselves for cross-calibration, assltlean 0 MeC?
a few percent on channels calibrated on the dust emission mea r=x Rsoo +00 ke Te(r")
sured by FIRAS (545 and 857 GHz chann@gnck HFI Core  Yeyi(X) = f dx’ f dZorne(r’) = (4)
Team 2011h Small uncertainties on the frequency dependence e Me
These equations describe the spherical and cylindricadjiats
2 http://healpix.jpl.nasa.gov of pressure, respectively. The vector centred on the clusie
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decomposed into a vector on the plane of the gkyand a vector

normal to this plane (given by the componeh)t r’ = (X', Z). 400 T T ]
With this, we use thé/(x) vs. Msg relations inArnaud et al. - ]
(2010, i.e., A ]
Ysph(X) = Ysool (X), ) 300; '
Yeyi(X) = Ys00J(X), (6) ¢ s ]
in which R ]
Mo\ © 200¢ .
Ys00 = 1.38x 103 EZ3(2) (ﬂ’) X ° :
Bsoo 2 ]
D -2 _ 100} ]
(ﬁ) h;g arcmirf, (7) i
500h;tMpc
and I(x) and J(xX) are functions expressing the spheri- o) =R =
calcylindrical integrals of pressure around the cluster’stiggn 107 10™ 1 10 102
respectively. The factdn;o denotes the Hubble reduced param- MCXC clusters Tsaso [aremin?]

eter in units of 70kms Mpc~t. An observer’s angular aperture

0 translates into anftective cluster radius = 6Da(2), With g 1 Histogram of predicted values ofg.,,, the cylindrical
Da(2) the angular diameter distance to redshifNote that, as gptical depth times solid angle out®= 5 Rsgo.

expressed above, the cylindrical case considers a fufjiat®n

along the line of sight up to a given aperture on the plane®f th _

sky, as is the case for real observations. The spherica) tase For the non-isothermal case, we use the aveiiag®/T scal-
stead, integrates outto a given radius in all directiond diffiers  ing obtained from the middle panel of figure 3Aimaud et al.
from the cylindrical case in a geometric factor. The constam  (2010. This scaling is only applied fox < 1, and divides the
Eq.7 areBsgo = 3 x 10h;2M, andey = 1.78, whileE(2) is  pressure profile to obtain the density, which becomes tree int

the Hubble parameter normalized to its current value, grand inl(x) and J(x). Since theT (x)/T scaling has only been
measured for < Rspo (X < 1), a diferent approach is followed
E(2 = vOu(1l+ 23 + Qa. (8) forr > Rspo. In this radius range, we express the electron density

in terms of the pressure and the entroiiyr) = kT(r)/nZ3(r),
and adopt the relatioK(r) « r%. This defines the scaling of
nsity versus radius that enters the outer parts Rsog) Of

e integrald (x) andJ(x). This constitutes our best guess of the
radial dependence of density in clusters, although in Seee
discuss the motivation and limitations of this approacly. Ei
displays a histogram of the estimated values of the cyloadiri

The functionsl(x) and J(x) depend on the particular model
adopted for the pressure profile, which, in our work, is tak
to follow the universal scaling provided in Egs. 11 and 12 q
Arnaud et al.(2010, for which I(x = 1) = 0.6541 andJ(x =

1) = 0.7398. As will be addressed in Seé., results do not
change significantly when adoptingi@irent choices foArnaud

et al.(2010 type pressure profiles, but their uncertainty is domyy+i-ai depth int ted out t diusPE 5 f
inated by our ignorance of the gas density profile in the ehsst thpelﬁ?)n-ies%thtlar:rgglri:se?u ©aradu R600: 75 Roo: TOF

outskirts. - L , In the analyses described below, we exclude clusters Idcate
In the |so§hermal case, the clusters OF.’“Ca' depth integra 5 |ess than 5 FWHM from point sources detected at more than
up 10 xRse0 is equal to the corresponding(x), modulo @ 5. in any of the single frequenclanck maps. This is done
KT /(mec?) factor, whereT is the average spectroscopic tempefq order to remove any spurious signals caused by point ssurc
ature measured in a fraction of the volume encloseBday. TO  psqciated with clusters. We also mask clusters lying ifoneg

account for this, we use the-Mso relation given inArmaud ity high Galactic emission, and with estimated massessbelo

etal.(2009: 10" M,,. This leads to a basic mask that leaves 1405 clusters on
KT\ the sky (out of the initial 1743 clusters). However, the 25|
E(2) Msgp = Asoo(—) , (9) hasits own (and slightly more conservative) mask, whiclidsa
Skev only 1321 clusters for analysis on this map.

In Fig. 2 we show the spatial distribution of the surviving
clusters. The spatial distribution is quite uniform, excégr
some areas where deeper X-ray observations have allowed for
more detections.

with o1 = 1.49 andAsgo = 4.10 x 10“*h;} M. In this simple
case, it is possible to derive an expression for the optieptits
Tsph(X) = 7500l (X) andreyi(X) = 7500J(X), With

7500 = 1.3530x 107° EZ/3-Yar(2) x
2.3. Simulations

_2 1 _ 1
( Da(2) ) (511ke\/)(M500)<v N h-d arcmirf, (10) Inorder to test and disentangle thiéeets of instrumental noise,

500h;§Mpc KT Csoo CMB, Galactic and extragalactic foregrounds on our resulés
make use of simulations. Specifically, we use

and
a) Simulations of clusters with similar characteristicsthe

MCXC sample. We simulate SZ clusters at the actual MCXC

ayat/(at—ay)
) clusters’ locations, using th&rnaud et al.(2010 pressure

CSOO — (Bl/(ty -1/at

500 00 (11)
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first one (the aperture photometry method) is applied on s clu
ter by cluster basis and makes no assumption about the gas dis
tribution within a given radius where most of the cluster-sig
nal must be generated. It nevertheless has to make assasptio
about the amount of signal that is present in the outskitiés T
method is quick and easy to implement, in particular when per
forming checks for systematic errors. The second apprdaeh (
unbiased Matched Multi-frequency Filter) makes use ofrinfo
mation related to the expected spatial distribution of gakthe
scale dependence of all sources that can be regarded aginoise
cluding the CMB). The use of these twoff@rent filters is mo-
tivated by the consistency requirement of having indepenhde
algorithms that should provide compatible kSZ estimatdse T
unbiased Multi-frequency Matched Filter was implemented i
dependently by four dierent teams, two implementations being
on square patches centred on clusters, and the other twaeon th
Fig. 2. Locations of MCXC clusters outside the masked regiomhole celestial sphere. The first two implementations teifge
The colour scale indicates inverse noise squared at the pa@kitermination ofndividual cluster peculiar velocities, while the
tions of the MCXC clusters. The large coloured circles iattic latter two are specifically developed to derive local bulkviio
directions for various dipole determinations: HFI dipoterfi since they focus on the dipole pattern of the k$&et in clus-
MCXC cluster locations (green); HFI dipole from shifted pos ters on the celestial sphere. Implementations targetinstels
tions (brown); CMB dipole (orangeKashlinsky et al(201Q individually allow constraints to be placed on the meantelus
dipole (red). The HFI dipole from MCXC cluster locations isvelocity (or monopole), the rms or variance of cluster picul
compatible with CMB and Galactic residuals. velocities, and also on local bulk flows, i.e., the kSZ dipplat-
tern, as will be shown below. Results fronfférent codes con-
firm the robustness of our results.

profile, and the cluster mass and size values obtained from X-

ray observations. Clusters are assumed to be isothermal. Th

ComptonizationY parameter of each cluster is then com3.1. The aperture photometry method

puted using the cluster mass, as outlined in SBé&. We

include in the simulations a scatter in the parameters of t

scaling relations with a normal distribution, which restuitt

an averaged scatter in tifeparameter of 10 %. We generat

a set of 1000 such simulations at thi@eetive frequencies

in Tablel in order to assess théfect of that scatter on our

4.0e+06 [K?)

1.9e+05 m———

e aperture photometry method (hereafter AP) computes the
average temperature within an input radRjgnd subtracts from

é’t the average temperature computed in a surrounding ring of
inner and outer radiR and fR (f > 1), respectively (see, e.g.,
Hernandez-Monteagudo & Rubifio-Martin 200 this work

derived results. we usef = V2, so that the outer ring has the same area as
b) CMB realizations for the curreAMAR7 best-fit model the inner circle. This is a compromise between having too few
(1000 of them). pixels in thin rings (yielding noisy estimates of the avespand

c) 1000 noise realizations with noise variance estimaterhfr being insensitive to local background fluctuations of tgpsize
the diference between the first and second halves of tivst aboveR (that are washed out for choices bfvhich are too
Planckrings for a given position of the satellite and dividedarge). This filter constitutes a simple approach to enhinee
by PlancKs appropriate hit map (or exposure map). In dosignal coming from a region of siZ® against the background.
ing so, we disregard noise correlations between pixelsh SU8 our analyses, the AP procedure was applied in the dinectio
simulations take into account the non-uniform sky coverag@f €ach galaxy cluster, separately in each HFI frequency. map

The (non-uniform) noise level in the direction of the MCXCWhen looking at clusters, the filter scaRewas taken equal to
clusters is visible in Fig2. eitherkdsoo (k times the angle subtended by the radius at which

the cluster’s density equals 500 times the critical dehsitythe

Additionally, we make use of the simulations developed byWWHM of the beam, depending on whether the objectis resolved
the Planck collaboration (the Planck Sky ModdDelabrouille (kfso0 > FWHM ) or not. Values ok ranging from 025 up to
et al. 2012 in order to assess the Galactic contribution to th2 showed that the strongest constraints were obtainel fer
bulk flow measurement on the whole sky. These contain our cOr25. Yet smaller values df do not yield significant dferences,
rent best knowledge of theftlise Galactic component (“PSMsince for such lovk practically all clusters become unresolved.
diffuse”). SincePlanckis most sensitive at frequencies abov&Ve shall describe results with= 0.25, unless other values are
100 GHz where the dust emission dominates, we only considaplicitly quoted.
this component. We use model number 7Fafikbeiner et al.  The subtraction of the average temperature in the outer ring
(1999 which extrapolates the IRAS 1@@n data to lower fre- from the average of the inner circle also removes some racti
quency using a modified blackbody frequency dependence afdhe object’s flux, which must be accounted for. This result
a spatially varying dust grain equilibrium temperaturedubsn in a correction factor of the order of 12 % if clusters are denal
the DIRBE 240140um maps. than the beam size (FWHM 6sqp). If, instead, FWHM< 6500,
this correction must make use of some model for the cluster ga
density profile, as we address next.

In order to obtain velocity estimates, it is necessary tadeiv

Here, we outline two dierent statistical approaches implethe filter outputs (in units of temperature) by the CMB temper
mented when searching for the kSZ signaPilanckdata. The ature monopole and a prediction of the clusters’ opticatliep

3. Statistical methods
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integrated out to the radial aperture. This then providesstih by element, the profile by the well-known tSZ frequency de-
mate of the entire cluster’s peculiar velocity. The amodiiS¥  pendencd,. Thus this method observes only isothermal profiles
signal that is subtracted by the removal of the outer ringtbasfor clusters, an assumption which results in a roughly 5% low
be accounted for by the same model which provides the ogtias in the radial velocity amplitude, as shown in SéctThe

cal depth versus aperture radius. As explained in moreldetaipower spectrum matriR is computed from real data in patches
Sect.5, we use the REXCESS observations provideAinaud surrounding the sources. Once we have the filters {E).the

et al.(2010 to infer an analytic fit to the average density profildiltered image

in clusters withinRspo, and use arguments on the behaviour of

gas entropy at > Rsoo to extrapolate the density profile at Iarge(,v(x) = Z fdy di (y) @i (x - y) (14)
radii. The adopted model for density provides velocity ampl :

tudes that are about 28 % higher than those obtained under the

assumption of isothermal clusters, although we expecteisis is optimal for the detection of the kSAfect and has no trace of
to be closer to our adopted profile than to an isothermal orie tSZ éfect. In this equatiord; represents the unfiltered map
Nevertheless, it is our ignorance of the clusters’ dengitfiles in theith frequency channel. The filters are normalized so that
which drives most of the uncertainties in the velocity comists. W(Xo), whereXo is the location of the centre of the cluster, is

When testing for systematidfects, this same filter can eas-an unbiased estimator of the kSZ signal due to the cluster. An
ily be applied at displaced positions on the sky (that isjtimss ~ estimation of the error of this is given by the square roohef t
on the sky separated from the real cluster positions by a knowariancer3,(Xo), which can be directly obtained from the filtered
angle). In the absence of sources and clusters, the avefrtige omap or calculated through
outputs of this filter at those displaced positions shoulddye- o
patible with zero, and their rms provides an error estimate fo2 = A (15)
the AP filter output at the real cluster’s position.
wherea andA have the same meaning as in EG.

In this work, two diferent uMMF implementations on square
patches were used, confirming the robustness of the resilts.
mentioned above, the two implementations assume that e sp
The unbiased Multifrequency Matched Filtddrranz et al. tial distribution of the thermal and kinetic signals follswthe
2005 Mak et al. 2011 hereafter uUMMF) is a linear multi- pressure, for which we adopt the universal pressure proftite f
frequency filtering technique that is specifically tailotecdeal Arnaud et al(2010. For each cluster, the profile is scaled with
with signals that have the same spatial template temint fre-  Rsoo. The two implementations mainly ftiér in the size of the
quency dependence. A good example of this is the imprint @atches used to estimate the background around each @ustter
CMB photons caused by the tSZ and kSZeets. The uMMF the details of the cross-power spectrum estimation on tkee da
can be considered as a modification of the Multi-frequendgy both cases, we apply the resulting uMMF to the patches and
Matched Filter (MMF, Herranz et al. 2002Schafer et al. 2006 directly obtain the estimated velocity at the centre of therkd
Melin et al. 2006 that optimally enhances one of the two supefatch. The rms of the filtered patch outside the centre reggen
imposed signals while cancelling out the other. As dematmstr cupied by the cluster gives an estimation of the velocitprerr
in Herranz et al(2009), it is possible to devise a uMMF thatThis leads to a good statistical match between velocities-me
detects the tSZféect and estimates its intensity without the biagsured by the two implementations, but not detailed agreeoren
produced by the kSZfEect, or a diferent uMMF that extracts a cluster by cluster basis. This is expected, since the peva-
the kSZ signal and removes the bias caused by the fiefte locity estimate per cluster is dominated by noise, and theshc
In this paper we are interested in the latter option. In teetya  NOise component presentin each estimate is dependentde-the
namic units, the uMMF for optimal detection and estimatién dails of each specific implementation. The method providts e
the kSZ dfect is given, in Fourier space, by mates of the kSZ flux integrated over the cluster profile;dteae

L translated into velocity estimates for each cluster afieédihg
_ -1 by the integrated optical depth. Errors in these estimdtéiseo
¢ = KP (=BF + a7), (12) optical depth will lead to errors in the velocity estimatest, as
will be discussed below, these should have little impactsin e
mates of ensemble quantities like velocity averages, dfeaind
fdk i rms estimates. More important errdfsets (at the 5-25 % level)

3.2. The unbiased Multifrequency Matched Filter (uUMMF) on
patches

where the constants 3 andA are given by

a = are expected from inaccuracies associated with the gastylens
profile in clusters (see Seéfor details).

B = fdk P IF, The uMMF method may also be applied to a single map (as
is the case for the 2D-ILC map), a situation in which the uUMMF

A = ay-p> (13) becomes a simpl&latched Filter(MF).

withy = f dk 7Pz, - . :
3.3. Constraining kSZ-induced rms in AP/JUMMF

) . measurements
and whereP is the cross-power spectrum matrix of thener-

alized noise(CMB plus foregrounds plus instrumental noise)Since the signal-to-noise ratio for the kSZ on a typical MCXC
7 = [1,(K)] is a vector containing the spatial profile of the opeluster is very small (see, e.gAdhanim et al. 200)Lfor fore-
tical depth of the cluster (obtained from the universal peadf casts on the analysis of bulk flows and the kS&et), we at-
Arnaud et al (2010 after dividing by theconstanttemperature tempt to set constraints on the kSZ signal by performing sta-
and convolving by the beam that corresponds to each chanrtisfjcal analyses on the entire MCXC cluster sample. We next
andF = [f,7, (k)] is the vector obtained by multiplying, elementdescribe our approach to set constraints on the kSZ cotitibu
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to the variance of a set of ABMMF outputs. This method re- limit of the peculiar radial velocity rms at the 95 % confidenc
lies on the fact that the kSZ contribution to our AP or uMMHevel. Such a constraint is, however, obtained from histoty
measurements is uncorrelated with the dominant noise ssurbuilt upon only 100 measurements. Using the histograms buil
(CMB residuals, instrumental noise and dust emission)r&cp upon the filter outputs in blank positions we have run Monte
tice this reduces to searching for a kSZ-induegdeswvariance, Carlo simulations and studied the uncertainty on the lowsr 5
and this demands a good knowledge of the variance of the vdirnit on O—ﬁoise if estimated as outlined above. We find that these
ance of APUMMF measurements, as we next describe. uncertainties lie typically below the 5% level when only &su

In this work, we set constraints on the variance of the clusample of 100 clusters are used, and below 1 % when using the
ter radial peculiar velocities by looking at the varianceoof entire cluster sample (around 1400 objects).
filter outputs. For both AP and uMMF filters, the data consist
of a velocity componentyj plus a number of noise sources
(CMB anisotropies, instrumental noise, Galactic and epetiac- 34.
tic emissions not associated with the clusters, etc., hemetéd

by n): In order to evaluate the bulk flow iRlanck data, we adopted
d=v+n (16) the procedure previously used on simulations for foreogsti
o PlancKks performance, as detailed iMak et al. (2011). We
wherei is the index of each cluster in our sampleNof= 1405 briefly summarize the approach here, and we refer the reader t
objects N = 1321 under the strict mask). figiently distant Mak et al.(2011) for further information. In this procedure, we

All-sky bulk flow with the unbiased Multifrequency
Matched Filter (UMMF)

from such locations, the dathand the nois@ coincide. do not focus on the velocities of individual clusters, buhea
We therefore want to measurel,, = Var() = fit for both amplitude and direction of the bulk velocity fdret

N (v — v \2/(N _ ; ; . whole ensemble. The first step of the procedure consistgextfil
gri]zle(\(l)'f th\ngjz;t(z'i\l at é)d;\tlgre Lig;;:;er?a%? velocity. The vari ing the observed maps with a whole-sky version of the uMMF
' that adopts the universal pressure profile frémmaud et al.
Zi’\ll(vi — Vim)? _(201() convolved with the beam profile of a given frequency_ as
— N_1 in the case of uUMMF on patches. For this whole-sky version,
instead of designing the filters individually for each carqthat
N (n _n)\2 N - o match its size), we construct one single filter for all clustevith
i1 (M ~ ) + 2i=1 2 — Vim)(ny nm)’ (17) acharacteristic scale 6§o = 8. This choice is motivated by the
N-1 N-1 fact that the average size of the MCXC samplé&jigo) = 7.8'.

whereny, is the mean noise. Assuming that noise terms and clug?€ filtering procedure combines maps atefent frequencies
ter velocities are uncorrelated, for the large number ofteis Nt @ cleaned temperature map that is then used to fit for the
considered here we expect the last term to be subdominant Wil spherical harmonic céiggients of the dipole termss, vy
respect to the first two. We therefore interpret the variaritee @ndVz). In doing so, we adopt theffective frequencies listed in

data in Eq.17 as the sum of variances of the velocity and noistablel. ] ] ] ] ]
terms: We fit the dipole terms of the filtered map using a weighted

least squares fit that is based on the HEALRBO(ski et al.
(18) 2009 IDL procedureremove dipole. We weight the central
. . ) ) _ pixels of the clusters that are outside the masked regioh wit
We then estimate the noise variance by looking at 100 logatiGyerse noise variance weights, i@ = 1/02, wherecy, is
near to clusters where noise properties will be similar. By dhe jth pixel noise variance calculated from filtered CMB and
ing so in each of the 100 nearby locations, we can obtain 1Qise realizations. In such realizations, the instruniemise
estimates of the noise variance and hence construct a fastogjs \hite and spatially uncorrelated, with a variance estima
representing its probability distribution. Note that tdistribu-  f.om the half ring maps and divided by the hit maps appro-
tion is, in general, not Gaussian. An example from the delrivegyiate for Planck data in a given pixel. We convert the dipole
noise rms distributions from the AP and uMMF filters are prgyom temperature unitT) to velocity ones\) by means of a
vided in the right panels of Fig8.and6, respectively. conversion matriXvl previously constructed using simulations
Given the probability distribution of the noise and our meas; ¢|ysters with the same characteristics as the samplerid, ha
sured variance at the cluster locations, we can deduce lpper j o v = M§TT. We then evaluate the error on the bulk flow
its for the clusters’ velocity variance. Because the varave- ginole codicients by fitting dipoles to sets of simulations of
locity term is positive and added in quadrature to the n@isén ¢\ anisotropies, instrumental noise, and the t82e. In or-
Eg. 18, we can conclude that at 95 % confidence limit (C.L.) thger to do this, we assume that these sources of errors are-unco
kSZ contribution should be below the following value: related, but we consider potential correlations in thersrfor
2 o) — 2 _ 2 (Eg the dipole cofficients. The magnitude of the dipole velocity fol-
Tisz(95 %)= Tausters™ Tnoisd S %) 19 ows ay? probability distribution with three degrees of freedom
Here o2, (5%) is the noise variance amplitude limiting théhat can be computed as follows:
lowest 5% of the noise variance distribution. In practicece Taiot
our histogram is based upon 10@drent variance estimates, wet' = (V= Vm) N7V = Vm), (21)
write:

= Var(d) =

2
O clusters

2 _ 2 2
O clusters= 9ksz + O hoise

wherev is the variable of the distribution, is the mean of
o—isz(gs %) = O—(Z:Iusters_ gﬁois {5th). (20) the vglocity as e_stimated from siml_JIations, avds the noi§e

covariance matrix under consideration. We compute theréova
In this equationaﬁoise(Sth) denotes the fifth lowest ABMMF ance matrix by passing 1000 simulations of the noise compo-
output variance estimate picked from the 100 variance estisn nents (CMB anfbr instrumental noise ayar tSZ) through our
making the histogram. The quantitysz(95 %) constitutes our pipeline and performing the dipole fit on them. The scatter in
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dipole codficients provides an estimate of the noise correla statistical approach which targets ensemble propertidseo
tions between the dipole directions, i §.= (woise\ﬁnoise . The cluster peculiar velocities.
95 % upper limit is then determined to be the velocity at which We first apply the AP filter to raw HFI frequency maps. Since
x? = 7.8, which is the 95 % upper limit for g2 distribution with this filter is applied independently onftérent frequency bands,
three degrees of freedom. Errors on the bulk flow measuremdhtPermits us to track separately the impact of other contrib
are therefore computed on the basis of simulations, anddecl tions like the tSZ #ect or dusty point sources. When impos-
sources of uncertainties in the mass—observable relasiorelt  iNg constraints on the cluster peculiar velocities, we aksthe
as in the residual contamination from thermal SZ, CMB and ileaned 2D-ILC CMB map. Likewise, the use of the uMMF on
strumental noise. raw HFI frequency maps allows us to test for dust contanmati
We verified that the most stringent constraints are obtainkgf SPectral leakage, or errors in the cluster size detetioim.
when only the central pixel in the direction of cluster'sation HOWeVer, the mostrestrictive velocity constraints areallgwob-
is considered after filtering the map (and since the data hlvet@ined from the 2D-ILC map.
ready been matched filtered, applying an aperture would @ot b
valid). For the frequency maps used, we present resultsllmase ;
the four lowest HFI channels, i.e., 100, 143, 217, and 353.GH%1' Constraints on kSz monopole and rms
We verified that extending the analysis to the two highest LI this section we present the constraints fincksets on the
channels, 44 and 70 GHz (asMak et al. 201} gives consistent amplitude of the peculiar velocity monopole (average) and r
results, but does not significantly improve the constraints in our cluster sample.
Finally, before we end this section we stress théedénce
existing between methods working on patches (such as tre one _ )
described in previous subsections) and this method, whicksy 4-1.1. Constraints from the AP filter
on the entire celestial sphere. The former methods aresitsen
to scales larger than the patch size, unlike all-sky metliods
which filtering is implemented on all angular scales.

For all MCXC clusters outside the joint HFI mask, an AP es-
timate is provided for each frequency band. In order to test f
systematic errors, this filter is applied not only at the @ugpo-
sitions, but also on 100 other positions displaced from &z r
ones in either Galactic or equatorial latitude. For eaclitioos
4. Analyses and results the amount of displacement is an integer multiple of threes
the FWHM of the beam corresponding to the frequency map un-
This section contains the entire set of results in this paetis  der study. For dixedclusteri, the AP output rms from the dis-
divided into three subsections. The first one (Sédj.addresses placed positions provide an estimate of the rms of the APuiutp
the constraints on the kSZ monopole and the rms of the clusigtheith cluster’s real positionoap, ;). For each displacement,
peculiar velocities, and is divided into two parts, devaethe we consider only positions outside thieetive mask, and com-
results obtained with the AP and uMMF filters. The second supute both the average (or monopole) of the AP outputs, arid the
section (Sect4.2) studies the constraints on bulk flows, and isms, as we run over fierent clusters. The left panel of Fig.
divided into four parts. The first three outline the constisbb-  displays the histograms of the AP outputs for the 100 digglac
tained with the three filters defined in Se&tThe fourth partre- positions at 100 GHz (black solid line), 143 GHz (red solitk)
visits the specific filter implemented i§ashlinsky et al(2008. and 217 GHz (green solid line). The vertical, dot-dasheeslin
Finally, the third sub-section (Sedt.3) sets constraints on inho- correspond to the AP outputs at the real cluster positioas(z
mogeneous cosmological models. angular displacement).

As mentioned above, the MCXC catalogue consists of a sam- Note that for each displacement some of the real MCXC
ple of massive clusters of galaxies hosting large reseswafir cluster positions may fall in masked pixels. In those caties,
hot gas, where the CMB is distorted by means of the t&ce AP filter outputs are ignored, that is, for each set of dispiac
(Planck Collaboration X 203 Planck Collaboration XI 2001 positions, the number afseful AP estimates equals the num-
We target this cluster sample in our attempt to detect or @t ¢ ber of clusters under consideration minus the number ofsime
straints on peculiar motions in the local Universe. Prodlitteat  that the “displaced” AP filter centres falls on a masked pivéd
the expected typical correlation length for peculiar véles is  hence do not consider AP outputs whenever the filter is céntre
of order 20-4(0*Mpc, we do not expect MCXC clusters toon masked pixels. The left panel of Fig.shows that the AP
show any significant level of coherent motion. Clusters i@ thapproach is sensitive to the tSZ-induced decrements atd@0 a
MCXC catalogue cover a wide redshift range and distances het3 GHz, since the AP output monopoles at cluster positialhs f
tween them are far larger than the velocity coherence lengifithe negative temperature range, far from the histograms c
However, in the last few years there have been several WOl’kg from displaced positions (which are centred near z&iog.
(Kashlinsky et al. 20082010 Abate & Feldman 2012claim-  observed monopoles in this panel are less negative (by about
ing the presence of extremely large-scale bulk flows, anl sug0 %) than predictions based upon the universal pressure pro
scenarios can be tested with the MCXC cluster sample. file of Arnaud et al(2010. Given measurement errors, this low

Note that the linear theorx CDM predictions for the pe- bias is marginally significant (around3 and is probably due to
culiar velocities of the clusters are supported by the augfu residual point source emission gadinaccuracies in the mod-
numerical simulations, although clusters and groups mawshelling of the beam impact on our predictions. For 217 GHz, how
biases depending on their environment, with higher veleih  ever, the AP monopole falls on the positive part of the hisioy
overdense regions, and non-Maxwellian taéth & Diaferio possibly indicating traces of tSZ-induced emission (siheeef-
2001). In any case, the velocity rms expectation, when trandlatiective frequency of this channel is above the tSZ null) sTHis-
into temperature fluctuations via Ety.yields too small a signal togram can be converted into velocity units through dividiry
to be detected on an individual basis (typical velocityreate each cluster’'s estimated optical depth (see Seg). After av-
errors lie at the level of thousands of kmy This motivates eraging over the full MCXC un-masked cluster sample one can
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Fig. 3.Colour coding common for all panels: black correspondsed®0 GHz channel; red to 143 GHz; green to 217 GHz; and blue
to the 2D-ILC map. Histograms are obtained from AP output&displaced positions, while vertical dot-dashed linesespond

to AP outputs obtained on the clusters. The left panel refetise AP output monopolaverage, whereas the middle and right one
display histograms built upon rms estimates.

compute the conversion factor from thermodynamic tempegat oo T T T T T T
fluctuations §T) to peculiar radial velocityy) for this sample, [
V| = fT2V5T. (22) 1000 C 7

This conversion factor however depends on the AP radius

applied. We obtain values fofr,, of 172kms!uK=! and o S00f ]
203kmstuK1, for the AP radius choices of.B66s00 and o i 1
500, respectively. After weighting the AP velocity estimate of £ . ;
each cluster by its variancey( = 1/0—,?-\P,i ), we obtain an es- = 0."'%""% """"""""""" ]
timate for the kSZ averagmonopole from HFI 217 GHz data: g [ ‘}‘l’ ‘}* ]
-212+ 80kms?. If instead we use the 2D-ILC map, the con- < _s0ok r]! ]

straint becomes1+ 73 kms?. The HFI data in the channel near

the tSZ null seem to show some residual tSZ contamination (as I .
L A6 frequencies no band colour

expected from thefective frequency of this channel quoted in —1000F © 6 frequencies band colour ]
Tablel), but the 2D-ILC result is consistent with zero. [ O3 frequencies no band colour 1
The middle and right panels of Fig.display the histograms p >3 frequencies band colour 1
of the rms values obtained from the displaced positions.oAs f B T
the left panel, black and red colours refer to the 100 and 143 G o0 0z 04 06 08 1.0 1.2

X X . Redshif
channels, respectively. In this case, and given the measunte edshift

uncertainties, predictions from our adopted pressurelprafe Fig. 4. Dependence of the average radial velocity of clusters for

in good agreement with our rms-excess measurements. ThedMPerent redshift bins. Note that the “no band colour” symbols

output rms estimates determined at the positions of clsister are known to give unreliable results. For clarity, symboithim

displayed by the vertical, dot-dashed lines: they fall djeaff the same redshift bin have been slightly shifted horizdntal

the histograms obtained from displaced positions, showimg

excess rms, which is however not seen at 217 GHz (green curve

in the right panel). In this panel, the AP output rms estirdate

the cluster positions falls in the middle of the histograrteated 1892kms?, for the raw 217 GHz and 2D-ILC maps, respec-

from displaced positions. The same occurs for the 2D-ILC madjvely. These upper limits are about a factor of 8 above tetor

denoted by blue lines. This suggests that the rms excesd founcal predictions, and can be only slightly improved by loakat

the middle panel has come from tSZ, since it does not show upsitbsets of the cluster sample. We have checked that kS&error

the 217 GHz channel. In ideal conditions, with identicalrnea decrease with cluster mass and angular distance, sincedtee m

throughout channels and an absence of noise and foregroufi@gssive clusters provide higher kSZ signals and the CMB con-

the histograms in the middle and right panels would be idahti tamination is less important on smaller angular scales.avew

the diferences among them are reproduced when performing gstraints on radial velocities do not improve signifitant

analysis orPlancksimulated maps, which account foffidirent By using only an un-masked cluster sub-sample containieg th

noise levels and beam sizes. first 1000 clusters, which have larger values of mass times an
Applying the procedure outlined in Se&t3on the AP rms gular distance Mspo X Da, (Msoo)subsample = 2.3 X 10" Mo,

distribution displayed in the right panel of Fig, we set con- (Dsubsampe = 0.18), the 95% confidence level constraints

straints on the kSZ-induced contribution to the total measgu from HFI 217 GHz and 2D-ILC data become 1806 krh and

rms. We find that radial velocity rms constraints for the vehol1229 kms?, respectively. These are still a factor 5-7 above the-

cluster sample are, at the 95 % confidence level, 2017 karsl oretical predictions foACDM.
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are found when introducing changesigdifo- in the adopted HFI
Gaussian fit FWHM values.

In Fig. 5 we display the histogram of radial peculiar veloci-
ties as estimated, for MCXC clusters, by the uMMF implemen-
tation. The distribution is almost symmetric around zerd has
a standard deviation of 4100 kmtsIt shows non-Gaussian tails,
presumably due to the presence of un-resolved point soanzks
other non-Gaussian signals in some galaxy clusters.

We next conduct apatial analysis of the Matched Filter
outputs, just as done for the AP approach above, and again
analysing both the set of HFI frequency maps and the 2D-ILC
map. In this analysis we first apply the filter on lfl@nk, ran-
dompositions on the sky where no MCXC clusters are found,
and compare the resulting rms of the filter velocity estimate
with the rms of the estimates obtained for the real clustsi-po
tions. Contrary to the displaced positions for the AP filitethis
case the random positions on which the uMMF filters are

300

250

200

150

No. of clusters

100

50

(G IR AR b ] evaluated are not displaced in either equatorial or eclipti-
—-2x10% —1x10* 0 1x10*  2x10% tude with respect to the real cluster, but simply randomégced
Vg [km s7'] within a 10 x 10° patch centred on the real object. If the kSZ

signal generated for those “sources” leaves a measurfiblg,e
Fig. 5. Histogram of recovered radial peculiar velocities as estiien the rms at the real positions of the clusters must bedarg
mated by the uUMMF implementation on HFI frequency maps. than the rms obtained at blank positions.

In each patch centred on each MCXC cluster, we record
the uMMFMEF outputs for 100 random positions not coinci-
dent with the centre. This provides peculiar velocity eaties

4.1.2. Constraints from the uMMF/MF filters for positions where we expect the kSHext to be zero while,
) _ at the same time, having similar levels of instrumental @aisd
The uUMMF approach can provide accurate kSZ amplitude §greground contamination as the positions correspondimel
timates under the assumption that clusters, as well as bejigxc clusters. For each set of 100 positions, it is possible t
isothermal, follow the universal pressure profileAshaud et al. compute the rms and compare it to the expected value predicte
(2010. In Sect.5 we address th_e bias tha.t this assumption iy the UMMFMF method, as provided by EG5. This is shown
troduces when clusters showfierent density profiles, finding i the |eft panel of Fig6 for HFI frequency maps: the solid line
a roughly 5% low bias in the velocity amplitude estimates. O(H'isplays a one to one relation, and it is roughly followed by
an individual basis, the UMMF provides velocity errors tat  {he recovered rms from the random estimates within the patch
pend on the mass and the size of each cluster on the sky, @ihical axis) versus the predicted velocity errors (bonital
lie at the level of a few thousand km's with an average value axis). Here we neglect all uMMMIF outputs within the patch
of about 4100 km's: for the un-masked MCXC sample and thgnat fall in masked pixels. After fixing one of the 101 pogiio
six HFI channels. When properly accounting for the finitedan yithin each patch, we compute an average velocity by consid-
width of the HFI channel spectral responses, the average- pegring velocity estimates in all patches at that particutzsition.
liar radial velocity of MCXC clusters is compatible with Zer The histogram of these average velocities computed in tBe 10
(15+ 60kms~). The 2D-ILC map provides 72 60 kms™. displaced positions is shown in the middle panel. The valtic
When binning the cluster sample in redshifts, we again findd dashed line corresponds to the average velocity as dechpu
no evidence for any statistically significant average pecwe- from the velocity estimates at the patch centres, that ithet
locity (see red and green symbols in Fi). Estimates of the real MCXC cluster positions. As expected, the middle pariel o
kSZ monopole for clusters belonging tofférent redshift bins Fig. 6 shows that the entire ensemble of MCXC clusters exhibits
are shown in Fig4. average peculiar velocities that are compatible with z&te
Bear in mind that if no colour correction is taken into acright panel displays the histogram of the velocity rms eatan,
count, and use is made of the nominal HFI frequencies insteaamputed exactly in the same way as for velocity averages. Fo
of the dfective ones (see Tablg, then dfects associated with each of the 101 positions within a patch, we calculate a veloc
the finite spectral response in HFI channels become of neteva ity rms after considering the filter outputs for the whole gkt
In Fig. 4 blue squares and black triangles display the averagatches at that position. We end up with 100 velocity rms esti
radial velocity estimates (within fferent redshift bins) as in- mates in displaced positions, and the resulting histograthe
ferred by the uMMF when colour correction is ignored, usimg t right panel is compared to the velocity rms estimated atlilne ¢
three lowest frequency or six frequency channels, respgti ter positions, again shown as a vertical, red dashed liremFr
In those cases, average velocity estimates lie asfdvelow the this distribution, and after following EQO, the uMMFMF can
zero level for several redshift bins, pointing to somesitive set the following upper limits at 95% C.L. on the cluster eddi
residual temperature fluctuations at the cluster positfagich  peculiar velocity rms: 1514 knts for HFI frequency maps; and
is expected since thefective frequency for the third HFI chan-987 kms? for ILC data. As for the AP filter, when restricting
nelis about 222 GHz, i.e., above the tSZ null frequency)oGol ourselves to the cluster sub-sample which maximizes thé-pro
corrections must hence be made when interpreting kSZ measwict Msgox Da, We obtain improvements on these constraints: for
ments. However, the fact that velocity estimates for threksax  the 1000 clusters maximiziniglsgo X Da, upper limits become
HFI bands are compatible suggests that dust contaminatior798 and 754 km3d for the raw HFI and 2D-ILC data, respec-
not important. We also checked that no significarffedences tively. If we instead choose the top 100 clusters in the sorte
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Fig. 6. Left panel:Estimated rms of uMMF outputs at 100 random positions withia patch surrounding each MCXC cluster
versus the corresponding peculiar velocity error as ptediby the uMMFMiddle panel:Histogram of mean kSZ radial velocity
estimated using all un-masked MCXC clusters, for the 101tipas considered in each cluster patch. The vertical, sshdd line
corresponds to the average kSZ estimate when averaginggthoat the patchentresi.e., at the real cluster positiorRight panel:
uMMF velocity rms histogram obtained for the MCXC clustet, s different positions within the patches, just as for the middle
panel. Again, the vertical red dashed line correspondsa&®82 velocity rms estimated at real cluster positions (dolpeentres).

list of the previous sub-sample, the constraints changegidy
slightly: 794 and 614 km$ for raw HFI and 2D-ILC maps, re- Redshift z
spectively. These limits have systematic uncertaintiéisestevel 0.035 0.370
of a few percent, but are nevertheless a factor of about 3eabov
the level of ACDM predictions.

4.2. Constraints on bulk flows and the kSZ dipole u

In this section we describe the constraints fPlancksets on the 1000 |
existence of bulk flows at fferent scales and the measurement i
of the kSZ dipole in our cluster sample.

Dipole [km s™]

4.2.1. Constraints from individual cluster velocities

Extensive &orts have been made in recent years to try to set

constraints on the local bulk floH{dson et al. 2004Watkins

et al. 2009 Feldman et al. 20Z(Nusser & Davis 2011Ma &

Scott 2012, without reaching full agreement so far. The kSZ es- i

timates fronPlanckprovide a dfferent approach to the question R e

of the local bulk flow: if clusters embedded in structure au 100 1000

the Local Group are comoving with it towards a nearby over- Sphere comoving radius [h™ Mpc]

density, then the kSZ measured for those sources shouldahow

dipolar pattern. By looking at clusters within spheres dfet

felnt radiLf_ro(rjr]f;Js itis polssible t_lqhs_et con_séraintsdpn thellbaik +Fig. 7. Upper limits at the 95 % confidence level for the dipole
ow within different volumes. This provides a direct test on t ; ; ;

studies oKashlinsky et al(2008 2010 2012, which claim that gmplitude from MCXC clusters contained in local spheres of

clusters extending at least up to 800 Mpc are part of a bulk varying radii. Blue and black arrows denote limits for AP and
MMF h ively. Th limi indi
flow of amplitude about 1000k u methods, respectively. The upper limits are indicdied

g the tails of the arrows.
Given any MCXC cluster sub-sample, we compute the am-

plitude of the kSZ dipole along a given directidig, by mini-

mizing x? = 3;(vj — @ (Agpp - A)))?/0g . Here,v; ; denotes the 1
AP/JuMMF/MF radial velocity estimate of thigh cluster (which 7@ = > (Agip - A()2/02
is located in the directiorfi j), and o, is its associated error. SR T
After assuming uncorrelated errors (from cluster to cigstBis  \ve compute the kSZz dipole for cluster sub-samples contained
minimization yields both an estimate efand a formal associ- \yithin increasing radii from the Local Group. For each cust

100 b

(23)

ated error: sub-sample and associated kSZ estimates, we fit a dipolg alon
A AN, every direction in the sky, i.e., we sweepiigj, and retain the
~ 2jVij (Adip - Aj) /oy direction which yields the highest uncertainty (i.e., ligtr;

% i(Adgip - ﬁj)z/a\%j value) in order to find the corresponding upper limit. Figure
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allow one to propagate errors on cluster-derived measurtsme
mainly induced by dispersion in the scaling relations, tigtwout
the whole pipeline. An alternative procedure to derive uiaie-
ties consists of randomizing the positions of the clustershe
sky and computing the monopole and dipole from these random
directions, adopting the same procedure used on the real dat
We use the latter to show the typical variations of th&udie
component’s contribution for small displacements around-c
ter locations. Specifically, we consider directions dispthby
30 to I° from the cluster nominal locations, while also avoiding
mask boundaries (these are the “shifted positions” in Taple
Values for the resulting velocity dipole cfiieients are pre-
sented in Tabl@. The main result is th&lanckdata give dipole
codficient amplitudes consistent with those expected from the
ACDM scenario, once one has taken into account the contamina-
tion from Galactic foregrounds and other signals. The agmar
Fig. 8.Mollweide projection in Galactic coordinates of the uppebulk flow measured is 614 kms However, with this particular
limit (at 95 % C.L.) of the kSZ dipole amplitude from applyingconfiguration for cluster positions, theflilise Galactic compo-
the uMMF approach to HFI frequency maps using the whoteent provides a non-negligible contribution to the dipagmal,
MCXC cluster sample. In no direction is the dipole detected 829kms?, as measured in the PSM simulations. The errors on
more than 2r. the difuse component, as estimated by randomizing the clus-
ter directions on the PSM fluse component simulations, are
smaller than those induced by the thermal SZ and CMB plus
displays the corresponding upper limits (at the 95 % confideninstrumental noise simulations (see Tab)e
level, calculated as®, assuming a Gaussian distribution) onthe  Simulations of the tSZ component, which account for un-
dipole values for dierent radii and both AP and uMMF meth-certainties in the SZ signal for clusters with a given terapae,
ods on HFI frequency maps: for both methods, the 95% C.induce a & uncertainty on the bulk velocity of 40 km’s and an
upper limit for radii of 9th™ Mpc amounts to~ 2000kms*,  overall bias in the velocity estimation of the order of 400kt
but it decreases rapidly as the volume increases. For sphere Uncertainties from CMB confusion and instrumental noise
of radius around 350™*Mpc, the uMMF limits fall to about (140-290kms' in the diferent directions) are dominant over
390kms?, and the corresponding AP limitis just slightly highegSz ones. The fraction of the observed bulk flow not accounted
(520kms™). In the largest volume probed by the MCXC clusfor by Galactic foregrounds (by subtracting the dipole age v
ters, the 95% C.L. upper limits become 329 and 254khiar  tor, this amounts to 350 k¥ is within 95 % of the error on
the AP and uMMFfilters, respectively. Despite being vefjedt  bulk flows induced by the tSzZ, CMB and instrumental noise
ent in their definition, the two methods give rise to a veryiEim (893 km s) and below the 95 % level of CMB plus instrumental
pattern in the bulk flow constraints insideigrent volumes, and noise alone (543 knTs).
in all cases the measured dipoles are compatible with zero. By restricting the cluster sample to the objects within acspe
In Fig. 8 we display the 95 % upper limit on the kSZ ampliified distance from us, it is possible to constrain the bulkvflo
tude from the uMMF filter using the whole MCXC cluster sejyithin spheres of a given comoving radius. This is what is dis
(for which () = 0.18) and HFI frequency maps. In no directiorplayed in Fig.9, where the Galactic component has been sub-
does the measured dipole exceed and the direction with the tracted. We notice that, for all distances, the measurel bul
highesta/o; value is close to the Galactic plane. This is to bgow is below the 95% confidence level as measured from
expected if the errors in the Galackeandy-components of the maps including only CMB, instrumental noise, and tSZ clisste
dipole are larger than tliecomponent, due to the lack of clustersthe upper limits reach an approximately constant value @bov
at low Galactic latitudes. When restricting ourselves tst#rs scales around 5001 Mpc, as a small fraction of the clusters
belowz = 0.25, the dipole amplitude along the CMB dipolén this sample are at larger distances. The 95 % upper lirits a
direction (,b) = (264,48") (Hinshaw et al. 200Pamounts to  2400h~1 Mpc are 893 kms when all sources of noise are con-
80+150kms*, and limits to 56 160km s* along the direction sjdered, reducing to 543 km’swhen CMB plus instrumental
of apparent motion of the Local Group with respect to the CMBygjse are taken into account.
(I,b) = (276", 30°) (Kogut et al. 1998 Thisresultisinclearcon-  The results reported in Fid refer to the nominal mask,
tradiction withKashlinsky et al(2010, who find a bulk flow of ' \hile in Table2 we also quote results for the more restrictive
about 1000 km's amplitude within radii of 300-800* Mpcat mask. The two sets of results are very similar, however.
~30 C.L. Since our error bars are a factor of about 2 smaller, |n this analysis, we also fit for the direction of the measured
this suggests that we test the outcome of the filter used Bethgy|k flow. Even although the detection is not significant, ight
authors on our data (see SetR.3below). still be instructive to compare the best fit direction to othe-
tentially relevant directions. Results for various clustenfigu-
rations andPlanckdata are displayed in Fig, together with the
CMB dipole and the claimed dipole directionkéshlinsky et al.
We can also compute the bulk flow according to the procedu2008. We notice that the direction we determine fréanck
outlined in Sect3.4. We filter the observed HFI maps and fitdata and MCXC clusters is quiteftérent from both the CMB
monopole and dipole velocity cfitcients to the filtered data, asdipole and the result dfashlinsky et al(2008. It aligns better
well as to simulations of the data (PSMidise component, tSZ with the direction of the collection of clusters in the magigh
and CMB plus instrumental noise simulations; see S&€). happen to be in a low instrumental noise area of the sky, as one
Simulations provide one way of estimating uncertaintiegctvh would expect from a noise—induced measurement. Indeed, sim

172 254 [lm 5]

4.2.2. Constraints from all-sky method
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redshift z . . . .
0.035 0.370 the filtered maps can be performed: for instance, for theditte
2500 ———— — ] maps corresponding to the fourth W-band DA, the temperature
rms outside the joint mask in our filtered map isukK very
] close to the 77K obtained from the map used b§ashlinsky
] et al. (2010. The rms of the dference map amounts to 3K,
j - and a visual inspection shows the similarity between bothana
] Each cluster is assigned a radius of,25d theremove_dipole
1500 ] routine from HEALPIx is used when computing the monopole
+ & : and dipole in the subset of pixels surrounding the clusiéns.
] monopole and dipole components obtained for WRIAP W
1000 l ] band are displayed by the black, vertical dot-dashed lines i
\ R Fig. 10. These are in very good agreement with the results ob-
{

instr noise + CMB + tSZ
instr noise + CMB

2000

Dipole [km s7']

] tained byKashlinsky et al(2010.
S We next distribute the same number of clusters surviving the
+ 4+ ] maskrandomlyon the unmasked sky 1000 times, assign them a
. circle of radius 25and repeat the monopole and dipole compu-
or ] tation. For each of the 1000 cluster configurations, we seekyr

— — compute the monopole and dipole for each of the DAs. This per-
100 1000 mits us to obtain the rms for each component and DA, in such
Sphere comoving radius [Mpc h™'] a way that a combined estimate of the monopole and dipole can
be extracted from all DAs by inverse-variance weightingeke

Fig. 9.Bulk flow amplitude measured iPlanckdata with the all- timate for each DA. This is carried out for the real clustenco
sky method, after subtraction (vectorially) of the Galactintri- ~ figuration on the sky and for the 1000 mock (random) configura-
bution (black crosses), compared with 95 % upper limitsvéberi tions. From the latter, we obtain the histograms shown inFig
from simulations containing CMB and instrumental noiseyoniThe average quantities out of the 1000 simulations areaispl
(blue arrows) or also including tSZ signal (black arrowsheT by the solid, vertical lines. Black lines refer WéMAPdata, and

fact that the crosses are below the arrows at all scales shaivs Our results show that thecomponent of the dipole is peculiar,
there is no significant bulk flow detection. in the sense that it falls far in the negative tail of the disttion.

When repeating these analyses with the 2D-ILC map, we ob-
tain the results displayed by the red lines in the same fidare.
ulations show that the directions of bulk flows of the magmétu this case, the dipole components from the real data falhéurt
seen in the data cannot be recovered with great precisioorsEr outside the distribution provided by the histograms, asenoin
are of the order of tens of degrees, depending on the bulk flthe 1000 mock cluster configurations provides a dipole ajdar
direction Mak et al. 201}. amplitude than the one measured from the real MCXC sample.
Finally, we notice that the upper limits to the bulk flow thafrhese results suggest that the dipole measured at the MCXC
we find with this method are above those found in the prewgiuster positions is indeed peculiar if compared to dipait-e
ous subsection. This is not surprising, as we are fitting feare mates from randomized cluster positions.
both the velocity direction and amplitude, and we compute er Nevertheless, there is one aspect to be studied more closely
rors in a diferent way. The upper limits obtained with this appamely the angular distribution of clusters on the sky. Iratvh
proach should be considered as more conservative. Nelesshefollows, the filtered map built upon the 2D-ILC data will besals
they are about a factor of five better than what was found usiBg far our Monte Carlo simulations assumed that clustere wer
WMAPdata. placed randomly on the sky, i.e., the clustering of our sesirc
has been neglected. We next perform tests in which the angu-
I ) , lar configuration of our MCXC cluster sample is preservedce Th
4.2.3. Revisiting the Kashlinsky et al. (2010) filter first test consists of repeating the filtering zfnd su%seqdjpme

The idea of constraining the local bulk flow of matter by lookcomputation on 1000 CMB mock skies following thieMAP
ing at the dipolar pattern of the kSZ in the galaxy cluster-pog best-fit model. These mock CMB maps contain no kSZ and
ulation was first discussed Byaehnelt & Tegmark1996 and hence should give rise to no significant kSZ dipole. Out of thi -
further developed bitashlinsky & Atrio-Barandel§2000. The ~€nsemble of mock skies, we compute the dipole using the posi-
method was applied bigashlinsky et al(2008 2009 to WMAP  tions of MCXC clusters (as described above) and obtain a his-
data, analyses that have been followed by more recent studfgram from the recovered dipole amplitude. This permiteous
(Kashlinsky et al. 2012011). In this section, we perform a di- judge how peculiar our measurement is with respect to the sim
rect application of their filter to botiVMAP and Planckdata, ulation outputs. In a second test, we rotate the clustegilan
and interpret it at the light of the results already outlifrethis  Positions around the Galactzeaxison the real filtered map ob-
work. tained from the 2D-ILC datawWe conduct 360 rotations of one
We first implement the filter oKashlinsky et al(2010 on degree step size, in Galactic longitude, while preserviagGic
the MCXC cluster sample and tNéMAR-7 data. After using the atitude, and the relative angular configuration of MCXCselu
extended temperature KQ75 mask, we obtain filtered maps fré@s on the sky. Since the mask mostly discards pixels at low
the cleaned Q, V and W ban®MAP data. Since the filtered Galactic latitude (close to the Galactic plane), most eltssthat
maps for the four W-band Berencing Assemblies (DAs) used@re originally outside the mask remain outside the mask adte

by those authors are publicly availabla direct comparison of tating. For each rotation a new value of the dipole is reayrde
and information on dipole statistics is then built up usingputs

3 The data were downloaded from the URL siteObtained from the real map with the real rotated cluster genfi
http://www.kashlinsky.info. uration on the sky. This rotation test, unlike the one bagezhu

500
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Fig. 10.Monopole and dipole component estimates after applyingplagial filter ofKashlinsky et al(2008 on WMAR7 W-band
data (black lines) and dhlanck2D-ILC maps (red lines). Estimates from real MCXC clusteesdisplayed by vertical, dot-dashed
lines. Histograms are obtained after repeating the arsatysil000 random cluster configurations, with averages atelicby the

vertical, solid lines. Thg-component appears discrepant here, but comparé Eig.

CMB mock skies, accounts for the impact of noise, foregreundar to those obtained after running CMB mocks or rotating th
and other systematic signals that may be present in theefilteclusters in Galactic longitude. This is in better agreenveitt
map. Atrio-Barandela et al(2010, who found no significant dier-

The results are shown in Fig.l. The black histogram re- €"C€ between the histograms obtained from CMB mocks and

flects the statistics of the recovered dipole amplitudeeraf{rom randomly distributing clusters on the filtered map. STisi

drawing 1000 random cluster configurations on the real étter <€/ due to the absence of any significant intrinsic dipoléhe
map, just as done for Fig.0. The biue, triple dot-dashed his_angu.lar distribution of this (smaller) clugter sub-sample _
togram corresponds to the dipole outputs obtained aftatingt Finally, we perform a direct comparison of our results with
in Galactic longitudenesingle random cluster configuration apKashlinsky et al(2011). For this purpose, we use theMAPfil-
plied to the filtered map obtained from 2D-ILC data. Cleatljs tered maps and the sky mask for galaxy clustersa0.25 used
rotation gives rise to a histogram that is very close to the oRY Kashlinsky et al(2008; these data are presented as supple-
obtained from the 1000 random cluster configurations. On tAentary materials foKashlinsky et al(2011). For the filtered
other hand, the green, dot-dashed histogram reflects ttig- stanaps corresponding to the four DAs of ié&MAPW band data,
tics of the recovered dipole amplitudes obtained from th@010We apply the rotation test in Galactic longitude. We find tlait
Monte Carlo CMB simulations. Again, this histogram is fgirl though the/-componentof the dipole at no rotation is marginally
close to the one obtained after rotating the real clustepgmmpeculiar (at the roughly 1-3 % level), the amplitude of thgode

in Galactic longitude on the real filtered map (red dashed hi§ not, since around 14 % of the rotations yield higher anagét
togram). The recovered dipole amplitude from the real elustdipoles. This is in good agreement with tRtanckresults out-

positions on the real filtered map is displayed by a vertitati lined above. Hence, according to our estimations of theleipo
line. uncertainty, we conclude that the roughlyi dipole measured

by Kashlinsky et al(2008 should not be assigned to the clus-

While the measured dipole falls in the far positive tail fofgrg' peculiar motion, but rather to residuals (mostly of BM
the simulations usingandomcluster configurations (black a”dorigin) in the filtered map.

blue histograms), it is however quite unremarkable when-com

pared to the simulations accounting for the real configanati

of clusters on the sky (red and green histograms): about 114/8. Constraints on inhomogeneous cosmological models

of cases in both CMB simulations and rotations yield dipoles

larger in amplitude than the one measured on the real daé. Tihe sensitivity of the kSZ féect to peculiar velocities and
green histogram shows that the apparent dipole can be egplaibulk flows makes it an excellent probe of nonstandard inhomo-
by chance alignments of random, uncorrelated CMB skies. Tgeneous cosmological modeleqodman 1995 In particular,
impact of instrumental noise and other component only shiftnodels in which we are located near the centre of a sphericall
the histogram slightly (as a comparison of the red and gresypmmetric Hubble-scale void have been examined extewsivel
histograms suggests). These results show that the dipale mie recent years as alternatives to standard acceleratirdy mo
sured for the real MCXC cluster positions is not peculiar wheels on Friedmann-Lemaitre-Robertson-Walker (FLRW) back
compared to other dipole computations, either on mock CM#Bounds (see, e.gGlarkson 2012and references therein). Such
skies or on the filtered 2D-ILC map for a set of positions imoid models can easily reproduce the Type la supernova (EN) |
which the angular clustering of the MCXC sample is preserveatinosity distance-redshift data without dark energy or ified
When repeating this analysis on a sub-sample of MCXC clugravity. However, these models generically predict vergrej
ters containing the 200 most massive objects, wider hiatogr outwards-directed bulk flows, due to the greater expansit r
from both rotations and CMB mock skies are obtained. The ar@éhin the void, and so are expected to produce a large kSZ
under the histograms above the apparent dipole obtained fromonopole signal (superimposed, of course, on the usual kSZ
real data at zero-lag rotation amounts to about 56 % of the ®gnal from structure). Constraints on such models using kS
tal, see Figl2. Unlike for the entire MCXC cluster sample, theupper limits from nine clusterdHplzapfel et al. 1997Benson
histograms obtained after randomly distributing this saimple et al. 2003 Kitayama et al. 2004show that the largest voids
of massive clusters on the un-masked filtered map are very siane at odds with these early data, assuming purely adiabatic
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tial conditions Garcia-Bellido & Haugbglle 2008Yo0 et al.

2 L 2010. Tight constraints have also been imposed using upper
= ] limits on the kSZ power from small-scale CMB experiments
i (Zhang & Stebbins 20%1Zibin & Moss 201). However, the
results based on small-scale kSZ power are uncertain, due to
7 inability to properly perform perturbation theory in voidatels
] and our lack of knowledge about the small-scale matter power
spectrum and baryonic physicgifin & Moss 201). The very
] tight Planck constraints on the kSZ monopole presented above
. are therefore expected to provide extremely stringentdiron
1 any such large-scale features, in a manner that is free afrthe
certainties due to small-scale structure.
] We first briefly describe our void models and calculation
i methods; full details can be found iMoss et al.(201).
Growing-mode void models are characterized by a single ra-
dial function, e.g. the matter density profile. Models with-s
nificant decaying modes are ruled out by their extremelyearg
kSZ and CMB spectral distortionZipin 2011; Bull et al. 2012
6 and so will be ignored here. In this study we consider a family
Dipole amplitude [uK] of smooth void profiles (taken froMoss et al. 201)lparameter-

ized by a width L, and a depthjo < 0. Explicitly, we superpose

Fig. 11. Histograms of the recovered cluster dipole amplitudéat early times) on a spatially flat background the total evatt
(a) from the 1000 Monte Carlo random cluster configurations élensity contrast profile

the sky (black, solid line); (b) from rotating one randomst&r ) 3
configuration in Galactic latitude on the real filtered majuéh {50[1_ 3({) + 2({) ] r<lL,

Relative Frequency

triple dot-dashed line); (c) from rotating the real MCXC stier (1) = (24)
configuration around the Galactiaxis on the real filtered map
gfe (()jl,j?i\/lsge(%hglﬁ)s,tz?csigrjn)Jgrir:]alpop(;)(/)lr'll?otzteeflgzrrlgnérl\lﬂegn;smufor comoving radi_al cc_)ordinate centred onus. In order to ex-
lations following theWMAR-7 best-fit model (green, dot-dashed'€SS Our constraints in terms of more directly observabing
lines). The dipole amplitude recovered at the real MCXCtelus {iti€s, in place ofL we use the corresponding redshi, at
positions on the real filtered map is shown by the verticdigso Which we observe an object at= L. In place of the depth,
line. It is not significantly detected, provided one is cateb 5%!"9 use the local Tatter density parameter at the originoda
simulate the most important noise contributions. Qy° = 81Gpmo/(3Hg), wherepw o is the current total matter

energy density at the centre. Th{).ﬁC generalizes the familiar

density parameter of an FLRW cosmology, and the deepest void

Ql4 T T T T T T T T T have the smallestvaluesﬂf\?lc.

I These models require a relativistic treatment at late times
since they are not well described by small perturbations fan
FLRW background. We use the Lemaitre-Tolman-Bondi (LTB)
exact solution to Einstein’s equations to calculate théataab-
locity, v te(2), between a comoving scatterer (i.e., a cluster) and
the local CMB frame, using the methodss et al(2011).

] We compare our LTB void models with the ARanckradial

] velocity estimates for 1405 clusters by calculating thellhkood
while varying the width and depth of the void profile. The like
lihood, £, is calculated using the full error distributions from
] the 100 displaced positions for each cluster. Importafdahthe

- deepest and widest void models, the typical velocitigss are

] outside of the range of velocities for the displaced pos#id his
means that we cannot calculate the actual likelihoods feseh
models (because they are so small). Instead, we conseiyativ
assign such models likelihoods based on the outermost sdmpl
regions of the error distributions. This will almost centgire-
sult in a large overestimate of the likelihood for these niede
and hence we wilundeestimate the confidence at which they

. . - . re ruled out.
Fig.12. Same as Figll, but restricting the analysis to the 20 : .
most massive clusters outside the mask. The colour and ”ri]r?'tma T\I?dtlh:’jc\i’\ée t%lotlgggtO;lgsr éor thig ?huearl}ﬂte%i:\%%ﬁ/ é?"{“ge
style coding is identical to that figure. In this cask histograms pth b ' hom

contain the measurement on the real positions of clustéss ( V);?%Hi?nowggggcegui r‘:ﬁéﬂ\?l, I(zz) tEeO?%?sé Z)gov\\//vfggoh; t?1e
played by the vertical solid line). p M = I.LTel\Z) = V).

plot are the confidence levels for the same void models, but us
ing the Union2 compilation of Type la SNe, taken fraibin &
Moss(2011). The SN data demand deep (i.e., IQ@C) but wide

0 r>L,

Relative Frequency

Dipole amplitude [uK]
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Fig. 13. Solid contours indicate lqg(£/Lnom) for the AP 4

Planck frequency maps as a function of central matter density

parameterQ%, and the width of the void in redshift,. The Fig. 14.The solid, red line displays the ratio of kSZ fluxes com-

deepest voids have the smallest valueszﬁf. Dotted contours puted in circles centred on clusters with radf2 6500 and 6500

are the 1, 2, andBconfidence levels frorgdibin & Moss(2011), for different scalings of the entropy with radik§(r) « r”. The

using the Union2 SN data. Void models which fit the SN data ageeen, dashed line observes the isothermal case, in whith de

ruled out at very high confidence by the kSZ data. sity exactly traces the universal pressure profile adoptetis
work.

void profiles, Whille thd’lanckkSZ data rules out all but the very
shallowest (i.e.Q°¢ ~ 1) or narrowest (i.e., sma#l ) profiles. _. . . L
Adiabatic V(()id mgdels a)re thus ruled OEJt at extrerr)1eFI)y high\-coF'g' 14_1_ displays the ratio of t_he kSz qux_ computed in circles
fidence. It is easy to understand the strength of this regitts  Of radii V26500 and fsoo for different scalings of the entropy,

fitting the SNe have; 15(2) ~ 10°kmst atz ~ 0.5 (Moss et al. K(r) « r?. This ratio depends on the profile, but not on the clus-

2011), which places them a few standard deviations into the taf’ mass or redshift. The horizontal, dashed green lindajisp
of roughly 1000 cluster measurements. the isothermal case atl radii, including forx < 1. When trans-

lating these flux ratios into velocity constraints, we findttthe

v = 0.5 profile introduces a boost in the peculiar velocity am-

5. Robustness of the results plitude estimate of about 28 % with respect to the case where
) _ o ) clusters are assumed to be isothermal. For the extreme tase o

Returning to our main goal of determining the kSZ peculiar V& = 0 this error amounts to 36 %, while fer= 1.1 it goes down

locity constraints, we now address the sensitivity of osuts o 209%. With respect to our reference modehot= 0.5, we

to uncertainties in the density profile adopted for clustetd expect that variations of in the range £1.1, 0] will introduce

the errors in estimates of the optical depth. We also quattté changes in the velocity constraints at the level6f%. If the

impact of non-CMB noise sources on our error bars. pressure profile is changed to use the parameters that st fit

external profiles measured out toxRsgo (Planck Collaboration

V 2012), then the change in the velocity constraints are small

enough to be considered negligible.

As mentioned in Sec®.2, the adopted density profile at radii  Regarding the uMMF, only the isothermal profile was im-

below Rsoo is a fit from REXCESS observations, but at largeslemented in the filter. In order to assess the impact of this a

radii (x > 1) the density is expressed in terms of the gas pressgi@ximation, we conduct a numerical experiment, congistih

(which follows the universal profile oArnaud et al. 201Ppand  assigning a 1000 knts amplitude dipole to the cluster set of

the entropyK(r) = kT(r)/nZ3(r). As well as being physically our simulations, and extracting this dipole after injegtimoth

motivated, the reason for this is the existence of some mingt the isothermal and non-isothermal profiles to the clusteus,

on the scaling of the entropy for> Rsgo. As long as the shock considering only the isothermal profile in the uMMF defini-

front is beyond 5< Rsq (i.€., beyond our upper radial integration. We recover amplitude values of 1016106 kms* and

tion limit), the entropy should increase with radius withayer 966 + 106 kms?* for the isothermal and non-isothermal pro-

law of the typeK(r) « r”, with y = 1.1 for the adiabatic case, files, respectively. The errors do not change, which is etgukc

as predicted byoit et al. (2009. Observations at < Rsgg are  since the profile coded in the uMMF is isothermal in both cases

reasonably close to this prediction, but at larger radé,abaling The diference in the recovered values, however, suggest a po-

should become shallower (as suggested by the observationgeatial bias in the amplitude estimate of about 50 ki which

Walker et al. 2012 Our computations for the AP filter adoptedamounts to around 5% of the signal amplitude. This test in-

the fixed valuey = 0.5 for r > Rsgo, but we explored the impact dicates that the uUMMF is less sensitive to the assumed den-

of different scalings when estimating the ratio of fluxes insidsty profile than the AP, probably because the former assigns

the inner and outer circles of the AP filter. The red solid lime more weight to the central regions of the cluster where tligeno

5.1. Impact of changes in the density profile
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Table 3.Impact of uncertainties in estimates of the optical depthan 10 % when considering errors in the optical depth estima
of clusters on the constraints imposed on the kSZ monopdiien of the order 20—40 %. Typical changes are at the level of a
rms, and dipole fronPlanckdata. Diterentr error amplitudes few percent (see Tabl&); since we are constraining ensemble
(given byo ) and two cluster (sub-)samples are considered heggiantities obtained from sub-samples of the cluster caitep
The percent levels correspond to the fractional changegiffou errors tend to average out if they are independent fromenltist
the kSZ monopole error bar (third column), the 95 % confidenctuster (as we expect them to be). Provided that the relative
limit for the kSZ-induced rms-excess (fourth column), ahd t certainty in cluster luminosities is about 40 % for theM scal-
kSZ dipole error bar (fifth column). ing relation Pratt et al. 2009 and combining it with the approx-
imate scalings. «« M%2 andM « RS, one deduces that the rela-
; tive uncertainty irR should be at the level of about 10 %. For the
Erroron No. clusters A[(;W] A[é/"2>] A[(d(:/pole)] spherical estimates ofpn 500 this translates into a roughly 30 %

e el 1%l el uncertainty, decreasing to about 20 % for the cylindricadiaap

AP depth estimater{y; o« R?). From the results of our Monte Carlo

0.2 1405 1 1 3 approach above, we conclude that errors in the optical depth
0.4 1405 2 2 S timates should not significantly bias our kKSZ constraints.
0.2 100 2 2 3
0.4 100 5 5 6
UMMF 6. Conclusions
0.2 1405 1 1 2 The MCXC cluster sample has been used to search for signa-
8-3 1;*88 g g’ g’ tures of peculiar velocities in thBlanck CMB data. For this
04 100 5 5 6 purpose, two dferent filters were applied: aperture photome-

try; and the unbiased Multi-frequency Matched Filter. The f

mer is a simple, quick and robust tool for providing estirsate

(mostly induced by the CMB) is lower and where the decreasi® kSZ-lnduce_d temperature anisotropies, and althougleit d

radial pattern of temperature is less dramatic. t ct_s.the t.SZ-.lnduced monopole and rms excess at the cluster
Hence, we conclude that uncertainties in the radial gas d sitions, it fails to d?teCt the_ kSdfect, setting a constraint on

tribution in galaxy clusters should introduce errors in lingts the (I)(SZ-ln(_juced radial velocity rms at the Ie\_/el of 1200k s

imposed on peculiar velocities at the 5-30 % level. (95% confidence level) for a massive and_ distant MCXC sub-

sample of 1000 sources. Byfectively removing the tSZ signal,
matched filters are able to place stronger constraintshiegc
5.2. Other sources of error the level of 800 km's' (95% C.L.) for a subsample of 100 mas-

After repeating the analvsis of the AP and MF filters on a ursive clusters. All these values, however, lie a factor of 8béve
P 9 y P (ttDM expectations for clusters of typical mass 20 M, at
CMB simulated map, we found that errors decreased to abQul 0.15

0 X ‘ ;
70% of their amplitude on HFI raw maps. This shows that the Both methods also provide measurements of the clusters’ av-

main limiting factor when estimating kSZ velocities is the | erage velocity that are compatible with zero: these areat th
trinsic CMB component. The presence of point sources,unstio, | o 120_160 kms (95 % confidence level) for the UMMF
mental noise and othgr foregrounds should be included in Wgy Ap itars The fact that this constraint applies to atelus
remaining roughly 30%, and after properly accounting fa th 10 \vhose mean redshiftas~ 0.18 provides very strong
spectral response of HFI detectors, there seems not to be @iy o that the CMB imostlyat rest with respect to those ob-
significant tSZ leakage biasing the peculiar velocity eatés. o\ erq (a5 opposed to the relative motion of our local CMB to
The AP and uMMPMF velocity estimates, however, re.lythose sources, which is of the orderazf~ 54 000 kms'). By
on an accurate knowledge of the cluster optical depths 'W'tmself, this measurement constitutes an unprecedentesand

Zs%ilr\;zr;erc??lrg?ﬁ fﬁé Z%%h t‘;'gSrt:(rj'i;rgéﬂts?ratrecg"gp%ﬂgﬁ?s able confirmation of a prediction of the standard cosmokagic
relies on theYea—M aﬂdT—M relatior¥spA ar'E from the scenario, and has strong implications in discussions ohthe
500~1¥1500 500 - AP mogeneity of our Universe.

uncertainties in the shape ofthe profile (addressed abttresi- In this context, the large number and redshift distributén

Eﬂgsp:gsgﬁl;tre\;el?ogg/ s:;iﬁg?egsrﬁag? dnesr fg?éigﬂ}lseﬁmm‘)g the_ Planckcluste_r kSz measurements are ideal for con;training
Monte Carlo analysis consistiné of introducimg-correlateder- Vq'd models, which attempt o explain phe apparent qccmdxera
rors to the real estimates of the cluster optical depths. dopta W|thout_ dark energy or modified gravity. Indeed, void _models
a log-normal model for the errors on they | estimate for the WhICh fitthe Union2 SN dataare rulgd out at extremely high-con
ith cluster: Q] fidence. In principle it may be _pOSS|bIe to cance! the kEBa
: generated at cluster positions in these models with a langief
500 j = Ts0a ] €XP (€))s (25) unity) isocurvature mode at last scatterif@¢ et al. 2010, but
this would almost certainly entail substantial fine tunirigre
with ¢j being a normally distributed variable of zero mean. Thisocurvature mode. Therefore tRé&anckkSZ data strongly sup-
symboltspq j denotes the Monte Carlo estimate of ftke clus- port the conclusions of previous studies which found thad vo
ter's optical depth obtained from the real estimagg, ;. For models generically predict very lotg (e.g.,Zibin et al. 2008
each of the 100 Monte Carlo simulations, we simulate valuBsill et al. 2012 and too large kSZ power on small scalgbéng
of r for each cluster and then repeat the full analysis, setti@gStebbins 201}
constraints on the kSZ monopole, kSZ-induced rms excess, an Plancks constraints on the amplitude of the local bulk
kSZ dipole, as outlined in previous sections. flow provide an independent view of a long ongoing debate.
These analyses show that our constraints on the k&fortunately, our results are not sensitive to the locdlines
monopole, velocity rms, and dipole uncertainty change kg lewhere many claims for bulk flows have been raised: the limit
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of 390 km st within spheres of 3581 Mpc at 95 % C.L. does Finkbeiner, D. P., Davis, M., & Schlegel, D. J. 1999, ApJ, 5287
not permit us to confront claims at the level of 400—700 kn s Garcia-Bellido, J. & Haugballe, T. 2008, J. Cosmology Agart. Phys., 9, 16
within radii of 50—12 Mpc, (Hudson et al. 2004Watkins &/ !- M- & Luppino, G. A. 1994, ApJS, 94, 583
Goodman, J. 1995, Phys. Rev. D, 52, 1821
et al. 2_009 Feldman et al. 2000 However, on Iarger scales, orski, K. M., Hivon, E.. Banday, A. J., et al. 2005, ApJ, 6289
Planckis able to set strict constraints on the amplitude of bullsroth, E. J., Juszkiewicz, R., & Ostriker, J. P. 1989, ApE, 568
flows (below 254 kms! at 95% C.L. for a radius of @1 Gpc), Haehnelt, M. G. & Tegmark, M. 1996, MNRAS, 279, 545
in clear contradiction with some previous claim€aghlinsky Hand, N., Addison, G. E., Aubourg, E., et al. 2012, ArXiv éaps

Henry, J. P. 2004, ApJ, 609, 603
etal. 20082010 Abate & Feldman 201 Henry, J. P., Mullis, C. R., Voges, W., et al. 2006, ApJS, TR}

The linear continuity equation states that peculiar vé&§oCiHernandez-Monteagudo, C. & Ho, S. 2009, MNRAS, 398, 790
surveys are sensitive to fluctuations in the distributionmait- Hernandez-Monteagudo, C. & Rubifio-Martin, J. A. 200RAS, 347, 403

ter and energy on scales larger than density or galaxy ssirveyernandez-Monteagudo, C. & Sunyaev, R. A. 2008, A&A, 4%, 2
The fact thatPlanckis able to set such strong constraints offémandez-Monteagudo, C. & Sunyaev, R. A. 2010, A&A, 5082A
. L ; ernandez-Monteagudo, C., Verde, L., Jimenez, R., & Spey N. 2006, ApJ,
peculiar velocities in a cluster population(@t ~ 0.18 (and ex-  “g43 598
tending out t ~ 1), translates into correspondingly strong con4erranz, D., Sanz, J. L., Barreiro, R. B., & Lopez-Canieigo2005, MNRAS,

straints on the amplitude of primordial fluctuations at Ggalss.

If the Universe were inhomogeneous on scales larger than
size of the volume containing our cluster catalogue, thase c

ters would show a significant dipolar pattern in their kSZoeel

356, 944

tﬁeéranz, D., Sanz, J. L., Hobson, M. P., et al. 2002, MNRAS, 3857

Hinshaw, G., Weiland, J. L., Hill, R. S., et al. 2009, ApJS0 1825
Ho, S., Dedeo, S., & Spergel, D. 2009, ArXiv e-prints
Holzapfel, W. L., Ade, P. A. R., Church, S. E., et al. 1997, M1, 35

ities. We conclude th&lanckconstraints on peculiar velocitiesHorner, D. J., Perlman, E. S., Ebeling, H., et al. 2008, ALTS, 374
are compatible withCDM expectations, and constitute an untudson, M. J., Smith, R. J., Lucey, J. R., & Branchini, E. 208MRAS, 352,

precedented piece of evidence for the local homogeneitiyeof

Universe in the super-Gpc regime.

61
tHudson, M. J., Smith, R. J., Lucey, J. R., Schlegel, D. J., &i&g R. L. 1999,
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Inogamov, N. A. & Sunyaev, R. A. 2003, Astronomy Letters, 291
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Table 2. Estimated dipole cd&cients (columns 2—-4) and velocity magnitude (column 5) gisive all-sky method. The values in
parentheses are determinations using the more restriotagk which includes 1321 clusters. The “HFI” row reports tésults
obtained for the actual data; as discussed in the text, stisiate is significantly contaminated by Galactic foregmsiand tSZ.
“PSM diffuse” reports the contribution from thefiilise Galactic component found in the PSM simulation. In thesrmorresponding

to thermal SZ (tSZ), instrumental noise, and CMB, the firseéhcolumns report the mean and 68 % confidence region engr ba
while the last column indicates the 95 % upper limit. The dwtipart of the table refers to results found using “shiftedifans”

for each cluster. These are randomly selected betweear@DT from each of the MCXC clusters outside the mask region. The
notation is as in the noise simulations, but it is relativéhedistribution found for dferent choices of shifted positions. The velocity
magnitude (column 5) represents the mean and 68 % error idistrébution. These rows indicate the size of the appargrdle
that one could find using this method, even without a cosnicébgdipole existing.

V,

X Vy Vyz A\
Maps [kms?'] [kms™] [kms™] [kms™]
MCXC positions
HFI ~188 (147) 384 ( 414) 441 ( 494) 614 ( 662)
PSM difuse 116 (307) 436 ( 327) 276 ( 295) 529 ( 537)
tSZ 238+ 37 (232+ 42) -302+ 37 (-319+ 41) —239+ 26 (-253+ 27) <531 (<549)
instr. noise+ CMB 0+189 ( 0+£206) -3+195 ( -1+217)  6+140 ( 6+143) <543 (<577)

instr. noise+ CMB +tSZ 232+ 187 (229+ 207) —-303+ 185 (-318+207) —234+ 142 (-248+145) <893 (<929)
Shifted positions

HFI ~112+214 (171+225) 348+274 (304+285) 290+ 136 (338+103) 552+221 (591+161)
PSM difuse 73: 154 (229 156) 470:189 (367+170) 199+ 77 (191 73) 553+164 (520+112)
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