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ABSTRACT

By looking at the kinetic Sunyaev-Zeldoviclffect (kSZ) inPlanck nominal mission data, we present a significant detectioraofdns partici-
pating in large-scale bulk flows around central galaxies)C& redshifz ~ 0.1. We estimate the pairwise momentum of the kSZ temperature
fluctuations at the positions of the Central Galaxy Catado@lGC) samples extracted from Sloan Digital Sky Survey (SID&R7) data. For the
foreground-cleaneB8EVEM, SMICA, NILC, andCOMMANDER maps, we find B—25 o detections of the kSZ signal, which are consistent with 2 k
evidence found in individuaPlanck raw frequency maps, although lower than found in the WMAP\8yband (33 ¢7). We further reconstruct
the peculiar velocity field from the CG density field, and catepfor the first time the cross-correlation function betwk8z temperature fluctu-
ations and estimates of CG radial peculiar velocities. Thiselation function yields a.8—37 o- detection of the peculiar motion of extended gas
on Mpc scales in flows correlated up to distances of 80-AtdMpc. Both the pairwise momentum estimates and the kSZ teatymervelocity
field correlation find evidence for kSZ signatures out to apes of 8 arcmin and beyond, corresponding to a physicalisasf > 1 Mpc, more
than twice the mean virial radius of halos. This is consistégth the predictions from hydrodynamical simulationstthest of the baryons are
outside the virialized halos. We fit a simple model, in whible temperature-velocity cross-correlation is propoglido the signal seen in a
semi-analytic model built upoN-body simulations, and interpret the proportionality dans as an #ective optical depth to Thomson scattering.
We findrr = (1.4 + 0.5) x 107%; the simplest interpretation of this measurement is thathmaf the gas is in a @iuse phase, which contributes
little signal to X-ray or thermal Sunyaev-Zeldovich obs#ions.

Key words. Cosmology: observations — cosmic microwave backgroundgeiacale structure of the Universe — Galaxies: clustesergl —
Methods: data analysis

1. Introduction cloud of moving electrons. In the limit of Thomson scattgrin
o ) where there is no energy exchange between the electronsend t

The kinetic Sunyaev-Zeldovichfect (hereafter kSZSunyaev cMB photons, the kSZféect is equally #icient for all frequen-

& Zeldovich 1972 1980 describes the Doppler boost expecjes and gives rise to relative brightness temperaturaiticins

rienced by a small fraction of the photon bath of the cosmjg the CMB that are frequency independent. The exact expres-

microwave background (CMB) radiation when scatteritfigjeo
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sion for this €fect was first written as equation 15®finyaev & phase, with temperature in range oP200’ K. This “warm-hot”

Zeldovich(1970, and reads intergalactic medium is hard to detect in X-ray observatidne

to the relatively low temperature. Thus, most of the baryemes
ﬂ(ﬁ) _ —fdl o (\_/ ) ﬁ) ) “missing” in the sense that they are neither hot enough<(
To el ' 10° K) to be seen in X-ray observations, nor cold enoughx

) ) ] ) _10° K) to be made into stars and galaxies. However, as we can

In this expression, the integral is performed along the bhe see in Eq. {), the kSZ signal is proportional to the gas density
sight,ne denotes the electron number density,is the Thomson anq peculiar velocity, and thus the gas temperature isiragit.
cross-section, and',(c)_-ﬁ represents the_llne of sight componentherefore the kSZ féect has been proposed as a “leptometer,”
of the electron peculiar velocity in units of the speed oftig gjnce it is sensitive to the ionized gas in the Universe winitest
c. The equation above shows that the kSieet is sensitive t0 of the baryons remain undetected.
the peculiamomentum of the free electrons, since it is propor- | this work, we measure the kSZrect through two dis-
tional to both their density and peculiar velocity. A fewyiIS  tinct statistics: the kSZ pairwise momentum, which was tised
studies tHernandez-Monteagudo et al. 200@hattacharya & Hang et al.(2012 to detect kSZ ffect for the first time; and
Kosowsky 2008Ma & Zhao 2014 Keisler & Schmidt 2013Li  the cross-correlation between the kSZ temperature flionst
et al. 2014 have proposed that it be used to trace the growifh the reconstructed radial peculiar velocities inferfeom a
of velocities throughout cosmic history and its connection gajaxy catalogue. These analyses allow us to probe the @moun
dark energy and modified gravighang & Stebbing2011) and _ of gas generating the kSZ signal and provide direct evidefce
Planck Collaboration Int. XI1((2014 have also used the kSZne elusive missing baryons in the local Universe. In S2ete
effect to test the Copernican Principle and the homogeneity @dscribe the CMB data and the Central Galaxy Catalogue that
the Universe. In addition, the impact of the kSifeet on sub- \yj|| pe used in our analysis. In Se@we describe two statisti-
cluster scales has also been investigabedgamov & Sunyaev | tools we use. Sectichpresents and explains our results and
2003 .Dolag & Sunyaey 2018 ) illustrates the physical meaning of the significance. Thecho

With these motivations, there have been previous atteraptssfons and discussion is presented in the last section. Ghou
detect the kSZ féect in existing CMB dataKashlinsky et al. thjs work we adopt the cosmological parameters consistiht w
2008 201Q Lavaux et al. 2013Hand et al. 201 The re- pjanck Collaboration XI1I(2015: Q,, = 0.309; Q4 = 0.691;

sults of Kashlinsky et al(2008 2010, which point to the ex- = 0.9608:05 = 0.809: anch = 0.68, where the Hubble con-
istence of a bulk flow of large amplitude (800-1000kH ®X-  stant isHo = 100hkm s Mpc2.

tending to scales of at least 800 Mpc, have been disputed by

a considerable number of authors (eKgjsler 2009 Osborne o

et al. 2011 Mody & Hajian 2012 Planck Collaboration Int. 2. Data description

X1l 2014; Feindt et al. 2018 On the other hand,avaux et al.

(2013 have claimed the detection of the local bulk flow (Withinz'l' Planck data

80h~1Mpc) by using the kSZ in WMAP data in the direction ofThis work usesPlanck data that are available publicly, both

nearby galaxies. While these results remain at a low (rgughlw frequency maps and the CMB foreground cleaned rhaps.

1.7 0) significance level, they are also in slight tension witiThe kSZ dfect should give rise to frequency-independent tem-

the results that we present here. On the other hand, the wpsdtature fluctuations and hence constitutes a secondary ef-

of Hand et al.(2012 constitutes the first clear detection of théect with identical spectral behaviour as for the intrin€iv1B

kSZ dfect (using the “pairwise” momentum approach that wanisotropies. Therefore the kSZect should be present in all

describe below), and no other group has confirmed their I@MB frequency channels and in all CMB foreground-cleaned

sults to date. In additionSayers et al(2013 have provided maps. However, one must take into account theedént éfec-

a first claimed detection of the kS4fect in a single source. tive angular resolutions of each band, particularly whearce

After the first data release of thRelanck mission, some dis- ing for a typically small-scale signal such as the k$2@&. The

agreement has been claimed between the cosmological frame frequency maps used here are the LFI 70 GHz map, and the

set by Planck and measurements of peculiar velocities as itdFl 100, 143, and 217 GHz maps. These haVeative FWHM

ferred from redshift space distortionsl@caulay et al. 2013 values of 13.01, 9.88, 7.18, and 4.87 arcmin for the 70, 148, 1

More recentlyMueller et al. 2014orecasted the detectability ofand 217 GHz maps, respectively.

the neutrino mass with the kSZ pairwise momentum estimator The FWHM of the foreground cleaned products is 5arcmin

by using Atacama Cosmology Telescope (ACTPol) and Bary®or the maps used in this work, namely tSEVEM, SMICA, NILC,

Oscillation Spectroscopic Survey (BOSS) data. and COMMANDER maps. These maps are the output of four dif-

This work represents the second contribution ofRtenck *  ferent component-separation algorithms. While #1&C map

collaboration to the study of the kSZfect, in which we focus is the result of an internal linear combination technicfMLCA

on constraining the “missing baryons” with this signBeDeo uses a spectral matching approaSBVEM a template-fitting

et al. 2005 Hernandez-Monteagudo & Sunyaev 206® et al. method andCOMMANDER a parametric, pixel based Monte Carlo

2009 Hernandez-Monteagudo & Ho 2008hao et al. 20)1 Markov Chain technique to project out foregrounds. We reger

Numerical simulations@en & Ostriker 2005 have shown that the Planck component separation papers for details in the pro-

most of the baryons lie outside galactic halos, and infiuse duction of these maps${anck Collaboration IX 2015Planck

Collaboration X 201}k In passing, we note that the foreground
! Planck (http://www.esa.int/Planck) is a project of the subtraction in those maps is not perfect, and that therd exis

European Space Agency (ESA) with instruments provided liysei-  traces of residuals, particularly on the smallest angulaes, re-

entific consortia funded by ESA member states and led by IBENC |ated to radio, dust, and thermal Sunyaev-Zel'dovich [t&@]s-
Investigators from France and ltaly, telescope reflectomviged gjgn.

through a collaboration between ESA and a scientific consorted
and funded by Denmark, and additional contributions fromS®A 2 Planck’s Legacy Archive:
(USA). http://pla.esac.esa.int/pla/aio/planckProducts.html
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For comparison purposes, we examine 9-year data from fiie galaxies in the 1 Mpc sample are brighter than the céntra
Wikinson Microwave Anisotropy Probe (WMAP) In particu- galaxies of their own halos, and with the stricter critehieytare
lar, we downloaded from the LAMBDA sifehe WMAP satel- still included. Considering a balance between the sampkg si
lite 9-year W-band (94 GHz) map, with affective FWHM of which directly dfects the signal-to-noise ratio in our measure-
12.4 arcmin. ments, and the purity of central galaxies, we choose the 1 Mpc

isolation criteria and the corresponding CGC sample in oaf-a
22 ¢ | Galaxy Catal ysis from here on. This sample amounts to 262 673 sources over
-2. Central Galaxy Catalogue the DR7 footprint (about 6 300 d&gfsky = 0.15).

We define a galaxy sample in an attempt to trace the centres
of dark matter halos. Using as a starting point the severt d ; ; ;
release of the Sloan Digital Sky Survey (SDBR7 Abazajian 2.3. Numerical simuations
et al. 2009, the Central Galaxy Catalogue (CGC) is composdd order to compare measurements derived from observetions
of 262 673 spectroscopic sources brighter than17.7 (ther- theoretical predictions, we make use of twdfelient numeri-
band extinction-corrected Petrosian magnitude). Theseces cal simulations of the large-scale-structure. We first labkhe
were extracted from the SDAIR7 New York University Value combination of two hydrodynamical simulations, combinig
Added Galaxy CatalogueB(anton et al. 2005°, and we have constrained realization of the local Universe and a large co
applied the following isolation criterion: no brighter (irfband) mological simulation covering 1200 Mpc. The simulations
galaxies are found within 1.0 Mpc in the transverse directiovere performed with the GADGET-3 cod8fringel et al. 2001
and with a redshift dierence smaller than 1000kms The Springel 200%, which makes use of the entropy-conserving for-
Sloan photometric sample has been used to remove all ppssibllation of smoothed-particle hydrodynamics (SPSpringel
non-spectroscopic sources that may violate the isolatiqnire- & Hernquist 2002. These simulations include radiative cool-
ments. By using the “photometric redshift 2” catalogue (phdng, heating by a uniform redshift-dependent UV background
toz2,Cunha et al. 2009all spectroscopic sources in our isolategHaardt & Madau 1996 and a treatment of star formation
sample with potential photometric companions within 1.@oMpand feedback processes. The latter is based on a sub-fesolut
in projected distance, and with more than 10 % probability ofiodel for the multiphase structure of the interstellar roedi
having a smaller redshift than that of the spectroscopiecibj (Springel & Hernquist 200B3with parameters that have been
are dropped from the Central Galaxy Catalogue. fixed to obtain a wind velocity of around 350 kmfsWe used the
Information provided in the NYU-VAGC yields estimates ofcodeSMAC (Dolag et al. 200pto produce full sky maps from the
the stellar mass content in this sample, and this enables usimulations. For the innermost shell (up totg® Mpc from the
make a direct comparison to the output of numerical simatagti observer) we use the simulation of the local Universe, waere
(Planck Collaboration Int. XI 2003 We refer to this paper for the rest of the shells are taken from the large, cosmologizal
further details on the scaling between total halo mass atidist We construct full sky maps of the thermal and kinetic SZ signa
mass for this galaxy sample. as well as halo catalogues, by stacking these consecutiis sh
We expect most of our CGs to be the central galaxies of théiirough the cosmological boxes taken at the evolution tiore ¢
dark matter halos (again sBéanck Collaboration Int. X1 2093 responding to their distance. In this way, the simulaticeech
just as bright field galaxies lie at the centres of their $iggel out to a redshift of 0.22 and contain 13 058 objects with n&msse
systems and cD galaxies lie near the centres of their chistétbove 16* M. Provided that our CGC lies at a median redshift
They are normally the brightest galaxies in their systemapy 0f 0.12, this combined simulation should be able to help us in
plying the same isolation criteria to a mock galaxy catatguerpret the clustering properties of peculiar velocitiésighly
based on the Munich semi-analytic galaxy formation modsg (sbiased, massive halos, on the largest scales. For morésdatai
Sec.2.3for more details), we found that at stellar masses abotfg¢ procedure for using the simulations €2elag & Sunyaev
10" M,, more than 83 % of CGs in the mock galaxy catalogu@013. This simulated catalogue will hereafter be referred to as
are truly central galaxies. For those CGs that are satlite theCLUSTER catalogue.
have checked that at log(,/My) > 11 about two-thirds are We have also used a mock galaxy catalogue, based on the
brighter than the true central galaxies of their halos, aftiie re- semi-analytic galaxy formation simulation Guo et al.(2013,
mainder are fainter, but are considered isolated becaagetie Wwhich is implemented on the very large dark matter Millemmiu
more than 1 Mpc (transverse direction) from their centrédxga Simulation Springel et al. 2006 The Millennium simulation
ies (60 %) or have redshiftsfiiering by more than 1000 km’s follows the evolution of cosmic structure within a box of sid
(40%). 500h~1 Mpc (comoving), whose merger trees are complete for
A case with stricter isolation criteria has been tested, Bubhalos above a mass resolution 410'°h~* M. Galaxies
which we require no brighter galaxies to be found withigre assigned to dark matter halos following the mode! reige
2.0Mpc in the transverse direction and with a redshiffedi Scribed inGuo et al.(2011). The rescaling technique #fngulo
ence smaller than 2 000 km's Applying these stricter criteria & White (2010 has been adopted to convert the Millennium
to the same parent SDSS spectroscopic catalogue, we endpifipulation, which is originally based on WMAP-1 cosmology,
with a total of 110437 CGs, out of which which 58 105 galaxie® the WMAP-7 cosmology. The galaxy formation parameters
are more massive than #0. Thus about 30 % of the ga|axieshave been adjusted to fit several statistical observahieh, &s
with log(M,./Ms) > 11 have been eliminated from the sampléhe luminosity, stellar mass, and correlation functionmsgaax-
This new sample of CGs has a slightly higher fraction of cefgs atz= 0.
trals, reaching about 87 % at log(kM,) > 11. The improve- We project the simulation box along one axis, and assign ev-

ment is small because (as we have checked) most of the ss&&y-galaxy a redshift based on its line of sight (LOS) distanc
and peculiar velocity, i.e., parallel to the LOS axis. Irsthiay

3 WMAP: http://map.gsfc.nasa.gov we can select a sample of galaxies from the simulation using
4 LAMBDA: http://lambda.gsfc.nasa.gov criteria exactly analogous to those used for our CGC based on
5 NYU-VAGC: http://sdss.physics.nyu.edu/vagc/ SDSS. A galaxy is selected if it has no brighter companions
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within 1 Mpc in projected distance and 1 000 km slong the
LOS. This sample of simulated galaxies will be referred &s th 10.00F
GALAXY catalogue. E

3. Methodology

We will search for kSZ signatures lanck temperature maps
by implementing two dferent statistics on the CMB data. The 1.00
first statistic aims to extract the kSZ pairwise momentumdby f

lowing the approach dfland et al(2012, which was inspired <

by Groth et al (1989 andJuszkiewicz et a(1998. The second 3
statistic correlates the kSZ temperature anisotropiesatgd 3
from Planck temperature maps with estimates of the radial pecu-':
liar velocities. These velocity estimates are obtaineetfivert- 0.10L
ing the continuity equation relating galaxy density wittcpkar -
velocities, as suggested BeDeo et al(20095 andHo et al.
(2009. The particular inversion methods applied to our data are
described irKitaura et al.(2012a hereafter K12). Throughout
this work we use th#EALPix software Gorski et al. 199§ to
deal with the CMB maps.

AP

0.01 L.l . P | P PO IR N | BT
0 200 400 600 80O 1000 1200

3.1. The pairwise kSZ momentum estimator Distance r [A™" Mpc]

Ferreira et al(1999 developed an estimator for pairwise mo—. = .
mentum with weights depending only on line-of-sight queesi Fig. 1. Absolute value off ap(Z(r), o;) versus distance to the ob-

With this motivation we use a similar weighting scheme on ogf ver after obtaining AP KSZ temperature estimates o_nelzhie T
CMB maps. The pairwise momentum estimator combines inf ositions of CGs (black line) and on a rotated CG configuratio

mation on the relative spatial distance of pairs of galawiigh red line). The green line provides the theoretical exjiasidor

: ; : g ; o~ . the rms ofTap(z(r), o), and the blue histogram displays the ra-
their kSZ estimates in a statistic that is sensitive to tritg- .-, .. - - AP ;
tional infall of those objects. Specifically we use dial distribution of the CGs (see text for further details).

. 2i<j(0Ti = 0Tj)Cij
Prsz(r) = - ) (2) _ B
i< CiZj [6, 6], with f > 1. In our case we use= V2 (see, e.g.Planck
) v Collaboration Int. XIII 2013. If we knew accurately the spa-
where the weights; j are given by tial gas distribution on these scales there would clearlsooen
BT (ri — r;)(1+ cos) for more optimal approaches,_ like a matched filter techn(_dwe
Gj="r- > = . (3) etal. 2014. But on these relatively small scales the density pro-
2\/ri2 + rj2 — 2rirjcosd file in halos seems to be significantly less regular than tkes-pr

sure profile (see, e.gArnaud et al. 201)) and this adds to the
Herer; andr; are the vectors pointing to the positions of ttfe  fact that gas outside halos, not necessarily following augry
and jth galaxies on the celestial sphereandr; are the comov- profile, also contributes to the signal. Furthermore, we Idou
ing distances to those objects, angl = r; — r; is the distance |ike to conduct an analysis that is as model independentss po
vector for this galaxy pair. Thaat symbol ) denotes a unit sible, and thus blind to any specific model for the gas spatial
vector in the direction of, andé is the angle separating 4nd distribution.
fj. We also note that j means i —rj)/Iri — rjl. The sumisover  The correction by a redshift-averaged quantity introduced
all galaxy pairs lying a distanag; falling in the distance bin as- jn the last equation above was justified Hand et al.(2012
signed tor. The quantityyT; denotes aelative kSZ temperature through the need to correct for possible redshift evoluibtine
estimate at the position of thith galaxy: tSZ signal in the sources. In practice, this correctiorvedlas to
6T = Tap(f) — T_AP(Zi, 7). (4) measurerelative changes in temperature anisptropies between
nearby galaxy pairs after minimizing other noise sourceshs
In this equation, the symbd@lap(f;) corresponds to the kSZ am-as CMB residuals.
plitude estimate obtained at the angular position oftihgalaxy We next conduct an analysis into the motivation behind this

with an aperture photometry (AP) filter, whilBap(z, 02) de-  zdependent monopole correction. In Figwe display the am-
notes the average kSZ estimate obtained fetingalaxies after plitude of [Tap(z(r), o)l for o; = 0.01 versus the comoving

weighting by a Gaussian of width, centred org: distance to the observer The value of the aperture chosen in
. (@-z,)? this exercise is 8 arcmin. The black line refers to the reai-po
_ 2 Tar(Nj) exp (- 202 ) tion of the CGs, while the red line refers to a rotated-on-the
Tar(z,07) = @z () sky configuration of the CGs. Since we are plotting absolute
2 exp52-) values ofTap(z 0-,), the solid (dashed) parts of these lines re-

In this AP approach one computes the average temperatfel© POSitive (negative) values dhp(z o). The amplitude of

within a given angular radius, and subtracts from it the av- 1€S€ CUrves is close to the solid green line, which cormspo

erage temperature in a surrounding ring of inner and out ral© the theoretical prediction for the rms ®4p(z o) under the
assumption that the AP temperature estimates are dominated

6 http://healpix.jpl.nasa.gov by CMB residuals. That is, the amplitude of the green curve
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equalso[6T]/ VNca(r), whereo[6T] = 20uK is the rms of the natural logarithm of unity plus the density contrast of tiatagy
8arcmin AP kSZ estimates ardeg(r) is the number of CGs number density field and subsequently removing its spate&ta
effectively falling under the redshift Gaussian window givan iage (Neyrinck et al. 2008
Eq. 6). While o[6T] =~ 20uK is computed from real data, its
amplitude is very close to the theoretical predictions @f Biin ~ 6-°¢(x) = In (1 + 69(x)) — (In (1 + 69))spatiat (7
Hernandez-Monteagudo et 20061, for an angular aperture of
8 arcmin after considering the CMB exclusively. We can seé thin this expression¢9(x) denotes again the density contrast of
the amplitude ofTap(z o,)| is lowest for those distances wherghe galaxy number density at positian This approach will be
the number density of CGs is highest (as displayed, in anlyitr referred to as LOG-LINEAR. Finally, second-order pertuida
units, by the blue histogram in Fid). theory (see, e.gBouchet et al. 1995was applied on this lin-
Therefore Figl shows not only that AP kSZ estimates arearized field, yielding a third estimate of the peculiar eelo
dominated by CMB residuals, but also that théatience in ity field (the LOG-2LPT approach). We refer to K12 for de-
Tap(z o) for CG pair members lying 50-100* Mpc away tails on the implementations of the three approaches. For th
in radial distance typically amounts to few time®0uK. We sake of simplicity, we discuss results for the LINEAR apmtoa
shall show below that this amplitude is not completely negland leave the corresponding discussion of the two other-meth
gible when compared to the typical kSZ pairwise momentuads for an appendix. We have also tried using the full SDSS
amplitude between CGs at large distances, and thus subtracspectroscopic sample (rather than the CGC) on the same vol-
Tap(z oz) becomes necessary. However, this should not be thime to recover the peculiar velocity field; the full galaxyngde
case when cross-correlating AP kSZ measurements with estiould be a better proxy for the dark matter density field than
mates of radial peculiar velocities (see S&c2.below), since in CGC. However, after testing this with an enlarged versiothef
this case the residud@hp(z o) will not be correlated with those GALAXY catalogue (by considering all halos above a mass thresh-
velocities and should not contribute to this cross-coti@ta old of 10t%8M,), we obtain negligible dferences with respect
Like Hand et al (2012, our choice foro, is o, = 0.01, al- to the mock CG. Likewise, we obtain practically the same re-
though results are very similar if we change this by a facfor sults when using the real CGC and the full spectroscopic Eamp
2. Adopting higher values introduces larger errors in theupe Therefore, for the sake of simplicity, we restrict our as#yto
liar momentum estimates, and smaller values tend to suppréde CGC. All these methods make use of FFTs requiring the use
the power on the largest scales; we adept= 0.01 as a com- of a 3D spatial grid when computing galaxy number densities.
promise value. It is worth noting that anffect giving rise to a We choose to use a grid of 128ells, each cell beingd Mpc
pair of 5T;, 6T, whose diference is not correlated to the relativeon a side. This cell size is well below the scales where thieayp
distance of the galaxigs— r;, should not contribute to Eq2).  velocity correlations are expected (abovedbMpc), and com-
parable with the positional shifts induced by the redshptice
distortions (about 8~ Mpc for a radial velocity of 300 kn$).
These distortions will be ignored hereafter, since thiégch
scales much smaller than those of interest in our study (ryug
There is a long history of the use of the density field to gemerQOh‘1 Mpc and above). We note that these distortions can be cor-
estimates of peculiar velocities (e.@ekel et al. 1993Nusser rected in an iterative fashion (see the pioneering workatfil
& Davis 1994 Fisher et al. 1995Zaroubi et al. 1995for some et al. 1991within the linear approximatiorKitaura et al. 2012c
early studies)DeDeo et al(2009 andHo et al.(2009 first sug- for the lognormal model, dkitaura et al. 2012lincluding non-
gested inverting the galaxy density field into its peculiglogity local tidal fields). Nevertheless, our tests performingiskiads
field in the context of KSZ studies. In this section, we useagire Of correction on the mock catalogue yield a very minor imggrov
proach of K12 to obtain estimates of the peculiar velocitidfie ment on the scales of interest.
from a matter density tracer. The work of K12 is based upon the After aligning theX- and Z-axes of the 3D grid with the
analysis of the Millennium simulation, where full accessato zero Galactic longitude and zero Galactic co-latitude ares
dark matter particles was possible. In our case the analjis spectively, we place our grid at a distance vecRyox =
obviously be limited to the use of the CGC catalogue, and tHis300,-250,150] h~*Mpc from the observer. This position
unavoidably impacts the performance of the algorithms. vector locates the corner of the 3D grid that constitutesthggn
Inspired by K12, in our analysis we conduct threffatient for labelling cells within the box. This choice &yox iS moti-
approaches to obtain the velocity field. The first one is a Empvated by a compromise between having as many grid cells in the
inversion of the linear continuity equation of the densipne CGC footprint as possible, and keeping a relatively higlaxal
trast obtained from the galaxies in the CGC: this will be her@mumber density. Placing the 3D grid at a larger distance avoul
after called the LINEAR approach. It makes use of the coiitiinu allow us to have all grid cells inside the CGC footprint, biitee

3.2. Recovering peculiar velocities from the CGC galaxy
survey

equation at linear order, expense of probing distances where the galaxy nhumber glensit
6() is low (due to the galaxy radial selection function being lasv
2+ Vv(X) =0, (6) well). Our choice forRpox results in about 150000 CGs being

t present in the box, and about 82 % of the grid cells fallinidi@s

wherev(x) is the peculiar velocity field and(x) is the matter the CGC footprint.
density contrast. In our case, however, we observe the yalax The three approaches will provide estimates of the peculiar
density contrast?(x), and thus the amplitude of the estimatedelocity field in each grid celly®¢(x). From these, it is straight-
velocity field is modulated by the bias factorelatings9(x) and forward to compute the radial component as seen by the ob-
3(x), 69(x) = bs(x). The bias factob is assumed to be constanserver,vi'{(x), and to assign it to all galaxies falling into that
on the scales of interest. grid cell. In Fig.2 arrows show the LINEAR reconstruction of
The second approach performs the same inversion of the lihe x-component of the peculiar velocity field from the CGC, for
ear continuity equation, but onlaearized estimate of the den- a singlez-slice of data. The coloured contour displays the galaxy
sity field. This linearized field is obtained after computihg density contrast distribution over the same spatial slice.
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The methodology outlined in K12 was conducted in the ab-
15 10 -05 00 05 10 15 Ssence of any sky mask or selection function. In our work we
address these aspects of the real data by means of a Poissonia
data augmentation approach. In a first step, all grid celisda
outside the CGC footprint are populated, via Poissonialivaea
tions, with the average number of galaxies dictated by th€ CG
radial selection function computed from cells inside thetfo
print. In this way we fill all holes in the 3D grid. Following ex
actly the same procedure, we next radially augment the geera
number of counts in cells in such a way that the radial selacti
function of the resulting galaxy sample is constant. In tirsy
we avoid radial gradients that could introduce spuriouscities
along the line of sight.

In order to test this methodology, we use ta.AXY mock
catalogue, in two dierent scenarios. The first scenario is an
ideal one, with no mask or selection function: we apply thie¢h
approaches on a box populated with our mock catalogue, and
compare the recovered radial velocities with the real omes p
vided by the catalogue. When performing this comparison, we
evaluate a 3D grid for the original galaxy radial veloaif)’ by
assigning to each cell the radial velocity of the galaxyirigll
j nearest to the cell centre, that is, we adoptearest particle
0 100 200 300 400 500 (NP) method. For df_erent ra_dial bins of thé& wavevector, we

X [h Mpc] evaluate the correlation cfieient () computed from th_e_cross- _
power spectrum between the recovered and the originallradia
velocity fields and their respective auto-spectra:
Fig.2. Reconstruction of th&-component of the peculiar ve- porig. rec()
locity field (arrows) in a narrow slice of the grid containitige ry = — .
CGC over the corresponding density contrast contour 2D plot /P orig. orig (k) P rec rec(k)

(8)

In this expressionP* Y (k) stands forv(k); (v(K)/ ), that is,
the radially averaged power spectrum of the line of sighieigy
modes. The superscriptX, Y} = {orig, red¢ stand for “original”
and “recovered” components, respectively, and the aktdgs
notes the complex conjugate operation.

In Fig. 3 the red lines display the correlation ¢beients for
the ideal scenario. Solid, dotted, and dashed lines reféndo
LINEAR, LOG-LINEAR, and LOG-2LPT approaches, respec-
tively. On large scales (lokk modes), the three approaches pro-
vide correlation coicients that are very close to unity, while
they seem to lose information on small scales in the same way.
We note that a direct comparison to the results of K12 is not
possible, since, in our case, we do not use the full dark matte
particle catalogue, but only a central halo one.

After the real mask and selection function obtained from
the CGC is applied to th€ALAXY mock catalogue, then the
recovery of the peculiar velocities from the three adopted a
proaches worsens considerably. The black lines in Fidis-

play, in general, much lower correlation levels than theaeels.
: E The LINEAR approach seems to be the one that retains most

0.01 e et information on the largest scales, and it out-performs &L
0.01 0.10 1.00 LINEAR and the LOG-2LPT methods on all scales. We hence
k [h Mpc™'] expect the LINEAR approach to be more sensitive to the kSZ
effect than the other two methods, particularly on the largest

: : : : : scales.

Eg&%scﬁi&elﬁtfzgﬁicfﬁ ets(,) firﬁhgli}i?i\)/g(rencwj (y(?ke é) z:tzllggh\f Once the velocity inversion from the CcGC density contrast
Solid, dotted, and dashed lines refer to the LINEAR, LO 1as been performed, we compute the spatial correlation-func

LINEAR, and LOG-2LPT approaches, respectively. The ret®" between the recovered velocities and the kSZ temperatu

1.00F

o
@]
T

Correlation coeff. 7,

lines consider the ideal scenario without any sky mask or gisotropies,
lection function, while the black ones are for the same skgkmaw™V(r) = (STiVEES(X)))i5 (1), 9)

and selection function present in the real CGC. ] i ]
wheredT; is estimated as in Eq4), and the ensemble average
is obtained after running through all galaxy pafirsj} lying a
distance away.
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3.3. Template fitting effect instead is sensitive @l baryons, regardless of whether
. o they belong to a collapsed gas cloud or not. Thus it is expecte
When studying the meaSléjcrements of the kSZ pairwise momep;; not only will the virialized gas in halos contribute betkSZ
tum and kSZ momentungzc correlation, we perform fits 1o €s- g 1t also the baryons surrounding those halos anéhgov
timates obtained fr.om our numerical simulations. That i8, Wn'the same bulk flow. Rather than using a particular gas tensi
minimize the quantity profile, we choose not to make any assumption about the kpatia
2 R X =X sim 1 X =X sim distribution of gas around CGs.
X = Z(Wx(ri)_A W (ri)) Cij (vvx(r,-)—A W (r,—)), (10) We thus adopt an AP filter of varying apertures around the
b positions of CGC galaxies. The minimum aperture we consider
is close to the resolution d?lanck (5arcmin), and we search
for signals using increasing apertures of radii 5, 8, 12, and
I%%arcmin. This is equivalent to probing spheres of rading+a
ing from 0.5 up to 1.8 1 Mpc (in physical units) around the
catalogue objects. The result of the kSZ pairwise momensim e
timation on the raw 217 GHz HFI map is displayed in the top
row of Fig. 4 for the four apertures under consideration. The
recovered momenta for the raw frequency maps (displayed by
black circles) provide some evidence for kSZ signal for aper
tures smaller than 12 arcmin: below a distance ohBMpc

where the indexes j run over diterent radial binsw*(r;) is
the measured quantity in thih radial bin (withX either denot-
ing kSZ pairwise momentum or the kSZ temperature-recove
velocity correlation), ana’*S™(r;) refers to its counterpart mea-
sured in the numerical simulation. The symi@] denotes the
i j component of the covariance matfxthat is computed from
the Planck maps after estimating/* for null positions where
no SZ dfect is expected This minimization procedure provides
formal estimates for the amplitude and its associated errors:

Y W(ri) G simr ) all points are systematically below zero, some beyond tive 2
AX = 1 L) : : (11) level. Although they? . test does not yield significant values
X, sim(r. ) C—1\iX sim(y .}’ null .
2 j W SIM(ri) G WX sim(r ) (at 040,0.30,0.70 and -1.2¢ for 5, 8, 12, and 18arcmin
5 1 apertures, respectively), the fits to t&L.AXY peculiar momen-
Opx = (12)  tum template (displayed by the green solid line in the second

K simpe )y -1 \jX simp )
Zij WS (r) i W in(r,) from-the-left panel in the top row) yield/S = APsz/gPsz =
Most of the information is located at short and intermedialée7é it.iz\l/’elllg \?&]ed c?tﬂtlaifr?rs?rhifl}érllze’v glr;df grs %rgmgcﬁﬁaerrtumrgsq’erﬁ'
distances, where the estimated statiatir] differs most from tlfm tem %ate obtained from ti@.USTER simulat?on red line in
zero, as can be seen in Figsand5. We also test the null hy- P (

: ; - . : d-from-the-left panel in top row). When using SEYEM
pothesis, that is, we measure tpestatistic (defined in EqLO secon R X
above) for the particular case 8¢ = 0 and estimate the sig-Clean map, these significances go beyond toelevel: SN

o : : = APsz/gPsz = 25 1.8,2.2 and 0.0 for 5, 8, 12, and 18 arcmin
nificance level at which such a value (denote is com- T X PO e S
patible with this null hypothesis. In tfgese caggﬁez&,ﬂz/ve quinge (2PEUTes for th&ALAXY-derived template, respectively. If we
significance as the number ofwith which the null hypothesis rep()jegtl\qtngggslyss at 12 a[)(im_ln aeezgkgf foprkiM?uZ\ 1NI2L2C
is ruled out under Gaussian statistics. The array of distéints an maps, we obtain Bl= fohs = 21,22,

on which the covariance matrix in E is computed is cho- and 2.1, respectiyely._ . .
sen evenly in the range 0—150" Mpcc.ﬂg)oweverpwe consider  We note at this point that the behaviour of the kSZ evidence

only three separate points centred upon 16, 38, ard’@upc  [Of the CGs as displayed in Fig.is significantly diferent to
when computing (conservative) statistical significan¢eshis Whﬁt is found in F'%5 forlt(;‘lfﬁ}lul\sﬂmllz S|rr?ula_tlon| with halos
way we minimize correlation among radial bins to ensure th%t € mass _range( _29_ o- In this simulation, most
the inversion of the covariance matrix is stable. We havelae ©! the kSZ signal is coming from the halos themselves, ansl thu
that, for the adopted set of distance bins, random varistiothe 1créasing the aperture to values larger than the virialisadf
level of 10 % of the measurea*(r) do not compromise the sta-the clusters results in a dilution of the kSZ pairwise moraemt
bility of the recovered significance estimates. In otheragowe amPplitude. Forreal data, we find that the amplitude of thaaiig
explicitly check that 10 % fluctuations on the measud¢ yin-  d0€S not show significant changes when increasing the apertu
troduces fluctuations at a similar level in thgestimates (more from Sarcmin up to 12arcmin. It is worth adding now that the

dramatic changes in the? estimates would point to singular orP!ack filled triangles in Fig5 represent the peculiar momentum
quasi-singular inverse covariance matrices). measured on th@ALAXY mock catalogue after assigning to these

galaxies a tSZ temperature fluctuation following the tSZsusr
mass scaling measured in the CGack Collaboration Int. XI

4. Results 2013. This tSZ amplitude assumes an observing frequency of
o vobs = 100 GHz, and hence provides a conservative estimate of
4.1. The kSZ pairwise momentum the tSZ contamination, which turns out to be at the level®k

K 102K, i.e., about a factor of 30 below the measured amplitude
on the real CG sample.

We next investigate the spectral stability of the signal for
arcmin apertures. This choice is motivated by the fadtttiea

70 GHz and the HFI 100 and 143 GHz channels have lower
@pgular resolution, comparable or bigger than 8 arcmin flaisd

As mentioned above, the CGC was used previouslilanc
Collaboration Int. XI(2013 to trace the tSZffect versus stellar
mass down to halos of size about twice that of the Milky Way.
In this case we use the full CGC to trace the presence of the k

signal inPlanck data, since our attempts with the most massi
sub-samples of the CGC yield no kSZ signatures. While the t X X h
effect is mostly generated in collapsed structutderfandez- May compromise the comparison with the 217 GHz channel.

Monteagudo et al. 2005hecause it traces gas pressure, the kSz'1S @nalysis is shown in the bottom row of Fig.The signal
g b gasp obtained for the raw 217 GHz channel is found to be remarkably

7 These null positions on thielanck maps correspond to rotated orSimilar to what we obtain at 143, 100 GHz in HFI: the fits to the
displaced positions with respect to the original locatibthe CGs, as KSZ pairwise momentum template from tBELAXY simulation
will be explained in the next section. gives SN = APsz/gPsz = 22 and 2.1, respectively. The LFI
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Fig. 4. Computation of the kSZ pairwise momentum for the CGC sane. top row, from left to right, displays the results for
different aperture choices on the raw HFI 217 GHz map, namelyB,&nd 18 arcmin. The top row also shows the analysis for
the foreground-cleane8EVEM map, displayed with blue squares. The fit to the pairwise nmiume templates from th€LUSTER
catalogue is also displayed by the solid red line, and:#iAXY catalogue by the green line. The bottom row presents thétsexu

a fixed aperture of 12 arcmin forftirent frequency maps, including WMAP-9 W-band data (recseg).

70 GHz channel, on the other hand, seems to show a much flatt& Cross-correlation analysis with estimated peculiar

pattern, and this could be due to a larger impact of instruaten velocities

noise: the tSZ should also be present at 100 and 143 GHz, and, ) o ) )

as expected, gives rise to negligible changes. Tective full After reconstructing the CGC density field into a peculiar ve
width half maximum (FWHM) for the 70 GHz channel is closéCCity field in a 3D grid, as explained in Se@.2, we compute

to 13 arcmin, and this may also contribute to thefence with  the cross-correlation function' s(r) for the three inversion ap-
respect to the other HFI channels. proaches using thelanck HFI 217 GHz band, and th§EVEM ,

SMICA, NILC, andCOMMANDER maps (see Figo). Here we are
using kSZ temperature estimates obtained with an 8 arcneir ap
ture. The three inversion approaches (namely, LINEAR, LOG-
LINEAR, and LOG-2LPT) may ditier from diferent biases that
impact the amplitude of the recovered velocities. Thusyieo

to avoid issues with the normalization of the recovered aelo
ities and to ease the comparison betweedfetgnt approaches,
EW@ normalize the recovered velocitigg:-s by their rms before
computing the cross-correlation function. In any case wstmu
nkeep in mind the dferent responses of the three approaches on
differentk-scales (see Fi@), thus giving rise to dferent corre-
lation structures. For the sake of clarity, in this sectiashow

In the bottom row, second panel of Fig, the red squares
provide the measurement obtained from the cleaned W-b
map of WMAP-9. Surprisingly, the level of anti-correlatifor
distances below 3@ Mpc appears higher for WMAP data tha
for the Planck channels: the first three radial bins lie at tha-2
3.30 level, and a fit to thesALAXY template of the pairwise

momentum yields B = AP<z/ohez = 3.3 as well. The angu- oq i< for the LINEAR method only, while in the Appendix we

lar resolution of the W-band in WMAP is close to that of the: :
LFI 70GHz channel, and the non-relativistic tSZ changes b)I/SCUSS. the rgsults for the other two .reconstructlon mesthoq
In Fig. 6, filled coloured circles display the results obtained

less than 13 % between those channels. If any other frequenc, ; ; X
dependent contaminants (which should be absent in the WMABE' Using théT kSZ temperature estimates obtained at the real

W-band) are responsible for thidfset, then they should alsoP0sItions of the CGs on the CMB maps. The null tests were
introduce more changes at the other frequencies. Thus #he Pt@ined by computing the cross-correlation of tizemalized

son for the deeper anti-correlation pattern found in the affeb re_covered velocitiesv) W'_th temperature estimateT() ob-

of WMAP-9 remains unclear. Overall, we conclude that th&ined on S0rotated® positions on the CMB maps. In those
Planckresults for the pairwise peculiar momentum are compdtases, theéTs were computed for positions obtained after ro-
ible with a kSZ signal, at a level ranging between 2 arfb2
The output from WMAP-9 W band is also compatible with a 8 For each rotatiofdisplacement we use a step of three times the
kSZ signal, with a statistical significance a3 aperture radius adopted.
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Fig.5. (Filled circles): Measured kSZ pairwise momentum forFig. 6. Measured cross-correlation function between the kSz
the kSZ map derived from th&LUSTER simulation after consid- temperature estimates and the recovered radial peculiac-ve
ering diferent radial apertures on a subset of clusters in the mitiss, w"Vies(r), according to the LINEAR approach. The re-
range (1-2x10* h~* M. (Black triangles): Pairwise momen- covered velocities are divided with their rms dispersian =
tum computed from theALAXY mock catalogue (filled triangles) 310 km s, so kSZ temperature estimates are correlated to a
after assigning these galaxies a tSZ amplitude followingagsn quantity of variance unity. This plot corresponds to an aper
scaling inspired by the tSZ measurements of the CGC giventirre of 8 arcmin. Filled coloured circles corresponamVics(r)
Planck Collaboration Int. X(2013. estimates from dierent CMB maps SEVEM, SMICA, NILC,
COMMANDER, and the HFI 217 GHz map). The dotted lines dis-
play the null estimates obtained after computing kSZ temper
tating the real CG angular positions in Galactic longituflee ture estimates for rotated positions on 8B/EM map, and the
results from each of these null rotations are displayed htedo thick dashed line displays the average of the dotted lingsrE
lines in Fig.6, and their average is given by the thick, dashears are computed from these null estimates of the comwelati
line (which lies close to zero at all radii). Both the errordand function. The solid line provides the best fit of tEVEM data to
the covariance matrix of the correlation function were ated the theoretical prediction fav™Vs(r) obtained from th&ALAXY
from these null realizations. mock catalogue. These predictions are obtained using aely a
Results at zero-lag rotation (i.e., the real sky) lie famfro atively small number of mock halos, and hence their unaestai
the distribution of the null rotations. There are severdiidual must be considered when comparing to the data.
distance bins lying more tharo3(up to 38 o on the 167~ Mpc
distance bin for the raw 217 GHz frequency map), andythge
tests rule out the null hypothesis typically at the level df-2 cross-correlation. This explains the smaller error barSiin 7
2.60 for the clean maps, and at23r for the raw 217 GHz \hen compared to Fig.
frequency map. Likewise, when fitting the observed cori@iat e further study the dependence of the measuretf:(r)
function to thew™e:(r) correlation function obtained from the correlation function on the aperture radius and show theltes
GALAXY simulation, we obtain values of/8 = A" /o™ = in Fig. 8. We again restrict ourselves to the LINEAR approach
3.0-32 for the clean maps, while for the HFI 217 GHz raw magnd theSEVEM foreground-cleaned map, and error bars are com-
we find SN = AY" /o™ = 3.8, We explain this apparent mis-puted from the null rotations (rather than from filing esti-
match below. A clear, large-scale correlation patterrerding mates of}>)). We display results for four apertures ranging from
up to about 80h~*Mpc, is found in the data. A complemen-5 to 18 arcmin: the lower end of this range is given by the angu-
tary systematic test can be conducted by computing the crolss resolution of the map, while for the higher end the kSzalg
correlation function of the kSZ temperature fluctuatiod$)( is found to vanish. We find that, as for the kSZ peculiar momen-
with shuffled estimates of the recovered line-of-sight peculiar véum, the kSZ amplitude at 8 arcmin aperture is very closedo th
locities, i.e., to each CG we assigm g estimate correspondingone found at 5 arcmin, and it is still significant at 12 arcpera
to a diferent, randomly selected CG. The result of performirtgre. We then vary the aperture from 5 to 26 arcmin and caleula
this test for the LINEAR approach is displayed in Fig.and the corresponding? values, as shown in Fig. These results
shows that the correlation found betweendhis and the recov- are for theSEVEM foreground-cleaned map, and provide another
ered velocities clearly vanishes for all $fied configurations. view of the angular extent of the signal. For the kSZ peculiar
By shuiling the recovered velocities we are destroying their coaomentum, we have shown in Figthat there is kSZ evidence
herent, large-scale pattern, which couples with largeea@HIB  for apertures as large as 12 arcmin, in good agreement wiah wh
residuals, and generates most of the uncertainty in theurees we find now for thew™Ves(r) correlation function. While this
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Fig. 7. Same as in Fig5, but with the null correlation functions Fig. 8. Dependence on the aperture radius ofwfiees(r) corre-
(displayed by dotted lines) being estimated after assgttie lation function obtained in the LINEAR approach for tBEVEM
recovered linear velocity estimate of a given CG to any otherap. Error bars are estimated from the rms of the null caiogla
CG in the sample (that is, byt “shuffling”). Only the LINEAR  functions computed from rotated kSZ temperature estimates
approach is displayed in this plot.

wVies(r) correlation function found for the raw HFI 217 GHz

statistic seems to have higher significance than the pamnis- map with respect to all other clean maps, as shown in@ithe
mentum, for both statistics we find consistently that mostsof raw HFI 217 GHz map should still contain some non-negligible
signal is again coming from gas not locked in the centralmegji dust contamination when compared to the foreground-cttane
of halos, but in the intergalactic medium surrounding the C®apsSEVEM, SMICA, NILC, andCOMMANDER.
host halos. Another potential issue is related to the fact that, as shown

We also test the consistency of our results with respeceto fin Planck Collaboration Int. X{2013, about 12 % of the CGC
quency on ravPlanck raw maps. For that we use the HFI chanmembers with stellar masses abové®M,, are actually not cen-
nels ranging from 100 GHz up to 353 GHz and now we fix thigal galaxies, but show soméfset with respect to the centres of
aperture at 8 arcmin. Since the 100 and 143 GHz frequency mé#ps host halos. Thisftset should cause a low bias in the kSZ
have angular resolution comparable or worse than 8 arcngin, amplitude estimation. We have simulated the impact of tffis o
choose to deconvolve all HFI maps under consideration by theet by assuming that 12 % of the CGs have uniform probability
respective (approximate) Gaussian beams, and convolve thef lying within a (projected) distance range of 0 to 1 Mpc from
again with a Gaussian beam of FWHVbG arcmin. While this the halo centre. After adopting a NFW profile for the gas distr
approach may challenge the noise levels for the HFI maps whhbtion, we have found that the LOS-projected kSZ signal khou
coarser beams, we find that this is balanced by the large numbe low biased a 10, 8, and 6 % féxp = 5,10 and 15arcmin,
of CGs on which we compute thve"Viss(r) correlation function. respectively. Given the limited precision of our measuretsie
The results of this analysis are given in Fig), and show how these biases are relatively small and will be ignored hegeaf
thew'Ves(r) correlation functions from 100 GHz up to 217 GHz  To compare our detection with simulations, the solid line
agree closely with each other, with no significance depecelenn Fig. 6 shows the best fit to the prediction inferred from the
on frequency (as is expected for the kSieet). However, the re- GALAXY mock catalogue. This prediction is obtained by applying
sult for the 353 GHz channel is pointing to a significantlyttég the LINEAR velocity recovery algorithm on O@ALAXY cata-
amplitude of the correlation function, even if the errordas- logue after imposing the sky mask and the selection function
sociated with this map are typically 50—-70 % larger than lier t present in the real CGC. Three pseudo-independent estiobte
100 GHz map. At the map level, the mainfdrence between the correlation function of the recovered LOS velogify and
the 353 GHz and lower frequency channels is the significantlye real LOS velocityios ((MosViec)(r) = W'e¥(r)) are obtained
larger amount of dust ayigk CIB emission in the former map. after rotating the 3D grid hosting the moGALAXY CGC, so
We have checked that, throughout the rotated configuratibes that the side facing the observer idfdrent in each case. The
HFI 353 GHz map has on average no correlation with the estilid line corresponds to the average of these three estinoét
mated radial velocities of the CGs. Therefore, the excassdo w'e"(r), and the ratio to the observed correlation function can be
in the measured amplitude of tiédVies(r) correlation function interpreted as an féective” optical depth to Thomson scattering:
must be due to fortuitous alignment between the estimated vé Yies(r) = —7 w¥=¥(r). We obtainrr = (1.39+ 0.46) x 10°*
dial velocities of the CGs and the dust emission at the jositi(i.e., at the 3r level) for theSEVEM map, with very similar values
of the CGs. This would also explain the higher amplitude ef tHor all other foreground-cleaned maps. We defer the phisiea
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Fig.9. Evaluations of thg? statistic of then™ies(r) correlation Fig. 10. Variation of the recoveredVis(r) correlation function
function (with respect to the null hypothesis) foiffdrent an- for the four lowest frequency raw HFI maps after dfeetive
gular apertures. Only results for the foreground-cles8BEM convolution by a Gaussian beam of FWHMS5 arcmin. Error
map are shown. There is evidence for kSZ signal in a wide ranigars here are computed in the same way as in Bigads.

of apertures above the FWHM, with a local maximum close to

8 arcmin. This roughly corresponds to a radius ofl0’8Vipc

from the CG positions at the median redshift of the sample. 0T ——T

terpretation of the kSZ measurements of this paper to anreite 0.10 B
publication, Hernandez-Monteagudo et al. 2015 L

5. Discussion and Conclusion 0.081
The roughly 220 detection (varying slightly for the fferent . I
maps) of the pairwise momentum indicates that the baryacg & 0.06F
is comoving with the underlying matter flows, even though it & :
may lie outside the virial radius of the halos. The aperture o
8 arcmin on the CGs (placed at a median redshift ef 0.12)
corresponds to a physical radius of around 1 Mpc. As we show
next, this is considerably higher than the typical viriadites of
the CG host halos. Following the same approach aBlamck
Collaboration Int. X1(2013, we compute théog radius con-
taining an average matter density equal to 200 times thiealrit
density at the halo’s redshift. In Fifj1 we display the histogram
of the angle subtended by th®q values of the 150000 CGs
placed in the 3D grid that we use for the velocity recoverye Th
red vertical solid line indicates the 8 arcmin aperture ] alebve
the typical angular size of the CGC sources. ) )
The behaviour displayed by the measured kSZ peculiar nfdg. 11. Histogram of the angle subtended Byoo of the CGC
mentum in the top row panels of Figdiffers significantly from members.
the pattern found in Figh. The fact that the measured kSZ pair-
wise momentum shows a roughly constant amplitude out to an
aperture of 12 arcmin, well above the CG virial size, sigtlaés long as the halo remains unresolved (as is the case for tmese s
presence of unbound gas that is contributing to the measumemulated clusters), then as we increase the aperture sizeSfie k
The opposite situation is seen in Fig.in this scenario most of signal coming from the halo becomes more diluted and hence
the signal comes from the halos rather than from a surrogndithe amplitude decreases, contrary to what is found in£ig.
gas cloud. This plot displays the kSZ peculiar momentumfaom We find a similar situation in the kSZ temperature-
subset of oUCLUSTER catalogue, with sources in the range (1peculiar velocity cross-correlation. By cross-correigtthe re-
2)x10* h1M,, after considering diierent aperture radii. As constructed peculiar velocity field in a 3D box with the kSiite

0.04

0.02

000l v 1y N
0 2 4 6 8 10
020 [arcmin]
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perature anisotropies, we find a 3:@etection between the two Juszkiewicz, R., Fisher, K. B., & Szapudi, I. 1998, ApJ, 508,
fields for theSEVEM map, at an aperture of 8 arcmin. This agairiashlinsky, A., Atrio-Barandela, F., Ebeling, H., Edge, & Kocevski, D. 2010,

. : 2,181
corresponds to gas clouds with radius roughly 1Mpc, aboytah '12 . . .

. : . hi A., Atrio-B la, F., Kocevski, D., & Ebedi, H. 2008, A
twice the mearR,go radius (we find tha{Raoo)cec ~ 0.4 Mpc). azsgfi'?{é + Ario-Barandela, F., Kocevski, D., & Etieg, 008, ApJ.

Since the peculiar velocity is directly related to the utgleg  Keisler, R. 2009, ApJ, 707, L42
matter distribution, our result suggests that gas insidkeaurt- Keisler, R. & Schmidt, F. 2013, ApJ, 765, L32

side CG host halos are comoving with the matter flows. Kitaura, F.-S.. Angulo, R. E., Hman, Y., & Gattiober, S. 20122, MNRAS, 425,
. . . . 4
One way of quantifying the amplitude of our signal is t%taura’ F-S., Erdogdu, P, Nuza, S. E., et al. 2012b, MISRA27, L35

ask by what factor we need to scale the model-bagee!(r) Kitaura, F.-S., Gallerani, S., & Ferrara, A. 2012c, MNRAS0A61
in order to match our measuredVes(r). Interpreting this scal- Lavaux, G., Afshordi, N., & Hudson, M. J. 2013, MNRAS, 430176
ing as an “&ective” optical depth to Thomson scattering we findi. M., Angulo, R. E., White, S. D. M., & Jasche, J. 2014, Ar@vprints

71 = (L4+0.5)x 104, which is a factor of 3 larger than that ex-MaéI;;i't;sva” Waerbeke, L., Hinshaw, G., Hojjati, A., & StdD. 2014, ArXiv
pected for the gas in typical CG host halos alone. This pe®vidy, vz, & zhao, G.-B. 2014, Physics Letters B, 735, 402

another piece of evidence that the kSZ signal foun®lenck Macaulay, E., Wehus, 1. K., & Eriksen, H. K. 2013, Physicaviee Letters,
data is generated by gas beyond the virialized regions droun 111, 161301
the CGs, as opposed to the tS#eet, which is mostly gener- Mody. K. & Hajian, A. 2012, ApJ, 758, 4

2> ; Mueller, E.-M., de Bemardis, F., Bean, R., & Niemack, M. D12, ArXiv e-
ated inside collapsed structurddefnandez-Monteagudo et al. “;riﬁtr’s ; de Bemardis, F., Bean, R., & Niemack, M. 12, ArXiv e

20063 Van Waerbeke et al. 201#a et al. 201%. Neyrinck, M. C., Szapudi, I., & Szalay, A. S. 2009, ApJ, 6980L
Nusser, A. & Davis, M. 1994, ApJ, 421, L1
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Fig. A.1. Measured cross-correlation function between the kSZ teatpee estimates and the recovered radial peculiar vaecit
wies(r), according to the three adopted approaches, LINEAR (kfigt), LOG-LINEAR (middle panel), and LOG-2LPT (right
panel). The velocities are normalized with their rms disjmro, = 230, 310, and 200 kntsfrom left to right, respectively. We use
an aperture of 8 arcmin when estimating kSZ temperaturasitions. Filled coloured circles corresponavio’e:(r) estimates from
different CMB mapsSEVEM, SMICA, NILC, COMMANDER, and the HFI 217 GHz map). The dotted lines display the ntilreges
obtained after computing kSZ temperature estimates fatedtpositions on th EVEM map, and the thick dashed line displays the
average of the dotted lines. Error bars are computed frosethall estimates of the correlation function. The solie Iprovides
the best fit to the data of the theoretical predictionvidts(r) obtained from theALAXY mock catalogue. These predictions are
obtained using only a relatively small number of mock haéog] hence their uncertainty must be considered when congpgri
data.

the LOG-LINEAR case displays a slight flattening on 504! California Institute of Technology, Pasadena, Califorkles.A.
80h~1 Mpc scales, which is absent in the other two cases aft Centro de Estudios de Fisica del Cosmos de Aragon (CEFCA),
is not well fit by the data. We expect correlation functions ob  Plaza San Juan, 1, planta 2, E-44001, Teruel, Spain .
tained from theGALAXY mock catalogue to be noisier than the~ Computational Cosmology Center, Lawrence Berkeley Nation
real ones obtained from the CGC, since typically only aboyj

80000 mock galaxies survive the mask and the selection func-

tion, as opposed to the 150 000 surviving galaxies in theG€al 15
sample. The fits of the real data to the solid lines in FRdl

yield YN = A" Joamr = 3.0, 2.0, and 2.1 for the LINEAR,
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LOG-LINEAR, and LOG-2LPT approaches, respectively.
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