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ABSTRACT

We develop and test a new statistical method to measure ileenidtic Sunyaev-Zel'dovich
(kSZz) effect. A sample of independently detected clustermbined with the cosmic flow
field predicted from a galaxy redshift survey in order to dea matched filter that optimally
weights the kSZ signal for the sample as a whole given theerio®lved in the problem. We
apply this formalism to realistic mock microwave skies lthse cosmological N-body simu-
lations, and demonstrate its robustness and performamparticular, we carefully assess the
various sources of uncertainty, CMB primary fluctuationstiumental noise, uncertainties in
the determination of the velocity field, and effects introéld by miscentering of clusters and
by scatter in the mass-observable relations. We show tla#ltble dataRlanckmaps and the
MaxBCG catalogue) should deliver7aro detection of the kSZ. A similar cluster catalogue
with broader sky coverage should increase the detectimifisignce to~ 130. We point out
that such measurements could be binned in order to studyadlperies of the cosmic gas and
velocity fields, or combined into a single measurement tsttam cosmological parameters
or deviations of the law of gravity from General Relativity.

Key words: cosmology: theory — cosmic microwave background — largéesstaucture of
Universe — methods: statistical

1 INTRODUCTION the Sunyaev-Zel'dovich effects (SBunyaev & Zeldovich 1972

L . . 19804abh) are particularly important and interesting.
The cosmic microwave background (CMB) radiation has a prime ab) particuarly Imp ! "9

role in modern cosmology. Its study not only gives us access t The SZ effects refer to the inverse Compton scattering of CMB
early-Universe physics and to tight constraints on the matars photons by free electrons in the hot intracluster and iatexgic

of the background cosmological model, but also allows uscto e  gas that they encounter on their journey frem- 1100 to z = 0.
plore the properties of baryons and dark matter in the lasnét This scattering results in a net energy gain of CMB photoffixed
Universe. The pioneering exploration of the CMB was cardat number density and consequently distorts their spectrinis &f-

by the Cosmic Background ExploreEQBE) satellite which pro- fect is known as the thermal SZ effect (hereafter tSZ). Mugiof
vided the first detection of temperature fluctuations. Mexntly, the plasma with respect to the CMB rest-frame produces Boppl
the Wilkinson Microwave Anisotropy Prob&(MAP and Planck effects which shift the temperature of the CMB spectrum &vhil
satellites have provided ever more detailed and accurdtskiy maintaining its black-body form. This is known as the kindm&z

CMB anisotropy maps, which have even been able to detednipns  effect (hereafter kSZ). The tSZ and kSZ imprint charactierjzat-
of the CMB photons by the large-scale structure of the Usiver terns in the CMB sky which reflect the structure of the intéagtc
The structure in the CMB radiation can be classified into gas at (relatively) low redshifts, so by identifying thesgters we

two types. “Primary anisotropies” are those resulting fiamysics can learn about the distribution of the baryons at the cpaoreding

before or on the last scattering surface, whereas “secgndar epochs.

anisotropies” are those caused by the interaction of CMB- pho The tSZ effect provides a measurement of the integral of the

tons with intervening structures at lower redshift. Amohg fatter, electron pressure along each line-of-sight to the recoatisin sur-
face. The signals detected so far have primarily been dubeto t
hot and dense gas in the intracluster medium (ICM) of interve
ing galaxy groups and clusters. The kSZ, on the other hafefsof

* E-mail: mingli@mpa-garching.mpg.de, mingli@pmo.ac.cn a unique opportunity to characterise the cosmic peculifocity
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field in the distant universe, and to search for the so-céatteslsing
baryons”, the bulk of the cosmic baryon density which appiye
lies outside galaxies and galaxy clusters, and has yet tddveii
fied directly atz < 2. Thus SZ measurements can shed light on
a number of important aspects of the nonlinear galaxy faomat
and feedback processes which structure the low-redshiferse,

as well giving access to the cosmic flow field which is influehce
by the nature of Dark Energy and by possible modificationfef t
theory of gravity (e.gKeisler & Schmidt 201R

in the CMB and velocity maps and the signal amplitude predict
from cluster scaling relations and the velocity recongtoucitself.
We investigate the various sources of uncertainty in thiasuee-
ment and show that our approach should yield a kSZ detectittn w
high statistical significancer(7c), even with current datasets. An
advantage of this scheme with respect to previous onestig dia
lows kSZ measurements to be grouped into different masstbins
study the gas properties of galaxy clusters. Alternatjviblgy can
be combined into a single measurement to constrain theaelat

SZ measurements are challenging since the signals are smalbetween density and velocity fields, giving information abthe
and are buried beneath primary CMB fluctuations, instrument law of gravity and about cosmological parameters.

noise, and foreground contaminants (e.g. galactic dustsgne
chrotron emission, free-free emission, etc.). The measemné of
kSZ effects is particularly tough, since for galaxy clusterhich
provide the strongest individual signals, the kSZ ampétiscan or-
der of magnitude smaller than the tSZ, and two orders of niadei
smaller than primary CMB fluctuations. In addition to thiglike

the tSZ which has a distinctive spectral signature, theueqy de-
pendence of the kSZ signal is identical to that of the prinGi{B

fluctuations. Furthermore, for an ensemple of clusterssipeal
is predicted to be symmetrically distributed about zerokingit

impossible to enhance the signal-to-noise by stackings astén
done for the tSZ.

Despite these difficulties, the latest generation of CMB
telescopes — the South Pole Telescofar(strom et al. 2011
Schafferetal. 201)1 the Atacama Cosmology Telescope
(Fowler et al. 2007 Swetz etal. 201}l and the Planck satel-
lite — have achieved high-resolution measurements of th& @M
millimetre wavelengths over large areas, which is enaldietgiled
studies of the SZ effect. In particular, the thermal SZ hasnbe
detected at high significance and is currently posing isterg
challenges to our current understanding of structure faomand
cosmological parameterBlanck Collaboration et al. 20138.

There have also been several claims of detection of the

kSZ. Samples of (X-ray) detected clusters combined with WMA

Our paper is organised as follows. We first present our sta-
tistical methods, including the derivation of the matchdtefifor
kSZ measurements (82). In 83 we describe the way in which we
create mock CMB skies including the kSZ effects expectedafor
realistic sample of clusters. We provide details of the igpfibn of
our approach to mock data in 84. In 85 we present our resulds, a
explore and quantify different sources of systematic strbr the
final section, 86, we discuss our results and conclude.

2 OPTIMAL MEASUREMENT OF THE KSZ EFFECT

In this section we will present and discuss our method to oreas
the kSZ effect for a given set of galaxy clusters.

2.1 Matched Filter

As mentioned before, the typical amplitude of the kSZ effsct
smaller than the tSZ and than the primordial CMB temperature
fluctuations. Thus, it is necessary to develop the best iplesssti-
mator of the signal given all the sources of noise. Here, veosh
to follow the so-called matched filter formalism.

A matched filter is a linear processing of the data, specigical
designed to maximise the signal to noise ratio for a set ofvkno

CMB maps have been used to estimate cosmic bulk flows in template signal and (additive and stochastic) noise popectsa.

Kashlinsky et al.(2010; Kashlinsky, Atrio-Barandela, & Ebeling
(2011); Osborne et al(2011); Mak, Pierpaoli, & Osborn€2011);
Mody & Hajian (20129. These results appear to be in tension with

For the case we consider here, this means to optimally extrac
kSZ signal from clusters assuming the expected signal prafie
power spectrum of CMB fluctuations, and the uncertaintiethén

ACDM, but the discrepancy may not be as severe as claimed estimates for the velocity and mass of clusters.

(Lietal. 2019, since it has not been confirmed by n&lanck
results Planck Collaboration et al. 2013aMore recently, 8.8¢
kSZ detection has been reported from correlations of CMRi+es
uals about pairs of luminous red galaxiedaqd etal. 201p
This finding is in qualitative agreement with theCDM expec-
tations as inferred from cosmological hydrodnamics sitioris
(Dolag & Sunyaev 2013 Another approach is to use linear per-
turbation theory to estimate the cosmic flow field field from-a 3
dimensional distribution of galaxies, and in this way obtaitem-
plate for the expected kSZ signal on the skip( Dedeo, & Spergel
2009 Shaoetal. 2001 There has been a marginal detection
of the kSZ from applying this method to the 2MASS survey
(Lavaux, Afshordi, & Hudson 20)3All these examples illustrate
the potential of the field and show that the quality of the data
reaching a level where cosmological and astrophysicabéspion

of the kSZ effect is imminent.

In this paper, we develop and test a new but related statistic
method to measure the kSZ signal. The idea is to combine asamp
of independently detected galaxy clusters with a veloc#idfes-
timated by applying perturbation theory to the galaxy disttion.
These two ingredients allow construction of a matched fthat
optimally weights the signal from each cluster based on thisen

The first step in the formalism is to define a signal template.
This is simply the expected kSZ signal, whose amplitude @ad s
tial distribution for a galaxy cluster are given by:

() s @
M

Hereor is the Thomson cross section aads the speed of
light, a is the expansion factoy is a line-of-sight distance in co-
moving coordinatey, represents the velocity of the gas along the
line of sight, and. is the number of free electrons both as a func-
tion of 6, the angular position on the sky. The minus sign follows
the convention that CMB photons gain energy when the free ele
trons move towards us, and thus the temperature of CMB phloton
increases.

Assuming that i) the spatial distribution on the sky of frésce
trons inside a cluster can be described as a projected NFfi\epro
i) that the velocity field has a large correlation length @inlarger
than the extent of a cluster), and iii) that the gas is fullyised, we
obtain:

k()

ar

adxne(0,x)v:(0,x) .
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UTCUC fouEnew (0),

k(0) @
whereuw, is the line-of-sight velocity of the clustef, is the (cos-
mic) baryon fractiony is the number of electrons per unit of gas
mass. For building the filter we choose the spatial templedéle

to be

2 —1 1—cz
- tanh !\ [ 0<a <

r=1

1 /et >,

2
- e e
3

c is the cluster's concentration parameter= r/r200 = 60/0200
the dimensionless radiud. is a constant normalizing the template
profile atz = 0, so when this filter is located on the center of a
cluster, it will return a statistically unbiased amplituofethe kSZ

signal. We note that our approach and results do not depend on

assuming this particular functional form, the only reqomiemt is

to the correct profile to be know. Our choice (a projected NFW
profile) is justified here since in our forthcoming tests wsuase
that the spatial distribution of baryons follows that of tegk mat-
ter. However, when applied to real data, a different, otetemally
motivated profile might be preferred.

The next step is to defin®(k), the power spectrum of the
noise. In Fig1 we show the contribution to the total angular CMB
power spectrum of different components foPkncklike exper-
iment: primordial anisotropies (blue line), instrumemtaise (or-

ange line) and kSZ (green line). Here we can see that the kSZ

signal is sub-dominant at all scales. In consequence, wegapp
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Figure 1. Angular power spectra of one realisation of our simuld&é&hck
SMICA-like sky maps. Three components are shown as CMB (bbliel
line), instrument noise (yellow solid line) and KSZ (greaiic line). All
power spectra have been convolved with a beam function WiiH =5
acrmin.

size of thePlanckexperiment. This, however, might be different for
higher-resolution CMB experiments.

In general, the central value returned by the filter refetthéo
signal integrated over a patch on the sky of a given radiuseria

imate the noise in our kKSZ estimates as the power spectrum ofthree dimensions). Here, we choose to integrate up to threst

primordial CMB fluctuations plus the noise contributionaths
P = PCMB|B|2 ~+ Phoise-

The shape of the matched filer is set by requiring a mini-
mum variance estimator. Followingaehnelt & Tegmark1996);
Melin, Bartlett, & Delabrouille(2005 2006, in our case it is pos-
sible to show that the Fourier transform of the filter is gitsn

oy _ 27(k)B(k)
where7 is the Fourier transform of the signal profilB(k) is the
beam function of a given CMB experiment which we assume fol-
lows a Gaussian profile. The variance of the filtered inpua dst
denoted by?:

|

In Fig. 2 we show the resulting filte (), for a cluster (with
mass around0'*»~' Mg andz ~ 0.1) with an angular size of 10
arcmin on the sky. By comparing the solid black and dot-dashe
blue lines we can see how the filter is modified when the instru-
ment noise in considered in addition to the primary anigpé®in

FRBER) d%k } B

Pk) (2n)? ©)

the CMB. For comparison, we show the assumed beam profile as

the size of the target cluster, though our results are nditben
to the exact integration limit. Due to the large coherenogtle of
the cosmic velocity field, integrating outside the clustemandary
has the advantage of including material that is likely to lmevimg
with the target cluster (c.f. §3.2). Thus, our KSZ measuréroer-
responds td{:‘;ﬁm, the total signal within a cylinder of aperture
radius3 x ra200 (Whererqgo is the radius containing a mean density
equal to 200 times the critical value in the Universe). Thisasure-
ment can be scaled to the expected signal produced by a caheri
halo, K300, by the following quantity:

cyl oo 2
Koo _ fo dr [ 6<3r200 do p(r)2mr ©)
K200 Jo200 drp(r)dmr? ’

wherep(r) is given byp(x)
sity, andz = r/r200.

At this point, this estimator also contains contributionsnf
the thermal SZ effect, radio sources, etc. As we will see,néxt
there is an external estimate for the velocity field, thes¢hextra
terms will vanish and we can recover a clean measuremengof th
kSZ effect which can be used to constrain the law of gravitg-c
mological parameters and gas properties in our clustefocate.

= m”#ﬁ po IS a characteristic den-

2.2 The velocity field

a dashed red line. We note we have checked the impact of uncer-In linear theory, and assuming a linear bias, the peculidmcve

tainties in the determination of the center of clusters @f2.2.
In this case, the amplitude of the filter changes, but its shap
mains largely unaffected due to the dominating effect ofttbam

© 2014 RAS, MNRASDOQ, 1-14

ity field is directly proportional to the logarithmic deritwe of
the growth rate and to the galaxy overdensity field. Explicthe
Fourier Transform of the velocity field is:
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Figure 2. An example of matched filter for a cluster with a angular scale
0200 = 10 arcmin. The black solid line shows the radial filter profileemh
noise power spectrur®?(k) in Eq. 4 only contains CMB component. The
filter when both CMB and instrument noise are containef (i) is shown

as blue dotted-dashed line. The red dashed line gives @&nefeof a beam
function with FWHM=5 acrmin.

k
ﬁ ’ (7)

with 8(z) = f(Qm, 2)/bg(2), by is the galaxy biast is the Hub-
ble constant ang(Qum, z) = 12L& whereD(z) is the growth
factor anda is the expansion factor.
Thus, on large scales (where these relations hold) theder
galaxy distribution can be used to obtain an estimate of ¢facity
of galaxy clusters. Note also that there are equivalentesgions
in higher order perturbation theory. These can achievedhigbcu-
racies and are valid down to smaller scalégqura et al. 2012h
Contrasting the reconstructed velocities with the measure
ments obtained by our matched filter for a clusteone can con-

strain a parametet:

v(k) = —if(2)Hody (k)

C Kzoo" 1
Qi = : ) (8)
or fo it Ma20o Vrec,i
_ UkSZ,i € ©)
Vrec,i Urec,i

wheree captures all other sources to CMB temperature fluctuations
inside clusters (e.g. tSZ, radio sources, etc). The measumrefrom
individual clusters can be combined into a single measun¢iofe
thea parameter:

o= LZZ'O‘;I_”’H (10)
with the associated error:
1 1/2
Oq = |:Zw:| 5 (11)

Sincee is expected to be uncorrelated with the velocity field,
the expectation value @f v is zero. Therefore i& is equal to the
unity, this means that the gravity model and cosmologicehpa
eters assumed are supported by the kSZ data. Otherawise,1,

a different model is preferred. In other words, this ratiostoains
directly 8/5Bs4, WhereSgq is the fiducial value of3 assumed in
computing the velocities from the galaxy distribution.

It is important to emphasise that this method of measurement
effectively weights individual kSZ measurements by thealgo-
noise ratio (SNR) expected for each cluster, and thus itragly
combines the available signal. For instance, regions withlac-
ity close to zero, are expected to contribute mostly to thiseno
not the signal, and are therefore given less importanceeiffiial
measurement.

Additionally, the weight factors can be modified to include
all uncertainties affecting the measurement. In our cdmetare
two major sources: one is intrinsic to the kSZ measuremest (w
label it with oys7), the second is in the uncertainty in the velocity
estimation due to a given reconstruction method (labeléed.a).

If the two contributions are uncorrelated, the weight assijto
each cluster is:

—1
oot =

Both of osz andoye. vary from cluster to cluster, and? is
approximately proportional to the inverse of the numberysteams
averaged over. If we assume that the uncertainty arisedyrthie
to the kSZ measurement, then B@&.is simplied to:

2
-1 _ 2
w; = OKSZ,i-

For the remainder of this paper, we will present our results
based on this simplified form of the weight factor. We furttes-
cuss uncertainty related to velocity reconstruction5r88L

1

Urec,i

(12)

2
2 2 2 2
) (Uksz,i +oc + ﬂﬁdUrcc,i) .

1

Urec,i

(13)

3 MOCK OBSERVATIONS

In this section we describe the mock kSZ observation we hase ¢
ated to test and assess the performance of our approach.

3.1 The MXXL simulation

We build kSZ mocks based on the MXXL simulatichngulo et al.
2012. The MXXL simulation use$720° particles to follow the
distribution and evolution of dark matter within a cubic wale
with a comoving side length &f»~' Gpc. The mass of each simu-
lation particle isn, = 6.17 x 10°h~* Mg, thus we resolve galaxy
clusters with tens of thousands of particles. The cosmotbgia-
rameters match those of the previous two Millennium sinioshest
(Springel et al. 2005Boylan-Kolchin et al. 200p

The MXXL simulation combines a large volume and a rel-
atively high mass resolution. Simultaneously fulfillingetie con-
ditions posed a serious challenge to supercomputationdititss
in terms of raw execution time, RAM requirements, 1/O load an
long-term storage. In order to alleviate these, the fultiplr data
was stored at redshifts = 0, 0.25, 1 and3. Self-bound halo and
subhalo catalogues, among other data products were prbdnce
the-fly. For further information we refer the reader’togulo et al.
(2019.

© 2014 RAS, MNRASO00, 1-14
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Most important for our purposes is the fact that this simaiat
produces a suitable dark matter backbone for our kSZ maodelli
This provides a realistic catalogue of dark-matter clssasrwell as
a fully nonlinear velocity field with all the features and gations
we expect inACDM, including the non-negligible contribution of
large Fourier modes.

3.2 Light-cone and the kSZ effect

We build a light-cone using the 0.25 snapshot from
the MXXL, and considering all particles within a sphere of
1500 A~ *Mpc radius. This produces an all-sky light-cone up to
z = 0.56, without any repetition of the simulation box. Note that
this procedure effectively neglects the evolution of thessnelus-
tering along the line of sight, however this is a reasonapfeax-
imation given the restricted redshift range we consider. al¢e
build a light-cone with the position and velocities of allldws in
our catalogue.

Then, we assume that all the gas in the Universe is ionised and
that the position and velocity of baryons follow those ofidarat-
ter. This is a reasonable approximation on large and inteiate
scales Angulo et al. 201R Thus, the kSZ effect integrated over a
area element in our simulated sky is given by the discretsiver

of Eq. ()
PR fox
( )kSZ ¢ XZ:

where the summation runs over all particles that contriboiténe
given area element on the skif2,i is the solid angle of the area
element.

We pixelise our sky map using th#EALPix software
(Gorski et al. 2005 with Ny, = 2048 pixels. This corresponds
in total to50 331 648 elements, each of which covers an area equal
t01.437° deg?.

In Fig. 3 we show a Mollweide representation of our kSZ
sky. The mean of the map corresponds to a valu&dfisz) =
0.12 pK with variances = 1.36 pK. The actual power spectrum
of the simulated kSZ is shown by the green line in FigNote
that the map shows a large coherence length, with regionisnef s
ilar amplitude extending over large fractions of the skyisTik a
consequence of the large correlation length of the veldigtsgt ex-
pected in CDM density power spectra, where velocity fludtunest
receive significant contributions from very large modese Titset
in this figure shows a zoom to the fluctuations insidé6a deg
patch (approximatelg00 Mpc wide atz = 0.25).

Finally, we mimic Planck observations by adding primary
CMB fluctuations and by smoothing our maps by the appropriate
beam size. The CMB observations imagedtgncksatellite cover
nine frequency channels from 30 GHz to 875 GHz, the angular
resolution range from 33 arcmin for the lowest frequencyncieh
down to 5 arcmin for the highest. Here, we focus on simulattireg
SMICA map, which is a foreground-cleaned map. In conseqgienc
we assume that the total temperature fluctuation is the kiggtef
plus primordial CMB fluctuations)\T = ATisz + ATcus. Af-
ter generating the map, we smooth the map with a Gaussian ker-
nel with FWHM=5 arcmin (angular resolution &lanck SMICA
map). Posteriorly, we will also include the correspondingtiiu-
ment noise.

ar
T

Vr,i Mdm,i

deiXDs,i '

(14)

L http://heal pi x.jpl.nasa. gov/
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Figure 4. The distribution of clusters used in this work on the radi aed-
shift plane. The black dots and yellow dots are clusters ah eatalogue.
The MaxBCG clusters are also shown (blue dots), assumingatime cos-
mology as MXXL simulation. The solid lines around clustendicate se-
lection boundaries we use to construct the catalogues. Tewo& blashed
lines are here to lay out the relation of cluster radius foedimngular size
as a function of redshift.

3.3 Cluster Catalogue

For our analysis we consider two different cluster catadsgWe
restrict the samples to a volume similar to that of the SDSS,
over which there are reconstructed density and velocityddiel
(Kitaura et al. 2009Jasche et al. 2010b

1) MXXL Selected: Our first sample contains all halos in our
light-cone with mass abové.5 x 103k *My. This contains
24529 objects.

2) Mock MaxBCG: Our second sample employs a higher mass
cut, 5 x 10"*h~'Mg, which roughly corresponds to a threshold
in optical richness of 0 for the MaxBCG cataloguekpester et al.
2007). This extra condition reduces the number of clusters is thi
catalogues down t6663.

We summarise the main properties of our samples in Thble
In Fig. 4 we show the redshift and size of the clusters in our sam-
ples. These properties will help us to understand the daritan
of different types of clusters to the total SNR for the kSZ mea-
ments. We can see that given our selection criteria mosesyst
are found at redshifts below 0.3. This validates the retisaifge
covered by our kSZ light-cone. For comparison, we also slnaw t
properties of MaxBCG cluster catalogue. We note that thesmas
cut-off of our Mock MaxBCG catalogue roughly coincides with
the observational catalogue. Because no selection funiap-
plied, our Mock MaxBCG sample contaif8% more clusters than
the real one, most of these additional clusters have redsfefow
~ 0.1.



Li et al

ATkSZ

—5.0 n—

s 5.0 asinh(AT,g,) [xK]

Figure 3. Simulated all-sky map of the kSZ signal with a resolutiom\afq. = 2048. The map is smoothed with a beam function with FWHM=5 acrnmic a
is color-coded by arsink{7T.s7). The overlaid panel shows a patch with side lenght4t6°, zooming in around a prominent structure which produces a

clear kSZ signal.

3.4 Reconstructed velocity field

As discussed before, the peculiar velocity of galaxy chsstan be
estimated using perturbation theory and a three-dimeabatistri-

bution of galaxies. Naturally, there are uncertaintie®eissed to
this procedure, thus, in order to explore the impact of thieseur

analysis we consider three different types of velocity feld

1) wvnalo: These correspond to the true velocity of the cluster, as
computed by the center of mass velocity of the parent FoF. halo
Naturally, this corresponds to the best possible estima#ind it is
useful to differentiate the impact of the uncertaintieshia veloci-
ties from other sources.

2) wvrec: These correspond to velocities estimated from the dark
matter density field with linear perturbation theory. Ingifee, we
compute these by the mapping DM particles onto a grid using a
Clouds-in-Cell (CIC) assignment scheme, with a spatialtg®n
of 1.5 h~'Mpc. Then, we smooth the density field with a Gaussian
kernel of sizer [2.5,5,10] R~ "Mpc, and use the smoothed
field as a source in E@.to obtain an estimate for the velocity field.
Finally, we interpolate this field to the positions of cluste

3) vcic: We generate another velocity field by directly mapping
the velocity of dark matter particles onto a grid using th€ @k-
signment scheme. We then smooth this field using Gaussiaelker
of sizers = [2.5,5,10] h~'Mpc, and interpolate back to the clus-
ters positions.

Table 1.Halo catalogue used in this work

Moo Range 0200 Range
Cata.Name [x1010% 1N ] [degree] Number
MXXL Selected [1500, 210885] [0.035, 1.897] 24529
Mock MaxBCG [5000, 210885] [0.052, 1.897] 5263
MaxBCG [5082, 144073] [0.052, 0.374] 4058

Note: For clusters in real MaxBCG catalogue, the clustersteasomputed
with M2go — Nago provided byHilbert & White (2010. The cluster an-
gluar size is computed under the same cosmology model as MbitKLla-

tion.

4 KSZ AND o« MEASUREMENTS

Now we are in position to apply our matched filter procedurghéo
simulated kSZ+CMB sky, and using the different cluster lcaaes
and velocity estimates discussed in the previous section.

At the position of each cluster, we convolve the CMB maps
with the matched filter. We do this in Fourier space and on elpat
of side length ofl 4.66° and512 x 512 pixels, which makes patches
have the same angular resolution as the original sky mappatecé
size is chosen to be large enough to ensure a representsgigsa
ment of background noise. The characteristic size of ther fitset
by the cluster’s apparent size on the sky and by using theetenc
tration mass relation of proposed byiffy et al. (2008.

The value ofx is estimated for each cluster in our catalogues
(Eq. 8) and the combined measurement is given by taking the en-
semble weighted mean (E4Q).
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In order to assess the advantages of the matched filter ap-mean value ofx remains the same, since this new noise compo-

proach, we perform another measurement of the kSZ signal us-

ing a simple aperture photometry method (AP filter). The kSz
flux is estimated as the total kSZ flux within a circular areaeof
dius R; minus the expected background which is set by the av-
erage kSZ flux in a annulus of dimensioRs = 3 x ra00 and

Rs = V2 R,. Therefore, the kSZ signal within a cylinder of aper-
ture radius3 x raq0, (analogous to the quantity measured by the
matched filter) is given by:

Kcyl

3r200

= K[Ole] - K[Rl,R2]' (15)

FollowingPlanck Collaboration et 820133, the uncertainty
for the measurement about each cluster is set as the rmsaflioctu
of the AP filter applied at 100 randomly chosen positions. As i
the case of matched filters, the valuecaffor each cluster is the
weighted by its uncertainty and in this way a globak computed.

5 RESULTS

In this section we test the ideas presented before, andsatbsss
performance when applied to mock kSZ observations. We titt s
with the simplest case, in which a perfect cluster catalogue
velocity fields are assumed to be known. Then, we progrdgsive
increase the realism of the cases we consider and inclutteefur
sources of uncertainty. In all cases, we explore differstitrates
of the velocity field and the two cluster catalogues desdriime
83.3, unless otherwise stated. The main results are summarised i
Table2, Table3 and Fig.7.

We note that if our measurement@fs equal to the unity, our
method would provide an unbiased estimate of the relatibmden
density and velocity, which is captured by tReparameter. The
uncertainty ina. can be regarded as the accuracy with whicts
measured.

5.1 CMB primary anisotropies and instrument noise

We start by considering the CMB primary anisotropies as the
only source of uncertainty imv. We applied the procedure out-
lined in the previous section to0 realisations of the CMB sky.
The results are provided in the 4th column in TaBl@abelled as
"CMB"). The mean measured value @fis 0.963 4 0.0046 for the
Mock MaxBCG sample. For the more abundant MXXL sample is
0.977 4+ 0.0035, which shows a similar bias in but the statistical
error decreases. This is the first validation of the perforreaof
our matched filter approach.

Another important source of uncertainty on small scalekes t
instrument noise and foreground residuals. As shown in Eig.
of Planck Collaboration et a[20139 and in Fig.1, at the scale
of our Mock-MaxBCG clusters (around 6 arcmin 6r~ 1600),
the typical amplitude of this noise is similar to that caubgdori-
mary CMB anisotropies. In our formulation of the matcheckfilt
this contribution is implicitly taken into account, sincewse the
power spectrum of our sky map itself as the noise term irdEq.

In order to assess the impact on this extra noise contritbutio

nent is uncorrelated with the signal. The associated umiotigs,
however, roughly double.

We note that the uncertainties enestimated from the vari-
ance acros$0 sky realisations and by the matched filter proce-
dure agree remarkably well. For instance, when only CMB sky
included, the scatter on from the 50 sky realisations %0459,
compared with matched filter output value6455. For the case
of "CMB+Noise", the value i$).089 compared witl0.096. A fur-
ther support our implementation of the matched filter apgiazan
be obtained by comparing the results provided above witseho
obtained from a simple AP filter, which are provided in the 2nd
and 3rd columns of Tabl8. Even though the estimated for all
cases is consistent with those obtained using an matchexd file
statistics errors quoted are a factor20f— 30 larger and are com-
parable with the level of the signal itself. These two factgport
the statistical validity and advantage of our formulation.

In all the cases we have considered so far there is a small bias
in «, @ # 1 roughly at thel — o level. We have checked that this
originates from the fact that the peculiar velocity meadurem
the kSZ is actually a mass-weighted average over a cylindéne
sky of size3 x r200. This is not necessarily identical to the center of
mass velocity of the cluster. This explains why the biasightlly
larger in the MXXL cluster which contains less massive @ust
Nevertheless, we will see that the systematic biased inted are
smaller than the statistical uncertainty introduced byepgources
of noise, and thus validates our modelling given the acgunath
which current measurements are possible.

5.2 The uncertainties in the cluster catalogue

We now consider the impact of uncertainties in estimatingtelr
masses observationally. Also we address the difficulty afcap
cluster finders algorithms to identify the clusters cenfenass.

5.2.1 The mass-richness relation

The mass of a cluster is not a direct observable, one has to in-
fer it from other observed properties (e.g. optical riclsnestrong
and weak gravitational lensing signal, X-ray luminositt®Z flux
signal). Although the mean relations can be calibrated robse
tionally or using numerical simulations, deviations of iindual
clusters from the mean relation lead to a scatter on the atgin
cluster mass. Furthermore, there are other sources oésoathe
observable-mass relationship related to line-of- sighttamina-
tion, the dynamical state and triaxiality of the parent hato. This
affects the shape of matched filter and its normalisatiod there-
fore this introduces a further source of uncertainty in thtineated
velocity of a cluster from its kSZ signal.

Here, we explore this effect in the case of a optically-
detected cluster catalogue, such as the MaxBCG sample. The
mass-richness relation and its scatter for such catalogue theen
studied with both observationsldhnston et al. 20Q7and simu-
lations (Hilbert & White 201Q Angulo et al. 201, For example
Angulo et al. (2012 give an mean relation which is described
by a power law(Mao) = M*'°7, with a log-normal scatter
Tlogyo(Mago) = 0.36. In order to incorporate this effect in our simu-

ona, we have generated 50 independent maps of the CMB primary lations, we assign a richness to each cluster accordinglioging

fluctuations plu$lanckproduct SMICA-like instrument noise. We
apply our matched filter approach and show the result in the 5t
column in Table2 (labelled as "CMB+Noise"). As expected, the
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We utilize the results provided bifilbert & White (2010,
that the mean mas$Ma), the log-normal scatter of mass
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Table 2. Estimated mearnx value comparison with 50 realisations of sky, between etusatalogues, Ap filter and matched filter, with/withour

instrument noise

Mock MaxBCG MXXL Selected
v used in reference CMB CMB + Noise CMB CMB + Noise CMB CMB + Noise
AP Filter AP Filter
Vhalo 1.028 £1.103  1.026 £1.106  0.963 £0.046  1.011 +0.096  0.977 +0.035  1.029 4+ 0.075
Vrec,re=2.5h—1 Mpc 0.792 +£0.933 0.788 +£0.935 0.794 + 0.038 0.837 +£0.080 0.831+0.030 0.875 + 0.065
Vrec,rs=5h—1Mpc 0.967 £1.131 0.964 £1.134 0.969+£0.046 1.018 £0.097 0.988 £0.036  1.040 £ 0.078
Vrec,re=10 h— ! Mpc 1.040 £1.352  1.041 +1.356  1.0724+0.055 1.1254+0.115 1.0824+0.043 1.138 +0.092
VOIC re=2.5h—1Mpe 1039 £1.163  1.036 £1.166 1.021+0.048 1.0714+0.100 1.029+0.037 1.084 + 0.080
VCIC,re=5h— 1 Mpe 1.055 £1.261 1.054 £1.264 1.051 £0.051  1.101 +20.108 1.058 +=0.040 1.114 4 0.086
VCIC, 1a=10 h—! Mpc 1.083 £1.428 1.086 +1.432 1.1054+0.058 1.161 +0.121  1.108 0.045 1.168 4+ 0.097

Table 3. Estimated mean value with 50 realisations of considered mass scatter andamiering effects.

Mock MaxBCG

v used in reference CMB + Noise CMB + Noise CMB + Noise CMB + Noise CMB + Noise CMB + Noise

+ velocity + Mass Scatter + Miscentering + Miscentering  +ddistering with correction

systematics without correction  with correction + Mass teat
Vhalo 0.959 +0.096  0.957 +0.097  0.970 + 0.099 0.730 + 0.097 0.955 + 0.126 1.026 £ 0.130
Vreeram2.5h—1Mpe 0757 +0.080  0.757£0.081  0.776 +£0.083  0.588+0.082  0.751 4+ 0.105 0.793 +0.107
Vrec,re=5h—1Mpc 0.951 +0.097 0.949 £0.099 0.971 £0.101 0.734 4+ 0.099 0.952 4+ 0.128 1.014 £0.132
Vyee.ram10 h—1Mpe 1111 +£0.115 1.1124£0.117 1.137+£0.119  0.862+£0.117  1.127 £ 0.152 1.202 £ 0.156
VUCIC, rs=2.5 h— 1 Mpc 1.014 £0.100 1.011 £0.102  1.029 4+ 0.104 0.776 4+ 0.102 1.011 £ 0.132 1.080 £+ 0.136
VeI ra—5h—1Mpe  1.067£0.108  1.066+£0.110 1.086+0.112  0.82140.110  1.069 4 0.142 1.142 4 0.147
VOICr—10h—1Mpe 118140121 1.183+£0.123  1.206+0.126  0.9154+0.123  1.197 +0.160 1.279 4 0.165

Note: The results are estimated with one particular re@isaf CMB+Noise sky and 50 realisations of mass scatterraistentering effects. The

measurements without these two effects are listed in 2ndvool and results with velocity uncertainties are listedrosh &lumn.

Tlogyo(Mago) @Nd cluster number density are given for various
richnessNago bins. With these informations cluster mass distribu-
tion at each richness bipdf(M200) can be constructed, therefore
the cluster mass function is just summation over contrimgifrom

all richness bins,

Nbins

dn(Mao0)/dMaeo = Z n;pdf, (Maoo),

i=1

(16)

then this function is normalized by the total number of @ustin
our Mock MaxBCG catalogue. After that, we divide the clustier
our into several different logarithmic mass bins. In eachhefse
bins, clusters are assigned a richness according to thelpiibp
pdf; (Mago).

Once each cluster has arichness value, we use the mean mass-

richness relation to assign an estimate for the cluster .nTdmen,

we construct the corresponding filters and repeat our aisaljse
results are shown in the 4th column of TalBleWe find that the
averagex and its uncertainty both vary by less thaf. This is in
agreement with previous works that showed that the scatteass
does not have a significant impact on filter-recovered tShadig
(Biesiadzinski et al. 203, 2Planck Collaboration et al. 2018& his

is a consequence of the shape of the matched filter being yveakl
dependent on cluster mass as a result the concentratioriuesterc
size depend weakly on halo mass. Moreover, the uncertaimty o
mass estimation is subdominant compared to the other soofce
uncertainties related to the CMB maps.

5.2.2 The cluster miscentering

Another effect that may seriously hamper our efforts to get a
accurate value ofy is the offset between the center of mass of
a cluster and the center estimated using its optical prigger
BCG misidentification and astrophysical processes may ¢aike
this so-called miscenteringphnston et a(2007); Hilbert & White
(2010.

We estimate the impact of this effect by randomly selecting a
fraction of clustersp., to be miscentered: from 40% for the lowest
richness bin down to 20% for the highest richness bin, and the
perturb their center according to:

Ros Rgff
pdf(Rog) = g exp <— 20(%3)
whereo.g = 0.42 h~*Mpc (Hilbert & White 2010. This expres-
sion describes the distribution of projected distancew/d&en the
identified center and the center of mass of a clusters.

We repeat our analysis for the new centers. We find a strong
decrease in the estimated valuenobf about20%. The reason for
this is that the incorrect cluster convolved with the mattcfiker
results in a heavy under estimation of the clusters mass 8@d k
signal. One way to reduce the problem is to modify the matched
filter with an effective kSZ signal profile that correctly debes
the presence of a set of miscentered clusters.
The kSZ signal of clusters in a given mass can be described as

17
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a weighted average of the profile of correctly and incoryectn-
tered objects. Correctly centered clusters have a mean kSifep
given by Eqg.3. The signal of miscentered clusters is a convolution
with azimuthal angle of the offset distribution with the stly
centered profile:

2m
7i(R|Rogr) = % /0 40 <\/R2 + R% 1 2R Rog cos(e)) ,
(18)
Assuming that the offset distribution is given by Eg.the

mean kSZ profile of miscentered cluster can be written asiagee
over the distribution:

™5 (R) = / dRog pdf(Ros) 7i(R|Rof). (19)
Finally the mean kSZ profile for clusters in a given massibin
is:

mis

7% (R) = (1 — pe) 7i + pe 7} (20)

The new profile has a core, which compensates the total inte-
grated kSZ flux signal with a statistically correct answee kdve
repeated our analysis with the new matched filters, and shewet
sults in the 6th column of Tabl& Indeed, after this correction, we
recover a statistically unbiased estimatiomofThis is a dramatic
improvement compared to the results without consideriegnis-
centering problem. The price for this in an increment of a5
in the uncertainty with which we measure the kSZ effect. We no
however, that this effect also needs to be considered in Hrer o
interpretation of the correlation between galaxies anck®ié sig-
nal, and in any other quantity estimated from template §t{eng.
the SZ decrement).

5.3 Peculiar velocities

When dealing with observations the velocity of clusters iis u
known, and one needs to resort to indirect estimations. deraio
assess the impact of this we repeat our measurements, bmew
ploying different estimations for the velocity of clustees listed
in 83.4. The results are provided in tBe— 4th rows and in the
5 — Tth rows for velocities estimated using linear theory and CIC
interpolation, respectively.

In the case of CIC velocitiespcic, we see that the
2.5h"*Mpc smoothing provides an unbiased estimate cof
whereas thes and 10 h~*Mpc smoothing overestimate its value
(i.e. underestimate the clusters velocity) by roughtyand2o.

In the case where reconstructed velocitigs, are considered,
we see that the smallest smoothing scale returns a value lier
tween20—25% smaller than the unity. For larger smoothing scales,
the underestimation decreases and forlihé ~*Mpc smoothing,
we recover a (biased) value consistent with that in the cb€d¢@
However, uncertainties are about 30% larger in the lattee.ca

Now we explore further these results. In Figwe show one-
to-one comparisons between clusters true line-of-sigbtity, and
i) the CIC smoothed velocities (top panels) and ii) recarctad
velocities based on linear theory (bottom panels). As dthedore,
we consider three smoothing scales= 2.5 h~*Mpc, 5 h ™ Mpc
and10 A~ 'Mpe.

larger than for CIC velocities. Also, and for both estimatioeth-
ods, we see that the velocities are systematically underatstd
for large smoothing scales. This can be seen more clearlpimy ¢
paring the 1:1 relation (red line) with the blue diagonagélimhich
shows the median value of velocity estimated in binsiaf,. Note
that the slope of the relation for the case of reconstructtatities
is always steeper than the CIC counterparts, which is a qoesee
of linear perturbation theory breaking down and overediingehe
divergence of the velocity field and thus of its line-of-dighmpo-
nent Kitaura et al. 2012psee also Fig. 7 of).

Overall, we appreciate that the estimated velocity field is a
balance between two competing effects: i) the accuracynefli
perturbation theory and ii) how well a smoothed field appreates
the actual velocity of the cluster. On small scales, we apprate
better the velocity of cluster, however, linear theory keedown
overestimating the velocity field. On large scales, thegrerAnce
of linear theory improves, however, the recovered smootiesat-
ity field underestimates the velocity at the clusters positin other
words, while the velocity field shows a high coherence, thecity
structure of regions as small a$ h~'Mpc can affect systemati-
cally high precision measurements of the kSZ effect.

5.3.1 The systematics from velocity reconstruction

An additional source of uncertainty is introduced by thenest
tion of the dark matter density field from a distribution oflaga
ies. In particular, effects such as survey mask, selectiootfon,
shot noise, redshift space distortions will all add extreartainties
in the recovered velocity field. One example of recoveringm:c
tinuous and smooth 3D density field from a group of galaxies is
presented idasche et a(20101, who applied a Hamiltonian den-
sity algorithmHADES to SDSS data (Release 7) and returned a set
of 40000 possible realisations of the density field given the data
and observational setup. An additional complication cofmes
the fact that we observe the galaxy field in redshift spaces time
needs to assume a valuefo estimate the corresponding velocity
field. This, however, can be coupled with the kSZ measuresrtent
sample different values ¢f in a self-consistent manner as we mea-
surea.

The total error associated to the reconstructed velocitybea
modelled as the sum of two independent terms:

2 2
Orec = Oobs + Ometh- (21)

oobs refers to an uncertainty that depends on the particularehse
tional setup propagated through the density reconstmatiethod.
This term varies as a function of position and distance toothe
server, and slightly depends on velocity. The second tethan,
is velocity-independent term and it accounts for the uadeties in
the method itself (i.e. the scatter shown in By.which is around
100 km/s.

In practice it is difficult to estimate each of these two tefms
dependently due to their correlation. However, the totadrelbud-
get, orec, Can be determined. As studied in Appendixa typical
value of oyec is about350 km/s, for a SDSS-like survey. With
more accurate reconstruction methods the uncertainty, i, can
be reduced t@0km/s (Kitaura et al. 2012}y which clearly indi-
cates that the current limitation is in the quality of theadaf a

In all cases we see a strong correlation between the true andtarget galaxy survey, and the method to infer the DM denséty fi

estimated velocities. The scatter increases as we conlsicsr
smoothing scales, and also the scatter for reconstructecites is
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Therefore g, would be mainly determined by, which is
position and distance dependent. In order to approximaitspunt
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Figure 5. Top panels: One-to-one comparison between the true ragliatities of clustersy,.;, and cluster velocitiescic from CIC assignment. Bottom
panels: One-to-one comparison between the true radiatitie of clustersy, 1, and cluster velocities... from reconstruction method. The red solid line
in each panel is the 1:1 line. The blue solid lines show themmelation binned by,.1,. The dashed blue lines indicate the region containing thealet8
percent scatter of the mean relation. Left panels on smeates of2.5 h ' Mpc, middle panel$ b~ Mpc and right paneld0 h = Mpc.

for this, our Mock-MaxBCG clusters are assigned an unagstan
their line-of-sight velocity by interpolating the veloes and un-
certainties reconstructed by HADES (shown in Appenijxo the
position of out clusters. The total uncertainty can be ipocated in
our approach by using the full form of the weights shown inE3.
We have repeated our analysis with this extra source of uncer
tainty. However, the estimated valuecofemained almost identical
to our previous case. This is because. plays a minor role inv;
compared t@risz, which is dominated by the primary CMB fluctu-
ations and instrumental noise and is at the level of a fewshods
km/s. Hence, the quality of the reconstructed velocity field does
not affect significantly the estimated but mainly thex; value for
each clusters.

5.4 Cluster catalogue selection

A central part of our method is the existence of an appropdhts-
ter catalogue, and the accuracy of our method depends orojis p
erties. Therefore, in this subsection and in Figve explore how
the selection criteria affect the accuracy with which we soeec.

In particular, we consider different cuts in mass, in angsitze and

in redshift. For each threshold, we consider a simple caszavhe
include only the CMB as a source of noise (top panel) and anoth

in which we consider further sources of uncertainty (botfamel).
For clarity, we use the measured center of mass velocity df ea
cluster. The results are shown in Fggand we discuss them next.

5.4.1 Mass/Richness

We recall that so far we have shown results for two differetae
logues: i) "MXXL Selected", which contains all clusters iBBSS-
like volume with mass abové.5 x 10'3R~'M, and ii) Mock-
MaxBCG, which is a sub-sample of previous catalogue with a
higher mass thresholél x 10**h~*M,. The latter corresponds to
a threshold of optical richnes¥>00 = 10 in the real MaxBCG
catalogue. Systems above that richness are identified latsigg
nificance and suffer little contamination, however, belbattlimit
there is still information about overdensities in the undee Thus,
we explore whether these can increase the quality of our k€& m
surements.

In the leftmost panels of Figh we show the SNR as a function
of the minimum cluster mass considered in the cataloguentihe
ber of objects that this implies is displayed in the top akisstly,
we note that the estimated value foiconverges after roughly few
thousands objects are included, noting no difference tetviiee
Mock MaxBCG and the MXXL Selected catalogues. Secondly, the
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Figure 6. Top row set: Top panels show the weighted estimatiofiEq. 10) as a function of mass cut (left column), angular size cuttiei column) and
redshift cut (right column) which are used to test clustéect®n criteria from our catalogues. The correspondireglstd number is shown on top axis of
mass cut case. Bottom panels show the corresponding s@nalse ratio (SNR) of following the same way. The two cluster catalogues are usédlaown

as blue (MXXL Selected) and black (Mock MaxBCG) curves. Thalgsis is based on map of kSZ+CMB andisingvy, 1, are shown as example. Bottom
row set: The same as top row set plots, &us analysed based on map of kSZ+CMB+Noise. Results of MockB@& when considering mass scatter and
miscentering problems are also presented with red curves.

SNR is roughly proportional to the number of clusters usedlle systems will be much less massive, so their associated| sigda
change is not as dramatic as one would have expected. Thare is angular extent on the sky are also smaller.

factor of 5 difference in the number of clusters among catas,

so if we simply consider the number of systems, then one would

have expected a reduction of a factor\df = 2.23. The actual

SNR improvement is abo@5%. This is because, the newly added
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Figure 7. The measurement of for Mock MaxBCG clusters with different velocity refererscdata sets are listed according to velocity useg, (left panel)
andvcic (right panel), their positions according to the smooth thng. Specially measurement using.,;, is positioned in left panel with x-axes = 0.
The bars, boxes and whiskers show the median and the 1, 16d3@%percentiles of the: distribution. For each set of data points, measurements wit
continuous including noise are distinguished with coloiitse single measurements (TaB)eare placed next to their corresponding ensemble disiilsit
The black solid lines at left side of each panel present tas leivel computed by taking median®@f,1, /vrec OF vhalo/vcic at the three smoothing scales,

from bottom to to2.5 h~Mpc, 5 h~'Mpc, 10 b~ ' Mpc respectively.

5.4.2 Angular size

We now consider the effect of varying the minimum angulae siz
of clusters included in the catalogue. We show the resulthén

middle panels of Fig6 and, as in the previous case, top and bot-
tom pales show two cases where we consider different soofces

uncertainty. Black and blue lines indicate the resultsHier'tMock
BCG" and "MXXL Selected" catalogues, respectively.

We see that the value fer quickly converges after we include

objects with an apparent size of the sky larger than 10 archfia

SNR also increases rapidly as we include smaller and snatiler

jects, however, there is a clear saturatiod at 5 arcmin, coincid-
ing with the beam size in our simulat&dancklike CMB skies (5

arcmin). The plateau in the SNR seems to appear more smoothly
in the bottom panel, which is because clusters comparableuto

larger than, the beam size are already being affected bystei
mental noise (which becomes dominant at arotird1600). Nev-

ertheless, it is important to note that the valuexak not affected
and is largely insensitive to the threshold angular size mpley.

This supports again the robustness of our approach.

volume covered. Finally, as expected, there is a roughlysteom
offset between the two cluster catalogues we consider, atieet
higher number of objects in the MXXL Selected catalogue,llat a
redshifts.

From this section we can conclude that current cluster cat-
alogues would capture almost all the signal available in aBCM
experiment likePlanck Reducing the mass threshold does not in-
crease significantly the SNR of the measurement becausgttiae e
systems will be less massive and thus contribute less toothé t
signal, and also because a considerable fraction of thelbevile-
low the beam size of the experiment. Moreover, the smalkesyst
usually have inaccurate measurement of cluster propd(riies
ness, positions and so on), which may affect the definitiothef
matched filer and related signal. In the light of this, it seeimat
much more gain can be found in extending the sky coveragerof su
vey within which the cluster population is well charactedsather
than in employing lower mass systems.

Finally, the MXXL catalogue returns a higher SNR than the 55 Summary of results

Mock MaxBCG, at all angular thresholds. Combining this mfo

mation with that in the previous subsection, we see that direig
SNR from reducing the threshold mass, largely originatesfthe

small but nearby systems which are well resolved above thmbe

size.

5.4.3 Redshift

To end this section, in the rightmost panel of Figwe show the
results we obtain as we vary the maximum redshift of clusters

cluded in our analysis. We see that the bulk of the signaimatgs
from clusters below redshift 0.2. This is partially becaofthe se-
lection function applied to our catalogues, but mainly lseshigh
redshift clusters have small angular extents, despite rthareed

In this section we have explored different sources of uagaies in
our proposed procedure. These findings are summarized if7 Fig
where we plot our results grouped by the velocity estimatised
and the respective smoothing scales. For each set, we shaw me
surements progressively including four noise terms, asated by
the legend. For each case filled and open symbols show thi resu
of a single measurement with error bars given by the matcied fi
ter formalism, whereas open symbols show the mean valueaover
ensemble 060 realisations and the error bars show the dispersion
over these measurements.

In the following we summarise the most relevant findings:

1) The main sources of statistical errors are: CMB primarg-flu
tuations, instrumental noise, mass estimation, and clusiscen-
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tering, each of which contributes about 13%, 42%, 5%, and dD%
the total error variance.

2) The main source of systematic errors is the estimatioreef v
locity fields. There is a compromise between a smoothingescal
small enough, such that it captures accurately the featfrése
velocity field, and a scale large enough such that pertunbalie-
ory is accurate. Additionally, if the miscentering is nooperly
accounted for, then there is a bias in the measurements at abo
20%.

3) Currently, the velocity field can be reconstructed to high
accuracy using linear or higher order perturbation theory
(Kitaura & Angulo 20123 However, a source of uncertainty that
remains dominant is the transformation from galaxy to daskten
overdensities.

4) A MaxBCG-like cluster catalogue includes most of the kvai
able signal. Smaller systems do not increase the SNR stiadiian
due to their small angular sizes and weak intrinsic sigrid¢sv-
ever, broader sky coverage would lead to a considerabldgtie
SNR.

5) For aPlancklike experiment and a MaxBCG-like cluster cat-
alogue, we forecast a70 measurement of the kSZ, assuming an
estimate for the velocity field using linear theory ansl’a ' Mpc
smoothing scale. Alternatively, this measurement canteepreted
as13% constraint on the value ¢f.

Despite the uncertainties related to the cluster catalgue
have shown the potential that exists in the kSZ effect to nmeas
cosmic velocity fields and thus to place constraints thatpiem
ment those from other cosmological probes.

6 CONCLUSIONS

In this paper, we have proposed and investigated a schemeao m
sure the kSZ effect with relatively high signal-to-noisbeTmethod
combines the matched filter approach, an independent gattaf
clusters, and the velocity field predicted by perturbatteeoty ap-
plied to a galaxy redshift survey. The results can be usegioe

the properties of ionized gas in clusters or to constrairvéhae of

B = f(2m)/b. The latter, in turn, can be used to place constraints
on the gravity law that connects the cosmic density and itgloc
fields.

We have shown the efficiency and accuracy of our approach

by applying it to mock CMB maps, which contain a realistic kSZ
signal as predicted by a large cosmological N-body simutatUs-
ing a cluster catalogue similar to those extracted from th&S
data, Planck-like CMB maps, and an estimate for the veldigtgl
based on linear theory, we forecas?ao detection of the kSZ
effect. This result includes the effect of several sourdesncer-
tainty: primary CMB fluctuations, instrumental noise, masatter,
and cluster miscentering. Each of these effects is resplentor
13%, 42%, 5%, 40% of the total error variance, respectivelgd-
dition, we highlighted that if the potential miscenteringctusters
is not taken into account properly, a bias of about 20% iséedu
in the recovered signal. Similarly, if the scale on which vieéoc-
ity field is reconstructed is too small, then perturbatioeaity is
inaccurate, whereas if it is too large, then the featureb@f/eloc-
ity field are not properly resolved. Unless corrected, bdtaces
introduce systematic errors in kSZ estimates.

We also explored how the accuracy of our method depends on

details of the cluster catalogue. For the cases we considdre
typical angular size of clusters corresponds to the scaletooh
the effect of instrumental noise and beam size become icupicidgr

© 2014 RAS, MNRASDOQ, 1-14

a Planck-like CMB experiment. This implies that the kSZ silgof
clusters with small angular sizes will be smeared out, riedpLtheir
contribution to the total accuracy of the detection. A samiffect

is present when we varied the range of redshift and mass stechi
included in our catalogue. It appears that current clugt&logues
would capture most of the signal available, since lower nsgss
tems do not significantly increase the SNR of the measurement
On the other hand, broader sky-coverage would lead to inggrov
constraints.

Despite the realism of the mock skies adopted throughosit thi
work, there are several effects which we have neglectedt hms
table is the impact of hydrodynamical interactions on thg k-
nal. For instance, feedback from supermassive black heoldsea
center of massive galaxies can alter the distribution ofsnraside
clusters and, potentially, even expel gas from the clustegether.
However, these effects are still highly uncertain and itrslear
that they would be large enough to significantly alter the k&j2
nal. Once understood such effects could easily be incotgdia
our formalism through a modified model for the signal profi3g.
dividing the kSZ measurements according to cluster mas$) su
systematic effects could be detected through an apparg@enede
dence of the cosmological signal on cluster mass.
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APPENDIX A: BEHAVIOUR OF VELOCITY
UNCERTAINTIES WITH TRUE DATA AT POSITIONS OF
MAXBCG CLUSTERS

In this work we use a sub-sample of 4000 density field readinat
previously generated by theADES (HAmiltonian Density Esti-
mation and Sampling) algorithndgsche et al. 2010bTheHADES
algorithm is a full scale Bayesian inference framework ing
detailed reconstructions of the 3D density field from galeeg-
shift surveys and corresponding uncertainty quantificatip ex-
ploring a highly non-Gaussian and non-linear lognormalkfwi
nian posterior via efficient implementations of a Hybrid N®n
Carlo method Jasche & Kitaura 2010aAs a result this algorithm
provides a numerical representation of the target postelistri-
bution, in terms of density field realizations constraingdbser-
vations, permitting to thoroughly propagate uncertamtie any
finally inferred quantity. In the following we build upon the-
sults obtained bylasche et a(2010h, which provide realizations
of constrained density fields in a cubic Cartesian box of kdgth
547.5 h~*Mpc and256° voxels inferred from the SDSS DR7 main
sample fbazajian et al. 2009 The lower left corner of the vol-
ume locates dt-547.5, —273.75, 14.6] h~*Mpc and the observer
is placed af0, 0, 0]. To compute linear velocity fields we smooth
these density fields on length scale$éf ' Mpc and apply Eq7.

Subsequently, we project the ensemble of resulting 3D itgloc
fields at each voxel on the observers line of sight. Givenghgem-
ble, mean and standard deviation of radial velocities ditzed
for each voxel.

Results of these calculations as well as a slice throughdiie ¢
responding completeness function of the underlying SD3&gu
are presented in FigAl. As can be seen, close to the observer,
structures are more clearly visible, while for poorly obser re-
gions at large distances, the ensemble mean of the densityasb
drops to cosmic mean. This reflects, the signal to noise pliep®f
the underlying survey, as uncertainties increase witladest to the
observer due to selection effects. This effect is cleanyesented
by the slices through estimated ensemble means and statelard
ations as shown FigAl1. Slices through estimated ensemble means
and standard deviations for radial velocities are preseintehe
bottom row of Fig.Al. For the mean velocity field, large speed re-
gions coincide with high density regions, being least aéfiddy
observational noise. On the contrary, ensemble standatdtide
maps are more complicated to interpret. As can be seen, éven a
central regions where the observational completenessniedian
level, ensemble standard deviations ranges ard0fickm/s. The
reason for this may resort in the fact, that velocities, dsnesed
by Eq.7, are most sensitive to the largest scales of the cosmic mat-
ter distributions, which are only poorly constrained by erying
galaxy observations, due to survey geometries. Obsenadtin-
certainties on these large scales are nevertheless dptreated by
the statistical nature of our approach. Additionally oneymarry
about periodic boundary conditions, assumed implicitehees-
timating velocities via Fourier methods, which may influernibe
inference of velocities. This can be overcome by carryingFast
Fourier Transforms over a much larger volume, zero-padttieg
unobserved region.

The statistical study of the full volume is useful for the geai
analysis of the reconstruction method and the goodnessnsitgle
fields. As a finall step, we interpolate the reconstructed 8Do#
ities to positions of MaxBCG clusters (4044 clusters regideur
reconstruction volume) and estimate ensemble means amthsta
deviations of radial velocities. This addresses the is$welocity
uncertainties inherent to such reconstructions. We chieekde-
pendence of standard deviations on velocities and dissatiocthe
observer as demonstrated in FA3. As can be seen, the standard
deviation depends weakly on ensemble meand. Typically,
the difference is less ther00 km/s. The dependence on distance
to the observer is essentially strong, and standard dewigiéaks
at aroundt80 »~*Mpc and780 A~ "Mpc. The former peak shows
the same complex behaviour. As shown in FAd, the latter one is
mainly due to the fact of low completeness at such distarares,
periodic boundary effects may also contribute. In genesglipc-
ity uncertainties are caused by the completeness fundtidicat-
ing how much information the data provides. For the analisis
Sec.5.3.1, we choose a constant velocity standard deviation to be
350 km/s for all clusters in our mock catalogue.

© 2014 RAS, MNRASO00, 1-14



100 200
y [Mpc/h]

-200 -100 O

(v1) [km/s]

-1100.0 -550.0 0.0 550.0 1100.0

500F E

-

E 1oy 1 . 1 1 1

200 -100 0 100 200
y [Mpc/h]

o
L

Figure Al. Slices for ensemble (4000 realisations) mean (left coluama) standard deviation (middle column) of density contfa$op panels) and radial
velocity vX™N (bottom panels). The right column shows a slice through trepieteness function along y-axes and x-axes respectieg/white solid line

indicates the x-axes position of all other slices.

© 2014 RAS, MNRASDOQ, 1-14

Matched filter optimization of kKSZ measurementd5

Std(s)
0.1 0.8 1.5 2.1 2.8

w B
o o
(=] (=)

N
o
(=]

z [Mpc/h]

-200 -100 O 100 200
y [Mpc/2]
Std(vEN) [km/s]
50.0 235.0 420.0 605.0 790.0

N
o
(=)

w
o
o

z [Mpc/h]

200

-200 -100 O 100 200
y [Mpc/h]

log10(Completeness)
40 30 20 1.0 00

—::-

IN
o
(=)

00

z [Mpc/h]

N
o
(=]

-500 -400 -300 -200 -100 O
x [Mpc/h)
log10(Completeness)
-4.0 -3.0 -2.0 -1.0 0.0

—::-

IN
o
(=)

o
(=)

200

z [Mpc/h]

Ok . : =1
200 -100 O 100 200
y [Mpc/A]




16 Lietal

Std(s)
0.1 0.8 1.5 2.1 2.8
EE T e

N
o
(=)

w
o
(=]

200

z [Mpc/h]

0
-500 -400 -300 -200 -100 O

-500 -400 -300 -200 -100 O

z [Mpc/h] x [Mpc/h]
(oMNY [km/s] Std(vEN) [km/s]
-1100.0 -550.0 0.0 550.0 1100.0 50.0 235.0 420.0 605.0 790.0
[ e |
soof e . 500
400F 3 400
< 300F ] < 300
& P E
=5 =3
= 200 Pl : =200
(]
100 > 0 (7
L] ' -
ol M) L "!
-500 -400 -300 -200 -100 O -500 -400 -300 -200 -100 O
x [Mpc/h] x [Mpc/h]

y [Mpc/h]

IN
o
(=)

00

z [Mpc/h]

N
o
(=)

log10(Completeness)
30 -20 -10 00

-500 -400 -300 -200 -100 O

x [Mpc/h]

log10(Completeness)

-4.0 -3.0 -2.0 -1.0 0.0
[ e

-500 -400 -300 -200 -100 O
x [Mpc/h]

Figure A2. Same as FigA1 but density contras (top panels) and radial velocig™ (bottom panels) are shown along the y-axes. The right colsimomws
a slice through the completeness function along z-axes @@y respectively. The white solid line indicates the gsaposition of all other slices.

© 2014 RAS, MNRASD0OQ, 1-14



Matched filter optimization of kKSZ measurementd7

z

0.15 0.20 0.25

800 — T — T T T T T T T — T T T T T T T
600 * - *

~
E L - L -
=2 | 1L ]
Z 400} * - *
52\ L \././\/ B + 4
S | i ] ]
2 1 =1 | tew A
200+ o i 4 3 |
L - . -
OV o N_n_n 0o 0o o _n_n_fl_n_x ] """‘mH""H‘1""HHAHHHHAHHHHA
-500 0 500 300 400 500 600 700 800
(vp™) [km/s] R [Mpc/h]

Figure A3. Ensemble (4000 realisations) standard deviation of ragialcitiesStd (vLTN) at positions of MaxBCG clusters as a function of their endemb
(4000 realisations) mean radial velocitigg-™™) (left panel) and radial distances to the obserReright panel). The intensity of background 2D-histogram
is proportional to the number of clusters that reside ineponding region of the plot. The blue solid line is the medation binned byvL™N) and R.

© 2014 RAS, MNRASDOQ, 1-14



	1 Introduction
	2 Optimal measurement of the kSZ effect
	2.1 Matched Filter
	2.2 The velocity field

	3 Mock observations
	3.1 The MXXL simulation
	3.2 Light-cone and the kSZ effect
	3.3 Cluster Catalogue
	3.4 Reconstructed velocity field

	4 kSZ and  Measurements
	5 Results
	5.1 CMB primary anisotropies and instrument noise
	5.2 The uncertainties in the cluster catalogue
	5.3 Peculiar velocities
	5.4 Cluster catalogue selection
	5.5 Summary of results

	6 Conclusions
	A Behaviour of velocity uncertainties with true data at positions of MaxBCG clusters

