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We infer the mean optical depth of a sample of optically selected galaxy clusters from the Dark Energy
Survey via the pairwise kinematic Sunyaev-Zel'dovich (KSZ) effddte pairwise KSZ signal between
pairs of clusters drawn from the Dark Energy Survey Year-3 cluster catalog is detected at 4.10 in cosmic
microwave background temperature maps from two years of observations with the SPT-3G camera on the
South Pole Telescope. After cuts, there are 24,580 clusters in the ~12 éDthdemuthern sky observed
by both experimentsWe infer the mean opticablepth of the cluster sample with two technique$he
optical depth inferred from the pairwise KSZ signg] i% 62.97 0.73b x 103, while that inferred from
the thermalSZ signalis T, % 62.51 0.55%% 0.15 s¥sb x 103. The two measures agree d1.60. We
perform a suite of systematic checks to tdbe robustness of the analysis.

DOI: 10.1103/PhysRevD.107.042004

I. INTRODUCTION the hot electrons to the CMB photons, distorting the CMB
black body spectrum by shifting photons to higher frequen-
: X ; cies. The kinematic SZ (KSZ) effect is due to the bulk

free elec.trons in the hot intraclustermedium of galaxly velocity of the electrons slightly changing the apparent
cIl_Jsters inverse Compton scattgphotons of the_ COSMIC  temperature of the black body spectrumVhile the TSZ
microwave background (CMB). The SZ effect is one of th@ffect has been measured through its contribution to the
largest sources of secondary CMB anisotropy and enableg\MB power spectrum and bispectrum, and detected at the
powerful probes of astrophysicsand cosmology (e.9., individual cluster level [5-10], measuring the KSZ effect is
[3,4]). The SZ effect is normally subdivided into the ~ more challenging becauseof its lower amplitude and
thermal and kinematic Sunyaev-Zel'dovich effectsThe  spectral degeneracy with the CMB temperature fluctuations
thermal SZ (TSZ) effect is due to an energy transfer from [11]. However, measuring the KSZ effect is of great interest

The Sunyaev-Zel'dovich (SZ) effedt!,2] occurs when
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since it could potentially be used to constrain both  datasets used in this analysis are introduced in Sed¢ll.
cosmologicaland astrophysicaparameters [12-15]par-  In Sec. |V, we detail the analysis methods thate use to
ticularly breaking the f — o5 degeneracy thabther cos-  recover the signal from the data, before describing in Sec. V
mological probes are incapable of resolving [16]. the set of simulations that we use to verify our pipeline and
Although the amplitude of the KSZ signal is small,  to estimate the detection significance expected forour
recent studies have detected the effect. The first detectiorjgfasets. In Sec. VI, we present our results, compare with
the KSZ signal was made using high-resolution CMB datasimulations, discuss some robustnesstests as well as
from the Atacama Cosmology Telescope [17] in conjunc- systematics thatould affectthe observed signaland the
tion with the Baryon Oscillation Spectroscopic Survey datastimation of the mean optical depth of the cluster catalog
release 9 spectroscopic galaxy catalog [18}A pairwise  through the TSZ. Finally, we briefly summarize our results
statistical approach was applied to measure the KSZ signial,Sec. VIl and discuss the main implications for future
which takes into account that on average clusters are fallingalyses.
towards each other due to gravity and this gives risetoa  We use the ACDM model with the best-fit Planck 2018
signal that can be measured.This technique led to a [31] TT p TE p EE p lowE p lensing p BAO cosmologi-
rejection of the null-signal hypothesis with a p-value of  cal parameters to compute theoreticaredictions and to
0.002 [19]. This pairwise approach was also adopted in a translate redshifts into distanceg:#167.66 kms' Mpc™',
similar analysis using data from the SPT-SZ camera on the_ h2140.11933, Qh?140.02242, g'40.8102, @%0.96651.
South Pole Telescope [20,21] and the Dark Energy Survey
(DES) [22] Year 1 cluster catalog [23], which resulted in a
4.20 detection of the pairwise signal. This was the first II. THEORETICAL BACKGROUND
study to probe the KSZ signal using a photometric redshiftA. The pairwise kinematic Sunyaev-Zel'dovich effect

cluster sample. More recent analyses using newer Atacamaryo KSZ effect from a galaxy cluster i producesa
Cosmology Telescope CMB data combined with the Sloag.,tional shift in the CMB temperature ATz propor-

Digital Sky Survey galaxy catalog [24], and Planck qng to the cluster’s velocityjvalong the line of sighf;:
collaboration CMB data in conjunction with the Dark

Energy Spectroscopic Instrumehtgacy Imaging survey AT Fio v

galaxy catalog [25],reported > 50 evidence for the pair- &b % -t — o1b
wise KSZ signal. These analyses used spectroscopic galaxy
catalogs which provide more accurate redshiftneasure-  where c is the speed of light angd is the Thomson optical
ments in comparison with photometric catalogs, a key  depth for CMB photons traversing the cluster[2]. This
feature for detecting the pairwise KSZ signal at high  expression assumes a single scattering per photon, which is
significance.Other methods such as the projected fields 3 good assumption at the low optical depth;(s 0.01) of

[26] technique have obtained a 3.8-4.20 detection of the most galaxy clusters. A unique property that the KSZ effect
KSZ effect, meanwhile a velocity reconstruction approachhas over the generally brighter TSZ effect is that the KSZ
was used to measure the KSZ signalvith a 6.50 detec-  effect depends on the bulk momentum of the ionized cluster

CMB

tion [27]. gas along the line of sight, and thus can enable tests of the
In this work, we use the CMB temperature maps from cosmological velocity field [32].
SPT-3G,the third-generation camera on the SPTand a On scales smaller than the homogeneity scale, we expect

cluster catalog from Year 3 DES data (DES-Y3) to probe #hgirs of galaxy clusters to fall towards one anotheron
pairwise KSZ effect. We achieve this by applying a matchggerage due to their mutual gravitational pull. Through the
filter to extract the clusters’ SZ imprints on temperatures KSz effect, two clusters falling towards one another will
from the CMB maps and then applying a pairwise statisticG@lave a potentially detectable dipole pattern on the CMB
approach to the catalog. We also test the robustness of themperature anisotropy (e.g[33]). This pattern is called
measurement by using different covariance estimation teqhe pairwise KSZ (PKSZ) signal. The averagePKSZ
niques, null tests, and an analysis of systematics. As a finginplitude TpxsOrP for all the pairs of galaxy clusters at
test, we derive the mean optical depth from the TSZ by usiBghoving separation r can be related to the mean pairwise
ay - 1 scaling relation calibrated on N-body simulations velocity v4,0rb of the clusters:

[28], similarly to previous work [29,30]. Measuring the TSZ
simultaneously with KSZ can break the degeneracy with _
astrophysics of the KSZ effecind thus be very usefulo TersrP =Te
constrain cosmology.

d Th(-?bpatp;]er tlﬁ orgatr)llzsd datshfol|l<0é/vzs ’ If? Ste(':t. Il, we brlt(_efly '"The cosmological parameters listed are the Hubble parameter,
escribe the theory behin e efrect, Its connection E%Id dark matter density, baryon density, current rms of the linear

the halo pairwise velocity, and the theoretical template usggtter fluctuations on scales of 8tMpc, and the spectral index
for modeling the expected signal. The DES and SPT  of the primordial scalar fluctuationsgspectively.

— V126rpTCMB; 52b
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whereT, is the average optical depth of the sampl€his We refer to [41] for a full description of how the time-
equation is valid with two assumptions: (i) the internal  ordered data (TOD) are converted into magsyt we will
motion of the cluster does not introduce any soof bias,  provide a succinct description of the procedures below. The
and (i) there is no strong correlation between the optical TOD for each of the SPT-3G bolometers are filtered to
depth and the velocity of the individual clusters [34YVe  remove low-frequency noise in the scan directiowjth a
adopt a sign convention so that clusters falling towards orfégh-passfilter set at k, > 500. The filtered TOD are
another will have a negative relative velocity y0rP and  binned into map pixels with weights based on the TOD
negative Fksz signal. noise level,and calibrated such thathe map is in CMB

We can predict the relative velocity as a function of  fluctuation temperature units. A flat-sky approximation, the
distance,v4,0rb,for a specific cosmology and theory of Sanson-Flamsteed projection [42,48,used for the map
gravity from the statisticaldistribution of the dark matter  with 0.25° square pixelsThe map noise levels measured
haloes. The mean pairwise velocity of haloes vi,0rb in the 3000 <1<5000 range are 5.0, 3.9, and
separated by their comoving distance r % ;= ) can  14.0 yK-arcmin for the coadded 95,150, and 220 GHz
be analytically modeled in linear theory in terms of the twdemperature maps respectively. At each frequency,the

point matter correlation function §orb as (e.§35-37]) instrument beam is well represented with a Gaussian with
full width at half maximum equal to 1.6 1.2 and 1.0 at
2 bf,_érb 95, 150, and 220 GHz, respectively.Sections IV B and
v450r; ab = B aHéabféabm; 3Pk VI D describe how these multifrequency temperature maps

are used to extract the CMB p KSZ or Compton-y maps.

where a is the scale factor,Hdab the Hubble parameter, g

féab = d In D=d In a is the growth rate (with D being the B. DES Year-3 redMaPPer cluster catalog

linear growth factor), b the mass-averaged halo biasfand The_ second data product used in this analys_ls is a sample
indicates the average of £8rp over a comoving sphere of of optically selected ga]axy clusters fr'om the firstthree
radius r. years of the DES.DES is a photometric survey thatas

Equations (2) and (3) highlight that measurements of tH@apped out ~5000 déigof the southern sky in the optical
PKSZ are sensitivetoa combination of both cluster 0 near-infrared bands using the Dark Energy Camera [22],

astrophysicsthrough the optical depth T, and halo bias mounted on the 4-meter Blanco telescope at Cerro Tololo

bservatory in northern Chile. The cluster catalog has
b, and cosmology through the Hubble parameter Hdab, t:‘% . )
growth rate f, and the two-point matter correlation functio eel\r/]l e;(gacteld fr?{;]n DE? Year-3 observations with the
&arb. In particular, the dependence on the growth rate f aﬁ%d ha glr\/la gg' T [ 't]H : d chased
the matter correlation function ¢drb makes measurements of. e redvlarteraigoriinmis -a red-sequencebase
the PKSZ signalsensitive to fo2. This provides comple- optical cluster-finding algorithm that is calibrated on a

mentarv information to other probes such as redshift s accluster subsample for which spectroscopic data are avail-
. y . her p o PaC%hle. The outputs from redMaPPer relevant to the present
distortions, which are primarily sensitive tg {e.g., [16]),

analysis are as follows: (i) the cluster’s sky position, given
andd_t;_en(;e cou]ch be .tused to??;ogg dark energy and by the angular coordinates of the algorithm’s best guess for
modifications of gravity (e.g.[37-39)). the central galaxy position; (ii) the cluster’s photometrically
estimated redshift{iii) the optical richness estimate Aa
lll. DATA weighted sum of the membership probabilities, which is a
low-scatter proxy for the cluster mass (e.§45,46]). The
A. SPT-3G temperature maps underlying idea is that galaxy clusters are concentrations of
In this analysis, we use CMB temperature maps from S§dlaxies containing old red stars thought to be caused by
3G, the third and latest camera installed on the South Poléhe quenching of star formation due to the cluster's
Telescope (SPT) [20,21]. The SPT is a 10-meter telescopgnvironment.Therefore,the algorithm detects candidates
located at the Amundsen-ScottSouth Pole Stationin by identifying over-densities of luminous red galaxies and
Antarctica. The SPT-3G focalplane consists of ~16; 000 jteratively assigns membership and probabilities for each
multichroic, polarization-sensitiveransition-edgesensor galaxy identified to be part of a cluster candidate to be in
bolometers which operate in three bands 86, 150, and  the center of the cluster.
220 GHz, with an angular resolution of 4§40]. The main The redMaPPer algorithm has been used to produce both
SPT-3G survey field of approximately 1; 500 legtends  a flux-limited and volume-limited sample using DES Y3
from —42° to —70° in declination and —50° to 50° in right data. The volume-limited sample is independent of survey
ascension. This work uses temperature maps from obsendzpth and complete above a certain luminosityhile the
tions made during the winter season (March—September) fifix-limited sample contains more high-z clusters detected
2019 and 2020. in the deeper fields in the survey. In this work, we use the
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FIG. 2. Top: redshiftdistribution of the DES Y3 redMaPPer
catalog for the two richness-based samples. Bottom: photometric
redshift errors distribution for the DES Y3 redMaPPer clusters. In
_:: each panel, the red color denotesthe 20 < A < 60 sample
0 40 whereas the blue color refers to our baselineXi® 80 sample.
Cluster density [deg‘z] The vertical dashed black line represents the maximum redshift of
clusters thatve include in our analysis.

FIG. 1. Number density of the DES Y3 clusters witk§\1=060,

smoothed with a Gaussian kernel witiyfy 2 1 deg for visu- . ~ )
alization purposes. The solid orange line shows the boundarie<insly of 17.6 clusters=dégpr our 10 <A < 60 baseline

SPT-3G main survey footprinThese two datasets overlap over sample, with a mean redshift of z % 0.5460.52kand a
approximately 1;400 dég typical error in the photo-z of g~ 0.0161 p zb [47]The
redshift distribution and redshiftuncertainties of the full

- . . cluster sample are shown in Fig.
flux-limited catalog.This catalog contains 41,219 (8,712)

clusters in the richness randek > 10620b and spans the
photo-z range 0.1 < z < 0.95. IV. ANALYSIS METHODOLOGY

We restrict the baseline cluster sample used in this work A. Pairwise KSZ estimator

< " ; . .

to z < 0.8 to mitigate the degradation at high redsh_lfts of As in previous measurements (e.q19,23,24,29]).we
the completeness and photo-z accuracy. We also impose. a . 2 )

toff ath < 60 to eliminate the most massive clusters dua - cment the PKSZ estimator Tecs 0rb> introduced by
cuto - o . - ~148]. This estimator for the mean PKSZ signal is
to concerns about the possibility that the filtering describe
in Sec. IV B will not completely remove the contaminating P 1 T b

k _ _ N i<jr /Iz_;ﬁﬁ; P - Td, bc;

signals from the cluster itself. We also considercluster TpksArb Vs ————— 5
samples with alternative richness ranges in Sec. VI to test i<jr Cj
the robustnessof the analysis and potential systematic ) ]
biases. which scales the CMB temperature difference #te two

The DES and SPT-3G surveys overlap over a sky area@yster locations (whi_ch has an expectation value that
~1; 400 degd, which we show in Fig. 1. We remove any depends on the r_elatlve velocity betwgen the two clusters
clusters that are less than 1° from the survey edges, whicY§ the PKSZ signal) by a geometricalfactor, c; %

a conservative choice to enforce an homogeneous depth fij - &i P f; P=2,to accountfor the projection of the pair
coverage; or 10’ distance from any point sources detecte@eparatiorfy % f; - ; onto the line of sight.

in the SPT-3G map (= 6 mJy at 150 GHz) to avoid possible We reconstructhe pairwise KSZ signalin eight bins:
contamination from the point sources onto the clusters. seven bins linearly separatedbetween comoving pair
These cuts leave 24,580 (5,797¢lusters in the richness ~ separation r of 40 and 200 Mpc, plus a final bin that

range 10820P <A < 60, which translates to a surface includes pairs separated by 200 to 300 Mpc. The choice of
the minimum separation is motivated by the fat¢hat the

PKSZ template is derived within the linear regime, limiting

. 84b

2 H by
We apply cuts to the catalog using the raw galaxy couhts he m ling of th irwise velociti ween hal
that are related to the opticakichness as A Y4 5, where s is a the modeling of the pairwise velocities between halos

correction factor based on local survey depth, masking, etc. Th low r < 40 Mpc (due to, e.g., nonlinearities and redshift

choice has been shown to yield a cluster sample with more ~ Space distortions) and because the photo-z errors signifi-
uniform noise propertiessee [23] and references therein. cantly suppress the signal and increase the statistical
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uncertainties We choose to have a single bin at larger  where Tdv;AP representshe vector of the temperature
separations given that the PKSZ signal mostly arises fronmaps at different observed frequencies.

smaller and intermediate comoving separations so for We use three differentnatched filters in this work for
scaleslarger than 200 Mpc the signal is significantly  different purposesThe first filter is @ minimum variance
smaller. multifrequency matched filter (MF-MF) with the 95150,

and 220 GHz maps from SPT-3GThe second filter is a
constrained minimum variance version (MF-TSZ), with the
. _nonrelativistic TSZ effect nulled, following [50]. Third,
The next step is to extract the CMB temperature shift dgg|owing [23], we build a single-frequency matched filter
to the KSZ effect at the location of the clusters. We apply gy the 150 GHz map (MF-150 GHz); the 150 GHz map has

matched filter to the map, using prior knowledge of the  the lowest noise level of the three frequency bandsat
spectraland angulardependence ofthe KSZ effect and 3 9 jK-arcmin.

other signals, to maximize the signal-to-noise ratio on the
PKSZ signal. The filter W for N, different observed
frequencies v is constructed in Fourier space as

B. CMB map filtering and temperature extraction

C. Redshift-dependent foregrounds

Over an extended redshift range, the redshift evolution of
kb 1 A kb . Q& k- TSZ signal and cosmic infrared background (CIB) emis-
Wov; kb % GNTTOv; kb - §ov; kb; 05P sion can potentially introduce a redshift-dependent bias in
) , _ ) ) the estimated temperatures. To mitigate any such redshift-
18-
where kis the Fourier mode,N™'0v; kb is the inverse of o0 dent effects, we estimate the mean measured temper-
the noise covariance matrix of the maps;Ov; kP is the 44,16 a5 4 function of redshift and subtract this mean

expe_cted signalvector in I_=ourier space,an_d ay is the temperature from the matched-filtered temperature values
predicted variance ofthe filtered map. In this work, we = % -

- X ) To&;b,as
assume the cluster emission follows a projected isothermal
B_profile [49] with B ¥a 1, written in cluster-centric coor- i . P jiodﬁj bG6z z; 5,P
dinates as Ton b YaT o b — : o9p
;G0z; z; 2P
Toeb 4 o1 b =P "; o6b

The smoothed temperature atz; is calculated from the
weighted sum of contributions of clusters atredshift z

li%ing a Gaussian kernelGdz; z; Z,P 4 exp’2=0z z; =
0232b. For this analysis, we choose % 0.02 resulting in

with 6, being the angular core radius of the cluster, which
taken as §% 0.9 throughout this work. The PKSZ results
were found to be insensitive to the choicabhigher noise ; .

levels [23], however we did not test this effect for the SPT?SQ(JmOOth tempergture evo Iu_tlpn. The choice pfldaes not
data because the significance of detection of the PKSZ siﬁHB?Ct the result in any significant way [19,23].

will not increase in a significant manner in comparison with _ _ o

[23] due to the intrinsic limit that come from photometric ~ D- Analytical modeling of the photo-z uncertainties
redshift uncertainties, as shown in Sec. V B. The expected Redshift uncertainties are the dominant source of error in
signal template in the matched filter is the convolution of ttfie calculation of the separation distance between cluster

B profile, the instrumental beam, and map filtering. pairs. The redshift errors, leads to a rms uncertainty in the
We can estimate the variance of the filtered map from comoving distances,qg% cg,=HézP [23]. For the sample
7 used in this work we find g4 = 80 Mpc. Redshifterrors
@2 % dzksﬁltév; kb - N'6v; kb - §6v; kb_1: 57b completely dilute the signal at r < gy, the signal is

significantly reduced on scales r 3 gand the signal from
cluster pairs with r > 0 4 is unaffected.Following the
We assume the noise is stationary,allowing the noise  prescription from [23]we account for the smoothing due
covariance matrix of the maps Nov; kb to be expressed agahe uncertain distances by multiplying the pairwise KSZ
symmetrical N x N, matrix at each value of k, where the template in Eq. (2) by an exponential term to suppress the
diagonal elementsare the autopowerspectraof every signal at small scales:
frequency map and the off-diagonal elementsare the

cross-spectra between the different frequencies. e e V120rR rz2
The filter is built such that T,, an estimate of Ty, is | Pks2OT; @P e o Towe* T-exp 2@ 610p
extracted when centered on the clustergisition iy as b fiffifi
Z As in [23], we take the smoothing scale to kel 20y_.
1—0 Y d2AW8viA - figh - TOVAD; a8p We test the analytic approach with simulations and find good

agreement as shown in Fig. 3.
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FIG. 3. A comparison between the analytical model (solid redFIG. 4. Correlation matrix of the PKSZ measurement shown in
|ine) of the mean pairwise velocity v4,0rP compared to one Fig. 6 calculated with 1,000 jackknife subsample$he higher
obtained through simulations described in Sec. VA (dashed grésfance bins show more correlation because on average we
line), corrected with Eq. (10) to account for the Gaussian photoeficounter the same clusters more times.

errors of the clusters of 0.01, similar to the one measured for
the DES cluster cataloglhe wider shaded blue area shows the
expected errotars from the PKSZ reconstruction fof years

of SPT-3G temperature mapsThe simulated cluster sample
containsN % 22; 923 clusterswithin a mass range of 0.6 <
Msgo=10'“M, < 4 between redshifts of 0.1 <z < 0.8. The gray
shaded region indicates separationsr < 40 Mpc, where the
analytical modebreaks due to the nonlinear regime.

1 Kes
NBS -1

CBS v T - T,pd¢ - T;b:  612p

VAl

Here i and j refer to the separation bin, T¢ is the
estimated PKSZ signain bini for the a random
sample,and T; the average PKSZ value across all
samples. The bootstrap method is expected to need
more random samples than the jackknife method to

E. Covariance matrix . o
converge due to random sampling. As a result, it is

We estimate the covariance matrix of the binned PKSZ more computationally expensive We use Ngg V4
measurement directly from the data using two resampling 10;000 sampleswhen reporting results with the
techniques: bootstrap covariance.

(i) Jackknife: The jackknife resampling technique The baseline covariance matrix in this work is estimated

(labeled “JK” in equations) consists ofmeasuring  using the jackknife subsampling technique with 1,000
the PKSZ signal by splitting the cluster catalog into subsamplesand the correlation matrix derived from iis
Nk subsamplesremoving one of them, andre-  shown in Fig. 4. As a test of robustnessye also show
computing the PKSZ amplitude from the remaining selected results when the covariance is estimated from a
Nyk = 1 subsamplesThis process is repeated until different number of subsamples or the bootstrap technique.
every subsample has been discarded once from theye show in Fig. 5 a comparison of the PKSZ error bars
measurement.Then we estimate the covariance calculated from the two methods.Both estimators have
matrix as clearly converged and show minimaldifferences in the
covariance valuesbetween Nyk ¥4 1;000 or 2,000, and
sk 1, Nuk = 1 Xk se Tega S Ngs 4 4;000 or 10,000. The bootstrap estimatoryields
Cj"a—g—— O~ TiPaj - T;p; 0o11P larger uncertainties at small separation distances, however
K at the differences are within allowable tolerances for the
current signal-to-noise ratio.

whereT}' is the pairwise KSZ signalin separation For the inverse of the covarianceye use the estimator
bin i and jackknife realization a, of me&n For our

main analysiswe use Ny % 1; 000 subsamples. x4 4, N=Npins=2 ~_4.
(i) Bootstrap: The bootstrap method (indicated by “BS” C Aﬁc ’ 013pP
in equations) consistsof randomly drawing with
replacementan equal number of clusters, and where N is the number of jackknife or bootstrap samples
recomputing the PKSZ signal for each random drawised to compute the covariance ma@%=8S and N, is
This process is repeatedghj times, and the covari- - the number of comoving separation binghis correction
ance matrixCﬁ’S estimated as factor is needed because the empirically determined inverse
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K (1000) We expectthe template fit to yield a higher statistical
08 p— {BKS‘(Z‘?:(;)(;) significance than the null-signal procedure due to the fact
0.7+ = 5510000} that the first one includes the additional information of our
o6l analytic template, whereas the latter one makes no assump-
. tions about the expected signal shape.
>Z‘L 0.5F ]
S ]
N HgEfE %
S oar u ’Ei - V. SIMULATIONS
['S) 9 d VHI . .
031 ’Ei 1A Ei HE i Ei - A. Simulations of the mm-wave sky
0.2t H ’I} H I H ITH H In order to validate and test the accuracy of our analysis
o1l . Ei - Ei ’Ei . Ei Ei pipeline, as well as to estimate the impacbf systematic
' T !=; H i effects, we use realistic realizations of the millimeter
0.0 10‘0" 150 ‘2'0'0 250 wavelength sky from the MDPL2 Synthetic Skie_s suite
Comoving pair separation (MPc) [52]. The simulated skies are generated by pasting astro-

physical effects onto the halo light cone from the MultiDark
FIG. 5. Estimated uncertainties from JK and BS covariance Planck 2N-body simulation [53] The astrophysicainod-
estimators for 1000=2000 subsamples and 4000=10000 resamg|ing in the simulation has been calibrated using observa-
p!lngs, respectively.The error estimateis stable acrossthe tional data and external hydrodynamical simulations.
different m(_athpdsand number of subsamples/resample¥/e Outlined bel th . ts of the simulated
constructthis figure from the SPT-3G p DES-Y3 data. u Ined below are the main components of the simulate
microwave sky:
(i) The dark matter density field is used to gravitation-
ally lens the CMB sky.
The TSZ signal from each dark matter halo is added
based on the [54] electron thermal pressure
F. Model fitting and statistical significance profile that was calibrated on the hydrodynamical
BAHAMAS simulations suite [55].
The KSZ effect is added in a similar way. The same
[54] gas profile is used to estimate the electron
number densityywhich is multiplied by the line-of-
sight velocity to obtain the KSZ signal from the halo.
(iv) The CIB from dust-enshrouded galaxies is simulated
by first assigning star formation rate and stellar mass
to each individual halo using the UniverseMachine

covariance matrixC™" is a biased estimatorof the true
inverse covariance matrix C as shown in [51]. (il

We fit the measured PKSZ signato a one parameter
model, scaling the analytical template given by Eq. (10) by (iil)
the unknown average optical depth of the cluster sagple
We then compute the statistical significance of our meas-
urement in two different ways:

(1) The main results will be presented by obtaining the

best-fitr, and its uncertainty by minimizing theas

X2 P V4 Vorsz = TpksATebT code [56]. With that information, the bolometric
1 —_ infrared luminosity is inferred from [57],and then
x C" pksz~ TpkseP:  014P converted to flux density assuming the shape of
the spectral energy distribution to be a modified
blackbody.

The signal-to-noise ratio S=N is then computed
with S=N %T1.=0; , where g is given by x%dr,

(v) We add instrumental noise to the simulations,
assuming white noise levels of 7, 5, and 20 pK-
arcmin at 90, 150, and 220 GHz, respectively. These

(2) To complementthe previous significancewe also noise levels are similar to the real data maps at the
assess the signalignificance by calculating the % angular scales of interes8000 < | < 5000.
with respect to the null-signal hypothesis: The mock cluster catalog is generated by first mapping the
94, fAq _ redMaPPer clusters richness A to the mass within a spherical
Xo 74 Teksz €' Tksz 015p region with an average density of500 times the critical

density Mgg;according to the weak lensing mass calibration
observed ¥ by comparing it tothe cumulative halo catalog that lie in this mass range. Within the SPT-3G
distribution function of the ¥2 distribution. The footprint, the simulated cluster sample contains N 74 22, 923
PTE provides one estimate for how likely it is that clusters within a mass range of 0.6 <d:=10"Mg, <4,
the data could resulfrom a noisy measuremerdgf  which is similar to the 10 % < 60 richness range from the
zero PKSZ signal. DES cluster catalog that we will use in our real dataset.
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B. Pipeline validation TABLE Il.  Effect of different foreground removalson the

. . P 150 GHz map on the S=N of PKSZ,where all the results are
We now use the simulation suite introduced above to higher than the 3.90 found in Table I. For these results we fix the

explore the senS|t|V|j[y OT the pairwise KSZ est!mator to-th oise levelsto 5 pK-arcmin and include photo-z errors with
presence of contaminating signals and the noise level in €14 0.01.

dataset.

We check how the instrumental noise level of the Foreground removed S=N
150 GHz map affects the recovered PKSZ signa$ well TSZ 48
as the impact of photometric redshift uncertainties ¢he CMB 5.3
measured KSZ amplitude and report our findings in Table 1. CIB 4.3

We extract the temperature at the clusters’ positions for this

test using the single frequency matched filter and use the

same range of scales as the one adopted for the real analysis

described in Sec. IVA. As expected, we find that decreas-TABLE Ill. Effect on the PKSZ S=N of the CIB subtraction by
ing the instrumental noise levels translates to an increaseiticreasing its powerin the covariance matrix forthe matched
detection significance; however, when we include the filter construction.MF-MF stands for matched filter multifre-
redshift errors (g, > 0) the significance level does not quency,MF-TSZ stands formatched filterwith a TSZ depro-
improve. This indicates that redshift uncertainties pose anJeth”’fatEd ~CIB stands ,{0; a d?"ll? red_lﬁ‘ﬁt'or.‘ f°|||°W'”C? [60] gor
intrinsic limit tq this analysjs. We also ghoose a noise Ievezgrcn ploe d a?epéz\;lgrlijs en(;e; ncthee | al S,?;Sé a g? asswgfes?& mixe

of 18 pK-arcmin to approximate the noise levdtom the

SPT-SZ CMB maps used in the analysis of [23]. They = Method Simple sample Mixed sample
estimated a signal from a different set of simulations [59] Rf=_\F 36 34
3.70, with a mass range of 0.9 < M50=010*M P <4.  MF.TSZ 4.0 3.8
We obtain within the same mass range a S=N of3.80, MF-TSZ-CIB 3.6 3.8
agreeing with their estimates and giving us confidence in MF-MF-CIB 3.2 3.2

the simulations that we are using. The 5 pK-arcmin
corresponds approximately to the curremioise levels of
the 150 GHz map W'tr‘ one year of the SPT-3G data. Fronyith 5 noise penalty that may be larger than the TSZ
now on, we will use 07 0.01 since it is approximately the ontamination itselfparticularly for lower-mass clusters.
root mean square photo-z error for the DES cluster catalog Fingly, we also artificially increase the CIB signal power
(see Seclll B). _ _ by a factor of 5 in the noise covariance used for the

We also investigate the impact of different foregrounds multifrequency matched filter with and without TSZ
on the statistical uncertainties by running the extraction deprojection (MF-TSZ-CIB and MF-MF-CIB, respec-
pipeline on maps that have primary CMBISZ,and CIB ey in an attempt to reduce its effect as shown in
set to zero one by one, while keeping the rest of the 50 We tested a mix (mixed sample) of the cluster signal
foregrounds unchanged for the j50 GHz maﬁemovmg where the low-mass clusters (0.6 < Myo=10*M, < 1)
the foregrounds clearly helps to improve the signal as g extracted from the single frequency matched filtered
shown in Table II. In particular, the removal of TSZ results| 50 GHz map (N % 14, 321), while the high mass clusters’
in an increase in the S=N ratio by 25%. To remove the (4 < s00=10%M, < 4) temperatures are extracted from
contamination from cluster TSZ signal, we explore the usg, o 157 deprojected multifrequency matched filtered map

of MF-MFs, including a version in which the particular (14 8: 602). We obtain similar significance levels with all
frequency dependence of the TSZ is used to deprojétt  he gifferent matched filters and cluster samples,with

explicitly (MF-TSZ). This deprojection,however,comes  oqits shown in Table Ill. Since the significance levels

are similar, we will not try to suppress the CIB in the

, , SPT-3G data.
TABLE I. Impact of the 150 GHz map instrumental noise levels

on the S=N of PKSZ. We see how lowering the map noise level
increases the detection significance of the signal, but the photo- VI. PAIRWISE KSZ MEASUREMENT

metric redshifterror g, dominates the signalThese results are _ .
obtained by including all the cosmologicaland foreground A. Pairwise KSZ signal from SPT and DES

components (CMB,TSZ, CIB) with the noise levels noted on The pairwise KSZ measurement from SPT-3G maps and
the first column. the full DES Year-3 redMaPPer cluster catalog in the 10 <
S=N (3, % 0.01) A < 60 richness range (N % 24, 580) is presented in Fig. 6.
This result has been obtained by combining the temper-
atures extracted from the TSZ deprojected map for high
richness clusters (30 X< 60) and temperatures extracted

Noise level (uK-arcmin) S=N (g, ¥ 0)

18 7.8 3.8
5 10.4 3.9
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FIG. 6. We detect the PKSZ signal at 4.10, using the covariandé&-TSZ

estimated with the jackknife method and 1,000 subsamphes.
described in SeclV E, the 150 GHz SPT-3G map is used for

low-richness clusters (A < 30) while a multifrequency matched
filter TSZ-free map is used for high-richness clusters (A > 30).

The recovered mean opticaldepth of the cluster sampleis
T, ¥4 02.97 0.73P x 103. The gray shaded region indicates
the scales (r <40) Mpc where the analytical model breaks
due to the nonlinear regime.

each one in parenthesis, for two main richness cuts taken on the
DES catalog for this analysis. The different methods to extract the
temperature at the clusters’ positions are explained in Sec. V B.
“MF-150 GHz” stands for a matched filter for only the 150 GHz
temperature map,"MF-MF” stands for matched filter multi-
frequency,“MF-TSZ” stands for matched filter with a TSZ
deprojectionand “Mixed” stands for the mixed catalog of low
mass clusters coming from the MF-150 GHz and higher mass
clusters coming from the MF-TSZ.The baseline resulof the

paper is highlighted in bold.

10<A<60 20<A<60

Method (N % 24; 580) (N % 5; 797)
MF-150 GHz ~ 3.08 0.75 (4.1) 2.39 1.65 (1.4)
MF-MF 2.85 0.89 (3.2) 2.16 2.13 (1.0)
3.72 1.15(3.2) 261 2.03 (1.3)
Mixed 2.97 0.73 64.1p 2.66 1.65 (1.6)

KSZ for each of them. The results of the fits to the
analytical PKSZ template are displayed in Table IV As

can be seen, all the 1, values are well within the 10
statistical uncertainties of each other and the corresponding
detections shift by less than 0.50.

from the matched filtered 150 GHz map for lower richness  Finaly, we explore how the detection is affected by a

clusters & < 30). As discussed in SeclV F, we estimate

higher low-mass threshold by repeating the analysis for the

and report a detection at a significance of 4.10. The resultighness range 20 <A < 60. The results of this test are

the fit to the analytical pairwise KSZ template yields a
cluster catalog mean optical depth of

Te ¥4 062.97 0.73b x 103: 016b
The corresponding correlation matrix between different
radial separationss shown in Fig. 4. [23] found T, %
01.37 0.41b x 103 for the same richnessrange and
28,760 clustersusing SPT-SZ and the DES-Y1 cluster
catalog, which is ~2g lower than the value we find.
Another previous analysis [24] foungd¥ 60.69 0.34b x
107* for a mass range of 1 < Myp=10'°M, < 1.6. The
average mass othese clusters is an ordeof magnitude
less massivethan the estimated massof our catalog
0.6 < Mggo=10"M,, < 4, thus finding a higher value of
the T, in our analysis is consistent.

As noted earlier, the total significance of the PKSZ
detection in this work (4.10) is similar to thatfrom [23]

(4.20), despite a large improvement in CMB map noise. As(iii)

discussed in SecV B, this is because the redshiftincer-
tainties pose an intrinsic limit to the analysis.
As a consistency check,we comparethe detection

significances obtained using the alternative matched filters

reported in the right column of Table IV, where we can
clearly see that the significance of the detection has
decreased greatly due to the limited numberof clusters

that fall in this richness range, thus increasing the estimated
errors on the measurements.

B. Null tests

We run a suite of null tests that check whether the signal
present in the data has statistical properties consistent with
the pairwise KSZ effect

(i) Sign flip: For this test, we replace the minus sign

inside the sum in the estimator in Eq. (4) with a plus
sign to remove sensitivity to the PKSZ signal.

(i) Position shuffling: By randomly shuffling the red-
shifts of the clusters while keeping their extracted
temperatures unchanged, we null the pairwise signal
by making ¢; maximum on clusters thatare not
under the gravitational influence of each other.
Temperatureshuffling: We randomly shuffle the
clusters’ extracted temperaturewithout changing
their position, keeping the samg for the estimator
and thus removing the pairwise signal from the
clusters.

introduced in Sec. IV B. We first apply these matched filtersAs shown in Fig. 7, the null tests remove the pairwise KSZ

to the SPT-3G maps to extract the temperature at the
clusters’ positions and then we reconstructhe pairwise

signal, leaving a mean-zero signalith correlated uncer-
tainties as encoded in the covariance matrix. To quantify the
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FIG. 7. Null tests for the SPT — 3G p Full DES catalog PKSZ '
measurements. All the null-tests yield a reduced % and their ~ FIG. 8. Histogram of 1,000 bootstrap resamples for the sign-
PTE values are reported in the legend. The black points are thdlip test estimating., comparing them to the baseline resutt, of
data points measured of the PKSZ signal for our baseline shown in the dashed black line, with the gray region representing
analysis. The points are offset in comoving separation for ~ the 10 uncertainty. This histogram shows us how a resampling of
visualization purposes. null tests produces an estimated Gaussian errfar the 1, of

or, % 0.61 x 108, whichis a ~20% difference to the one

obtained for the reablata of g % 0.73 x 108,
resultof these testswe calculate the reduced?for each %~

bootstrap resample in each test, and we quote the PTE as the
fraction of bootstrap resamples with reduced ¥ 1. We . .
obtain PTEs of 76%, 48%, and 62% for the sign flip, distance into account that th_ese are estimated measurements,
shuffling and temperature shufflingrespectivelywith a ghe;refore a scatt_?r N tfée l(:{ﬁg,ter mt?ss of tze optical
mean reduced?-~ 1 for each of the tests. These null tests ata cafn oceur. 1o mol Z. t'%s,?a er, .}[’l\f]e r%mmass
are consistent with no detection, giving us confidence in our errors1 roma nhormal distribution with wi
measurement of the pairwise KSZ effect. Oinamp 74 0.3, V\{hICh is an underest.|mat|on of the

We also use the null test bootstrap resamples as a check spatter a”OYV r_|c_:hness f_or a Gaussian error model
of our formal estimate of the uncertainty on We display given the S|gn|f|cantpr01_ectl<_)n effec_ts in the DES
the distribution of bootstrap resamples forthe sign-flip sgm_ple [45,61-63], but it gives an idea of how
testin Fig. 8; the distributions for the other tests look significant the mass scattering can b_e. We then use
similar. The estimated error of the mean optical depth these errors to c_or_npute the PKSZ signdlom the
from real data is comparable with our null tests errors simulations,obtaining an average decrease on the

within ~20%, which gives us confidence on the accuracy signal detection to 2.50 on the simulation cata_log for
of the measurement. the mass range of 0.6 < Mygo=10'*"M < 4. This

implies that the measured PKSZ significance might
be ~10 lower than it could be due to this effect.
Mis-centering:The measured PKSZ signatan be
We test some systematicsthat could influence our diluted due to the fact that the clusters’positions
measuremenbf the PKSZ signal in order to quantify estimated from the optical survey catalog might not
any impact on our analysis and subsequent measurements.  coincide with the location of the cluster KSZ signal.
(i) Mass scatter: In order to match the mass range from This mis-centering has a larger impaain clusters
simulations, where the masses of clusters are known,  that are not fully relaxed or are merging, where the

C. Systematics tests (il

to the optical cluster catalog that is selected in potential minimum is not located on the brightest
richnesswe need a good understanding of how to cluster galaxy, or where this galaxy has been
obtain an accurate representation of the mass ranges  misidentified by the redMaPPeralgorithm. The
under analysis. This is of particular interest because impact of mis-centering has been tested before
the analytical model in Eq. (3), which is used to infer [23], where two different mis-centering models
the clusters’ optical depth, depends on the mass [46,64] were tested and identified a reduction of
range of interestand changing the typical cluster ~10% of the PKSZ significance Although for our
mass could significantly bias this result. In this work confidence levels itdoes notproduce a significant
we have selected the simulation sample using the impact, it should be considered for future spectro-
relation shown in [58]. However,we need to take scopic redshift catalogs.
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D. Estimating the optical depth We follow [28] and relate the mean y value of the clusters
from the thermal SZ effect to the mean optical depth, according to

In addition to the bulk velocity of electrons, the
electrons’ random thermal motion imprints a signature
on the observed CMB through inverse-Compton scatterin

: or the signal-to-noise-maximizing filter scale 7462.6,
the TSZ effect (e.g., [4,65]). The magnitude of the TSZ T °F gn: mizing © ,
effect produced along a line-of-sightt, can be quantified Ref. [28] calibrated the coefficients to be Ingb ¥4 —6.47

IN&T.P % Inégb b m Ingb: 320p

by the C t ter [66], and m % 0.49.
Y the Gompton y parameter [66] The transfer function and beam applied to the SPT-3G
. z kgTe temperature maps described in Séi¢.produce a bias for
y&ip% din e 2T 017P  object-based analysis such as aperture photometry [60]. To
e

estimate this biaswe applied the same transfer function

electron, and Jis the electron temperature. The TSZ effecEompute the aperture photometry with 8 7 2.9 to the
induces a frequency-dependent shift of the observed CMgecovered filtered y map and the originalone. We then

temperature,which in the nonrelativistic limit can be  compute ther, finding a 10% reduction of the measured
written as filtered value in comparison with the original simulation y

map. Taking this into accountwe find

Toug  9OVPY; 18P T, % 02.51 0.55% 0.15 b x 103;  621b

with gdvb % &L - 4 and x % hv=6kgTcysb. The fre- where we estimate the s_tatistic@tat) uncertainty of this
quency dependence ofthe TSZ effect is such that the ~ Measurementby performing 1,000 JK resamples to the y
effect appears as a temperature decrement at lower frequéues of the clusters, while the systematic errors are

cies than ~218 GHz,while being completely nullat that obtained by propagating the unc_ertalnty from the calibrated
frequency value [4]. Since the TSZ is directly related to th¥alues (syst) Ind,P and m, which are 2% and 6%,

electron pressure (number density adlectrons times the ~ respectively.

electron temperaturepf the cluster, the signal becomes ~ 1he Compton-y-based estimatef the mean optical
stronger for more massive clusters. depth is within 0.60 of the PKSZ-derived estimate of

We bu||d a y map by performlng an |nterna| ||near -Fe % 6297 073p X 103 Future works will be able to

combination [67] on the 90, 150, and 220 GHz temperatutése the Compton-y estimate of the mean optiaipth to
maps from SPT-3G. This y map is preliminary and has nobreak the degeneracybetween the optical depth and
been fully optimized, but we are primarily concerned with Velocity in the PKSZ signal, and significantly improve
the mean value of cluster optical depth, and a nonoptimiz&sts of cosmology from the PKSZ effect.

y map will mainly result in elevated variance, and not bias,

in the optical depth measurementJsing this y map, we VIl. CONCLUSIONS

stack all our clustersand extract the average y value
through aperture photometry. The aperture photometry
filter is written in real space as

In this work, we measure the mean optical depth of the
DES-Y3 redMaPPercluster sample in the 10 < A <60
richness range and between 0.1 <z < 0.8 and find the

g 1 0<B8<0 best-fit value to be, ¥ 62.97 0.73P x 103. The optical
;5 ffiffiffi depth measurement is derived from a 4.10 detection of the
waoep 1/4; -1 6 <6< 26; 019P  pairwise KSZ effect. The SPT-3G and DES surveys overlap
0 elsewhere over ~1; 400 degof southern sky, and after cuts, there are

24,580 galaxy clusters from the DES-Y3 redMaPPer
where 6, is the characteristic filter scale. The aperture  cluster sample within the SPT-3G survey region. We extract
photometry effectively reduces the noise on all scales thathe CMB temperature shift at the location of these clusters
are larger than the filter scale by subtracting the average Using a matched filter approach to optimize signal-to-noise
temperature in the outer ring from the average temperatur8 the 150 GHz maps for the low-mass end of the cluster
inside the disc of radius 8n contrast to the matched filter sample (10 <A < 30), and a constrained matched filter
technique described in Sec. IV B, this approach does not to zero the nonrelativistic TSZ effect for more massive
assume a specific model for the cluster profile; however itclusters (30 <A < 60).
requires that the cluster is contained within the character- We validate the analysis using simulated data from the
istic filter scale 6. to avoid biases in the temperature = MDPL2 simulation suite [52]. We also use these simu-
estimation. lations to explore the limiting uncertainties in the analysis,
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