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We determine the efficacy of the kinematic Sunyaev-Zel’dovich (kSZ) signal extraction pipeline, using
pairwise kSZ measurements, in recovering unbiased estimates of the signal and inference of the associated
optical depth. We consider the impact of cluster coalignments along the line of sight, the modeling of
baryonic clustering, and the presence of diffuse gas, as well as instrument beam convolution and noise.
We demonstrate that two complementary approaches, aperture photometry, and a matched filter, can be
used to recover an unbiased estimate of the cluster kSZ signal and the associated optical depth. Aperture
photometry requires a correction factor accounting for the subtraction of signal in the annulus while the
matched filter requires a tuning of the signal template profile. We show that both of these can be calibrated
from simulated survey data. The optical depth estimates are also consistent with those inferred from stacked
thermal SZ measurements. We apply the approaches to the publicly available Atacama Cosmology
Telescope (ACT) data. The techniques developed here provide a promising method to leverage upcoming
kSZ measurements, from ACT, Simons Observatory, CCAT, and CMB-S4 with spectroscopic galaxy
surveys from DESI, Euclid, and Roman, to constrain cosmological properties of the dark energy, gravity,
and neutrino masses.
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I. INTRODUCTION

The cosmic microwave background (CMB) radiation has
provided exquisite constraints on the standard cosmologi-
cal model [1–6] through the correlations in the primary
CMB anisotropies, those imprinted in the CMB at its
inception during recombination. Secondary anisotropies,
induced by the interaction and scattering of the CMB
photons after the last-scattering surface, as they travel
through cosmic structures, also now present an invaluable
complementary probe to discern the composition of matter,
properties of gravity, and the history of cosmic evolution.
This includes the polarization signatures imprinted during
the epoch of reionization, gravitational lensing of the CMB,
the linear integrated Sachs-Wolfe effect (ISW), the non-
linear Rees-Sciama evolution (RS), and the temperature
modifications induced by Sunyaev-Zel’dovich (SZ) effects
as the CMB passes through the gas in large-scale structure
(LSS) of the Universe.
These late-time imprints on the CMB left by the LSS of

the Universe provide insights into the evolution of cosmic
structure and the properties of dark energy, the unknown
quantity responsible for the accelerated expansion of the
universe [7], and of dark matter and neutrinos. Each of
these is only detectable indirectly through inferring their

impacts on the clustering of baryonic matter, the motions of
cosmological objects, and gravitational lensing [8–10].
The SZ effect can be principally separated into two

effects: thermal and kinematic [11–13] (and see reviews
[14,15]). The thermal Sunyaev-Zel’dovich (tSZ) effect is a
spectral distortion of the CMB photons through inverse
Compton scattering off electrons in hot gas. The kinematic
Sunyaev-Zel’dovich (kSZ) effect is a consequence of a
galaxy cluster’s line of sight motion relative to the Hubble
flow. When CMB photons traverse through a galaxy
cluster, the peculiar motion of the cluster (with respect
to the rest frame of the CMB) creates a Doppler shift in the
CMB. The tSZ effect has a characteristic frequency
dependence that provides a natural approach to detection
using multi-frequency observations. By comparison, the
kSZ effect is an order of magnitude smaller than the tSZ
effect when looking at clusters and does not have a
similarly distinctive frequency dependence. As a result,
its detection presents a greater challenge.
In this paper, we focus on a common two-point statistic

used to extract the kSZ signal from groups and clusters, the
pairwise momentum statistic [16]. In this, the inherent
infall of pairs of clusters toward each other due to gravity
leads to a correlation in the resulting kSZ Doppler
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signatures that can be leveraged to extract the kSZ from the
CMB. A number of other techniques have also been
proposed to extract the kSZ signal. These include velocity
reconstruction stacking [17–20], kSZ tomography statistics
[21,22], and projected-field estimators [23–28]. Other
approaches include a velocity matched filter [29], cross-
correlation with 21 cm data [22,30], a local measurement
for an individual cluster [31], evidence from signatures in
the CMB power spectrum [32], and angular redshift
fluctuations [33,34].
The kinematic SZ effect, with its sensitivity to the cosmic

velocity fields, encodes rich information about tracers of
the gravitational field, with the potential to provide insights
into cosmology [35–38]. This includes potential constraints
on the dark energy and modified gravity models [10,39–47]
and constraints on the sum of the neutrino masses [9].
Projected field approaches have also been shown to have
the potential to constrain non-Gaussianity [48–50].
Constraints on optical depth are necessary in order to
constrain cosmology from the pairwise kSZ signal [51–59].
The kSZ signal is sensitive to the halo thermodynamics

[60,61] and the modeling of the intracluster gas [54,62–64].
Different modeling of cluster baryonic physics using
hydrodynamical simulations and analysis of large-scale
simulations have been performed for kSZ statistics [65–69]
and the effect of central galaxy miscentering in clusters has
also been studied [66,70].
CMB data gathered by high-resolution telescopes, the

Atacama Cosmology Telescope (ACT) [71], Planck, and
the South Pole Telescope [72] (SPT) have enabled mea-
surements of the pairwise kSZ effect. This includes
detections of the pairwise kSZ effect in ACT [53,73]
and Planck [74] CMB data using spectroscopically selected
galaxy catalogs from the Baryon Oscillation Spectroscopic
Survey [75] (BOSS). A detection has also been made using
CMB data from SPT and the Planck with photometrically
selected galaxies from the Dark Energy Survey [51]. The
evolution of intergalactic gas is also studied using the
kSZ effect with BOSS galaxies, and SDSS quasars as
tracers [34].
Upcoming CMB experiments, including the Simons

Observatory [76], CCAT Observatory [77], and CMB-S4
[78], in combination with large scale structure survey data
from the Vera Rubin Observatory (Large Synoptic Survey
Telescope, LSST) [79], Dark Energy Spectroscopic
Instrument (DESI) [80], Euclid Space Telescope [81],
and Roman Space Telescope [82,83], will provide higher
precision data over a broader range of redshifts to expand
and improve the pairwise kSZ analysis.
A central objective for using kSZ pairwise momentum

measurements is to obtain an estimate of the cluster
pairwise velocity correlation from which we can make
inferences about the underlying cosmological model. This
requires both an accurate measurement of the pairwise kSZ
momentum and an accurate way to estimate the optical

depth of the clusters and groups used for the pairwise
momentum measurements.
One tangible approach to measure the pairwise velocity

correlation is to combine measurements of the optical depth
from tSZ measurements with the pairwise kSZ momentum.
In order to confidently implement this, we need to verify
that the tSZ and kSZ measurements can be combined in this
way without introducing biases.
In two recent works [56,57], a comparison of the optical

depths estimated from the stacked tSZ and pairwise kSZ
measurements for the same sample of cluster and groups
sourceswas undertaken. For the kSZdata, themass-averaged
optical depth was inferred using aperture photometry from
the pairwise kSZ momentum by comparing with an analyti-
cal cluster pairwise velocity correlation prediction based on a
Planck best-fit cosmology and linear theory. The optical
depth derived from pairwise kSZ measurements in this way
was found to be smaller than that obtained from the stacked
aperture photometry tSZ maps.
Motivated by the clear cosmological value of measuring

the pairwise velocity correlation, and the apparent optical
depth discrepancies found in the previous work, the work in
this paper centers on understanding and validating our
ability to accurately measure the pairwise kSZ momentum
using not only the aperture photometry approach but also
develop an alternative complementary approach using
matched filtering. Explicitly, we focus on the optical depth
estimates obtained from the kSZ aperture photometry and
matched filter pipelines and how they are related to the
underlying physical line of sight cluster optical depth.
These analyses will then allow us to determine how the
optical depth estimates from other approaches, such as
from the tSZ, can be used to extract out the pairwise
velocity correlation.
In this work, the simulated datasets afford us full

knowledge of the halo properties such as the halo mass
and halo peculiar velocities, with related kSZ and tSZ
temperatures. These enable us to precisely calculate the
pairwise kSZ momentum and pairwise velocity correlations
as well as the stacked tSZ temperatures. We use this
knowledge to study how the pairwise momentum estimates
obtained from the kSZ signal extraction methods compare
to the true simulated pairwise kSZ momentum, and related
to the velocity correlation under different assumptions. We
also, in tandem, gain an understanding of the optical depth
inferred from these kSZ based methods for a set of cluster
and group samples that mirror those we are planning to
observe in the context where we have full knowledge of the
cluster velocities. We can also ascertain how the optical
depth estimates compare with the tSZ signal extracted from
the same samples. In this way, we explore the most
effective ways to use kSZ pairwise momentum observa-
tions and tSZ measurements to make inferences about the
large-scale structure peculiar velocities and related cosmo-
logical constraints.
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The rest of the paper is organized as follows: In Sec. II,
we describe the simulation maps and catalogs that we use in
this work and introduce the formalisms for the matched
filter, aperture photometry, pairwise estimator, covariance
estimation, and mass-averaged optical depth inference. In
Sec. III, we present our findings, analyzing the effects on
kSZ signal extraction of overlapping structures and diffuse
gas along the line of sight, the results of the recovered
signal with the different extraction methods, and the
application of simulation validated approaches to ACT
DR5 and SDSS data. In Sec. IV, we conclude with a
discussion of the findings and implications for future
research.

II. FORMALISM

The key objective of this work is to calibrate the
relationship between kSZ signals extracted from the
CMB and the underlying cluster properties. With this,
we can determine the potential to use SZ measurements to
make cosmological inferences. In Sec. II Awe outline how
the SZ signals are related to the cluster properties. The
simulations used in this work are described in II B. The
filtering techniques and statistics used for SZ signal
extraction are described in Secs. II C and II D respectively.
The formalism for connecting the SZ signals to cosmo-
logical inferences is described in II E.

A. SZ signals

The kSZ signal is induced by the Doppler shift in the
CMB by the motion of a galaxy cluster along the line of
sight. To first order, it is frequency independent and is
given by:

δTkSZ

T0

¼ −
Z
los

vlos
c

neσTdl; ð1Þ

where T0 ¼ 2.726 K is the average CMB temperature, vlos
is the line of sight peculiar velocity, c is the speed of light,
ne is the electron number density, and σT is the Thomson
cross-section. A positive line of sight peculiar velocity, vlos,
corresponds to a cluster moving away from the observer, so
induces a negative kSZ effect.
The tSZ signal is frequency dependent, given by:

δT tSZðvÞ
T0

¼ fvy; ð2Þ

where y is the Compton-y parameter, and in the nonrelativ-
istic limit,fν ¼ x cothðx=2Þ-4where x¼hν=ðkBTCMBÞ [84].
The Compton-y parameter can be defined as:

y ¼ σT
mec2

Z
los

Pedl; ð3Þ

where me is the electron mass and Pe is the radial electron
pressure.

B. Datasets

The simulations used for the analysis are described
in II B 1. We discuss how the simulated primary CMB
and instrument beam and noise are modeled in II B 2.
Finally, we also analyze CMB data from the Atacama
Cosmology Telescope (ACT) described in II B 3.

1. SZ simulations

We utilize data products of simulated kinematic
Sunyaev-Zel’dovich maps from [66]1 (herein the Flender
simulations), to determine the efficacy of the SZ signal
extraction pipeline, and to understand the connection
between the observed signal and the inferred optical depth.
The Flender SZ maps were generated via post-

processing from an N-body simulation output [85] that
adopts a WMAP7 cosmology [5] with 32003 particles
simulated in a ð2.1 GpcÞ3 volume and a mass resolution of
roughly 1010M⊙. The halos are identified using a friends-
of-friends (FoF) algorithm [86].
For each N-body simulated halo, the entire particle

distribution is assigned a single (mass-weighted average)
peculiar velocity that is provided in the halo catalog. This
halo velocity is used to calculate the pairwise velocity
correlation for the analysis in this work.
The kSZ signal predicted from three models of the

intracluster gas clustering is simulated from the particle
level data: Model 1 (herein FL1) assumes baryons trace the
dark matter and includes the diffuse kSZ component
contributed from filaments and the inter-galactic medium
(using the positions and velocities of particles outside
haloes inferred from the simulation output). Model 2
(FL2) uses a gas prescription from the Shaw model [64]
in which the gas initially is modeled as a Navarro-Frenk-
White (NFW) profile [87] and then follows the hydrostatic
equilibrium model. Model 3 (FL3) follows Model 2 using
the Shaw model and also includes kSZ from diffuse gas. A
full-sky tSZ map is also simulated using the Shaw gas
prescription.
We consider two mass-selected cluster samples: a high-

mass sample (herein FLhi) with a mass range of 1 ×
1014M⊙ < M200 < 2.5 × 1014M⊙ and a lower mass sample
(herein FLlo) with mass range 1 × 1013M⊙ < M200 <
1 × 1014M⊙. Both samples are selected in the redshift
range 0.35 < z < 0.65. The FLlo sample is intended to be
reflective of the luminosity-cut “L61” sample used in the
recent ACT DR5—SDSS DR15 kSZ and tSZ analyses
[56,57]. The L61 sample is selected using luminous red
galaxies (LRGs) as tracers of the galaxy groups and
clusters. An empirical relationship between the tracer

1https://www.hep.anl.gov/cosmology/ksz.html.
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galaxy luminosity and the host group/cluster halo mass is
used to determine the halo mass [88]. The FLlo sample has
hzi ¼ 0.52� 0.09, hMi ¼ ð2.38� 1.65Þ × 1013M⊙, and
the L61 sample has hzi ¼ 0.51� 0.13, and an inferred
mass range of hMi ¼ ð2.46� 1.55Þ × 1013M⊙. The FLlo
sample is selected to have a comparable number of halos to
L61, FLlo contains 205,651 halos and L61 comprises
213,070 target galaxies (used to identify the clusters)
[56,57]. We consider a FLhi sample containing 150,530
halos which is a much bigger sample size than the
equivalent one from the ACT DR5 data. Our intent with
the high mass sample is not to do a comparison with ACT
but instead to study the differences in signal extraction for
high and low mass cluster properties.
The Flender simulated maps have a resolution of 0.43′,

providing a comparable resolution to the ACT data, and
kSZ models that include both well-motivated baryonic
clustering and diffuse gas. Through selecting the FLlo
sample to have a comparable mean redshift, mean cluster
mass, and sample size to the ACT DR5 sample, the intent is
for it to provide an accurate characterization with which to
test our signal extraction process and relate it to ACT
analyses.

2. Simulated CMB maps

To model an expected observed foreground-cleaned
CMB signal, we augment the kSZ maps with simulated
primary CMB anisotropies and instrument noise and
convolve with the instrument beam. Random primary
CMB map realizations are generated from a CMB angular
power spectrum obtained from CAMB [89] with the
appropriate WMAP cosmological model parameters.
Instrument noise is simulated per pixel as a Gaussian
distribution with a white noise level of 10 μK-arcmin,
corresponding to the noise coming from ACTPol [71] and
forecasted for Simons Observatory at 145 GHz [76].
The effects of instrument beams are incorporated by

considering two beam profiles: the ACT DR5 beam (herein
the ACT Beam) [90]2 and, for generality, a Gaussian beam
of FWHM ¼ 1.40 in accordance with the expected beam
scale for Simons Observatory at 145 GHz [76].

3. ACT CMB maps

In addition to the simulated maps described above, we
also consider the analysis and interpretation of the kSZ and
tSZ signals extracted from the coadded ACT DR5 150 GHz
temperature map [90]. This combines ACT observations at
a single frequency with the Planck PR2 data release at
143 GHz [2]. This map is referred to as the DR5 f150 map
and covers about 21,100 square degrees of the sky, and has
a resolution of 0.5′.

C. Signal extraction

We consider two signal extraction approaches: aperture
photometry, the most commonly employed technique, as
outlined in II C 1 and a new calibrated application of
matched filtering for kSZ signal extraction, in II C 2.

1. Aperture photometry

Aperture photometry is a measurement of flux magni-
tude obtained by calculating the average temperature within
a given disk and then subtracting the average temperature
of the sky background contribution from an annulus just
outside the disk of equal area. The aperture photometry
temperature obtained for a disk of angular radius θAP in the
direction n̂, can thus be expressed as

TAPðn̂; θAPÞ ¼ Tdiskðn̂; θAPÞ − Tringðn̂; θAPÞ: ð4Þ

We use the software pipeline built in [57].3 Postage
stamps of 45’ are excised around the locations of each
target halo in the catalog. The postage stamps are repix-
elized to 10 times finer resolution before Tdisk and Tring are
calculated to allow the circular disk and ring boundaries to
be well characterized and avoid coarse pixelization effects
leading to bleeding of contributions between the disk and
ring and the ring and the area exterior to it.
We use aperture photometry for both kSZ and tSZ signal

extraction. For the tSZ, this can be connected to the inferred
AP-derived Compton-y parameter using (2).

2. Matched filter

A matched filter (MF) is a method to detect the presence
of a template signal from an unknown background signal. It
is also a linear filter process that maximizes the signal-to-
noise ratio (SNR) for a known template signal embedded in
unknown background noise. Given we have prior knowl-
edge of the template profile and shape of the kSZ signal, we
can use the matched filter method to extract the kSZ signal
from clusters and CMB.
For a given template profile, τ, that is embedded in a

noisy background with power spectrum, PðkÞ, a Fourier
space matched filter, Ψ, can be constructed as [35,91]:

ΨðkÞ ¼ σ2
τðkÞBðkÞ
PðkÞ ; ð5Þ

where BðkÞ is the beam function of the CMB experiment,
and σ2 is the variance of the filter which is given by:

σ2 ¼
�Z �

τðkÞBðkÞ
2π

�
2 d2k
PðkÞ

�−1
: ð6Þ

2https://lambda.gsfc.nasa.gov/product/act/actpol_prod_table
.html. 3https://github.com/patogallardo/iskay.
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We approximate the power spectrum of the total noise as
PðkÞ ¼ PCMBðkÞBðkÞ2 þ PnoiseðkÞ, where we approximate
the noise as the power spectrum of a combination of the
primary CMB anisotropies, PCMB, with the other noise
contributions Pnoise, which we model here as instrument
noise.
For our analysis, we use the projected Navarro-Frenk-

White (NFW) profile [87] as our template for profile τ,
given by:

τðxÞ ¼ A
x2 − 1

8>><
>>:

1 − 2ffiffiffiffiffiffiffiffi
1−x2

p tanh−1
ffiffiffiffiffiffi
1−x
xþ1

q
0 < x < 1

0 x ¼ 1

1 − 2ffiffiffiffiffiffiffiffi
x2−1

p tan−1
ffiffiffiffiffiffi
x−1
xþ1

q
x > 1;

ð7Þ

where A is the normalization factor of the profile,
x ¼ c200θ=θ200, where c200 and θ200 are the concentration
and angle of the cluster measured at R200 respectively.
Alternatively, x can also be parametrized with x ¼ θ=θs,
where θs ¼ θ200=c200 is the scale angle of the NFW profile.
θs typically can range from 0 to 20′, and for instance, θs can
equal to 0.9′ for a cluster of mass 1014M⊙.
The matched filter is applied by convolving the filter in

Fourier space with postage stamps cut out at the location of
each cluster. The temperature, TMFðn̂; θsÞ, is then measured
as the average temperature of the pixels within 2.1′ from the
filtered stamp centered in direction n̂.

D. kSZ pairwise momentum estimator

The temperature, δTi, is used to define the kSZ temper-
ature around the target galaxy, with direction n̂i and redshift
zi, used as a proxy locator of the center of the ith cluster,

δTiðn̂i; ziÞ ¼ Tðn̂iÞ − T̄ðn̂i; zi; σzÞ; ð8Þ

where Tðn̂iÞ is the kSZ signal, that can be Tdisk, TAP,
or TMF.
A redshift-smoothed temperature, T̄, is subtracted to

remove potential sources of redshift-dependent noise that
might mirror a pairwise kSZ signal,

T̄ðn̂i; zi; σzÞ ¼
P

jTðn̂iÞwðzi; zj; σzÞP
jwðzi; zj; σzÞ

; ð9Þ

where

wðzi; zj; σzÞ ¼ exp

�
−
ðzi − zjÞ2

2σ2z

�
; ð10Þ

and we use σz ¼ 0.01 in accordance with [92].
The observed pairwise momentum estimator can be

written in terms of CMB temperatures,

p̂ðr; zÞ ¼ −
P

ijðδTi − δTjÞcijP
ijc

2
ij

: ð11Þ

This differences the temperatures in pairs of clusters, δTi and
δTj, across all pairs in the catalog sample. The differences for
all pairs in the same comoving radial separation bin, centered
at r ¼ jrijj ¼ jri − rjj, are summed, and weighted by a
factor cij relating to the geometry of the cluster pair
orientation relative to the line of sight, given by

cij ¼ r̂ij˙
bri − brj
2

¼ ðri − rjÞð1þ cos θÞ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2i þ r2j − 2rirj cos θ

q : ð12Þ

with θ ¼ r̂i:r̂j, the angle between the two position unit
vectors r̂i and r̂j.
To facilitate comparison with [56,57], we consider bins

in radial separation, r, of equal width of 10 Mpc from 0 to
150 Mpc, and four unevenly spaced bins centered on 175,
225, 282.5 and 355 Mpc.

E. Optical depth estimation

Our principal aim is to measure the pairwise velocity,
VðrÞ, from the measurements of pairwise momentum
which can be modeled as:

p̂modelðr; τÞ ¼ −
TCMB

c
VðrÞτ; ð13Þ

where τ is an effective mass-averaged optical depth over the
cluster sample and VðrÞ is the pairwise peculiar velocity,
modeled in a parallel way to the temperature pairwise
momentum to maintain consistent weightings in (11):

VðrÞ ¼ −
P

ijðvi − vjÞcijP
ijc

2
ij

; ð14Þ

with individual cluster velocity vi. Note that in this work we
directly use the halo velocity provided by the simulation
catalog. However, in real observation, the pairwise velocity
estimator, VðrÞ, is obtained by using the theoretical
prediction from linear theory.
A likelihood of τ is then determined by χ2, for example

for the pairwise statistic,

χ2ðτÞ ¼
X
ij

δp̂iðτÞC−1
ij δp̂jðτÞ; ð15Þ

where i here denotes the bin in r (not an individual galaxy
cluster), and

δp̂iðτÞ ¼ p̂modelðri; τÞ − p̂obsðriÞ: ð16Þ

Here p̂obs and p̂model represent the measured and modeled
pairwise momentum estimate respectively, and C−1

ij is the
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inverse of the covariance matrix obtained through bootstrap
analysis.
We use the bootstrap re-sampling strategy to estimate the

covariance for p̂. The temperature decrements, δT, of galaxy
positions are randomly reassigned, with repeated values
allowed. The covariance matrix, Cij, is estimated from the
variance of the pairwisemomentum estimators calculated for
each of 1,000 repeated random reassignments.
The best fit τ is obtained by finding the minimum χ2. We

also calculate the probability of obtaining a higher χ2 value,
the probability-to-exceed (PTE),

PTE ¼
Z

∞

χ2min

χ2ðxÞdx: ð17Þ

For the simulations, as a consistency check, we also
obtain an average optical depth estimate from fitting the
individual halo temperature decrements, fTkSZg, to the halo
LOS peculiar velocities fvlosg. From (1),

δTkSZ;i

T0

¼ −
vlos;i
c

τi: ð18Þ

Note that these analyses are inferring a cylindrical
estimation of the optical depth which is akin to the real
observation that the measurement includes contributions
from intervening structures along the line-of-sight (see, for
example, [67,69]).

III. ANALYSIS AND RESULTS

In Sec. III Awe consider the implications of cluster two-
halo term, line of sight coalignment, and diffuse gas
contributions for the kSZ pairwise signal and derived
optical depth. In III B we look at the connection between
kSZ pairwise momentum and peculiar velocities for the
aperture photometry extraction method. A scaling relation
for the optical depth with the aperture photometry derived
tSZ signal is also discussed. A 2.1′ disk and aperture size is
used to facilitate comparison with [56,57]. In Sec. III C we
present a new proposed approach for kSZ signal extraction
using a calibrated matched filter. In Sec. III D we apply the
approaches to the ACT DR5 data.

A. Effects of two-halo term and overlapping
line-of-sight clusters and diffuse gas

In a simplistic modeling of the kSZ signal predicted for
clusters, we might consider the kSZ signal from an isolated,
spherically symmetric cluster with no further contributions
to the kSZ signal along the line of sight. In reality, we have
to consider the impact of three modifications to this simple
model. First, contributions from second halos within the
correlation scale of linear velocity field, roughly 50 Mpc
[61], which can contribute to the measured signal of the
primary halo, the two-halo term, that has been carefully

modeled [61,93,94]. Second, there might be more than one
cluster or group coincidentally aligned along the line-of-
sight (LOS) whose kSZ anisotropies will also contribute to
the observed signal. Third, we expect there to be additional
diffuse gas contributions in the inter-cluster medium that
could also induce kSZ anisotropies in the CMB that add to
those from the clusters. In this section, we consider the
potential effects of these two additional contributions to the
measured pairwise signal.
In this section, we consider the Tdisk temperature of the

kSZ signal, to assess the impact of two-halo term, and line-
of-sight correlated IGM and cluster coalignment, and then
also discuss the impact when aperture photometry and
matched filter are used.
To investigate the kSZ signal contribution from proxi-

mate halos, the two-halo term, we use the FL1 kSZ model
map, which includes both a kSZ signal, based on the
baryons tracing the dark matter with an NFW cluster
density profile, and diffuse intercluster gas, and create a
diffuse gas-free version of FL1 (FL1 no DG) by subtracting
an estimate of the diffuse gas map obtained by differencing
the FL2 and FL3 maps. We randomly select 10,000 halos
from the catalog that each have a proximate halo within
50 Mpc. This sample has an averageM200 of 2.3 × 1013M⊙
and average redshift of 0.51. We calculate the average
angular temperature profiles for the clusters measured from
the FL1 kSZ model with no diffuse gas but including the
two-halo contribution, and compare it to the analytical
model of the signal where the electron number density ne is
modeled by the NFW profile for the single primary halos.
The difference between these is the two-halo contribution.
We show the comparison in Fig. 1 and find that the
contribution of the two-halo term only significantly con-
tributes to the signal on scales above 2R200, consistent with
the results in [61]. In our work we use a 2.1′ aperture size
(with the AP outer radius of 2.96′) which is smaller than the
angular scale subtended by 2R200, ∼3.20 for a cluster of
3 × 1013M⊙ at z ¼ 0.5, thus we expect the potential
correlation of the two-halo term will not bias our measured
signal in this analysis.
We assess the potential impact of coaligned clusters

along the LOS using the FLlo sample. For each primary
halo, we search for all other halos in the simulated datasets
that are coaligned with it within the 2.1′ radius disk region.
We find that there are 1.7 additional halos, on average,
overlapping with the primary halo within 2.1′ disk along the
line of sight direction and the distribution of the over-
lapping objects is consistent with a Poisson distribution.
To assess how the addition of signals from coalignment

impacts the pairwise momentum statistic, we mimic coal-
ignment by stacking random halo objects on top of our
primary halos. We first randomly select halos from the full
catalog (beyond FLlo) and create postage stamp cutouts for
them from the FL2 kSZ map (which just includes the intra-
cluster gas signal and no diffuse gas). We then randomly
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stack these FL2 kSZ cutouts on top of the FL2 kSZ map at
the location of the primary halo sources in the FLlo sample
with centers aligned. On average, each of the FLlo halos
has an additional two cutouts stacked on it.
Figure 2 compares the pairwise signal calculated for both

the original FL2 map and the map with the additional
cutouts added. We find that the addition of random LOS
coalignments does not create any systematic bias in the
resulting kSZ pairwise momentum signal. The estimator is
indeed unbiased in the presence of uncorrelated LSS as
initially designed.

To determine the impact of diffuse inter-cluster gas on
the pairwise signal, we consider the FL1 kSZ model map
and its diffuse gas-free version of FL1. We also create a
theoretical cluster-only kSZ map by estimating the signal
for isolated clusters at each halo location in the FLlo sample
using (1), where the electron number density ne is modeled
by the NFW profile.
In Fig. 3, we compare the predicted pairwise signals for

these two maps. While the diffuse gas free map is consistent
with the simple theoretical prediction from assuming a
spherical NFW-profile cluster, the diffuse gas provides a
significant pairwise signal amplification to the kSZ signals
coming from the clusters alone. This is equivalent to a
scale-independent signal boost of 1.44� 0.02 and 1.14�
0.01 for the FLlo and FLhi samples respectively on the
diffuse-gas-free signal. We interpret this effect to be a result
of the diffuse gas in the locale of the clusters having
peculiar velocities that become correlated with the gravi-
tationally dominant cluster. As a result, the diffuse gas
produces a coherent additional signal to the cluster gas.
This demonstrates that the diffuse gas contributes a
significant amount to the effective optical depth in the
kSZ signal and must be accounted for; it is insufficient to
model the optical depth purely assuming isolated spherical
clusters.
When we consider the pairwise momentum from aper-

ture photometry filtering we find the signal boosts are
1.37� 0.02 and 1.03� 0.01 for the FLlo and FLhi samples
respectively, while for matched filtering, different scale

FIG. 2. Pairwise kSZ momentum estimator [blue points] for the
FLlo halo sample and FL2 kSZ model is compared to the signal
for the same dataset with the maps having had the equivalent of
two additional halos randomly coaligned along the line of sight
[orange dashed line].

FIG. 1. The average radial temperature profiles for a diffuse gas
free FL1 map (FL1 no DG) and a sample of halos each having a
proximate halo within 50 Mpc [green,triangle] and analytical
model of signal with an NFW baryonic profile [orange, dashed
line]. The sample has an average M200 of 2.3 × 1013M⊙ and
average redshift of 0.51.

FIG. 3. Pairwise kSZ momentum estimators using Tdisk as the
input for the low mass, FLlo, [filled] and high mass, FLhi,
[hollow] halo samples for the FL1 kSZ map [circle points] and a
diffuse gas free (no DG) FL1 map [triangle points]. The
theoretical kSZ prediction for isolated spherical clusters with
an NFW baryonic profile [full line] is consistent with the signal
from the diffuse gas free map. The signal when the diffuse gas is
included is systematically boosted [dashed line] relative to the
NFW theory prediction by 44% and 14% for the low and high
mass samples respectively.
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angles are used to account for the change of signal template
profile due to the diffuse gas. This reflects that diffuse gas
needs to be considered when using the two filtering
approaches.

B. Aperture photometry

1. Impact of AP subtraction on kSZ signal measurement

In using the aperture photometry approach, a common
perception might be that the aperture would be chosen to
wholly enclose the target object so that annulus subtraction
is simply removing the extraneous background or fore-
ground signals unrelated to the object. In reality, the
aperture size may be smaller than the target object radius
for a number of reasons. The signal associated with the
target cluster decreases as we move outward from the
center, so choosing a smaller aperture size that focuses on
the brightest inner region maximizes the signal-to-noise
measurement. A fixed aperture (rather than one based on a
potentially inaccurate mass/size estimate) makes analysis
and error estimation simpler, however, we are considering
objects of inherently different angular size (due to varia-
tions in physical size and redshift) so a fixed aperture
choice will not perfectly match all halos simultaneously.
Given the choice of aperture size, we must factor in that the
annulus subtraction will not only remove extraneous
signals but also some of the target cluster kSZ signals as
well [67].
To be able to relate the AP pairwise signal to other

optical depth estimates, from theoretical or simulation
predictions, or tSZ measurements, for example, we need

to know how much signal the AP approach removes so we
can correct for that. In this section, we determine these
correction factors and how they depend on the cluster
sample masses and the way in which the baryon density
profile is modeled. We calibrate these corrections using the
pure simulated kSZ alone, and then in the subsequent
section determine how these can be applied to more
realistic simulations including primary CMB and instru-
ment noise.
We first assess the effect of the aperture photometry

subtraction by directly considering the angular temperature
profiles for the clusters. Figure 4 shows the average radial
temperature profiles for the FLlo and FLhi halo samples for
kSZ signals predicted for the FL1, FL2, and FL3 models.
The annulus region for each of the three models,
2.10 < θ < 2.970, still contains a significant fraction of
the cluster signal. In the FL1 model, the density profile falls
off more steeply relative to the other models, as a result, the
annulus subtracts off a smaller fraction, 30% and 28% of
the disk signal for the FLlo and FLhi samples, respectively.
In FL2 the baryon distribution is relaxed relative to the
CDM density profile, through assuming that the gas,
initially modeled as an NFW profile, the gas in the model
rapidly redistributes itself into hydrostatic equilibrium. This
softens the density and temperature profile and leads to the
annulus subtraction having a larger impact relative to FL1,
removing 51% and 39% of the disk signal for the low and
high mass samples. In FL3, the inclusion of diffuse gas
increases the temperature profile across the scales included
in both the disk and the annulus, particularly for the low-
mass sample. This leads to the annulus subtraction remov-
ing 53% (FLlo) and 49% (FLhi) of the disk signal.

FIG. 4. The average radial temperature profiles for halos from low-mass [left] and high-mass [right] halo samples for the FL1 kSZ
model with no diffuse gas (“FL1- no DG”) [green,triangle] and using FL1 [orange,star], FL2 (no diffuse gas) [red,small circle] and FL3
[blue,big circle] kSZ signal models, and Sehgalþ kSZ model [purple,square]. The inner disk and ring annulus regions (respectively
within 2.1′ and

ffiffiffi
2

p
× 2.10 ¼ 2.970) are also indicated. The profile is binned by roughly 0.5 arcminutes, e.g. the value at 0.5 arcminutes

represents the average between 0 and 0.5′.
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It’s clear that the specific modeling of the gas prescrip-
tion impacts the overall kSZ simulation using a hydrostatic
equilibrium model. We also analyze the kSZ simulations
built on those described in Sehgal et al. [65] and updated by
Colin Hill [76] (herein Sehgalþ simulation). These sim-
ulations use a gas prescription [62,63] that, like FL3, builds
on a hydrostatic equilibrium model and includes, for
example, the effects of star-formation rate, nonthermal
pressure support and feedback from AGNs. The main
difference is the inclusion of radially dependent nonthermal
pressure support in FL3 which is not included in the
Sehgalþ simulations. As discussed in [64], in which a
comparison of the two models is presented, the inclusion of
this component does lead to notable differences in the
baryon distribution in the halos. In particular, for a low-
mass and high-mass halo sample in the Sehgalþ
simulation comparable to FLlo and FLhi, we find that
the radial temperature profiles are more peaked in the inner
region of the halo than that for FL3 in Fig. 4. This leads to
the overall fraction of signal removed from the AP annual
subtraction being lower, removing 24% and 27% of the
disk signal for the low-mass and high-mass samples
respectively.
Just as the baryonic physics modeling has an impact on

the expected radial profile, so too does the instrument
beam, which smooths out the temperature fluctuations
through its characteristic geometry. In Fig. 5, we show
the impact of the beam smoothing on the average radial
profile, for the FLlo halo sample and FL3 kSZ model, for
both a Gaussian beam and the ACT beam. In each case, the
smoothing decreases the amplitude in the disk and enhan-
ces it in the annulus, with the ACT beam smoothing the
map slightly more than the Gaussian one. This smoothing
leads to the annulus subtraction being more pronounced for

the beam-convolved maps. Here the annulus subtraction
removes 64% for the ACT beam in comparison to 53%
when no beam smoothing is applied.
While the radial temperature profile provides an intuitive

way to consider the way in which the AP subtraction affects
the signal amplitude, we seek to measure the impact of AP
subtraction on the pairwise momentum statistics directly.
As already discussed, the pairwise statistic is effective at
removing extraneous signals that are uncorrelated with the
velocity correlation of each pair of target clusters and is,
therefore, a cleaner signal to analyze. In Fig. 6 we show
p̂AP for the FLlo sample of the FL3 kSZ model and beam
scenarios. By calculating the pairwise velocity statistic for
the FLlo and FLhi samples, we can obtain estimates of the
inferred effective optical depth from both a pairwise
measurement using (13) for the disk temperature directly,
p̂disk and from AP measurements, p̂AP.
In Table I, we summarize the inferred effective optical

depths from the disk and from the AP measurements for the
different halo samples and kSZ models. We also provide
the multiplicative attenuation factors, Aτ that would be
required to shift the mean of a theoretical estimate of τdisk to
compare with the AP-inferred value, τAP, in each case.
In general, the ACT beam-derived has the largest signal

removal with the annulus subtraction, consistent with what
we see in Fig. 5, where the ACT beam leads to the greatest
smoothing of the signal amplitude across the AP scales.
The low-mass sample has a bigger subtraction factor than
the high-mass sample. This is as expected given the radial
temperature profiles are less peaked for the low-mass
sample, and the diffuse components are a larger fractional
component of the total signal, so the annulus contributes a
greater fraction of the overall halo signal. This can also be

FIG. 5. The average radial temperature profile for the FLlo halo
sample and the FL3 kSZ model under convolution with no beam
[full], a Gaussian beam [dotted], and the ACT beam [dashed].
The profile is binned by roughly 0.5 arcminutes, e.g. the value at
0.5 arcminutes represents the average between 0 and 0.5′.

FIG. 6. Pairwise kSZ momentum estimators for the FLlo halo
sample and FL3 kSZ model, with no CMB or noise added. The
estimator is calculated using the Tdisk (with no aperture photom-
etry) [circle] and from TAP with no beam [star] and the ACT beam
[triangle]. The 1σ variance (of the kSZ signal alone) is also
included for each scenario.
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seen from Fig. 4 that the radial temperature profiles are less
peaked for the low-mass sample and the profile drops
slowly while it drops sharply for the high-mass sample in
the disk region. In the meanwhile, the annulus has a
comparable temperature amplitude between the low and
high-mass samples leading to a larger fractional subtraction
for the low-mass sample. Therefore, low mass halos should
yield larger subtraction factors.
Larger apertures have less annulus subtraction but lower

signal-to-noise (S=N) in the inner disk signal, smaller
apertures offer higher S=N in the disk but also higher
subtraction levels from the outer ring. To assess if there is
an “optimal” aperture size that maximizes the S=N of the
inner disk while minimizing the signal subtracted by the
outer ring annulus, we consider three other aperture sizes
1.5′, 2.5′, and 3′ along with the fiducial 2.1′. In Fig. 7, we
summarize the attenuation factor and S=N for each of the
aperture sizes. We find that the S=N is peaked around 2.1′
(S=N ¼ 10.7) and the S=N decreases as the aperture size
increases above 2.6′. On the basis of this, we conclude it is
not preferable to select a larger aperture size with the intent

of avoiding a correction for the aperture photometry
attenuation as it would also reduce the S=N.
In addition to the Flender simulations, we analyzed the

low-mass sample in Sehgalþ simulations with an ACT
beam convolution, and find the different baryonic modeling
leads to a lower Aτ ¼ 2.41� 0.02 than the FLlo sample.
This is consistent with the Bode model used in these
simulations predicting a more peaked radial temperature
profile than the Shaw model used in Flender. The Sehgalþ
simulation also has a lower resolution (0.87′) than the
Flender simulation. We find that degrading the FL3 to the
0.87′ resolution does change the fraction removed by AP,
with the lower resolution leading to more smoothing and
slightly increasing Aτ from 2.74 to 2.88. This change is
smaller than that induced by the baryonic modeling
differences but still indicates the importance of selecting
a comparable resolution to the maps being analyzed in
determining the impact of the AP annulus subtraction.
In summary, the optical depth derived from aperture

photometry is attenuated due to the annulus subtraction of
the kSZ signal. The disk optical depth estimates can be
connected to the AP-derived optical depth estimates via a
factor that depends on aperture size, beam profile, and the
gas model.

2. kSZ signal recovery from aperture photometry
in the presence of CMB and instrument noise

In this section, we consider how well AP can extract out
an unbiased estimate of the kSZ signal, and the optical
depth, once instrument noise and the primordial CMB are
included, which in combination are orders of magnitude
greater than the kSZ signal itself.
We create 10 realizations of the CMB and instrument

noise modeled from the Planck CMB spectrum [3] and the
ACT noise spectrum [95] and add them to the FL3 kSZ map
and convolve with the ACT beam. We filter out large-scale
signals above 30 arcminutes (i.e., l < 360) and keep, the
kSZ relevant, small-scale signals below 15 arcminutes (i.e.
l > 720), following [19]. We then calculate the mean
pairwise signal across the realizations and estimate the error
by bootstrapping one realization.
In Fig. 8, we show the pairwise momentum correlations

for both high and low-mass halo samples for the maps with

TABLE I. The inferred mass-averaged optical depth values derived from the pairwise momentum signals for the
disk temperature, τdisk, and that from aperture photometry, τAP, as inputs, using a 2.1’ disk/aperture size, and their
ratio, Aτ ¼ τdisk=τAP for the FL3 kSZ map (without CMB and noise) and different beam assumptions and the low
and high mass-selected halo samples, FLlo [left] and FLhi [right], respectively.

FL3 mapþ FLlo halo sample FL3 mapþ FLhi halo sample

Beam 104τAP 104τdisk Aτ 104τAP 104τdisk Aτ

None 0.88� 0.01 1.89� 0.02 2.15� 0.02 3.12� 0.02 6.12� 0.03 1.96� 0.01
Gaussian 0.78� 0.01 1.81� 0.02 2.42� 0.03 2.80� 0.02 5.87� 0.03 2.19� 0.01
ACT 0.69� 0.01 1.66� 0.02 2.74� 0.03 2.48� 0.01 5.40� 0.03 2.47� 0.02

FIG. 7. The attenuation factor, Aτ [upper], and S=N [lower] as a
function of aperture size for the FLlo sample + FL3 map and the
ACT beam.
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CMB and noise included and compare it with the signal for
the pure kSZ map.
The estimator is indeed, again, unbiased in the presence

of primary CMB and instrument noise, while, as is
expected, the statistical variance is increased. This is also
reflected in the likelihoods of the inferred optical depths,
shown in the lower panels of Fig. 8. The mean optical depth
from the kSZþ CMBþ noise simulations is unbiased
relative to that inferred from the pure kSZ. We find that
for the FLlo sample with ACT beam 104τAP ¼ 0.69� 0.01
for the kSZ alone and 104τ̄AP ¼ 0.70� 0.02 when primary
CMB and instrument noise is added, with uncertainties two
times larger. For the FLhi sample, the results are 104τ̄AP ¼
2.48� 0.02 for the kSZ alone and 104τ̄AP ¼ 2.49� 0.03
when primary CMB and instrument noise are added, with
uncertainties 1.5 times larger. This comparatively smaller
decrease in the uncertainty for the larger mass sample is
consistent with the noise being a smaller fraction of the
mean signal amplitude.
As a cross-check available in simulations, we can also

obtain an average optical depth estimate from fitting the
individual halo temperature decrements to the halo LOS
peculiar velocities using (18). We find 104τ̄AP ¼ 0.68�
0.03 and 104τ̄AP ¼ 2.50� 0.04 for FLlo and FLhi respec-
tively when primary CMB and instrument noise is added.
This method gives a comparable estimation of the average
optical depth compared with the p̂ fit with slightly greater

errors consistent with the pairwise statistic removing some
of the CMB and diffuse signal that are uncorrelated with the
target halos.

3. tSZ signal extraction and scaling relations
for the optical depth

We also consider how the tSZ signal extracted using AP
connects to the optical depth estimates inferred from the
kSZ signal. Following [56], we measure the tSZ signal by
first stacking the tSZ cutout stamps of each halo and then
applying the aperture photometry on the stacked stamps to
measure the average ȳ signal. The tSZ signal, like the kSZ,
is attenuated by the AP annulus subtraction. We directly
find a ȳAP − τ̄AP scaling relation without explicitly finding
a multiplicative attenuation factor to connect the tSZ signal
when aperture photometry is employed to that of the disk.
We first divide the FLloþ FLhi sample into logarithmically
spaced mass bins. For each mass bin, we fit a linear
relationship between the individual halo kSZ temperature
decrements with AP to the halo LOS peculiar velocities,
and determine the AP-derived optical depth from the slope
of this linear fit using (18). We then measure the tSZ signal
using AP on the stacked tSZ cutout stamps of each mass
bin. In Fig. 9, we present the binned ȳ measurements and τ̄
estimates we obtained as described above. Following
[55,67], we model the ȳAP − τ̄AP relation, from the SZ
maps alone without CMB and noise, using,

FIG. 8. The mean and 1-σ error on the mean of the aperture photometry (AP) pairwise momentum estimator [upper] and normalized
likelihoods for AP-obtained τAP estimates [lower] derived from the FL3 kSZ maps, for the kSZ alone [blue] and in combination with 10
independent CMBþ instrument noise realizations [orange] for the FLlo [left] and FLhi [right] halo samples with the ACT beam. The
optical depth for the 2.1′ disk is also shown with the attenuation factor, Aτ, applied to enable comparison with the AP measurement.
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ln τ̄ ¼ ln τ̄0 þ α ln

�
ȳ
ȳ0

�
; ð19Þ

for which we find, with y0 ¼ 10−7, α ¼ 0.47� 0.02
and ln τ̄0 ¼ −9.45� 0.01.
Note the fit parameters are dependent on the mass

ranges, and redshifts employed and whether TAP or Tdisk
is fitted and the chosen aperture size. For comparison,
Soergel et al. [67] reported y0 ¼ 10−6, α ¼ 0.40� 0.01
and ln τ̄0 ¼ −7.94� 0.01, using AP and the virial radius of
each object as the aperture size, for a sample M500 >
3 × 1013h−1M⊙ and 0.38 < z < 0.57. Battaglia et al. [55]
also provides a scaling relation, using a 1.8 ′ disk size
without AP applied, for a sample M500 > 1014M⊙ at
z ¼ 0.5, for which y0 ¼ 10−6, α ¼ 0.49� 0.04 and ln τ̄0 ¼
−6.40� 0.09.
When we include the 10 independent realizations of the

CMB and instrument noise, similar to the kSZ signal, we
find that the AP subtraction is effective at isolating the tSZ
signal. We find that for the FLlo sample ȳAP ¼ 0.82� 0.01
for the tSZ alone and ȳAP ¼ 0.83� 0.05 when primary
CMB and instrument noise are included. Using the scaling
relation, this implies a tSZ inferred optical depth of
104τ̄tSZAP ¼ 0.72� 0.02 when primary CMB and instrument
noise are included for the FLlo sample. This is in good
agreement with optical depth inferred from the pairwise kSZ
signal for the same sample, 104τ̄AP ¼ 0.70� 0.02. In
summary, using the tSZ signal with AP and an appropriately

calibrated scaling relation can provide an alternative and
accurate measurement of the optical depth estimates in the
presence of primary CMB and detector noise.

C. Matched filter

As a complementary approach to aperture photometry,
we employ a second signal extraction method, matched
filtering, to measure the kSZ signal. Similar to aperture
photometry, we convolve the kSZ maps with an assumed
beam before applying the matched filter.
We focus our attention here on using the MF approach to

recover the signal from the FL3 kSZ model, which is the
most realistic baryonic model, though we also found the
approach can equally be applied to the other models.
In many works, the matched filter is used to recover the

peak kSZ temperature at the center x0 that

Tx0 ≈
Z

Ψtðx0 − x0ÞMðx0Þdx0; ð20Þ

where Tx0 is the kSZ temperature at x0, Ψ is the filter
described in (5) and is normalized to unity at the center,
superscript t indicates a transpose, and M is the input
signal. In this work, however, we focus on using the
matched filter to recover the average kSZ amplitude within
a disk of a given angular radius. In other words, our work is
similar to minimizing the mean squared error,

MSE ¼ 1

n

Xx¼2.10

x¼00

�
Tx −

Z
Ψtðx − x0ÞMðx0Þdx0

�
2

; ð21Þ

with a different normalization of the filter Ψ such that the
filtered halo radial profile is as close as possible to the true
halo radial profile within 2.1′. As discussed in II C 2, we use
the projected NFW profile as our template signal, para-
metrized with the scale angle θs. We find that we can
effectively extract out the signal by solely using the single
parameter θs, which can both adjust the width and the
vertical scale of the filter. We do not need to employ two
parameters: the normalization, A, and θs, and therefore set
A ¼ 1. We calibrate the scale angle by randomly picking
10,000 objects from the halo sample and tuning the scale
angle such that the average temperature within 2.1′ recov-
ered with the matched filter is a best-fit estimate of the
actual average disk temperature within a 2.1′ aperture. We
find that projected NFW profile scale radii of θs ¼ 0.970
and 0.91′ work well for the low and high mass (FLlo and
FLhi) mass samples, respectively. When combining the
FLlo and Flhi samples, we separately apply MF to each
sample, using their respective θs, and then analyze the TMF
samples in combination.
In Fig. 10, we compare the Tdiskð2.10Þ measured from a

kSZ-only map with the TMFð2.10Þ that is recovered from the
Gaussian beam-convolved kSZ-only map with matched

FIG. 9. The ȳAP − τ̄AP scaling relation derived from AP
measurements of the tSZ and FL3 kSZ maps are shown with
the kSZ and tSZ alone [blue] and from 10 independent CMBþ
instrument noise realizations [orange] for the mass bins across the
combined FLlo and FLhi samples. The dashed line shows the best
scaling relation fit [red] with SZ alone, for which lnτ̄AP ¼
−9.45þ 0.47 lnðȳAP=10−7Þ. The mean and 1-σ ranges for the
AP-derived τ estimates obtained from the pairwise kSZ signal
(104τ̄AP ¼ 0.70� 0.02) [light gray] and the average Compton-y
(ȳ ¼ 0.83� 0.05) [dark gray] for the FLlo sample, with primary
CMB and noise added, are also shown.
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filter. We find a good direct proportionality relationship
between TMF and Tdisk with MF providing an unbiased
estimate of Tdisk within the statistical sensitivity of our
analysis, with any errors or biases between the two
temperatures averaged to zero when they are propagated
to the pairwise statistics. Given the MF filtered signal has a
Fourier profile proportional to ðτkBkÞ2, one might be
concerned that it would introduce a bias, as shown in
Fig. 10, however, we find no evidence of a significant bias
in the recovered signal. In the figure, we also demonstrate
the MF’s sensitivity to the signal template by considering
different scale radii of θs � 0.2 for both the FLlo and FLhi
samples, showing that larger (smaller) θs will under-
estimate (overestimate) the true signals by around the 1σ
error on the mean in the largest disk temperature bin,
∼� 7 μK. This indicates the necessity of calibrating θs to
extract an unbiased signal.
In summary, the application of the MF approach with

these scale radii allows us to recover the disk kSZ signal for
both the high and low mass cluster samples.
We use the calibrated MF template to analyze maps

which include the 10 independent realizations of the CMB
and instrument noise in combination with the FL3 kSZ map
and convolved with the ACT beam (we also analyzed the
Gaussian beam and found very similar results). As with AP
analysis, large-scale signals (l < 360) are filtered out from
the map before analyzing with MF, and the noise power
spectrum P(k) in (5) is calculated from the filtered map. The
matched filtered temperatures, TMF, include systematic
residuals from the CMB and instrument noise. As discussed
in section III B 2, however, we find that the pairwise

momentum subtraction (13) is efficient at removing sys-
tematic residuals not correlated with the pairwise in-fall
velocities as originally constructed.
In Fig. 11, we show that the MF pairwise momentum

estimators from the maps including CMB and noise recover
an unbiased estimate of the kSZ signal. The effective τMF
values recovered from the pairwise momentum curves
show that the matched filter can effectively remove the
primary CMB and instrument noise and recover an
unbiased estimate of the optical depth for the kSZ signal.
We find that for the FLlo sample with ACT beam

104τ̄MF ¼ 1.89� 0.02 for the kSZ alone and 104τ̄MF ¼
1.93� 0.06 when primary CMB and instrument noise are
added, with uncertainties three times larger. For the FLhi
sample, the results are τ̄MF ¼ 6.14� 0.03 for the kSZ alone
and 104τ̄MF ¼ 6.14� 0.05 when primary CMB and instru-
ment noise are added, with uncertainties two times larger.
These results are consistent with the disk temperatures,
104τ̄disk ¼ 1.89� 0.02 and 104τ̄disk ¼ 6.13� 0.03 for the
FLlo and FLhi samples respectively derived from the pure
kSZ maps. The errors from this MF method are comparable
to those from the AP approach where a fractional error of
4% and 1% is found for the FLlo and FLhi respectively. We
find that FLhi has a comparably smaller uncertainty relative
to FLlo due to its greater signal amplitude.
We find the S=N ¼ 10.3 at 2.1′ for the MF results,

averaged over the 10 noise realizations. This is comparable
with that obtained from AP in Sec. III B 1, consistent with
[66], in which one noise realization was used.
We note that in translating this approach to analyzing

observational data, the relative S=N obtained from MF and
AP approaches can be frequency dependent [96,97]. At the
frequencies of ACT observations, which provide the con-
text for this work, the S=N from aperture photometry and
matched filter approaches have been found to be consistent
at the 1σ level [97].
We can also conduct a cross-check comparison with the

optical depths obtained by fitting the individual halo
temperature decrements to the halo LOS peculiar velocities.
We find 104τ̄MF ¼ 1.96� 0.09 and 104τ̄MF ¼ 6.13� 0.09
for the FLlo and FLhi samples respectively when primary
CMB and instrument noise are added, consistent with the
pairwise-derived optical depth.

D. Application to ACT data

We complete the analysis by implementing the calibrated
aperture photometry and matched filter techniques, devel-
oped in sections III B and III C, to the ACT DR5 L61
sample that was analyzed in [56,57] to obtain kSZ pairwise
momentum predictions and comparing them with the tSZ
derived y-parameter.
We use the FL3 simulation as the basis to determine the

aperture photometry multiplicative factor, Aτ, and to
calibrate the matched filter. As discussed, the Flender
FL3 simulation has a comparable resolution to the ACT

FIG. 10. Upper: a comparison of the average disk temperature
within 2.1′ measured from the kSZ-only map, Tdisk, and that
recovered from the beam-convolved kSZ-only map with matched
filter, TMF, using the selected θs for each of FLlo and FLhi
samples, with 1σ error [blue circle]. MF results using, θs � 0.2
[orange star and green triangle] are also shown. Lower: the
difference between the mean predicted and expected temperatures
(ΔT ¼ TMF − Tdisk) scaled relative to the error in the mean.
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maps (0.43′ and 0.5′ respectively) and includes a detailed
baryonic model, including the effects of AGN feedback,
star formation, and radially dependent nonthermal pressure
support. The FLlo sample was selected to have comparable
maximum and mean masses and mean redshift, to the L61
sample.
We infer optical depth estimates from the pairwise

momenta by comparing them to a theoretical pairwise
velocity estimate obtained assuming a Planck cosmology
for a flat universe [98] as in [57]. This uses a halo mass
function in [99] and a modified version of the CAMB code
[89] to calculate the mass-averaged pairwise velocity, as
described in Mueller et al. [9,10].
In Fig. 12,we present the pairwisemomentumkSZ signals

and τ estimates recovered with the AP and MF techniques.
From the AP approach we find 104τ̄AP ¼ 0.69� 0.11while
for the MF method 104τ̄MF ¼ 1.84� 0.37. While the MF
approach estimates the optical depth with the 2.1′ disk, the
AP pairwise momentum includes the signal reduction,
relative to the estimated disk signal, from the annulus
subtraction. We use the attenuation factor calibrated from
FL3-FLlo sample, Aτ ¼ 2.74� 0.03 to address this in the
analysis here. As aperture photometry is themost commonly
used method and in putting direct connection to the original
ACTDR5analysis usingAP in [56,57],we leave the aperture
photometry results unchanged and employ the attenuation
factor to the disk measurements to show the connection and
consistency.

Using this, we find that the estimated optical depths from
the aperture photometry and the calibrated matched filter
technique, 104τ̄ACTAP ¼ 0.69� 0.11 and 104τ̄ACTMF =Aτ ¼
0.67� 0.14, respectively, are in extremely good agreement
with one another. These relate to estimates of the total optical
depth within 2.10, τ̄disk, of 104Aτ × τ̄AP ¼ 1.89� 0.31 and
104τ̄MF ¼ 1.84� 0.37 for AP and MF respectively.
We find the tSZ results are also consistent with the tSZ-

derived optical depth estimates if we use the simulation
calibrated ȳAP − τ̄AP relation presented in (19). Using this,
the tSZ L61 result of 107ȳACTAP ¼ 0.79� 0.11, reported in
[56], implies a tSZ AP-derived optical depth of 104τ̄ACTtSZ ¼
0.70� 0.06, including the errors on α; ȳ0 and ȳAP.
The values obtained with the ACT data are also con-

sistent with those obtained from 10 CMBþ noise realiza-
tions with the FLlo sample and FL3 kSZ model, for which
104τ̄simAP ¼ 0.70� 0.02 and calibrated matched filter tech-
nique, 104τ̄simMF ¼ 1.93� 0.06 (104τ̄sims

MF =Aτ ¼ 0.70� 0.02).
Within current error margins, this is also consistent with
the NFW-based optical depth estimate within 2.1′ from [55]
used for the comparison in [56], 104τ̄NFW ¼ 1.77 (and
104τ̄NFW=Aτ ¼ 0.65).
The uncertainties on the ACT τ estimates are larger than

those from the simulation. This is clearly to be expected as
there are additional uncertainties in the observational error
budget that are not present in the simulation-derived results.
As one example, the cluster mass estimates for the L61

FIG. 11. The mean and 1-σ error on the mean of the matched filter (MF) pairwise momentum estimator derived from the FL3 kSZ
maps and 10 independent CMBþ instrument noise realizations [orange] are shown with the pairwise statistic for the kSZ alone obtained
from MF [blue] for the FLlo [left] and FLhi [right] halo samples with the ACT beam. [Lower] The normalized likelihoods for MF-
obtained τ estimate from kSZ alone [blue] and the mean from the 10 realizations with CMB and instrument noise included [orange].
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sample are inferred from a multi-step process: the observed
central galaxy luminosity is used to estimate the total
cluster luminosity which, in turn, is used to infer the cluster
halo mass [56]. Each stage of this inherently adds uncer-
tainties relative to the simulations, for which the halo
masses are known. A second origin of uncertainty is the
mis-centering of the target galaxy [66,70] which would
create an inherent offset for the centering of both the
aperture photometry and matched filter signal extraction
approaches.

IV. CONCLUSION

In this work, we have determined how well the pairwise
kSZ momentum can be used to recover the kSZ signal in
galaxy clusters, and how it can then be used to accurately
infer an associated optical depth. Two different and
complementary filtering approaches are used: aperture
photometry and a calibrated matched filter. The sensitivity
of the pipeline to the cluster sample masses and the effects

of baryonic clustering are studied. We consider two halo
samples and three kSZ models available from the simu-
lations in Flender et al. [66]. One of the halo samples
(FLlo) includes halos down to a mass of 1013M⊙ and is
created so as to have a mean halo masses and a mean
redshift comparable to that of the SDSS DR15 sample used
for the ACT DR5 L61 sample analyzed in [56,57]. The
other (FLhi) focuses on high mass clusters, M > 1014M⊙.
The three simulated kSZ maps, referred to here as FL1-
FL3, are created under different modeling assumptions for
the gas prescription. Model FL1 assumes baryon traces the
dark matter while Models FL2 and FL3 use a gas
prescription from Shaw et al. (2010) [64] with FL3 also
including diffuse gas. We perform the signal extraction
after filtering out large-scale CMB modes (l < 360) in the
maps, and smoothing them with the inclusion of a Gaussian
beam (FWHM ¼ 1.40) or the ACT Beam from ACT DR5
[90], and noise realizations modeling the ACT instrument
noise. We obtain an inferred best-fit mass-averaged optical
depth, τ, by comparing the extracted pairwise momentum
signal to the simulated pairwise peculiar velocities, with a
covariance obtained from a bootstrap analysis.
We first consider the implications for kSZ measurements

of extraneous signals from proximate correlated halos
within the kSZ correlation length, the two-halo term, from
coaligned groups and clusters, and from diffuse gas along
the line of sight centered on target halos within the catalog.
We find the contribution of the two-halo term is only not
negligible for scales above 2R200, and thus does not bias
our measurements. On average, we find, in the FLlo
catalog, that there are around two halos along the line of
sight of each target halo within the 2.1′ aperture. By
considering the effect of adding further random coaligned
halos, we show that pairwise subtraction is effective in
removing such systematic signal contamination and recov-
ers an unbiased measurement of the pairwise signal. The
diffuse gas component, on the contrary, systematically
enhances the pairwise signal, through its correlation with
the primary halo, and does need to be accounted for.
Aperture photometry excises some of the cluster kSZ

signals for the aperture sizes we use (motivated by signal-
to-noise considerations). Using the simulations, we quan-
tify the level of kSZ signal subtraction created when the
annulus is subtracted from the disk signal. The accurate
determination of the attenuation depends on the gas model,
aperture size, map resolution, and beam convolution. We
show that an attenuation factor calibrated off the pure-kSZ
pairwise correlations can be used to relate the AP meas-
urement from maps which include instrument noise and
primary CMB to an unbiased estimate of the disk pairwise
kSZ signal.
We then compute the average tSZ Compton-y parameters

and measure the corresponding average optical depth from
kSZ maps using aperture photometry. These estimates are
then used to model a ȳAP − τ̄AP scaling relation using

FIG. 12. Upper: the mean and 1-σ error of the AP [blue] & MF
[orange] pairwisemomentumestimator derived from theACTDR5
observations [90] for the L61 halo samples [57]. Lower: the
normalized likelihoods for AP [blue] & MF [orange]-obtained τ
estimates along with that obtained from the aperture photometry
analysis of the FL3 and FLlo simulations (104τ̄sims

AP ¼ 0.70� 0.02)
and tSZ derived estimates using the ȳAP − τ̄AP relation in (19). The
FL3 FLlo AP attenuation factor,Aτ ¼ 2.74, has been applied to the
MF to account for the difference between the AP amplitude, after
annulus subtraction, and that of the disk itself (which the MF
estimates).
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AP-derived observables across the mass range sampled by
the FLlo and FLhi catalogs. We demonstrate that using the
tSZ measurements with AP and the ȳAP − τ̄AP relation for
optical depth allows the inference of an unbiased estimate
of the optical depth compared with the pairwise kSZ
measurements using AP.
While aperture photometry is the principal approach

used to date to conduct pairwise analyses, the need to
accurately characterize the signal attenuation from annulus
subtraction motivates considering other alternative tech-
niques to cross-check. Here we propose a calibrated
matched filter approach and show that it can provide a
complementary method to aperture photometry to measure
the kSZ signal. The matched filter is typically used to
identify peaks embedded in a noise background without
conserving amplitude. Here, we have used the projected
NFW profile as the template signal and calibrated the scale
angle, θs, to ensure that the temperature obtained with the
matched filtered matches that of the kSZ signal within the
same 2.1′ disk (i.e. TMFðθsÞ ¼ Tdisk). We demonstrate that
this matched filtered approach works effectively to recover
an unbiased estimate of the pure-kSZ pairwise signal and
optical depth from maps including primary CMB and
instrument noise.
In [56,57], the mass-averaged optical depth derived from

the aperture photometry pairwise kSZ measurements of the
ACT DR5 f150 data was noted to be smaller than the
theoretical NFW-based prediction for the disk. We have
shown that the difference can be resolved by factoring in
the signal subtracted by the annulus for the 2.1′ aperture,
and have carefully calibrated this using simulations. We
also show that the AP and MF analyses provide comple-
mentary estimates of the cluster optical depth that are both
consistent with each other and consistent with that pre-
dicted from the Flender simulations for the FLlo halo
sample, selected to cover a similar redshift and mass range
and the NFW-based estimate. We conclude and propose the
feasibility of using the AP attenuation factor(i.e. Aτ) and
the MF signal template(i.e. θs) carefully calibrated from the
simulations to analyze the real data.
We have demonstrated that the pairwise kSZ estimator

can be used to accurately recover cluster properties such
as the optical depth using two complementary filtering
techniques as originally constructed. This includes an
additional step, factoring in the annulus signal subtrac-
tion, for the widely used aperture photometry approach.
For the matched filter approach, we show that calibration
of the signal template profile can provide an effective
alternative method.
The modeling of baryonic physics has an impact overall

on the signal extraction method used in this work. Since the

kSZ temperature profile varies under different baryonic
physics assumptions, the AP attenuation factor, the MF
signal template, and the ȳAP − τ̄AP relation discussed in this
work are all calibrated on cluster modeling under the
specific assumption of baryonic physics. We have consid-
ered baryonic modeling based on the Shaw model [64], in
which the gas initially follows the dark matter density
distribution(NFW profile [87]) and then follows the hydro-
static equilibrium model. This modeling includes the
effects of star formation, nonthermal pressure support,
and AGN feedback. As improvements in cluster hydrody-
namical gas modeling continue to develop (e.g., the
characterization of gas cooling [54]), there will be further
opportunities to refine these techniques to model the gas
physics and extract signatures of the underlying cosmo-
logical model.
This approach paves the way for future SZ measure-

ments from CMB observations. For different cluster sam-
ples, we can use simulations with similar redshift, mass
ranges, and map resolutions to obtain estimates of the AP
attenuation factor and MF signal template profile. The
connection between the simulations and observations can
continue to be refined in future work through, for example,
improvements in the baryonic modeling in the simulations
and characterization of the potential impact of miscentering
and errors in cluster mass estimation, currently inferred
from the proxy galaxy luminosity.
The findings show the potential for the kSZ pairwise

statistic to be a sensitive measure of cosmological cluster-
ing, and tests of gravity and the dark sector, as we prepare
for upcoming analyses with the complete ACT dataset, the
Simons Observatory, the CCATObservatory, CMB-S4, and
spectroscopic datasets from DESI, Euclid, and the Roman
Space Telescope.
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