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We present a 9.30 detection of the pairwise kinematic Sunyaev-Zel’dovich (kSZ) effect by combining a sam-
ple of 913,286 Luminous Red Galaxies (LRGs) from the Dark Energy Spectroscopic Instrument Data Release 1
(DESI DR1) catalog and co-added Atacama Cosmology Telescope (ACT DR6) and Planck cosmic microwave
background (CMB) temperature maps. This represents the highest-significance pairwise kSZ measurement to
date. The analysis uses three ACT CMB temperature maps: co-added 150 GHz, total frequency maps, and
a component separated Internal Linear Combination (ILC) map, all of which cover 19,000 square degrees of
the sky from Advanced ACTPol observations conducted between 2017 and 2022. Comparison of the results
of these three maps serves as a consistency check for potential foreground contamination that may depend on
the observation frequency. An estimate of the best-fit mass-averaged optical depth is obtained by comparing
the pairwise kSZ curve with the linear theory prediction of the pairwise velocity under the best-fit Planck cos-
mology and is compared with predictions from simulations. This estimate serves as a reference point for future
comparisons with thermal SZ—derived optical depth measurements for the same DESI cluster samples, which
will be presented in a companion paper. Finally, we employ a machine learning approach, trained on simula-
tions to estimate the optical depth for 456,803 DESI LRG-identified clusters within the simulated mass range
(2 10'3M,). These are combined with the measured kSZ signal to infer the individual cluster peculiar velocities,
providing the opportunity to constrain the behavior of gravity and the dark sector over a range of cosmic scales

and epochs.

I. INTRODUCTION

The kinetic Sunyaev-Zel’dovich (kSZ) effect, which arises
from the line-of-sight peculiar motion of free electrons in
galaxy clusters relative to the Cosmic Microwave Background
(CMB) rest frame, serves as a powerful probe of cosmologi-
cal structure formation and the large-scale velocity field of the
Universe [1, 2]. The detection of the kSZ effect also provides
an independent probe of large-scale structure to redshift-space
distortions (RSD) [3-7] and weak gravitational lensing [8—
12]. In contrast with the thermal Sunyaev-Zel’dovich (tSZ)
effect, which originates from inverse Compton scattering of
CMB photons by hot electrons in clusters, the kSZ effect
directly traces the peculiar velocities of galaxy clusters and
groups. This complements alternative methods with analy-
ses sensitive to galaxy bias and nonlinear clustering and weak
lensing requiring precise shape measurements of background
galaxies, making it a valuable tool for studying cosmologi-
cal structures and offering an independent avenue for testing
models of modified gravity and alternative dark energy mod-
els [13-17].

The pairwise kSZ statistic, which measures the average rel-
ative momentum of galaxy or cluster pairs, has emerged as
an effective approach to detect the kSZ signal [18]. Using
the large-scale coherence of velocity fields, this method sup-
presses uncorrelated noise and significantly enhances detec-
tion sensitivity compared to single-object velocity measure-
ments. Through statistical analysis of cluster or galaxy pairs,
it becomes possible to probe cosmic velocity fields and con-
strain key cosmological parameters, including the amplitude
of matter fluctuations, the growth rate of structure, neutrino
masses, and the nature of dark energy [19-24].

Luminous Red Galaxies (LRGs) are an important and use-
ful tool for many scientific studies. Since the most lumi-
nous galaxies within clusters are typically red and bright [25—
28], the main scientific goal of the LRG sample is to iden-
tify and trace clusters of galaxies to study large-scale struc-
ture [29, 30]. The first detections of the pairwise kSZ effect
were obtained by combining Atacama Cosmology Telescope
(ACT) data with LRG samples from the Sloan Digital Sky
Survey (SDSS), providing the first observational evidence of
the kSZ signal and marking a key milestone in cosmology
[31]. This measurement demonstrated the feasibility of using
the pairwise kSZ signal as a robust cosmological probe, mo-
tivating subsequent analyses with increasingly sophisticated
techniques and larger datasets. Building on this foundation,
later studies have extracted the signal with higher precision
by combining improved galaxy catalogs from BOSS, DES,
and DESI with later CMB maps from ACT and Planck, lead-
ing to higher sensitivity measurements and opening the door
to cosmological constraints [32—38].

The Dark Energy Spectroscopic Instrument (DESI) survey
[39] is a next-generation galaxy redshift survey designed to
map the large-scale structure of the Universe with unprece-
dented precision. DESI provides high-precision spectroscopic
redshifts for tens of millions of galaxies, quasars, and other
cosmological tracers across a wide redshift range. Meanwhile,
ACT Data Release 6 (DR6) delivers the deepest ground-based
CMB maps to date, with improved sensitivity, wide sky cov-
erage, and broad frequency coverage [40]. Coupled with the
DESI Data Release 1 (DR1) galaxy catalog, which contains
precise spectroscopic redshifts for millions of galaxies, this
analysis significantly improves the sensitivity of the LRG kSZ
measurements.



In this work, we exploit the synergy between ACT DR6
maps and the DESI DR1 galaxy catalog to perform a com-
prehensive analysis of the pairwise kSZ signal. Our goal is
to sensitively measure the pairwise kSZ effect and address the
limitations of previous LRG studies. In addition, we incor-
porate machine learning methods to directly infer individual
cluster optical depths and peculiar velocities, thereby enabling
more robust pairwise velocity estimates. This study forms part
of an upcoming series of analyses leveraging DESI DR1 and
ACT DR6 data to measure the pairwise kSZ and tSZ effects
with various galaxy and cluster tracers [41-43, in prep.].

The structure of this paper is as follows. Section II de-
scribes the datasets used in our analysis, focusing on the char-
acteristics of ACT DR6 and DESI DR1. Section III introduces
the methodology and statistical tools. Section IV presents the
main results, and Section V summarizes the key findings and
discusses the prospects for future improvements and analyses.

II. DATA
A. ACT DR6 data

The Atacama Cosmology Telescope (ACT) was a ground-
based millimeter-wavelength telescope that was designed to
map the CMB with high angular resolution and sensitivity,
allowing detailed measurements of temperature and polar-
ization anisotropies across a wide range of angular scales
[44, 45]. The resulting dataset enabled high-precision studies
of CMB power spectra, gravitational lensing of the CMB, and
the SZ effect from massive galaxy clusters, providing inde-
pendent constraints on the standard cosmological model and
the history of structure formation in the Universe [46]. This
analysis uses three CMB temperature maps from ACT Data
Release 6 (DR6) [47]. The maps are derived from data col-
lected between 2017 and 2022 and are combined with Planck
data [48], covering a sky area of 19,000 square degrees.

The “f150" map is a combined frequency-specific map cen-
tered at 150 GHz (124-172 GHz). The “ftot" map is an opti-
mally inverse-noise-weighted combination of observations at
98, 150, and 220 GHz, designed to maximize the signal-to-
noise ratio for CMB anisotropies. Finally, we use the DR6
CMB internal linear combination (“ILC") map [49] without
tSZ deprojection, which integrates multi-frequency data from
ACT and complementary information from Planck, spanning
frequencies from 30 GHz to 545 GHz.

In addition to the CMB ILC temperature maps, we also use
the DR6 Compton-y ILC map [50], which provides a mea-
surement of the thermal tSZ effect across the sky. In this case,
the ILC technique isolates the tSZ signal through linearly
combining maps at different frequencies in a way that min-
imizes contamination from other astrophysical foregrounds
and instrumental noise, while preserving the unique spectral
signature of the tSZ effect. ACT DR6 CMB gravitational
lensing convergence maps, covering the same sky area as the
three CMB temperature maps described above, are also used
in this work [51, 52]. These trace the projected total matter
density along the line of sight, reconstructed from the subtle
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FIG. 1. The redshift distribution, showing the number of LRGS, Ny,
in the sample from DESI DR1 [blue] analyzed in this work and, as a
reference, from SDSS DR15 [orange] studied previously in [35].

distortions imprinted on the CMB by intervening large-scale
structures. These maps are not used directly in the pairwise
kSZ-estimator analysis, but instead are employed to train the
models used to infer the optical depth.

B. DESIDRI1 data

The Dark Energy Spectroscopic Instrument (DESI) is con-
ducting a spectroscopic survey designed to investigate the na-
ture of dark energy by mapping the three-dimensional distri-
bution of over 40 million galaxies and quasars [39, 53, 54]
with precise redshift measurements, and is expected to reach
a total of over 60 million targets. The resulting large-scale
structure data will allow for high-precision studies of baryon
acoustic oscillations and redshift-space distortions, providing
critical constraints on cosmological models and the expansion
history of the Universe [55, 56]. Following the DESI Survey
Validation phase [57], the Early Data Release (EDR) [58] and
the First Data Release (DR1) [59] were completed.

We use the Luminous Red Galaxies (LRGs) sample [60—
62] from DR1. Our spectroscopic LRG sample is selected
following the DESI Key-Project (KP) [63]. The selection pro-
vides 2,388,542 galaxies with luminosities derived from the
absolute magnitudes listed in the DESI Value Added Cata-
log (VAC) [64] that is constructed by jointly fitting DEST’s
observed-frame optical spectra and broadband photometry
with physically motivated stellar population synthesis and
emission-line templates to derive galaxy physical properties.
Within the sample, 1,689,748 galaxies overlap with the ACT
DR6 f150 map. Following [35], we performed an inverse
white noise variance cut at a level of 45 uK per pixel to the
overlapping sample, which removes 69,406 galaxies. Galac-
tic plane masking was then applied using the mask that is
used in generating the 2015 Planck Compton-y map [65] to
minimize contamination from the Milky Way. A conserva-
tive 50% mask was chosen to exclude sources located near



FIG. 2. ACT DR6 and DESI sky coverage. Background shows the ACT DR6 150GHz map. Shaded colored region shows the selected DESI
region footprint, and color shows the average noise level in the ACT 150 GHz map. Gaps in coverage result of combining the DESI footprint

with the point source, and galactic mask as described in Section II.

f150 & ftot ILC ILC (2 < 0.8)

Bin Lumm?()sny cut Mass l(;ut M Nau @ Nau Nau
Label (10"°Ly) (10" M)

L36 L>36 M > 0.38 957,095 0.76 913,286 512,437
L48 L>438 M > 0.63 718,542 0.78 685,766 364,878
L60 L>6.0 M > 0.96 478,585 0.81 456,803 219,341
L79 L>179 M > 1.65 239,567 0.85 228,650 92,729
L98 L>9.8 M > 2.59 119,353 0.88 114,024 40,387
L36D 36<L<48 0.38 < M < 0.63 238,553 0.71 227,520 147,559
L48D 48 <L <6.0 0.63 < M < 0.96 239,957 0.73 228,963 145,537
L60D 6.0<L<79 0.96 < M < 1.65 239,018 0.77 228,153 126,612
L79D 79<L<938 1.65 < M < 2.59 120,214 0.81 114,626 52,342

TABLE I. Overview of the nine luminosity-selected samples used in this study (5 cumulative and 4 disjoint), along with the corresponding bin
labels referenced throughout the paper. For each sample we list the host halo mass range (M,;), the number of galaxies (Ng,), and the average
redshift ((z)). The number of galaxies for both ILC and ILC (z < 0.8) samples are also listed.

the Galactic plane, which led to the removal of 392,003 addi-
tional sources. We use a 50% cut, consistent with the crite-
rion adopted in previous work [35]. Using a larger cut such
as 70% would significantly reduce the number of objects for
analysis. We finally mask point sources using the point source
and cluster catalog used in the ACT DR6 map production pro-
cess. Following [66], a 15 mJy point source mask at 10’ ra-
dius was used in the Deep 56 (D56) region [67], a 680 sq.
deg. deep sky patch from the ACT surveys, while a 100 mJy
mask at 5’ radius was applied in the rest of the areas. The
point source mask removes 7,071 sources from the sample.
Using the same point source and cluster catalog and follow-
ing [68], we also mask out LRGs that are close to massive tSZ
clusters as very massive clusters can dominate and skew the
measurements. The final catalog selection, after applying all
masks, contains 1,197,347 galaxies. The redshift distribution
of this sample is shown in Fig. 1 and in Fig. 2 we present the
overlap between our selected sample and the ACT DR6 150
CMB map. In Fig. 1, we also show the redshift distribution of
the LRGs sample previously studied in [35] for comparison.
The DESI DRI sample, extending from 0 < z < 1.5, with a
peak around z = 0.8, probes deeper into the Universe relative
to SDSS DR15, which was confined to lower redshifts, cov-

ering 0 < z < 0.8 and peaking at z = 0.55. Most pairwise
kSZ analyses to date (e.g., [31, 32, 34, 35, 37]) have focused
on SDSS galaxy cluster samples at relatively low redshifts,
z < 0.8. With its extensive sky coverage, high target density,
and precise redshift measurements, DESI enables the system-
atic identification and study of tracer galaxies and galaxy clus-
ters to significantly higher redshifts, extending well beyond
z > 1. In this work, in addition to studying the full dataset, we
will also perform an analysis of the z < 0.8 subsample on the
ILC map to ensure continuity with previous studies.

We divide the sample by luminosity using the 20th, 40th,
60th, and 80th percentiles, corresponding to luminosities
L(10'°Ly)= 3.6, 4.8, 6.0 and 7.9, referred to as L36, L48,
L60, L79 respectively. We also consider the equivalent dis-
crete bins and additionally include a sample with a luminosity
cut of 9.8 x 10'°L, enabling a continuous comparison with
the sample defined in [35]. The properties of the samples in
each luminosity-selected bin are outlined in Table I, which in-
cludes luminosity-inferred mass ranges, the number of galax-
ies, and the average redshift and luminosities of each bin. We
notice that the ILC map has a slightly different footprint from
the f150 and ftot maps near the edges. Therefore, we exclude
some objects in the ILC sample that lie close to the apodized



map boundaries. The mass estimates are derived following
the approach described in [66]: stellar masses are first com-
puted from galaxy luminosities using the mass-to-light ratio
[69-71], and halo masses are then inferred via the stellar—halo
mass relation [72]. Our primary analysis uses the L36 sample
of 957,095 galaxies. Note, by comparison, that the previous
analysis in [35, 66] considered 343,647 galaxies with the low-
est luminosity cut of 4.3 x 10'0L,.

1. METHODS
A. Secondary Anisotropies

The kSZ effect arises from inverse Compton scattering of
CMB photons off electrons moving with bulk velocities, im-
printing anisotropies proportional to the line-of-sight momen-
tum of the ionized gas, and is given by:

ATisz _ o1

= n.(v - M)dl, 1
Teas p (v-h) (L

where o7 is the Thomson cross-section, n, is the electron
number density, v is the peculiar velocity of the electrons, and
fi is the line-of-sight unit vector.

In contrast, the tSZ effect originates from inverse Comp-
ton scattering of CMB photons by hot electrons within galaxy
clusters, altering the CMB’s spectral energy distribution. The
resulting temperature change is given by:

AT,
T =, @)
CMB
and
k
y=22 [nra 3)
m,c
where f(v) = xcoth(x/2) — 4, x = T T , ¥ is the Compton

parameter, 7, is the electron temperature m, is the electron
mass, and kg is Boltzmann’s constant.

Gravitational lensing of CMB photons by intervening struc-
tures distorts the observed anisotropies through lensing con-
vergence «, defined as:

3H Q. (X « —x) o(yn,
X a(y)

where H is the Hubble constant, w,, is the matter density pa-
rameter, y is the comoving radial distance, y. is the comoving
radial distance to the last scattering surface, ¢ is the density
contrast, and a(y) is the scale factor. This formalism is ap-
plied in Sec. IV B.

We measure the kSZ and tSZ signal using aperture pho-
tometry (AP). The method involves computing the tempera-
ture decrement in a central aperture and subtracting the aver-
age temperature in a surrounding annulus of equal area. The
aperture photometry estimate of the signal at the location of a

galaxy cluster is given by:
> 5)
211’111

TAP——ZT—

Nap icap jeann

where T; are the temperature values of the pixels within the
aperture, T'; are the temperature values of the pixels in the an-
nulus, and Ny, and Ny, are the number of pixels in the aper-
ture and annulus, respectively.

For the kSZ temperature, following [31, 32, 35], we use an
aperture size equal to 2.1’,which is also a good fit for our sam-
ple. We have also tested alternative aperture sizes of 1.5” and
2.5" around the fiducial value of 2.1’, and find that the signal-
to-noise ratio peaks at 2.1’, consistent with previous findings
[73, 74]. We also subtract a redshift smoothed temperature,
T4p, to the AP measurement T4p. The aim is to eliminate pos-
sible contamination that could imitate a pairwise signal when
comparing aperture temperatures of objects at different red-
shifts, and it is given by:

2 Tapr(zi) exp ( ﬂ)

Tap(z) = pa—
=y

(6)

where we use o, = 0.01 as in [32, 35].

As discussed in [74], aperture photometry can suffer sys-
tematic signal attenuation, particularly when signals of inter-
est extend into the background annulus. Since the annulus is
typically used to estimate and subtract the local background,
any genuine signal present in this region is mistakenly re-
moved, leading to an underestimation of the true source am-
plitude. Following the method described in [74], we also cal-
culate the AP correction factor, A4p, to account for the signal
attenuation introduced by background subtraction. Applying
Aap, we can recover an unbiased measurement of the kSZ sig-
nal from the central disk , mitigating the biases that arise from
the overlap of extended kSZ signal profiles with the annulus.

B. Pairwise statistic

The pairwise velocity statistic is a fundamental tool for
probing the large-scale dynamics of cosmic structure. Defined
as the mean relative velocity between pairs of galaxies (clus-
ters) as a function of their comoving separation, the pairwise
velocity is given by:

2i<jvi = vj)cij

V(r) = -
Di<j Cizj

) (N

where r is the comoving separation between two objects and v
is the line-of-sight velocity of a cluster. The geometric weight
c;j projects the velocity difference along the line of sight and
is formulated as follows:

I','+l'j
2

(ri —rj)(1 +cosa)

b
2\/ri2 +7; = 2rirjcosa

®)

Cij = Lij -

where F; and £, are unit vectors in the direction of objects i and
J» ri and r; are their comoving distances, and cosa = F; - F;
defines the angle between the two lines of sight. The vector
F;; denotes the unit separation vector between the pair.



In practice, this velocity signal is often inferred from the
kSZ effect. The pairwise kSZ momentum estimator is given
by:

2li<j (ATkSZ,i — ATxsz, j) cij

2
Zi<j C,'j

; )

Pisz(r,2) = —

where ATz is the observed temperature fluctuation at object
i due to the kSZ effect, computed as T4p — T4p. The sums in
Egs. 9, 6, 5 are implemented in the pipeline described in Ref.
[75].

In accordance with [35], our analysis is conducted using
radial separation bins (e.g. used in Fig.3 and 4), starting with
evenly spaced intervals of 10 Mpc centered between 5 and 145
Mpc. In addition, we include four broader, non-uniform bins
centered at 175, 225, 282.5, and 355 Mpc.

We also model a theoretical prediction for the observed
pairwise velocity using linear theory [76] and the best-fit
Planck cosmological parameters [77]. Following [23, 24], it
is calculated as

2 f@H@r &2
3 14z 1+&0n2)°

where f(z) denotes the linear growth rate and H(z) is the Hub-
ble parameter. The functions &, and &, represent the 2-point
halo correlation function and its volume-averaged form, re-
spectively [20, 76]:

V(r,z) =

(10)

69 = 5 f k2 jo kP B2 H), (1)

Biro = f dr' e DO K). (12)
0

Here, P(k,z) is the linear matter power spectrum and
Jo(x) = sin(x)/x is the zeroth-order spherical Bessel function.
The quantity b;lq) denotes the g-th order mass-averaged halo
bias moment, defined as:

o a dM M (M, 2) (M) WALKR(M, 2)]
b () =

k)

[ dM M n(M, z) W2[kR(M, 2)]

where n(M, z) is the number density of halos of mass M, based
on the halo mass function from [78]. The top-hat window
function is:

Sin x — xcos x

W) =3

The characteristic scale of a halo with mass M is:

3M ]1/ 3
4np(z)

R(M,z) = [

with p(z) being the average matter density of the Universe.
This scale represents the physical size of a dark matter halo of
mass M at a given redshift z.

C. Mass-averaged optical depth estimate

The theoretical expression for the observed pairwise kSZ
momentum is given by

T N
MB 2V (1, 2), (14)

Pun(r,2) = -

where 7 denotes the effective mass-averaged optical depth
across the cluster samples and z is the mean redshift. We
compare the theoretical predictions for the pairwise veloc-
ity with our measurements of the pairwise kSZ momentum.
Since the derived 7 values are computed by dividing by the
theoretical pairwise velocity, they are contingent on the accu-
racy of the theoretical pairwise velocity values. We omit two
bins with » < 20 Mpc as nonlinear velocity effects, not ac-
counted for in the linear theoretical model for V described in
(10), become significant at these scales. We have performed
a robustness test varying the minimum separation used in the
fit, rmin = 20, 30,40 Mpc, and find that the best-fit Tap shifts
by < 3% across these choices, consistent with the expected
(few—10%) level of non-linear corrections [32, 34, 79] in this
separation range and well within our statistical uncertainties.

We use the chi-squared statistic to evaluate the likelihood
of effective mass-weighted optical depth T,

K@= ApmC; Ap,). (15)
i

where AP;(T) = P;1,(T) — P;obs> With P; ¢, (7) representing the
theoretical kSZ pairwise momentum prediction at cluster sep-
aration r; for a given average optical depth 7, and P, ,, be-
ing the observed value. Ci_jl is the inverse of the covariance.
A comparison of jackknife, bootstrap and simulation-derived
covariance estimation methods for the ACT-SDSS pairwise
statistic [35] found that the covariance matrix estimated by
bootstrap analysis with 1000 iterations was in good agree-
ment with that estimated from noise simulations while the
jackknife resampling overestimates the covariance (possibly
because the resampling by excision of subsamples rather than
replacement can remove one of the clusters in pairs that span
across subsamples leading to a biased estimate). We there-
fore use the same bootstrap method to estimate the covari-
ance, Ci j» here. Under the null hypothesis of no kSZ signal,
we have T = 0. While we report SNR evaluated relative to
the zero-signal case for comparison, throughout the paper we
quote the detection significance evaluated at the best-fit signal
amplitude as the headline detection significance.

The best-fit value is obtained at )(fnin, and we compute the
Probability-To-Exceed (PTE), which quantifies the probabil-
ity of obtaining a larger chi-squared value:

00

X2 (x) dx, (16)
sznin

PTE =

where x?, is the chi-squared distribution with m degrees of
freedom.

In accordance with [35], the signal-to-noise ratio (SNR) is
calculated assuming the signal is given by the best-fit theoret-



ical model:

SNR(D) = [ pn(DC (D). (17)

ij

It is important to note that we use aperture photometry to
measure the kSZ temperature. Consequently, the pairwise
kSZ curves calculated from T4p will also be attenuated, as
discussed in Sec. II A. Therefore, the best-fit optical depth
derived using the method described in this section will also be
attenuated and is denoted as T4p.

D. Peculiar velocity estimation

In addition to the effective mass-averaged optical depth, we
also estimate the kSZ-weighted optical depth for each indi-
vidual galaxy cluster using the machine learning method de-
veloped in [80] (for more details, please refer to the paper).
The machine learning model uses a Gradient Boosted Deci-
sion Trees (GBDT) algorithm to make prediction. GBDT is
an ensemble learning method that builds a sequence of de-
cision trees, where each new tree corrects the errors of the
previous trees, improving accuracy by iteratively minimizing
errors using gradient-based methods. The model is trained
on the Simons Observatory Forecast simulation [81], which
delivers a comprehensive suite of simulated kSZ, tSZ, and
lensing convergence maps, together with an associated halo
catalog. The method, as described in [80], uses a combi-
nation of model features measured from tSZ, using aperture
photometry (in contrast to analyses in which the cluster tSZ
signals are stacked), the lensing convergence, extracted via
a machine-learning—based filtering model, and cluster mass
achieved from the catalog to estimate the optical depth for the
cluster independently.

This kSZ-weighted optical depth estimate is then used to
combine with the kSZ temperature to estimate the peculiar
velocity of each individual galaxy via

4 Tap

Vpred = — (13)

Tpred Tcus ’
Then, we use these derived velocities and (7) to reconstruct
the pairwise velocity statistic. Similar to the pairwise kSZ
curves discussed above, the velocity is derived from T4p.
Consequently, the corresponding pairwise velocity is attenu-
ated by a factor of A4p as discussed in Sec. IIT A.

IV. RESULTS

A. Pairwise kSZ momentum and mass-averaged optical depth
measurements

In Fig. 3 and 4, we present the pairwise kSZ momentum
curves derived from the ftot, f150, and ILC maps with 1o
uncertainties derived from bootstrap analyses. For the L36,
L48, L60, L79, and L.98 samples, we find that the peak am-
plitude of the pairwise kSZ curves increases as the average

luminosity of the sample increases, consistent with the expec-
tation that the clusters formed in more massive halos possess
greater optical depths and larger gravitational potentials and
therefore larger pairwise velocities. On scales r > 20Mpc,
velocity correlations are theoretically predicted to be linear
[31, 32, 35, 82-84], and the negative pairwise signal is in-
terpreted as evidence of gravitational infall between pairs of
galaxy clusters as they are drawn toward one another due to
their mutual gravitational attraction. As the physical separa-
tion between the cluster pairs increases, the strength of the
gravitational interaction decreases, resulting in a weaker in-
fall signal. For the discrete luminosity samples L36D, L48D,
L60D, and L79D, we find that the kSZ signal becomes less
significant as both average mass and sample size decrease.

For each luminosity-selected sample, the corresponding
pairwise kSZ curves derived from the three complementary
maps (i.e., ftot, f150, and ILC) show agreement within the
1o uncertainty. This consistency suggests that the results are
resistant to substantial and unique sources of contamination
arising from foreground emissions that vary with frequency.
In other words, even though each map employs observations
in different effective frequencies, the agreement among the
kSZ signal measurements implies that no single map is dis-
proportionately affected by foreground interference, thereby
affirming the reliability of the findings. These findings also
extend to the low redshift sample (i.e., z < 0.8), and we also
observe a good agreement with the full sample results within
1o uncertainty, with no significant difference between the full
and low redshift samples.

The pairwise kSZ signal is detected with high significance
using the ILC map, with the SNR relative to the null signal
varying based on the galaxy sample selection. We find that the
detection significance improves as the sample size increases.
The SNR increases from 5.60" for the 198 sample to 8.40 for
L79, 8.90 for L60, and 9.90 for L48, ultimately peaking at
10.20 for the L36 sample. In the meantime, at roughly fixed
sample size, as the sample luminosity increases the SNR for
the corresponding discrete sample also increases ranging from
4.50 for L36D, up to 5.10 for L48D, 5.30 for L60D, and 6.00
for L79D.

Using Eq. (14), we estimate the effective mass-averaged
optical depth, T4p, by comparing the measured pairwise kSZ
momentum curves for » > 20Mpc to the theoretical linear
prediction given in (10). For each of the pairwise kSZ curves
shown above, we summarize the best-fit mass-averaged op-
tical depth constraints in Table II. The ILC map consistently
gives the best detection of the mass-average optical depth over
different luminosity bins compared with the other two maps.
We find that the ILC map yields systematically higher 74p
than f150/ftot across most luminosity bins. This is expected as
the ILC map has a substantially different beam size, which can
lead to consistently larger values of T4p, as discussed in [74].
The best measured detection of mass-averaged optical depth
is obtained with the ILC map L36 sample, yielding SNR =9.3
with x? = 18 for 17 degrees of freedom. This measurement
achieves a 72% improvement in SNR compared with our pre-
vious work [35], which used the ACT DRS5 150 GHz CMB
map and the SDSS DR15 LRG sample. The improvement is
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FIG. 3. Measured pairwise kSZ momentum curves for the ILC [black circle], z < 0.8 ILC subsample [green], f150 [blue cross], and ftot
[orange square] maps, based on sources in nine luminosity-selected galaxy tracer samples. From top to bottom, these samples are: 136, L48,
L60, L79, and L98. Two different vertical scales are used, scaled to their respective amplitudes. 1o uncertainty error bars obtained through
bootstrap analysis are also presented. In this study, we concentrate on scales r > 20 Mpc, and consequently shade the region corresponding to
r < 20 Mpc.



0.40
0304 L79D
0.20
& 0.10 A l
2 o
N 0.00 ! | T o o og
<& -0.10 1 T
-0.20
-0.30
-0.40 ; ; ; ; : ; . .
0 50 100 150 200 250 300 350
0.15
L60D
< & P
[
X
Q.
0.20 : ; ; ; . ; . .
0 50 100 150 200 250 300 350
0.15
L48D
0.10
0.05 - |
¥ oo & o o ¢
E -0.05
Q.
-0.10 -
-0.15
0.20 . ; . ; ; ; . ;
0 50 100 150 200 250 300 350
0.15
0.10 - L36D
0.05 -
< 1
i:‘ 0.00 | ‘ % oo S o DR
% -0.05 - 45|¢ IEF b I
s ¢ ILC(z<0.8)
0-107 ¥ f150
-0.15 b ftot
0.20 ; ; ; ; ; ; . .
0 50 100 150 200 250 300 350
r(Mpc)

FIG. 4. Same as Fig. 3, but for disjoint luminosity samples: L36D, L48D, L60D, and L79D. Two different vertical scales are used, scaled to

their respective amplitudes.

primarily driven by the increased sample size obtained from
using the LRG sample from the DESI spectroscopic galaxy
survey. The L48 sample achieves a comparable, but slightly
lower, SNR of 9.2, but with a better /\/2 = 13. The SNR in-
creases as signal uncertainties decrease, primarily driven by
the increasing number of galaxies in the luminosity bin. The
results demonstrate that the signal is not reliant on the smallest
mass halo bin, but that bin does modestly improve the results

through reducing statistical errors by increasing the sample
size while contributing a smaller amplitude to the pairwise
momentum signal.

In Fig. 5, we present the likelihood distributions of the fit-
ted mass-averaged optical depth for each of the pairwise kSZ
curves. The best-fit values are consistent across all three maps,
indicating robustness in the measurement, which disfavors a
dominant contribution from residual CIB or radio contami-
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ftot
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Tap (X107

2
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PTE
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Tap (x1074)

2
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PTE

SNR

Tap (X107

2
Xmin

PTE

SNR

Tap (X107

2
Xmin

PTE

SNR

L36
L48
L60
L79
L98

0.36 + 0.05
0.37 £ 0.06
0.39 £ 0.07
043 +£0.10
0.45+0.16

18
15
15
20
15

0.33
0.51
0.50
0.22
0.55

12
6.8
5.7
4.2
2.8

0.42 + 0.06
0.43 + 0.06
0.44 +0.08
049 £0.11
0.55 +0.18

18
16
15
29
15

0.29
0.45
0.53
0.05
0.50

1.5
7.1
53
4.1
3.1

0.46 + 0.05
0.51 +0.06
0.54 £ 0.07
0.58 £0.10
0.62 +0.16

18
13
16
25
15

0.33
0.70
0.47
0.05
0.56

9.3
9.2
8.1
54
3.9

0.41 £ 0.07
0.43 £ 0.08
0.54 +0.11
0.72 £ 0.19
0.72 £ 0.32

19
12
15
23
13

0.26
0.75
0.54
0.14
0.70

59
53
4.9
39
23

L36D
L48D
L60D
L79D

0.36 +0.10
0.36 +0.10
0.23 +0.10
0.36 +0.16

21
18
10
17

0.17
0.35
0.88
0.39

3.6
3.7
23
22

0.36 £ 0.12
0.43 +£0.11
0.25 £ 0.11
0.34 £ 0.18

16
17
7

19

0.45
0.40
0.98
0.27

3.1
4.0
23
1.8

0.27 £0.11
041 +0.10
0.45 £0.11
0.51 +0.17

12
13
10
25

0.74
0.68
0.90
0.07

2.5
4.1
42
32

0.28 +0.13
0.35+0.13
0.38 + 0.14
0.54 + 0.26

13
12
10
24

0.68
0.76
0.91
0.10

2.1
2.6
2.7
22

TABLE II. Summary of the best-fit T4p values and associated 1o~ uncertainties for the DR6 ftot [left], f150 [center], ILC and ILC (z < 0.8)
maps [right], based on nine luminosity-selected galaxy tracer samples. The fitted values are obtained by comparing the observed pairwise kSZ
curves with the theoretical pairwise velocity derived from the best-fit Planck cosmology. The uncertainties are estimated using the bootstrap
method. The corresponding x? values (for 17 degrees of freedom), signal-to-noise ratio (SNR), and probability to exceed (PTE) are also listed

for each case.

nation (which would generically induce frequency-dependent
shifts). In addition, [35] directly tested residual tSZ leak-
age by repeating the pairwise-kSZ/optical-depth measurement
using an ILC map with tSZ deprojected and found no evi-
dence for a bias relative to the baseline ILC case (with in-
creased noise), providing an explicit constraint on potential
tSZ contamination. As the sample size increases, the con-
straints on the optical depth become progressively tighter as
progressively lower luminosity thresholds are applied. We
also find that in most cases the best-fit mass-averaged op-
tical depths are consistent between the low-redshift sample
(z < 0.8) and the full sample, indicating that the inclusion of
high redshift objects does not affect the measurements sig-
nificantly. We find no statistically significant evidence for
redshift evolution of optical depth within the redshift range
probed by our sample. Similar observation is also reported
in [34] and the authors discussed that a weak optical depth
redshift evolution should be expected. This behavior is also
qualitatively consistent with results from cosmological hydro-
dynamical simulations[73, 81, 85], which generally predict
only weak redshift evolution of the halo optical depth for sam-
ples selected at fixed mass or luminosity over similar redshift
ranges. This is consistent with theoretical expectations for
a fixed tracer selection, for which the average optical depth
is primarily determined by the typical halo mass and baryon
content of the sample. Since these quantities are not expected
to evolve strongly over the redshift range considered, any in-
trinsic redshift evolution of the optical depth is expected to
be weak and below our current sensitivity. In the figure, we
also show the optical depth for each cluster sample, derived
from a simulation [73]. We use simulated kSZ maps based
on post-processed N-body simulations. The underlying N-
body simulation adopts a WMAP7 cosmology and resolves
halos identified with a friends-of-friends algorithm. For each
halo, a single mass-weighted peculiar velocity is assigned and
used to model the kSZ signal. The intracluster gas distribu-
tion follows a physically motivated gas prescription assum-
ing hydrostatic equilibrium, and includes contributions from

both halo gas and diffuse gas outside halos. This simulation-
based optical depth corresponds to the best-fit value obtained
by comparing the pairwise kSZ curves with the pairwise ve-
locities measured from the simulated halo catalog and the sim-
ulated kSZ map. We are also using aperture photometry to
measure the kSZ temperature from the simulated kSZ maps,
and thus, the derived optical depth is T4p. We find that the
simulation-derived optical depth agrees well with the ILC re-
sults, is slightly larger than the 150 GHz results, but remains
well within the 1o uncertainty. This value serves only as a
reference and as a cross-check of the robustness of our ACT
x DESI pairwise kSZ—derived optical depth. A more detailed
study of the ACT x DESI tSZ-derived optical depth will be
presented in a forthcoming companion paper. In Appendix A,
we also conduct a null test to support the significance of our
measurements.

B. Pairwise velocity inference

Using the machine learning method developed in [80], we
performed a high-fidelity measurement of the peculiar veloc-
ity by estimating the optical depth for each individual galaxy
cluster within our L60 sample. We focus specifically on the
L60 sample, as its mass range is commensurate with that of
the halos in the simulations used to train the machine learn-
ing model, ensuring that our measurements closely mirror the
conditions under which the model was developed. This min-
imizes potential biases and allows for a more reliable and ac-
curate application of the model to our observational data.

We employed a multi-probe methodology, extracting syn-
ergistic information from different observational tracers of
large-scale structure. We extract the features for the machine
learning model from the tSZ Compton-y map and the lensing
convergence kK map, and use virial mass estimates to infer the
optical depth.

The machine learning algorithm was trained to learn the
complex, non-linear relationship between these observables
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The optical depth derived from the simulations is also presented for reference.

and the underlying gas properties, ultimately yielding a high-
fidelity estimate of the optical depth for each individual clus-
ter. Combining these machine learning predicted optical depth
estimates with the kSZ temperature measurements, we then
derive the peculiar velocities of individual clusters using (18).
Using (7), we calculate the pairwise velocity from the derived
individual galaxy velocities and we estimate the uncertainties
with the bootstrap analysis. The scatter and any residual bias

in the predicted optical depth, 7,4, are implicitly propagated
into the velocity covariance by estimating the covariance of
the pairwise velocity using bootstrap resampling of the recon-
structed velocities.

The results are presented in Fig. 6, along with the linear the-
oretical prediction based on the best-fit Planck cosmology. In
the figure, we also present the pairwise velocity derived from
the simulation for a sample similar to the L60. As discussed in



---- theory
simulation
¢ ML prediction

|
Hﬁ‘ﬁ

V [km/s]

T T T T T T T
50 100 150 200 250 300 350

FIG. 6. The pairwise velocity statistics and their 1o~ uncertainties
[green circle] for the L60 sample. The results are derived using ILC
kSZ temperature measurements and optical depths predicted via the
GBDT machine learning algorithm, based on data combining tSZ,
k, and M,;, information for each cluster [80]. The predicted linear
pairwise velocity for the best-fit cosmology based on Planck data is
also presented for comparison [black dashed line]. We also present
the pairwise velocity derived from the simulation for reference [grey
shaded region].

Sec. IIT A, we apply a correction factor A4p = 2.73 to account
for the signal attenuation introduced by the aperture photom-
etry measurement [80]. This factor is derived by taking the
ratio of the pairwise kSZ signal measured with the AP filter
to that obtained using a disk filter, following the procedure
described in [74]. We find that the reconstructed pairwise ve-
locity agrees well with the theoretical prediction based on the
Planck best-fit cosmology for r > 20 Mpc, achieving an SNR
of 8.5, X2 = 10, and PTE = 0.92 for 17 degrees of freedom
with 456,803 galaxies. This provides roughly a two-fold im-
provement in SNR compared to the ACT DRS x SDSS DR15
analysis reported in [80], which obtained an SNR of 4.5 using
117,384 LRGs. We find that the observed pairwise velocity is
consistent with both the linear prediction and the simulation
within 1o uncertainty for scales above 40 Mpc.

V. CONCLUSION

In this work, we present a comprehensive analysis of pair-
wise kSZ curves, using three distinct maps derived from the
ACT DR6 data products. Our analysis is based on the f150
and ftot ACT-Planck co-added maps, which combine data
from both observatories to enhance signal-to-noise ratio, and
the component-separated ILC map, which effectively isolates
the CMB signal from foreground contaminants. These three
maps serve as a robust check on our results, mitigating poten-
tial systematic effects inherent to any single data processing
pipeline.

We use the LRGs from the DESI DR1 catalog as tracers
of the galaxy clusters. We have conducted careful selection
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of the galaxy (cluster) samples based on their luminosity, a
key physical property that correlates with the mass of the host
halo while masking out objects located near the galactic plane,
close to point sources and massive tSZ clusters, as well as
those with high white noise variance in the map. We have di-
vided the DESI catalog into nine distinct luminosity bins. The
lowest luminosity cut applied in this study is L > 3.6x10'°L,.
Our careful selection and binning strategy allows us to inves-
tigate the dependence of the kSZ signal on cluster properties
and to compare our findings with theoretical predictions for
the pairwise velocity of the large-scale structure. As discussed
in Section II, the inverse-noise cut affects the sample size the
most, in addition to the Galactic-plane mask. Adopting a more
conservative inverse-noise threshold of 40 uK/pixel instead of
45 uK/pixel removes less than 4% of the sample. The point-
source mask and the masking around very massive tSZ clus-
ters have only a minor impact on the sample size. For the
Galactic-plane mask, the mask map is available only in three
discrete options (30%, 50%, and 70%). Adopting the most
conservative 70% mask would significantly reduce the usable
area and hence the sample size. Therefore, the practical free-
dom to vary this choice is limited. Thus, our main results
would be stable under plausible variations of these thresholds.
A dedicated quantitative assessment of these effects is beyond
the scope of this work and is left for future study.

Using uncertainties estimated from the bootstrap analysis,
we derive the mass-averaged optical depth by comparing the
observed pairwise kSZ momentum with the theoretical pair-
wise velocity assuming the best-fit Planck cosmology for each
sample. Among all the galaxy tracer samples, the highest-
significance detection of the pairwise kSZ signal was achieved
with the 136 sample using ILC map, which is composed of
913,286 luminous red galaxies. This sample yielded a 9.30
detection, providing a highly significant measurement of the
kSZ effect, representing a 72% increase in the SNR compared
with our previous work, which used the ACT DRS5 150 GHz
CMB map and the SDSS DR15 LRG sample. This represents
the highest-significance pairwise kSZ measurement to date,
and this high significance underscores the statistical power of
our large galaxy catalog. Furthermore, we have obtained con-
sistent measurements of the optical depth when using the co-
added 150 and ftot maps, as well as the component-separated
ILC map. The fact that our results are consistent across these
three independent frequency analyses is a validation of our
measurement pipeline. It suggests that potential foregrounds
or systematic effects that might vary with frequency do not
bias our results, confirming the robustness of our findings. In
addition, we also find good agreement between the results ob-
tained from the full sample and those from the low-redshift
subsample.

To further validate the robustness of our kSZ measure-
ments and its derived fitted mass-averaged optical depth, we
performed a simple cross-check by estimating the optical
depth from the simulation for each sample. This estima-
tion was also derived by comparing the pairwise kSZ curves
with the pairwise velocities measured from the simulation.
This simulation-derived optical depth serves as an indepen-
dent reference point for comparison with our primary kSZ-



derived results. We found that the optical depth estimated
from this simple method agrees well with the ACT x DESI
optical depth inferred from our pairwise kSZ measurements,
particularly those derived from both the 150 GHz and the ILC
maps. The consistency of these values, well within the 1o
uncertainty, provides strong support for the reliability of our
kSZ-based methodology and the derived mass-averaged opti-
cal depth values. We emphasize that a more detailed study of
the tSZ-based estimation will be presented in a future com-
panion paper.

Finally, we implemented a machine learning model to esti-
mate the optical depth for each individual galaxy in our sam-
ple, moving beyond the mass-averaged values. The model
was trained on a rich set of features, including tSZ measure-
ments, lensing convergence k, and cluster mass estimates. By
combining these estimated individual optical depths with the
measured kSZ signal, we were able to infer the peculiar ve-
locity of each cluster. From these individual velocities, we
then computed the pairwise velocity statistic, which probes
the dynamics of the large-scale structure. Analyzing the sub-
stantial L60 sub-sample, of 456,803 galaxies, we achieved a
significant 8.50 detection of the pairwise velocity. The mea-
sured pairwise velocity is found to be in excellent agreement
with the linear theoretical predictions derived from the best-fit
Planck cosmology, and consistent with the simulation predic-
tions at scales above 40 Mpc.

This comprehensive analysis, which has successfully
demonstrated a robust pipeline for measuring the pairwise
kSZ effect, establishes a strong foundation for future studies
leveraging ACT data with forthcoming DESI data releases.
The next generation of cosmic microwave background (CMB)
experiments and large-scale structure surveys will further en-
hance the potential of kSZ science. Upcoming CMB observa-
tories, such as the Simons Observatory [81] and CCAT [86],
are designed to deliver high-resolution, low-noise CMB maps
over unprecedentedly large areas of the sky. These maps will
be essential for resolving the faint kSZ signal with high fi-
delity. Concurrently, a new wave of large-scale structure sur-
veys, including DESI DR2, Euclid [87], and Roman [88],
along with the Rubin telescope [89] will provide complemen-
tary optical and infrared datasets with exquisite photometric
and spectroscopic coverage. The combination of these efforts
will enable cross-correlation studies with unparalleled statis-
tical power, pushing kSZ measurements beyond their current
limits. This will make the kSZ effect, and its inferences
about the cosmic velocity fields, a competitive and indepen-
dent probe of cosmology, providing crucial insights into the
nature of dark energy and the validity of General Relativity
on cosmological scales.

ACKNOWLEDGMENTS

The work of YG and RB is supported by NSF grant
AST-2206088, NASA grant 22-ROMAN11-0011, and NASA
grant 12-EUCLID12-0004. CS acknowledges support from
the Agencia Nacional de Investigacién y Desarrollo (ANID)
through Basal project FB210003.

13

Support for ACT was through the U.S. National Science
Foundation through awards AST-0408698, AST-0965625,
and AST-1440226 for the ACT project, as well as awards
PHY-0355328, PHY-0855887 and PHY-1214379. Funding
was also provided by Princeton University, the University of
Pennsylvania, and a Canada Foundation for Innovation (CFI)
award to UBC. ACT operated in the Parque Astronémico At-
acama in northern Chile under the auspices of the Agencia
Nacional de Investigacién y Desarrollo (ANID). The devel-
opment of multichroic detectors and lenses was supported by
NASA grants NNX13AES56G and NNX14AB58G. Detector
research at NIST was supported by the NIST Innovations in
Measurement Science program. Computing for ACT was per-
formed using the Princeton Research Computing resources
at Princeton University, the National Energy Research Sci-
entific Computing Center (NERSC), and the Niagara super-
computer at the SciNet HPC Consortium. SciNet is funded by
the CFI under the auspices of Compute Canada, the Govern-
ment of Ontario, the Ontario Research Fund—Research Excel-
lence, and the University of Toronto. We thank the Republic
of Chile for hosting ACT in the northern Atacama, and the
local indigenous Licanantay communities whom we follow in
observing and learning from the night sky.

This research used resources of the National Energy Re-
search Scientific Computing Center (NERSC), a U.S. Depart-
ment of Energy Office of Science User Facility located at
Lawrence Berkeley National Laboratory, operated under Con-
tract No. DE-AC02-05CH11231 using NERSC award HEP-
ERCAPmp107

This material is based upon work supported by the U.S. De-
partment of Energy (DOE), Office of Science, Office of High-
Energy Physics, under Contract No. DE-AC02-05CH11231,
and by the National Energy Research Scientific Computing
Center, a DOE Office of Science User Facility under the same
contract. Additional support for DESI was provided by the
U.S. National Science Foundation (NSF), Division of Astro-
nomical Sciences under Contract No. AST-0950945 to the
NSF’s National Optical-Infrared Astronomy Research Labo-
ratory; the Science and Technology Facilities Council of the
United Kingdom; the Gordon and Betty Moore Foundation;
the Heising-Simons Foundation; the French Alternative En-
ergies and Atomic Energy Commission (CEA); the National
Council of Humanities, Science and Technology of Mex-
ico (CONAHCYT); the Ministry of Science, Innovation and
Universities of Spain (MICIU/AEI/10.13039/501100011033),
and by the DESI Member Institutions: https://www.desi.
1bl.gov/collaborating-institutions. Any opinions,
findings, and conclusions or recommendations expressed in
this material are those of the author(s) and do not necessar-
ily reflect the views of the U. S. National Science Foundation,
the U. S. Department of Energy, or any of the listed funding
agencies.

The authors are honored to be permitted to conduct scien-
tific research on I’oligam Du’ag (Kitt Peak), a mountain with
particular significance to the Tohono O’odham Nation.


https://www.desi.lbl.gov/collaborating-institutions
https://www.desi.lbl.gov/collaborating-institutions

T
L36 shuffled (u=0.00, 0 =0.05)
2504 L60 shuffled (u=0.00, 0=0.07)
L36 unshuffled
—---' L60 unshuffled
200 7N i
/7 \ 1
1 \ 1
7 \ i
o
S 150 / ‘\\ |
o ¥ 1 :
@) I ) 1
1 \) 1
|/ \\ 1
100 E \ !
] \ H
! \ 1
1 A 1
1 \ 1
’ \ 1
50 ’ \ !
/ AN 1
/ \ 1
7/ \ 1
/ S |
P So 1
|— T T T hw T T T L
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

10%Tap

FIG. 7. Histogram of the best-fit T values from 1,000 null-test real-
izations for the L36 [orange] and L60 [blue] sample, compared with
the theoretical pairwise velocity prediction derived from the best-fit
Planck cosmology. The curve represents the fitted normal distribu-
tion, with mean zero and a standard deviation of 0.05 and 0.07 re-
spectively. The best-fit T value of the unshuffled result for the L36
and L60 sample is shown as the vertical dashed line.

DATA AVAILABILITY

The data corresponding to the figures in this paper are avail-
able at https://doi.org/10.5281/zenodo.17373480.

A detailed description of the pipeline used for aperture pho-
tometry and pairwise computation can be found in [75].

Appendix A: Null test

To ensure the robustness and validity of our pairwise kSZ
measurements, we conducted a null test. The null test serves
as a critical verification step, assessing the possibility of sys-
tematic errors or biases inherent in the dataset or the analysis
methodology.

In practice, the null test involves randomly shuffling galaxy
positions while preserving their redshift distribution. Through
this randomized procedure, we generate synthetic galaxy cata-
logs that maintain the statistical characteristics of the original
dataset but lack genuine physical correlations between galaxy
pairs.

Applying the pairwise kSZ estimator to randomized
datasets is expected to yield no significant signal, thereby es-
tablishing a baseline for the absence of physical correlations.
The results of this null test conducted on the L36 and L60
sample using the ILC map are shown in Figure 7, where the
best-fit T values derived from the pairwise kSZ signal mea-
sured from 1,000 shuffled realizations clusters tightly revolve
around zero, consistent with expectations. The fitted optical
depth T also follows a Gaussian distribution with mean zero.
This validates the ~ 90~ and ~ 60 significance of the unshuf-
fled result shown as the vertical dashed line in the figure.

The consistency of our null test results with zero velocity

14

confirms that our pairwise kSZ measurements are free from
significant systematic biases. Any observed deviations from
zero in the actual data can therefore be confidently interpreted
as genuine physical signals indicative of coherent galaxy mo-
tions rather than artifacts from observational or analytical pro-
cedures.
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