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ABSTRACT: We use weak gravitational lensing measurements from Year 3 Dark Energy
Survey data to calibrate the masses of 443 galaxy clusters selected via the Sunyaev-Zel’dovich
effect from Atacama Cosmology Telescope Data Release 5 maps of the cosmic microwave
background. We incorporate redshift and SZ measurements for individual clusters into a
hierarchical model for the stacked lensing signals and perform Bayesian analyses to constrain
the hydrostatic mass bias of the clusters. Our treatment of systematic uncertainties includes
a prescription for measuring and accounting for the weak lensing boost factor, consideration
of a miscentering effect, as well as marginalization over uncertainties in the source galaxy
photometric redshift distributions and shear calibration. The resultant constraints on the
normalization of the mass-observable relation have a precision of approximately 7%, with
the mean WL halo mass of Msgoe = 5.4 x 10 M. We measure the bias between the true
cluster mass and the mass estimated from the SZ signal based on an X-ray—calibrated scaling
relation assuming hydrostatic equilibrium, to be 1 — b = 0.74J_r8:8g over the full sample.
When splitting the clusters into high (2=0.43-0.70) and low (2=0.15-0.43) redshift bins, we
measure 1 — b = 0.58700% and 0.81705% respectively. When introducing additional freedom
in redshift and mass to the hydrostatic bias model, we find that 1 — b decreases with redshift
(with the power law of —1.81“8:2, 99.95% confidence), consistent with findings from other
recent studies, while we do not find any significant trend in mass. We also demonstrate that
our result is robust against various systematics such as a scale cut, priors on baryonic and
miscentering parameters, and degree of scatter in mass-observable relation. The weak-lensing
mass calibration presented in this study will be a useful tool for using the ACT clusters as

probes of astrophysics, and as a step towards using their abundance as a cosmological probe.
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Introduction

Galaxy clusters form at the highest density peaks of the early Universe, evolving through

hierarchical mergers. Consequently, their mass and abundance could serve as a powerful

cosmological probe, constraining the matter content (2,) and the fluctuation of the matter

field (o3) [1, 2]. Therefore, the most important task for cluster cosmology is to accurately

and precisely constrain the mass of the cluster sample of interest to retrieve an unbiased

cosmology. The mass of a galaxy cluster also controls other halo properties such as the mass



and temperature of the intra-cluster medium (ICM), the number of galaxies hosted by the
cluster halo (richness) and its size. These “observable” quantities, being tightly correlated
to the mass of the cluster, provide proxies for the cluster mass which in general cannot
be directly used to characterize clusters from observations. Therefore, in order to perform
an unbiased cosmological analysis using galaxy clusters, the mass-observable relation must
be calibrated in advance or jointly.

To date, the majority of galaxy clusters have been detected through the optical and
near-infrared emission of the galaxies they host. Several wide-field optical imaging surveys,
including the Dark Energy Survey [DES, 3], the Kilo-Degree Survey [KiDS, 4], the Hyper
Suprime-Cam Survey [HSC, 5] have amassed samples of tens of thousands of galaxy clusters [6—
9]. However, characterizing optical cluster selection and the relation between optical cluster
observables (e.g., the cluster richness) and the underlying cluster mass has proven to be
challenging, in that the scatter between richness and mass could be large, as well as dependent
on a number of cluster and survey properties, which are not yet fully understood (e.g.,
projection effect and detection aperture effect; see, for example, refs. [10-15]).

Another efficient way to detect galaxy clusters is via the Sunyaev-Zel’dovich (SZ) effect [16],
caused by the inverse Compton scattering of photons from the Cosmic Microwave Background
(CMB) with the cluster ICM, which transports the energy of the CMB photons to higher
frequencies therefore leaving characteristic signatures on the CMB map. The SZ signal is
known to correlate more tightly with the cluster mass, and to be less susceptible to selection
biases than optical selection [e.g., 17-23]. Moreover, unlike the optical selection, SZ cluster
detection can be extended to the redshift of formation in principl, since the SZ signal is largely
independent of redshift. Until recently, the cluster cosmology with SZ-selected clusters had
been limited by the small size of cluster samples [e.g., 24, 25]. However, high sensitivity and
wide-area CMB surveys from the Atacama Cosmology Telescope [ACT, 26, 27], the South
Pole Telescope [SPT, 28] and the Planck mission [29] have expanded these samples to O(10%)
clusters [30-36], enabling robust cosmological analyses using SZ-selected clusters [37-41]. In
the future, CMB surveys such as Simons Observatory [SO, 42] will further expand the number
of SZ-selected clusters [43]. In order to fully harness the potential of these large cluster
samples, a precise and unbiased prescription of the cluster mass calibration must come first.

Under the assumption of hydrostatic equilibrium (HSE) of the ICM within clusters,
the ICM-related cluster observables such as the SZ signal (Ysz which is proportional to
integrated pressure) and X-ray photon count could be related theoretically to the cluster
mass. Specifically, for the galaxy clusters from tSZ observations, the hydrostatic mass of
the clusters could be derived using the X-ray observations through the amplitude of the tSZ
signal anchored on the corresponding X-ray profiles. Nevertheless, existence of significant
non-thermal pressure support within the ICM (e.g., turbulent motion; refs. [44-46]) breaks
the HSE assumption, causing biases in the cluster mass estimates. This discrepancy between
the hydrostatic mass estimate and true cluster mass is referred to as the hydrostatic mass
bias (b), and is parameterized by Mysg = (1 — b) Miyue. Consequently, the uncertainty on
this hydrostatic mass bias, or equivalently, the normalization of the mass-observable relations,
represents a dominant source of systematic uncertainty for cluster cosmology with SZ and
X-ray selected clusters (e.g., refs. [39, 47] for recent results).



Weak gravitational lensing (WL), through its ability to directly probe the total projected
matter field, provides a powerful way to unbiasedly measure cluster masses and thus to
calculate the hydrostatic mass bias, or equivalently calibrate the mass-observable relation,
of a given set of observed clusters (e.g., see ref. [48] for a fuller review on the gravitational
lensing). It is also free from the assumption on the connection between dark and visible
matter. The mass calibration of galaxy clusters using gravitational lensing may be performed
in a stacked method [e.g., 7, 49-54], where the signals from individual clusters are combined
into one set of data vectors, or in a hierarchical method, where the signal from each cluster is
used individually in a Bayesian hierarchical manner [e.g., 39, 55-57]. On the other hand, WL
measurements are susceptible to several important sources of systematic uncertainty. For
example, using background galaxies to measure the lensing signal requires constraints on the
galaxy redshift distribution, and biases and uncertainties in inference of these distributions
could easily propagate into the mass calibration [e.g., 7, 58, 59]. A related issue is the so-called
‘boost factor’, the contamination from the cluster member galaxies that do not carry any
lensing signal leaking into the background source galaxy sample due to the photometric redshift
uncertainties [e.g., 49-51, 55, 56, 60—64]. Another challenge for cluster mass calibration is
miscentering: offsets in the assumed cluster centers with respect to the true cluster centers
could bias the resultant mass calibration [e.g., 65-68]. In addition, biases in the galaxy
shape measurement algorithm propagate into the lensing measurements, typically inducing
a few percent shift [e.g., 69].

In this work, we present a weak lensing mass calibration analysis of SZ-selected clusters
from the 5th data release of ACT (ACT DR5). Our analysis relies on WL measurements with
the DES year-3 (DESY3) galaxy catalogs. In effect, we measure the stacked reduced shear
profiles around the ACT DR5 clusters using the DESY3 source galaxy shapes to constrain
the cluster masses, therefore the hydrostatic mass bias. This measurement is enabled by the
~ 4600 square degrees of sky overlap between the DES and ACT surveys.

We use the DES weak lensing measurements to constrain the absolute mass scale of the
ACT clusters and to constrain the relationship between the SZ observable and the cluster
mass. Several aspects of our analysis are notable: (1) we use the entire tomographic source
redshift bins defined by the DESY3 3x2-point cosmology analysis [70] instead of a custom
selection of source galaxies to recycle the already calibrated photo-z and shear biases; note
that our framework of using the entire tomographic source redshift bins was also proposed
and applied by refs. [38, 39, 56], (2) we account for known important systematics in a fully
Bayesian manner (i.e. parameterizing and marginalizing over them), (3) we incorporate the
redshifts and SZ signals for individual clusters when building our model for the stacked
lensing signal, (4) we incorporate a prescription for baryonic effects on the cluster mass
distribution based on Cromer et al. [71], which avoids calculating the WL mass bias from
realistic cosmological simulations (see, e.g., ref. [56] for the calibration of the WL mass bias
using simulations), and (5) we include the evolution of the hydrostatic mass bias in redshift
and its dependence on cluster mass.

Our analysis takes a fully forward model for the tangential shear signal around the clusters
as a function of the cluster-centric radial angle: we model the shear profiles of individual
clusters that are then stacked to obtain the final stacked tangential shear model, while all the



systematic biases such as the multiplicative shear bias, the bias in the redshift distribution
and the boost factor correction are applied at the modeling stage. This approach assures
that our measured data vectors are independent of our model parameters.

The paper is organized as follows. In section 2 we describe the data sets that we use
in this work: galaxy clusters from ACT, and galaxy shapes and redshifts measured from
DES imaging. In section 3 we describe our primary measurements, the stacked tangential
shear profile around the ACT clusters, and the estimation of boost factors, for a set of cluster
bins. In section 4 we describe our models for these two measurements, including a detailed
treatment of several potential sources of systematic error. We describe the calculation of the
likelihood for our measurements given our model in section 5. Our main results are presented
in section 6 and we conclude in section 7. Throughout the paper, we assume a flat ACDM
cosmology with Q,, = 0.3075, Qy, = 0.0486 and Hy = 67.74kms~'Mpc~!. Throughout the
paper, we will use M to refer to Msgg., the mass within the radius that encloses the mean
density of 500 times the critical density (Rs00c)-

2 Data

2.1 Galaxy Clusters from the ACT DR5

We use a sample of SZ-selected clusters from the ACT Data Release 5 [33, ACT DR5], which
comprises 4195 galaxy clusters above the signal-to-noise ratio (SNR) of 4, with 13,221 square
degrees of survey area. The clusters are detected with the matched-filter method applied to
the 98 and 150 GHz maps constructed from the observations during 2008 to 2018 [72]. We
refer the reader to Hilton et al. [33] for details on this catalog, including optical confirmation
and estimations of photometric (and/or spectroscopic) redshifts for the clusters.

We select the clusters that lie in the sky region covered by the Dark Energy Survey Year-3
(DESY3) shape catalog! which spans approximately 4,100 square degrees out of ~5,000
square degrees of the total survey footprint (see more details below in section 2.2) among
which approximately 4,600 square degrees overlap with the ACT DR5 region (e.g., see figure 2
of [73] for the visualization of the overlapping footprint). We further select the SZ clusters by
following the recommendation of Hilton et al. [33] to apply a cut of SNRy 4% > 5.5 cut, which
minimizes the false detection rate and is appropriate for cosmological analyses (see their
section 3.3 and figure 15). We also remove those for which the centers of the clusters are not
covered by the shape catalog, which is crucial for the WL mass calibration. In addition, we
restrict our cluster selection to the redshift range of z € [0.15,0.70] to minimize the overlap
between the lens and the source redshift distribution (see figure 2) while preserving as much
lensing power as possible. Our final sample thereby comprises 443 galaxy clusters.

Since per-cluster SNRs of the lensing measurement are low and it is difficult to model
cluster-by-cluster profile variations such as triaxiality, concentration and large-scale projec-
tion [e.g., 74-78], we stack the lensing measurements over several clusters of comparable
Compton-y signal and redshift. To this end, we divide the cluster sample into two redshift

'Hereafter, by “DESY3” data, we mean the data collected from the first 3 years of DES observations.
2The SNR of the Compton-y signal measured with a filter with the size of 2.4’ (y2.4), where the Compton-y
signal is proportional to the integrated electron pressure along the line-of-sight.



0.2 0.4 0.6 100 10!

Redshift Count

Figure 1. The distribution of the 443 Compton-y parameters (y2.4) and the redshifts of the cluster
sample used in this study. The red lines demarcate our binning of the cluster sample.

bins (z € [0.15, 0.43] and z € [0.43, 0.7]) and two Compton-y bins (7o € [0.0, 1.05] and
7o € [1.05, 6.0]).> Our bin choice ensures that the SNRs of the weak lensing measurements
for each bin are similar. We show the redshift and ¢y distribution of our cluster sample in
figure 1. The red lines in the figure indicate the edges of our bins.

The catalog provides the mass (Mzooc) of each cluster derived from the SZ signal with
the hydrostatic equilibrium assumption, which we call Mgy. This mass is calculated from the
SZ scaling relation from ref. [79] which is calibrated using X-ray observations, as described in
refs. [25, 33]. We build our hydrostatic mass bias model upon this Mgy, rather than assuming

390 = yo.a/107%



a new scaling relation based on an SZ observable such as gy or SNRq 4(see section 4.3 and 5
for details).

2.2 DESY3 Galaxy shape catalog

DES is a multi-band photometric survey covering ~5,000 square degrees of the South Galactic
Cap. With the 570-megapixel Dark Energy Camera [80] mounted on the Cerro Tololo Inter-
American Observatory 4m Blanco telescope in Chile, it primarily produced images in grizY
filters. For our weak-lensing analysis, we make use of the galaxy shape catalog made from
the first three years of the data [DESY3, 81] with the METACALIBRATION algorithm [82, 83].
METACALIBRATION measures the galaxy shapes, e, in the riz bands, which is related to
the shear through the response matrix R:*

() = (R)(e). (2.1)

In addition to the shear response, the average galaxy shapes also depend on the specific
selection one makes on the galaxy sample. We call that the selection response and denote it
by Rs. The total response for a galaxy i then becomes R = R’ + R. Note that the selection
response is defined for the whole galaxy sample, and not for each galaxy. For a more detailed
description of the method, we refer the readers to the above studies.

The calibration of the measured shear is performed by running a set of image simulations,
as described in ref. [69]. Throughout our analysis we use the same source galaxy selections as
the DESY3 cosmology analyses [e.g., 70]. We therefore adopt the values and uncertainties on
the multiplicative shear bias parameters, m., provided in that work (see further discussion
in section 4.5).

2.3 Photometric redshifts of source galaxies

Our weak-lensing measurements use the same source galaxy redshift choice as the DES 3x2pt
cosmology analysis [70]. The redshift distributions, n(zs), of these galaxies were estimated
using the Self-Organizing Map P(z) (SOMPZ) algorithm described in ref. [59]. The source
galaxies were divided into 4 redshift bins (see figure 2), for which we adopt the same priors
for the biases in n(zs) thereof [69]. We refer readers to the references above for details of
binning and calibration of the source galaxy redshift distributions. The details of the redshift
bias model are discussed below in section 4.5.

For the calculation of the boost factor (the contamination from the cluster member
galaxies into our weak-lensing signal, see section 3.4 and 4.4), we use the photometric redshift
estimates of the individual source galaxies obtained by the DNF algorithm [84, 85]. It
is because the SOMPZ method is optimized for the estimation of n(zs) (the population
distribution) making the redshift estimation of individual galaxies highly uncertain, therefore
not optimal for the boost factor calculation.
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Figure 2. The redshift distributions of the galaxy clusters (gray) and source galaxies (other curves)
considered in this work. The vertical gray line at z = 0.43 shows the location where we split the
clusters into two redshift bins. We exclude the first two source redshift bins (dashed) as majority of
the galaxies within those bins are at or in front of our cluster sample, having no lensing signal.

3 Measurements

3.1 Tangential shear profiles

The impact of gravitational lensing by the mass overdensity around galaxy clusters is to
induce a tangential shear on the images of background galaxies. While individual clusters may
not be exactly spherically symmetric, a spherically symmetric model is a good approximation
to the average mass profile in each cluster bin, since the clusters are oriented randomly on
the sky. We therefore treat the stacked tangential shear profiles of the ACT galaxy clusters in
bins of redshift and gy as our main lensing observable (see section 2.1 for the binning scheme).
We describe below how we measure the weak lensing profiles for each of these bins.

The tangential component of the shear field () is given by

Yt = —71 €08 2¢ — Yo 5in 2¢), (3.1)

4The response of the galaxy shape to the applied shear, both of which are spin-2 field, resulting in a 2x2

matrix.
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Figure 3. Top: The tangential shear measurements around our cluster sample are shown with the
black points with errorbars. The correlation of the same cluster sample with the cross-component
of the shear is shown with the grey points with errorbars; the cross-shear component is expected
to be consistent with zero in the absence of systematics. Also, the tangential shear measurements
around random points are shown in light blue. The green bands represent the 68% confidence ranges
on the model fit to the data and the red bands those for the 2-halo contribution (we do not plot
1-halo components since they are indistinguishable from the total fit). The left (right) two columns
correspond to the low (high) redshift cluster sample, while the top (bottom) panels correspond to the
low (high) Compton-y cluster sample.

Bottom: The corresponding fractional residuals with respect to the 68% confidence range on the model
fit, with the same plotting scheme as the top panel.

where 71 and 79 are shear components in a Cartesian coordinate system, and ¢ is the position
angle of the source galaxy relative to the z-axis directing towards the east.

In the presence of a cluster, the tangential shear with respect to the cluster center is then
related to the surface mass density () of the cluster through the critical surface density (Xcyit):

AX(6)

= (0) = —==\9)
’Yt( ) Ecrit(zlwzs)7

(3.2)

where z; (z5) is the redshift to the lens (source) galaxy and 6 the separation angle between
the halo center and the source position. Here,

c? Dy g
Zcrit<zlvzs) = 47TGm (3-3)
and
AS(9) = (S(< 6)) — 5(6), (3.4)



where Dy ¢ is the angular diameter distance to the source galaxy, Da; that to the lens,
Dy s that between the source galaxy and the lens, and (X(< 6)) is the mean surface density
within the halo-centric angular separation 6.

In practice, the lensing effect also includes isotropic magnification of galaxy images (due
to convergence, k). Therefore, we observe the reduced shear, g,, rather than the true shear,
~v¢. These are related by

9: =7 /f Pt (3.5)
where k = ¥ /3. Taking into account this 1 — k factor in the tangential shear model is
especially important in the central regions of clusters where the surface density is high.

We measure the (reduced) tangential shear around the cluster sample averaged within
the redshift and g bins (section 2.1), treating each source galaxy redshift bin (section 2.3)
separately. For some source galaxy redshift bins, the majority of source galaxies are at lower
redshifts than most of the clusters. For these bin combinations, the lensing signal is expected
to be small, and we therefore remove them from our analysis. As a result, we exclude the
first two source redshift bins (see figure 2).

With the measured galaxy shapes and the responses (section 2.2), our estimator for the
tangential shear given a cluster bin «, a source redshift bin 8 and an angular bin 6y is

., > Y wilel (61)
2" (0x) = L :
22 22 wI(RY + Rs) lica,jes

(3.6)

where ¢ runs over the clusters, j runs over the sources, the weight w" is the square inverse

of the shape measurement error for the j-th source galaxy around the i-th cluster, e}’

the tangential component of the measured galaxy shape, R¥ is the shear response of the
galaxy, and Rsﬁ the selection response for the source redshift bin g (see, e.g., ref. [86] for the
validation of this lensing estimator). We use six logarithmically spaced angular bins (6) over
the angular range of 1.1 — 20" (0.7 — 13) for the low (high) redshift bin, which correspond
to 0.12 — 2.19h~'Mpc (0.16 — 3.06 h~*Mpc) at the minimum redshift of 0.15 (0.43) and
0.26 —4.70 h~'Mpc (0.21 — 3.89 b~ Mpc) at the maximum redshift of 0.43 (0.70), respectively.
Several factors motivate our choice of angular binning. At small scales, crowdedness of the
central regions of clusters can impact the shear measurement through blending. Additionally,
the impact of the brightest cluster galaxy is not included in our mass model, which could bias
the lensing inference at small scales. Finally, the boost factors become very large at small
scales, making our analysis more sensitive to these non-lensing systematics. In section 6.3,
we test our choice of minimum radial scale by performing an analysis without the first radial
bins. We choose the maximum angular scale, on the other hand, to reduce contributions
from the two-halo term. While we do model the two-halo term (see section 4), our intent
here is to calibrate the cluster masses primarily through the one-halo term. Consequently,
our data vectors consist of 6 (angular bins) x 2 (cluster redshift bins) x 2 (cluster y bins) x
2 (source redshift bins) = 48 points.

Since the lensing signal varies with >, if information on this quantity for every cluster-
galaxy pair is given, we could use this information to weight the tangential shear measurements
around the clusters, and thereby improve the signal-to-noise. In a similar vein, one could
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Figure 4. The normalized covariance matrix (correlation matrix) for the tangential shear of the
cluster bin g = [0.00,1.05] and z = [0.15,0.43]. The first six bins represent the tangential shear from
the source bin 3, and the last six represents that from the source bin 4.

choose to estimate AY instead of the tangential shear. Indeed, several studies used this
approach [e.g., 7, 49, 52]. However, we have found that the improvement in signal-to-noise
from this alternative approach is small. Moreover, Y. depends on the redshifts of source
galaxies, which are not precisely known. Meanwhile, we account for this uncertainty on the
redshift of source galaxies by introducing the redshift shifting parameters in section 4.5.1.
Thus, were we to include this weighting to maximize the lensing signal or use AX, our
measurements would retain dependence on our model parameters and cosmology. To ensure
a clean separation of our measurements from the model, we do not use these approaches.
In addition, using bins of projected physical radius requires an assumption of cosmological
model during the measurement process to translate angular separation into the projected
radius, complicating the subsequent cosmological analysis. By using angular binning, we
remove this complication and are able to fully forward model our data vector. The measured
lensing data vectors are shown in figure 3 in black.

3.2 Covariance estimate

We estimate the covariance matrix of the tangential shear by bootstrapping the clusters with
N=100,000. All source bins used for each cluster bin are combined when calculating the
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Null-x?/DoF (PTE) z € [0.15,0.43] z € [0.43,0.70]
o € [0.00,1.05] 15.9/12 (2.0x1071) 23.6/12 (2.3x1072)
o €=[1.05,6.00]  19.3/12 (8.2x1072) 12.2/12 (4.3x1071)

Table 1. Null reduced x? values for all the cluster-source bin combinations, for the measurements of
the cross shear components (see section 3.3).

Null-x2/DoF (PTE) z € [0.15,0.43] z € [0.43,0.70]
7o € [0.00,1.05] 20.1/12 (6.5x1072)  14.4/12 (2.7x1071)
o €=[1.05,6.00]  20.0/12 (6.7x1072) 18.3/12 (1.1x1071)

Table 2. Null reduced x? values for all the cluster-source bin combinations, for the measurements of
the tangential shear around random points (see section 3.3).

covariance matrix, so, per dimension, the resultant covariance matrix has the number of
source bins (2) times the number of angular bins (6) components (=12). We do not include
cross-covariance between different cluster bins. Therefore, in total we have four 12 x 12
covariance matrices, corresponding to the four cluster bins in gy and z. This data-based
estimate of the covariance has the advantage that it naturally includes all complexities of
our cluster and galaxy selection. This type of data-driven covariance matrix is known to be
biased at scales larger than ~30 arcminutes [87], which is well above our maximum angular
scale. Note that per cluster bin, the number of our bootstrap samples (N = 100,000) is
significantly larger than the number of data points (12), therefore, a Hartlap-like finite-sample
correction [88] for the inverse covariance is negligible (in specific, see section 5 and figure 3
of [88], which show the bias in inverse covariance from bootstrapping is only ~1%).

The measured tangential shear data vectors and the corresponding uncertainties for each
cluster and source redshift bin combination are shown in the upper panel of figure 3. Each row
represents different bins of Compton-y. The left two columns correspond to the low-redshift
cluster bin, and the right two columns correspond to the high-redshift cluster bin. For each
of the 1 x 2 blocks, the measurement for each source redshift bin (bin 3 on the left and bin 4
on the right) is plotted. The combined SNR across all measurements is 38.8. In addition, as
an example, we show the normalized covariance matrix (correlation matrix) for the cluster

bin of gy € [0.00,1.05] and z € [0.15,0.43] in figure 4.

3.3 Lensing null tests

For any isotropic lens, the cross component of shear, 75 = 1 sin 2¢ — 3 cos 2¢, is expected to
be zero by angular symmetry. While individual clusters may not be spherically symmetric, our
lensing measurements average over many clusters with random orientations. Consequently, we
expect that in the absence of weak-lensing systematics, the measured shear cross component
be consistent with null signal. A detection of a significant cross-component of shear would
suggest the presence of systematic biases in the lensing measurements.

We show the result for the cross-shear measurements with the grey data points in the
upper panel of figure 3 and report the null x? values in table 1 along with the probability-
to-exceed (PTE) values. While the values of the null-x? are consistent with zero, we note
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Figure 5. The measured boost factors (black points with errorbars) and the corresponding 68%
confidence intervals (green bands) from the model fitting. The top (bottom) panels correspond to the
low (high) Compton-y bins. The left two (right two) columns correspond to the low (high) redshift
bins, as indicated in the title.

that the cluster bin of z € [0.43,0.70] and § € [0.00, 1.05] shows a somewhat high x? value
with the PTE of 0.023, being only marginally consistent with zero.

We perform another null test for our shear measurement: tangential shear around random
points. Using the same footprint used to select the cluster sample, we draw random points that
are 30 times the number of clusters. The result is shown in the light blue data points in figure 3.
We confirm that the results are consistent with zero (see table 2 for PTE and x? values).

3.4 Boost Factor

The redshift distribution of source galaxies along lines of sight close to the clusters is likely to
deviate from the redshift distribution of all source galaxies. This is because the cluster member
galaxies and the correlated large-scale structure can contaminate the source galaxy sample
due to the photo-z uncertainty. Since the cluster members and the foreground galaxies will
not be lensed by the clusters, these galaxies act to dilute the lensing signal if included in the
source galaxy sample [61, 64]. Correcting for this effect (typically a factor of 1 — 2 in central
regions of clusters, depending heavily on source selection) requires a “boost factor” to undo
the impact of this dilution. Properly modeling this effect is crucial for the mass calibration
analysis. In this work, we perform a direct measurement of the boost factor, and then use a
model fit to these measurements to correct for the boost factor in our lensing analysis.

We measure the boost factor using P(z) decomposition method [61, 64]. We first measure
the source redshift distribution, P(z), within each radial bin (see section 3.1 for the binning)
and fit it with a model that decomposes the measured P(z) into the cluster contamination and
the background contribution. We describe further details of the boost factor measurements
below, and discuss our model for these measurements in section 4.4.

We measure the boost factor by decomposing the observed distribution of redshift of
the source galaxies around our cluster sample into the cluster member and the background
components (see ref. [64] for description and validation of this method). This analysis is done
within the same radial bins as our tangential shear estimator, providing the boost factor as
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Figure 6. The measured P(z) around the cluster bin of gy € [0.00,1.05] and z € [0.43,0.70] (grey)
and the corresponding fitting result for the P(z) decomposition model for the boost factor (section 3.4,
red: total, blue: cluster contamination, green: background). Within each panel, different sets of points
represent 6 different radial bins, from the smallest to the largest. The top two rows correspond to the
measurements with the source bins 3, and the bottom two rows to those of the source bin 4.

a function of cluster-centric angular distance. Specifically, the observed source distribution
at a distance of 0, P(z]0) could be expressed as,

P(25|0) = fa(0) Peont (25]0) + (1 — fa(0)) Pog(zs), (3.7)

where fg is the fraction of the cluster member contamination, Peont(25|0) is the redshift
distribution of the cluster members and Pjg(2s) is the redshift distribution of the background
galaxies measured throughout the survey footprint. As validated in Varga et al. [64], we model
Peont(25]0) as a Gaussian distribution with the mean (f, cont) and the standard deviation
(02,cont) being free parameters. We use the DNF redshift estimates (section 2.3) to calculate
P(2]0) and Pg(z). Then the boost factor, B, is related to fq as,

1
B=— . 3.8
1- f cl ( )
which relates the observed tangential shear (g,s) to the unbiased tangential shear (gue):
Gir
YGobs = %' (39)
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Note that since f. is a fraction which is not related to the exact location of the member
galaxies in the photometric redshift space, our calculation of the boost factor is not affected
by the bias in the DNF redshift estimates (see section 3 and the corresponding figures of [64]

for the full validation of this method; also see section 3.3.1 of [56] and the references therein).”
Given a set of source galaxies, P(zs ;) for the j-th redshift bin is calculated as,
W (RY 4+ Ry
Play) = (R AR (3.10)

Az Y Y wk (R4 Rs)
where i runs over the source galaxies in the j-th redshift bin and Az is the width of the
redshift bins, which we set to 0.05. The k runs over all redshift bins between z=0 and 3.6

To fit the measured redshift distribution to the model in eq. (3.7) to obtain the boost
factor data vector, we calculate P(z|) and Py (2s) over the redshift range between 0.10
and 1.25 with dz = 0.05. The corresponding uncertainties on P(zs|f) are calculated by
bootstrapping the cluster sample with N=100,000. Note that the uncertainty on P,g(zs) is
negligible with respect to that of P(z5|0) due to the significantly higher number of source
galaxies. We therefore ignore the uncertainty on Pig(zs).

Using this estimated uncertainty on P(zs|R), we find the best-fit values for fq, iz cont
and o cont for each bootstrapped set of {P(2s]0), Pog(2s)}, from which we calculate the final
covariance matrix for the boost factor (B) using eq. (3.8). Note that, per cluster bin, fi; cont
and o cont are shared across all radial bins, but we allow different sets of {/t. cont, 0z cont } fOr
different source redshift bins. Since we have 6 radial bins and 2 source redshift bins, there
are 16 (6x2 + 2x2) free parameters per cluster bin for this calculation.

The resultant boost factors are shown in figure 5. Each row represents different Compton-y
bins, while the left two columns correspond to the low-redshift cluster bin and the right two
columns to the high-redshift cluster bin. As expected, the boost factors asymptote to 1 (no
cluster member contamination) at large scales, increasing as approaching to the cluster center.
In addition, as a sanity check, in figure 6, we plot the measured P(zs]@) around the cluster bin
of g € [0.0,1.05] and z € [0.43,0.7] as an example, along with the best-fit model components
(total in red, cluster contamination in blue, and background contribution in green), which
demonstrates a reasonable fitting. Note that we plot all six radial bins in one plot.

Furthermore, in figure 7, we show the normalized cross-covariance matrix (correlation
matrix) between the tangential shear and the boost factor for the cluster bin of gy € [0.0,1.05]
and z € [0.15,0.43]. For all cluster bins, we do not find any significant correlation between
the tangential shear and the boost factor. Therefore, we treat the tangential shear and the
boost factor as effectively uncorrelated data vectors from each other in the following analysis.

4 Modeling

In this section, we describe how we construct a model for the tangential shear and the
boost factor measurements.

®Varga et al. [64] used BPZ [89] to validate the method. However, given the smaller photo-z bias and
scatter of DNF than those of BPZ for the DES-Y3 galaxies [84], it provides enough validation for our DNF
case.

5Note that the “redshift bins” here represent the binning of P(zs), not the four source redshift bins defined
in section 2.3
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Figure 7. The normalized covariance matrix (correlation matrix) between the boost factor (x-axis)
and the tangential shear (y-axis) of the cluster bin gy = [0.00,1.05] and z = [0.15,0.43]. The first six
bins correspond to the source bin 3, and the last six bins to the source bin 4. We do not find any
significant cross components.

4.1 Model for 3D mass distribution

Our model for the tangential shear begins with a model for the cluster mass distribution. We
assume that the mass distribution (when averaged across the clusters in a bin) is close to
being spherically symmetric so that it could be written as p(r), where r is the separation
from the cluster center in 3D space.

We separate p(r) into the so-called one-halo and two-halo terms:

p(r) = P (r) + P2 (r). (4.1)

Here, the one-halo term denotes the contribution from the halo of interest itself, while the
two-halo term represents the contribution from the neighboring halos and the large-scale
structures.

Baryons constitute approximately a sixth of the total mass of galaxy clusters. Their
distribution is generally different from that of dark matter. Therefore, not accounting for
baryons in a weak-lensing mass calibration analysis could lead to a biased result [90, 91].
We follow the prescription proposed by Cromer et al. [71] to separate the contribution of
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baryons from the total matter density:

o1 () = pP(r) + PPN (r), (42)
where
(@ =1)po
pCPM () = (7o (Lt )2 (4.3)
and
,Ob _ Jopb (4.4)

(r/rsxe) 1+ (r/rsae) /] B

Note that p“PM is an NFW profile [92] with a modification by a factor of 1 — f;, (the dark
matter fraction), and p° is a generalized NFW (GNFW) profile [93] with a modification
factor of fi,. Here, fi, = Qp/Qy, is the cosmic baryon fraction, pg is the normalization factor
for the NFW profile, and 75 = r500¢/¢s00c is the scale radius, where cso0c represents the halo
concentration using Rsooc definition of the halo boundary. Also, py, is the normalization factor
for the GNFW profile, z. is the core scale fixed at 0.5, and {7, «, 3} are the cluster core
power-law, transition power-law and long-distance power-law, respectively, where + is fixed at
0.2.7 We fix the concentration of the NFW profile at 2.45 according to the concentration-mass
relation from Diemer & Joyce [94]. We have checked that the choice of concentration does
not significantly affect our result. Note that this model is similar but not identical to the
widely used “baryonification” models [95-98].

The two-halo term is modeled as follows:

p2h(r) = a2nPmb(M)&mm(r, 2). (4.5)

Here, pp, is the mean matter density of the universe, b(M) is the halo bias modeled in Tinker
et al. [99], and &mm (7, 2) is the matter-matter correlation function of the universe. Note that
our model includes the factor of agy, to account for any deviation of the halo bias, b(M),
from the theoretical prediction; asp, = 1 corresponds to the case where the halo bias is the
same as the value calculated in Tinker et al. [99].

This halo model with baryons has been validated to be unbiased at < 1% level on the
WL mass calibration of galaxy clusters, as shown in Cromer et al. [71], where they used 1,400
simulated galaxy clusters from the hydrodynamical simulation suites from ref. [100] with a
very similar treatment of modeling stacked weak-lensing signal as ours (modeling individual
profiles and stacking), although they have not included the effect of miscentering. We refer
the reader to Cromer et al. [71] for further details of this model as well as its implementation.
This model is implemented as a Python package MASZCAL.

"Note that the NFW scale radius for a halo of our mean mass, Msooc = 5.4 X 1014M@, with es00c = 2.45
at z = 0.4 is ~0.3h"'Mpc. Therefore, the effective influence range of v is r < rsxc ~ 0.15h~*Mpc, which
lies below our minimum measurement scale (section 3.1). Hence, v does not meaningfully change our model
prediction so that we fix it at 0.2.
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4.2 Modeling the lensing observables

Under the Born approximation,® which should be valid for the lensing measurements considered
here, the lensing signal is related to the line of sight projection of the mass distribution,
Y(R), given by

S(R)= [ VRSB, (4.6)
— 00
where R is the projected distance from the cluster center and X(R) is related to the reduced
tangential shear (g,) defined in section 3.1.

In reality, the lens (cluster) and source galaxy redshifts are not known exactly. Rather,
we characterize these with PDFs P(z) and P(zs), respectively. We then integrate over these
distributions to obtain the expected g;.

For the i-th cluster with the j-th source redshift bin at the cluster-centric radial angle of 6,

AX(0; §M)
crit(zla ZS) - 2(9) zs>zl7

305 (0) = [ dzs [ dzimiaan (a8 (4.7)
where n;;(2)? and ns j(z; f.) are the cluster and the source galaxy redshift distributions,
respectively, which depend on the redshift systematics parameters 9;, and §M denotes the
parameters describing the halo model (section 4.1), {M, «, 5,a9,} and { fmis, Rmis} (see
section 4.5.3 for the last two parameters related to the halo miscentering).

The final model of g, for a given bin of clusters and the j-th source redshift bin is then

i = [(1+my5)/Bj] Zwigt7ij (4.8)

where m., ; is the multiplicative shear bias, B; the boost factor from the j-th source redshift
bin, and w; the sum of the weights of the source galaxies (the summand of the denominator
of the eq. (3.6)) for the i-th cluster, normalized to unity in summation. Note that we also
forward-model the boost factor instead of correcting the tangential shear measurement.

4.3 Relating the halo mass to the SZ observable: hydrostatic bias

We model the hydrostatic mass bias, 1 — b = Mgy /Miyye as follows. The true mass, Miyye,
is related to the mass from the SZ scaling relation, Mgy, as,

Mtrue: 1 —A < MSZ >77< 1+ 2 )C (49)
Mgy, 1-—b A3 x 1014 M, 14045/ '

where Apass, 7 and ¢ are free parameters. We also consider the case where the hydrostatic

mass bias does not carry any mass or redshift dependence, represented by one number over
the whole redshift and mass range, Apass = 1/(1 — b). Note that this power-law modeling of
the hydrostatic mass bias has been explored before, e.g., by refs. [101-103], although with
different methodologies, as well as that 1 — b oc Mg, (1 + 2)~¢.

8Projection of the 3D density along unperturbed photon paths, neglecting multiple deflections.

9For the lenses, we assume a Gaussian distribution of the cluster redshift, as reported in the catalog.
However, note that since the redshift uncertainty of the clusters are much smaller than the width of the source
redshift distribution, the effect of including cluster redshift uncertainty is minimal, which we have checked.
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For the values of Mgy of each cluster, we take the SZ scaling relation, P(Msyz|7o), of
the ACT DRS5 clusters reported by Hilton et al. [33]. We fix the scatter in In(Mgyz) given
Yo at oy = 0.2, assuming a log-normal distribution of the mass around the mean value.
We have checked that setting the mass scatter free over a reasonable range does not affect
our posterior for the hydrostatic mass bias (see section 6).

The figure 7 of Hilton et al. [33] shows that the completeness of our cluster sample is
nearly a flat function of redshift. Therefore, we expect the impact of redshift-dependent
completeness on the inferred value for ( to be minimal.

However, note that while the cluster detection, characterization and calibration of Mgy
in Hilton et al. [33] accounted for a wide range of systematics — such as the CMB noise
properties, survey depth inhomogeneity, angular scale mismatch between the filter and cluster
size, relativistic corrections, intrinsic scatter, and Eddington bias correction — the adoption
of the universal pressure profile (UPP, [79]) could in principle introduce redshift-dependent
selection effect if the deviation of the cluster gas profile from the UPP evolves with redshift.
In addition, although the projection from the halos along the line of sight is suppressed
in the SZ signal (y ~ M?°/3), unmodeled projection effects could still influence the halo
selection possibly in a redshift-dependent manner. Furthermore, Hilton et al. [33] assumes
a constant intrinsic scatter of 0.2, which we allow to vary. However, if the intrinsic scatter
evolves with redshift, the associated Eddington bias correction would need to be updated.
Finally, cluster concentration and triaxiality may induce additional scatter to the SZ scaling
relation [104-106], although their impact on cluster selection and scaling relation bias remains
an active area of ongoing research. We note these possible systematics for completeness, but
we defer detailed investigations of these systematics to future cosmological studies.

4.4 Modeling the boost factor

In order to avoid multiplying the data vectors by noisy measurements and to fully forward-
model the WL observable, we simultaneously fit the boost factor measurements and the WL
measurements by adopting a functional form for the boost factor, as described below. Note
that in this analysis, the boost factors are applied to the model, not to the data vectors.

To model the boost factor measurements described in section 3.4 we use the model from
McClintock et al. [7], which is equivalent to an NFW profile [107]:

B 1—F(x)
with
v = R/R, (4.11)
and
o=l (2> 1)
Fl)=1{1 (x=1) (4.12)
1 —
tanh 1_\/;22 1 ($ < 1)

where R and By are free parameters of the model. The boost factor model is then applied
to the model for g, (see section 4.2, eq. (4.8)).
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4.5 Systematic uncertainties

Several sources of systematic uncertainty contribute to our analysis. These include biases
to the photo-z distributions of the source galaxies, biases in the WL shear calibration, and
miscentering of the SZ-selected clusters. We parameterize these systematic uncertainties into
our model. We discuss each of these sources of systematic uncertainty in more detail below.

4.5.1 Photo-z bias

Estimating the distribution of the source galaxy redshift (section 2.3) relies on photometry,
and therefore is subject to potential biases. Abbott et al. [70] showed that the photo-z bias
simply modeled with a shift parameter Az, produces unbiased results in 3x2-point cosmology.
Since the cluster lensing shares a similar theoretical framework as the galaxy-galaxy lensing
in the 3x2-point analysis, we assume that we could use this treatment to the cluster lensing
in this analysis.' That is,

ns(2s; 9_;) = ng(zs — Azy), (4.13)

for each source redshift bin (see eq. (4.7) in section 4.2), where ng(z;) represents the measured
distribution of the source galaxy redshift (section 2.3). We follow this treatment in our model,
adopting the values and uncertainties for Az from ref. [70], from which we randomly sample
values for Az, per model calculation when running MCMC chains for the main analysis.!!
The mean and the standard deviation for Az; we adopt is 0 (0) and 0.011 (0.017) for the

3" (4'1) source redshift bin, respectively.

4.5.2 Shear calibration bias

The shape measurements for the source galaxies are also subject to potential biases especially
due to blending which could bias the measured galaxy ellipticity and impact the source
selection [e.g., 69, 108-111]. As described in section 2.2, calibration on these multiplicative
shear biases (m,) has been calculated for the DES-Y3 source galaxy selections [69, 70], which
we also use for our analysis. Therefore, we use the same distributions of multiplicative shear
bias parameters by randomly sampling values from the distributions reported in refs. [69, 70]
when running MCMC chains. The mean and standard deviation for m. we adopt is -0.024
(-0.037) and 0.008 (0.008) for the 3™ (4'1) source redshift bin, respectively.

Note that for the photo-z and the shear calibration bias parameters, cluster weak-lensing
exhibits negligible level of constraining power due to their degeneracy to the cluster mass
itself. Therefore, even if we have explicitly included those parameters in our chain, our
posterior contours would be almost identical to the priors (see, e.g., the parameter A,, in
section 5.3.3 and figure 10 of McClintock et al. [7]). Therefore, we choose not to explicitly
include these bias parameters in our MCMC chains.

10Note that galaxy clusters reside in much more non-linear environments than the galaxies in a typical
galaxy-galaxy lensing analysis, which could potentially make cluster lensing sensitive to the shape of n(z).
Therefore, further validity of this assumption requires more rigorous validation tests, which we defer to a
future study.

"Note that we don’t include Az, as a free parameter in the model, but use values randomly sampled from
the previous DES cosmology analysis, which are rigorously tested with simulations and mock data.
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4.5.3 Miscentering

We use the positions of the brightest central galaxies (BCGs) as the centers of our cluster

sample for the WL measurement. However, BCGs could be misidentified or deviate from

the true cluster centers [e.g., 65-67]. Therefore, in order to obtain an unbiased result on the

mass calibration, one must include this miscentering effect in the halo model [e.g., 7, 38, 56].

Since most of these BCG confirmations come from the galaxy clusters identified by the Dark

Energy Survey [33], we use the same miscentering model as adopted in McClintock et al. [7].
For a sample of clusters, the stacked surface mass density > can be expressed as,

S [wi(1 = fi)E + w, f; 5]
Zi W 7

where f; = 0 if the cluster is centered, and f; = 1 if the cluster is miscentered. ¥; and E?ﬁs

E:

(4.14)

are the surface mass density profile of the i-th cluster and that when a miscentered position
is used as the center, respectively. Here, w; is the weight applied to the data measurement.
Note that ™ depends on how much the cluster is miscentered. Then the expectation value
for this quantity over a given miscentering distribution is

i [wil(1 = fi)3) + wi( fiZ™)]

(%) = > (4.15)
B i wiBi | wil fiXP)
- (1 - fmls) Zz w; + Zz w; (4.16)

where fnis is the miscentered fraction, i.e. fnis = (fi), the expectation value of f;, which we
will use to generate our model as explained below. We then have

> Wil > wi(EP)
Y) =1~ fumis) =—— misil, 4.17
(5) = (1 fu) S 4 S (417)
where ™ is expressed as,
. 1 2m
S"S(R| Ruis) = —/ do X <\/R2 + R% .+ 2RRpis cosqS). (4.18)
21 Jo

Here, Rps is the miscentering amplitude and ¢ is the azimuthal angle. Note that w; here
is the same weight as in eq. (4.8).

Following McClintock et al. [7] (also see ref. [65]), we assume a Gamma distribution
for Rpmis:

P(Ruis) = me exp (- f::) (4.19)

For a given set of miscentering parameters, fuis and o, we statistically realize this
miscentered profile as follows. For each cluster in the model, we determine whether the
cluster is miscentered or not according to the miscentering probability fus. If the cluster
is determined to be miscentered, we then draw a random number for Ry according to the
probability distribution above to calculate the miscentered density profile as in eq. (4.18).
We finally calculate the stacked tangential shear model with these cluster density profiles
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(section 4.2), while repeating these random draws per cluster per model calculation when
running MCMC chains.

Note that one could potentially reduce the fraction of miscentered clusters by selecting
clusters whose BCG positions agree with those of the tSZ signal (therefore less turbulence
and mergers; ref. [68]). However, doing so will alter the cluster number count, which is
difficult to model and involves significant reduction in the WL SNR. While this approach is
astrophysically interesting, we do not pursue such further selection in this cosmological study.

5 Hierarchical Bayesian model

5.1 Likelihood

We now perform a Bayesian analysis of the tangential shear and boost factor measurements
in order to constrain the parameters of our model, namely the hydrostatic bias parameters.
We note that the model for the tangential shear depends on the boost factor, but that
the boost factor and tangential shear measurements are close to independent. Even if the
likelihood of the tangential shear has additional constraining power on the boost factor
parameters, it would not meaningfully alter the mass constraint since they are not degenerate
(see figure 10 of [7] which shows nearly independent posteriors between the cluster mass
and the boost factor parameters).

We treat the measurements for each cluster redshift bin as independent. This is reasonable
since the redshifts of the clusters are constrained to significantly higher precision than the
bin widths, and the correlation functions of interest are small at the scales corresponding
to the bin width. Below, the likelihood P should be understood to correspond to a single
cluster redshift bin (although we will also present results that combine constraints across all
redshift bins). Note that we include cross-covariance between source galaxy redshift bins and
between angular bins of the tangential shear and boost factor measurements.

Treating the boost factor and the lensing measurements as independent, we write the
total log-likelihood for both as the sum of their individual log-likelihoods:

lnp(gta wa Hboost) {}/obs}) - lnp(gt‘ava Hboos‘m {Yobs}) + In P(B|9b008t)7 (51)

where v and ‘boost’ subscripts indicate the lensing and boost factor, respectively, the hats
denote measured quantities, and the 6 denotes sets of parameter values. For the boost
factor, the parameters are clear: Opo0st = { Rs, Bo} (section 4.4) and we assume a Gaussian
likelihood around the expected model. Here, Y includes 3p; and the redshift of the cluster,
Yobs,i = {90,i> 21,6}

The choice of parameters for the lensing measurements is more subtle. Our model for the
lensing signal is written in terms of the cluster mass, M. However, each cluster bin contains
multiple clusters covering a certain distribution of masses. Moreover, we ultimately wish
to constrain the hydrostatic bias parameter, not just the cluster masses. Furthermore, the
relation between the SZ signal and M includes scatter, which must be included in our analysis.

We take a hierarchical approach to this problem. The mass of each cluster is drawn
from a distribution P(M;]0, Yous i), where Yops here represents both the cluster gy value and
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the redshift. This distribution encapsulates the mass-observable relationship, and we will
parameterize it as a log-normal distribution:

(In M; — In Mipye(6))?
20—1211 M

P(In M;|0, Yons i) o< exp | — , (5.2)

where Mo 18 given by eq. (4.9) and the scatter, oy, as, is set by the scatter in the SZ scaling
relation, P(Msz|Yops), which is fixed at 0.2.'2 Note that, as briefly described in section 4.3,
we do not explicitly model the scaling relation P(Mgz|Y,ps) but rather take the reported
Mgy values in the catalog [33] while adding the scatter to the values. Therefore, while
we include P(Msgyz|Yons) in the following equations for completeness, the calculation of this
scaling relation is implicitly done by Hilton et al. [33], which we do not try to modify, but
to which we calculate the correction factor (Apass, section 4.3).

The observed g, is assumed to be normally distributed around the expectation value
given a set of individual cluster masses, {M;}, and the free parameters, 6, with the covariance
given in section 3.2:

P(gt‘<gt>{Mz‘},9):P(gt’{Mi(MSZ7i70)})O<eXp _%(gt_<gt>{Mi},9)Tzil(gt_<gt>{Mi},9) )
(5.3)
where 6 includes all the free parameters in this analysis (mass correction, 2-halo amplitude,
miscentering, baryonic parameters and boost factor parameters). Here, we use g; to refer to
the reduced tangential shear profile. The expectation value of g, for each cluster bin is given
by taking a weighted average over all clusters in the bin as described in section 4.2.
Ultimately, our main interest is constraining the parameters of the mass-observable
relation, rather than the individual cluster masses. We thus marginalize over the individual
mass parameters, M;:

P(01G¢: {Yons}t) o< P(O)P (G460, {Yons}), (5.4)

where
P(g410,{Yobs}) = /dMl---dMNP(gtHMi(MSZ,ia0)})P({MSZ,1'}|{Yobs})? (5.5)

where P({Msz;}|{Yobs}) is the observable-mass relation given in Hilton et al. [33], and
P(g|{M;(Msz;,0)}) is given by our halo model and the model for the hydrostatic mass bias
(section 4). This is an N¢jyster-dimensional integral, which involves a considerable amount
of computing time. We find that the integral can be approximated with a Monte Carlo
approach in a stochastic manner. That is,

Z;Vdraws P(g{M;(Msz4,0)})
Ndraws

P(G4]0, {Yobs}) = (5.6)

where we use Ngpaws = 7 and each draw is a random realization of {M;} from P(Mgz|Yops)
with a mass correction factor in section 4.3. Note that in the limit of Ngyaws going to infinity,

12Note that, in section 6.3, we check that freeing up this scatter parameter does not meaningfully affect our
result.
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Parameter Prior Description

Anass (0.1, 10.0) Amplitude of
the hydrostatic mass bias
n U(-10, 10) Mass power-law of
the hydrostatic mass bias
¢ U(-10, 10) Redshift power-law of

the hydrostatic mass bias

« U0, 2) Transition power-law of
the baryon profile

B U2, 5) Large-radius power-law of
U(2, 8) [wide] the baryon profile
aon U (0.01, 2.00) Amplitude factor
for the 2-halo term
Jmis N(0.18, 0.08?) Fraction of

miscentered clusters
Inomis [Mpc]  N(-0.82, 0.22?) Miscentering amplitude
R [Mpc] U(0.1, 7.0) Scale radius of boost factor
By U(0.1, 7.0) Amplitude of boost factor

Table 3. The description of the free parameters used in our analysis and the corresponding prior
ranges. U(a,b) denotes a uniform prior with the lower (upper) bound of a (b), while A (u,0?)
represents a Gaussian distribution with the mean p and the standard deviation o.

this equation becomes an exact representation of the integral in eq. (5.5). We have checked
that further increasing the number of draws does not affect our result. Also note that this
expression corresponds to the first term in eq. (5.1). We incorporate the second term (boost
factor likelihood) as described in the following section.

5.2 Sampling

For each cluster bin in z and gy we have six halo/scaling relation parameters (Amass, 7, ¢, @, 5
and agy,), two boost factor parameters (Rs, By) and two miscentering parameters ( fis, Omis)-
For the bias in the source redshift distribution and the multiplicative shear bias, we randomly
select values from the Gaussian distributions described in section 4.5.1 and section 4.5.2 per
model calculation. The details of the free parameters are summarized in table 3.

We use the Markov Chain Monte Carlo (MCMC) method to sample the posterior
distribution of our model parameters, as implemented in the publicly available package,
EMCEE [112]. Since our cluster sample is similar to that of Shin et al. [113] (the only difference
is the SNR cut for the Compton-y signal), we use their posterior for the miscentering
parameters as our prior. Note that Kelly et al. [66], using the DES-Y3 clusters constructed
from the same dataset from which most of our BCGs are confirmed [33], did not find any
significant trend of miscentering parameters in richness (therefore in mass and SNR in
Compton-y signal; see their table 4). After converting the unit to what is used in this study,
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it i, fmis = 0.18 +0.08 and In op,is[Mpc] = —0.82 + 0.22. We have checked that changing
this prior within a reasonable range does not meaningfully alter our main result.

To reduce the running time for MCMC chains to converge and to constrain boost factor
parameters only from the boost factor measurements, we first run chains only for the boost
factor parameters (the second term in eq. (5.1)). Then, when performing MCMC analyses
for our main measurements, g;, we randomly sample a set of boost factor parameters from
these chains to apply to the model. Note that this sampling method is equivalent to the
importance sampling method. Mathematically, while our joint likelihood (eq. (5.1)) does not
change its form under this sampling method, it does modify the evidence to

/de’y[P(gtw’yﬂgboost’{Y()bs})P(efy)]/daboost[P(B|0boost)7)(6boost)]- (57)

Note that the evidence for the fully joint analysis is,

/ daﬂ/deboost [P(gt|97a eboosta {Yvobs})P(B|0boost)73(97)73(9boost)]- (5~8)
That is, in our case, we split the posterior for (97, Oboost) INto two separate posteriors:

P60y, Ono0st|G1s B) = P (0181, Ooost) P (Fboost | B), (5.9)

where the second term on the right-hand side is realized in a Monte Carlo integration manner
by random sampling when marginalizing over the boost factor parameters. Given that the
fitted boost factor models unbiasedly describe the original boost factor measurement, this
method is equivalent to correcting the data first with the boost factor and then running
shear likelihood chains.

To verify the convergence of our chains given the stochasticity in our likelihood, we use
the rank-normalized split R diagnostic (the revised Gelman-Rubin R statistic in [114]). In
all chains, we find that all parameters satisfy R < 1.05 (< 1.03 for the main parameters,
Anass, 1, ¢), indicating stable sampling of the posterior.

6 Results

6.1 Hydrostatic mass bias without mass or redshift evolution

In this section, we describe our result on constraining hydrostatic mass bias without mass
or redshift evolution (n =0 and { = 0, eq. (4.9)). In addition, we report the results when
each cluster redshift bin is separately used (the low-z sample, z = [0.15,0.43] and the high-z
sample, z = [0.43,0.70], respectively).

In figure 8, we show the posterior contours of our free parameters without mass or

redshift evolution in green. The constrained 1-o range for A ags is 1.35J_r8:%8, which translates

tol—0b= 0.74f8:8§. Note that our main parameter Anass does not show any significant
degeneracy with any other parameters. We test the robustness of our result against possible
systematic effects in section 6.3.

The posterior for In oyis (—0.797023) is dominated by the prior (—0.82 + 0.22, table 3)
and does not show any significant degeneracy with An.ss. However, the posterior for fiis

prefers smaller values (0.1015:02) than the prior (0.18 4 0.08) and show a weak degeneracy
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Figure 8. The posterior contours for the model parameters without mass and redshift evolution (n = 0,

¢ =0). The green contours correspond to all cluster bins combined (Ampass = 1/(1 —b) = 1.357919,

1—b=0.74%59%), the blue contours the low redshift clusters (z = [0.15,0.43], Apass = 1.237070,
1—b=0.81"008), and the red contours the high redshift clusters (z = [0.43,0.7], Amass = 1.737077,
1-b= 0.58'_"8:82). The orange contours are the results when an NFW-only halo model is adopted (no
baryon correction, eq. (4.4); Amass = 1/(1 —b) = 1417055 1 — b = 0.7175:0%). See table 3 for the

description of the parameters.
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description 1-b

fiducial 0.7475 08

2 € [0.15,0.43] 0.81+5:08

> € [0.43,0.70] 0.58%0.08

without baryon modeling 0.71f8j82

free oy, 37 (scatter in mass) 0.7615:0

wider (3 prior (see table 3) 0.76 1508

x5 wider fuis and Inys priors (miscentering) 0.78f8j8?
exclude first radial bin (scale cut) O.73J_r8j8€53

Table 4. The constrained values for 1 — b without the mass and redshift evolution, including redshift
split and systematics tests (section 6.3).

with Apass (a larger miscentering fraction corresponding to a higher suppression of the g,
model at small scales, therefore a higher constrained mass). As for agyp, since we have already
chosen the radial ranges for the data vectors such that the 2-halo contribution is marginal
(section 3), we prefer not to interpret the posterior that peaks at the lower bound of the prior.
However, note that this behavior has been already shown in Cromer et al. [71] in which the
constrained mass is less than 1% biased, over the fitting range of 1-12 Mpc. Also, they found
a consistent result on the mass constraint when excluding the 2-halo term from the model,
fitting over the radii of 0.1-5.0 Mpc (0.7755% mass bias with the 2-halo term, and 2.3735%
mass bias without the 2-halo term), and that the 2-halo contribution is minimal (see their
table 1 and figure 12). This result demonstrates the robustness of the mass constraints against
inclusion of the two-halo term using our adopted model. However, given that the degeneracy
of agy with Apass is non-negligible (a mild anti-correlation), we defer further tests of agy
to follow-up cosmological studies. Lastly, both @ and g peak at the upper bounds. Since
a is the transition power law of the gNFW profile at 0.57¢ (section 4.1) which is typically
~0.1-0.15 h~'Mpc, our measurement is not sensitive to it and we do not interpret the result.
For 3, a higher value corresponds to a sharper cutoff of the baryonic profile. We test in
section 6.3 with a wider prior for 3, and confirm that it has a negligible effect on our mass
constraint (table 4) without any apparent degeneracy with Apass (see figure 9). Note that
due to the weak degeneracies between these poorly constrained parameters and Apass, the
posterior for Apags is not significantly affected.

The p-value for the best-fit is p = 0.023 (x?/dof = 62.1/42),'3 hinting at possible
discordance between the data and the model. Galaxy clusters at lower redshift are expected
to be more relaxed (or thermalized) on average than those at higher redshift, due to a longer
time since formation and/or mergers. Therefore, one would expect the hydrostatic mass bias
to be smaller for the lower redshift clusters. Therefore, we perform a similar analysis (without
mass and redshift evolution) on the low-z sample and the high-z sample separately.

3Here, we calculate the effective x? as 2 = —2 x In[max(Likelihood)] from the chain. The degree of
freedom (dof) is the number of data points (48 for the full analysis, 24 for the redshift-split analysis) minus
the number of free parameters.
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The posterior contours for the analysis with the low-z (high-z) sample are shown in
blue (red) in figure 8. The constrained hydrostatic mass bias for the low-z sample is
Amass = 1.23f8:h1) orl—b= 0.811'8:82, and that for the high-z sample is Apass = 1.731’8:%
orl—»b= O.58f8:8§. As expected, the low-z sample exhibits a smaller degree of hydrostatic
mass bias (~18% underestimation of mass) than the high-z sample (~42% underestimation of
mass). The difference between the high-z and low-z bias is ~2.60. In table 4, we summarize
the results in this section (the first block of the table).

The p-value for the best fit is p = 0.014 (p = 0.528) for the low-z (high-z) sample with the
x2/dof of 33.5/18 (16.9/18). While the high-z sample exhibits a high p-value demonstrating
that the model fits the data well, that of the low-z sample still shows a tension between
the best-fit model and the data.

These results motivate us to further investigate the redshift (and mass) trend of the
hydrostatic mass bias. In the next section, we describe the result when the mass and the
redshift evolution parameters (n, {) are set free. Furthermore, in section 6.3, we show
that including possible systematic effects (which could affect the p-value significantly) does
not change our constraint on the hydrostatic mass bias significantly, demonstrating the
robustness of our result.

6.2 Constraints on the redshift and mass evolution of hydrostatic mass bias

In figure 9, we show the posterior contours of the parameters with the mass and redshift
evolution (7, ¢) in orange contours. First, we report that the hydrostatic mass bias at the
pivot point (z = 0.45, Msz500c = 3 x 10MMg) is 1 — b = 0.64700%, or Apass = 1.56 7012,
The p-value for model fitting is p = 0.07 (x?/dof = 53.5/40). The 1o best-fit ranges for
tangential shear measurements are shown as green shades in figure 3 and those for boost factor
measurements in figure 5 similarly. In red shades in figure 3, we plot the 2-halo contribution
from our model fitting, which confirms the minimal 2-halo contribution to the total model
(see section 6.1; also see section 6.3 for systematic tests regarding the 2-halo term). Also, we
show the fractional residual of the tangential shear measurement with respect to the 68%
confidence range on the model fit in the bottom panel of figure 3.

In particular, we find evidence for a strong dependence of the hydrostatic mass bias on
redshift, with the redshift-dependence power-law of { = 1.8f8:g. Note that the corresponding
power law for 1 — b is —( (section 4.3). The corresponding significance of ¢ > 0 is 99.95%
(~3.30). This increasing hydrostatic mass bias as a function of redshift is consistent with the
current understanding of the dynamical evolution of halos: older halos (given the same current
mass) are dynamically more relaxed, having had more time to thermalize, and therefore
the measured hydrostatic mass is expected to be less biased than the younger component
at an earlier epoch (higher 2) [e.g., 44, 115].

On the other hand, our result does not show a clear trend of hydrostatic mass bias in
the halo mass, with the probability of 7 < 0 being only 88.11% (~1.20), or n = —0.187912.
Therefore, we do not try to interpret this result and defer further analyses to follow-up studies.

In figure 10, we visualize the hydrostatic mass bias as a function of the redshift, at the
pivot mass of Mspoc,s7 = 3 % 10M M, (blue shade). Also plotted are the constraints on
the hydrostatic mass bias from previous studies (cross markers correspond to SZ clusters,
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Figure 9. The posterior contours for the model parameters with mass and redshift evolution (free
7 and ¢). The orange contours correspond to our fiducial analysis (see section 4 and 5), The blue
contours when we restrict Ap.ss > 1, and the pink contours when including possible systematics:
5x wider miscentering priors, a wider prior for 5 (a baryonic parameter), exclusion of the first
angular bin of each data vector (baryonic uncertainty), and setting o1, s free (instead of fixing at 0.2,
section 4.3). Our fiducial analysis detects the evolution of hydrostatic mass bias in redshift (¢ > 0,
decreasing hydrostatic mass bias with decreasing redshift) with 99.95% confidence (3.3 o), while the
mass evolution parameter 7 is only 1.20 away from being null detection.
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?

and plus markers to X-ray clusters). “Planck consistent cosmology” corresponds to the
hydrostatic mass bias needed to reconcile the fiducial Planck 2018 cosmology [116] with the
cosmological constraints from the Planck cluster count [117]. We compare our result with
other literature in more detail in section 6.4.

While our result is generally consistent with the earlier findings, the previous low redshift

constraints (z < 0.3) hint at a possible flattening in the redshift trend. Therefore, we try a

smoothly broken power law model for the redshift evolution: instead of (ﬁ)c, using

( 142z )Clow{ 1 [1 n ( 1+ 2z )UAZ} }(Chigh_CIOW)Az.

- 1
1+ 2z 142 (6.1)

2
Note that in this case, the pivot redshift, z,, is set free to capture the flattening redshift,
the A, is fixed at 0.05 and we have checked that this choice does not significantly affect our
result as long as the transition is kept reasonably sharp. This profile follows the power law
of Cow at 2 S 2zp, and Chigh at 2z 2 zp. For the newly added parameters, Ciow, Chigh and zp,
we use uniform priors of ¢(—10,10), U(—10,10) and ¢/(0.15,0.7), respectively.

The result (cyan) is consistent with that from a power law (blue). However, we notice
that when the broken power law is used, the value of the hydrostatic mass bias below z ~ 0.25
becomes uncertain, while being marginally more consistent with the previous results than
the power law case. Therefore, we conclude that while we detect the evolving hydrostatic
mass bias as a function of redshift, the trend below z ~ 0.25 remains uncertain. Note that
the completeness of the ACT clusters sharply decreases below z ~ 0.2 [33, figure 7], which
may partially explain this behavior.

To evaluate whether the additional complexity of the broken power law model could
be justified by the data, we calculate the Akaike information criterion (AIC) and Bayesian
information criterion (BIC) for the pure power law model and the broken power law model.
The AIC and the BIC are derived as:

AIC = 2k — 2In(L)
BIC = klIn(n) — 21In(L),

where k is the number of estimated parameters in the model, L is the maximum likelihood for
the model, and n is the number of data points. The smaller the value is, the more probable
the model is to be an optimal model. Note that they penalize adding new parameters in the
model. If A is the difference in the AIC or BIC between two models, the model with the
smaller value is exp(|A|/2) times more likely to be an optimal model.

For both AIC and BIC, our data prefers the pure power law model (A = 4.64 and 8.38,
respectively, corresponding to 10 and 66 times larger probability). Thus we find that the
additional complexity of the broken power law is not statistically warranted, and we retain
the single power law as our fiducial model.

6.3 Systematics tests

We first test the effect of modeling baryons in our halo model (eq. (4.4)). We run another
MCMC chain without modeling baryons (an NFW-only model). The result is shown in the

orange contours in figure 8. As a result, we obtain Apass = 1.417005 or 1 —b = 0.717505.
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Figure 10. Top: The redshift evolution of the hydrostatic mass bias (1 — b = 1/Apass), where the
SZ mass is fixed at Msgo. = 3 x 10'*M. The blue band corresponds to the single power law model,
and the cyan band corresponds to the broken power law model. The red data points represent the
results in this study with no mass or redshift evolution, for which the effective mean redshift values are
calculated with the lensing weight applied. Shown in cross (X) markers are constrains from previous
studies using tSZ clusters, and the plus markers correspond to those with X-ray clusters. Also, the 1-o
constraint from Pandey et al. [102] which used the cross-correlation between ACT+ Planck tSZ map
and DES-Y3 shear is shown in dashed dark green lines. Similarly, the result from Osato et al. [118]
using Planck tSZ map cross-correlated with the HSC convergence field is shown in dot-dashed dark
yellow lines. The “Planck consistent cosmology” corresponds to the hydrostatic mass bias required to
exactly match their main CMB anisotropy cosmology (og) with their cluster count cosmology result
(note that, had we demanded the agreement to be within 2-0, the required value for 1 — b would have
been larger, possibly agreeing with our fiducial result). We refer the reader to section 6.4 for further
details of other data points here.

Bottom: The light red histogram shows the lensing-power-weighted distribution of the cluster redshift,
normalized to be summed to the total number of clusters (443), where the vertical red line corresponds
to the redshift split (section 2.1).
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Compared with our fiducial result with baryon modeling, Apass = 1.35f8:}8, not modeling

baryon results in a ~3.2-5.3% higher mass estimate (assuming a perfect correlation between
the results), although being well within 1-o. This result is consistent within ~1o with
the bias reported in Cromer et al. [71] (a +7.5 + 1.9% bias). Note that the robustness
of our halo model against possible mass bias due to halo model mismatch relies on the
analysis of Cromer et al. [71], therefore, the shown consistency between ours and Cromer
et al. [71] result is reassuring.

Our analysis choice (section 4 and 5) involves several components that are potentially
susceptible to systematic effects. In this section, we test whether or not our modeling choice
would be robust against these possible systematics. We first test four effects as follows.

e Set o1, 3 (log-normal scatter in the mass) free between 0.05 and 0.5 instead of fixing it
at 0.2 (no baryon case).

e Relax the flat prior range for § (the long-distance power-law of the baryon profile)
from U(2,5) to U(2,8) (the “wide” prior in table 3). Note that since « is the transition
power-law of baryons which applies around 0.5r¢ (~0.15h~*Mpc for our cluster sample)
that is comparable to or smaller than our minimum angular scale cut, we do not
include this parameter here, since it would not change our model for tangential shear
significantly according to eq. (3.4) (wide baryon prior case).!*

e Amplify the standard deviations of the priors for the miscentering parameters (In opys
and fiis) 5 times (significantly flatter priors; wide miscentering prior case).

e Exclude the first radial bins of the data vectors from the fitting (scale cut case).

We first apply these systematic changes one by one to our fiducial analysis with no mass
and redshift evolution (section 6.1). The resultant constraints from each of these four cases are
summarized in the second block of table 4. The constrained 1 — b values from the respective
four cases are O.76f8:82, 0.76f8:8£, O.78f8:8? and 0.73f8:8§, all of which are almost the same

as or well within 1-o from our fiducial result of 0.74705¢, demonstrating the robustness of

our constraint on 1 — b against these possible systematics.

We then perform an MCMC analysis again with these modifications all at once with
the mass and redshift evolution. The result is shown in figure 9 with blue contours (“Free
systematics”). The best-fit p-value for this analysis is 0.13 (x%/dof = 40.1/31, since we
have an additional parameter for the scatter in the mass, and excluded the first radial bins)
which is much higher than 0.07 of the fiducial result. Despite this fact, we confirm that the
constraints of the hydrostatic mass bias parameters (1.487918, —0.1970-17 and 1.8708 for
Amass, 1, and ¢ respectively) from this analysis are well within 1-o (within 0.10 for n and ()
of our fiducial result (orange, also see table 5) while the constraints of the other parameters
have changed significantly, demonstrating the robustness of our result on the hydrostatic
mass bias constraint against the possible systematics listed above.

1 Also note that according to figure 8, Amass and o do not show any meaningful correlation. In addition,
the next systematic test below excluding the first radial bin, where our minimum scale cut becomes much
larger than the scale where o matters, shows a shift in Ap,ass much smaller than the uncertainty.
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description Amass n ¢

fiducial, no evolution 1_35j8:%8 - ~

Naraws = 13, no evolution 1.3510:80 ) _

Naraws = 20, no evolution 1.3570:89 _ B

different seed, no evolution 1,35j8:(138 - B
fiducial, with evolution 1567015 —0.18%012 1.870%
Naraws = 13, with evolution 1.567012  —0.187015%  1.8%98
Naraws = 20, with evolution 1567015 —0.181012 1.8%0%
different seed, with evolution 1567015 —0.18%01%  1.9707
excluding the last radial bin 1.637015  —0.287517  1.975¢
excluding g € [0.00,1.05] x z € [0.43,0.70]* 1.63791% —0.247918 21707
redshift-dependent miscentering 1.587012  —0.187015  1.8%58
Amass > 1 1507548 —0.2310% 23409

Table 5. The constrained values for A ass, 7 and ¢, when varying Ngyaws from 7 to 13 and 20 and
when using a different random seed for the stochasticity, as well as the constraints from additional
systematic tests to the mass/redshift evolution (see section 6.3). First block: with no mass/redshift
evolution, second block: with mass/redshift evolution. Third block: additional systematics test.

*: the cluster bin with the marginal null PTE (see section 3.3).

In addition, for the Monte Carlo (MC) integral of the likelihood (eq. (5.5) to 5.6), we
used Ngraws = 7. To test the convergence of our stochastic chain with Ngaws = 7, we run
another MCMC chain for the model without mass and redshift evolution (section 6.1) with
Naraws = 13 and 20, keeping everything else identical. For our key parameter Apass, we
obtain 1.3570 0 (1.3570:09) for Nuraws = 13 (20), compared with 1.3570 18 for the Nraws = 7
case (well within 0.1¢ shift in the central value and in the upper and lower bound). Also, to
test the stability of our result against the adopted random seed for the stochasticity, we run a
Naraws = 7 chain with a different random seed, obtaining Ap,ass = 1.35f8:?8, well within 0.050
shift in the central value and in the upper and lower bound. The results are summarized in
the first block of table 5. Finally, we repeat these tests (Ngraws = 13, 20 and using a different
random seed) for the case with the mass and redshift evolution. For Ngaws = 13 (20), we find
Apass = 1.567013 (1.567013), n = —0.187518 (—0.187017), and ¢ = 1.870% (1.870:5). For the
run with a different seed, we find Apass = 1.56 7013, n = —0.18791¢, and ¢ = 1.9702. We
confirm that all of these results are within 0.05¢ from our fiducial result and we summarize
them in the second block of table 5. Overall, these results demonstrate that the numerical
noise from our MC likelihood integral is subdominant to the statistical uncertainty of the
data itself. Consequently, we conclude that the choice of Ngraws = 7 provides a sufficient level
of precision for robust parameter inference without introducing any significant numerical bias.

Furthermore, we perform four additional systematics tests to ensure the robustness of
the constraints of Apass, 7, and ¢ as follows:

e Excluding the last radial bins to test the sensitivity to the 2-halo contribution.
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e Excluding the cluster bin of gy € [0.00,1.05] and z € [0.43,0.70] to test the robustness
of the parameter constraints against the marginal PTE for the null test (table 1).

e Assuming different sets of miscentering parameters (In ops, fmis) for different redshift
bins to test the sensitivity to the evolving miscentering parameters.

e Limiting the minimum value of 1/(1 — b) at 1 (a physical prior).

First, when excluding the last radial bin from the fitting, we obtain A = 1.63f8:%2,
n = —0.28"01% and ¢ = 1.9708. Compared with the fiducial value of Ay = 1.567913,
n=—0.18"012 and ¢ = 1.870¢, we confirm the shifts well within 1o. The non-zero detection

significance for ¢ remains strong, at 99.90% confidence level (3.10), while that of  remains at
a similar level (95.51%, 1.70). This result demonstrates the robustness of our key parameter
constraints against the 2-halo contribution.

Excluding the cluster bin with the marginal null PTE (g € [0.00,1.05], z € [0.43,0.70]),
the constraints for Apyass, 7 and ¢ are 1.637011 —0.247018 'and 2.1757 respectively. These
values are well within 1o of those from the fiducial constraints and confirm that this cluster
bin does not meaningfully bias our conclusion.

Next, assuming different sets of miscentering parameters for the low-z and high-z samples
results in Apass = 1.58f8:g, n= —0.18J_r8:%2, and ¢ = 1.8f8:2, almost the same as the fiducial
result. This result along with the previous test with a wider miscentering prior tells us that
miscentering systematics are not likely to significantly affect our fiducial results.

Finally, when forcing the value of 1/(1 — b) to be larger or equal than 1, we obtain
Amass = 1.507518 7 = —0.23702% and ¢ = 2.3%0:3. Again, these constraints are well within
lo ranges of our fiducial results. The results for these additional systematics tests are
summarized in the third block of table 5.

Lastly, to test the robustness of our redshift evolution result against the selection of
prior, we applied the importance reweighting technique to our MCMC posterior chain with
the mass and redshift evolution (section 6.2). The importance reweighting is a technique to
account for the change from the original prior to a different prior that one wants to test, by
applying the weight, ppew(#)/po1a(#), to each sample, where 6 is the parameter in the sample,
Pold the original prior and ppew the prior in test. In this case, we would like to test if our
redshift evolution parameter constraint (¢ = 1.8f8:g, ~3.30) is robust against a prior that
prefers no evolution, therefore, we use ppew = N(0,12). When applying this new prior with
the importance reweighting to our chain, we still obtain ¢ = 1.4J_r8:g (p(¢ > 0) =0.998, ~2.90
significance). The effective sample size ratio (ESS/N = 0.59) confirms that the reweighting is
statistically reliable. Thus, we conclude that our detection of the redshift evolution in the
hydrostatic mass bias is data-driven and robust against prior choices. Note that even when
we use Ppew = N (0,0.72), ¢ = 1.1755 (p(¢ > 0) = 0.995, ~2.60 significance, ESS/N = 0.28).

6.4 Comparison to other literature

In this section, we compare our constraint on the hydrostatic mass bias to the results from
other literature with various probes.

First, we compare our result to the previous literature with SZ-selected clusters. In
Robertson et al. [52], they used the ACT DR5 clusters (the same as ours) that overlap
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with the Kilo Degree Survey (KiDS, 157 clusters), obtaining the WL constraint for 1 — b of
0.65 + 0.05 at the effective redshift of 0.36. This result is about 1o lower than our result
at the corresponding redshift (see figure 10). In Battaglia et al. [119], using nine clusters
from early ACT data and WL from the Canada-France-Hawaii telescope (CFHT) survey,
they derived 1 —b = 0.87 £ 0.27 at z ~ 0.37. Also, in Penna-Lima et al. [120], using 21
clusters in common between the Planck and the Cluster Lensing And Supernova survey with
Hubble (CLASH), they obtained 1 —b = 0.73 £ 0.10 at z ~ 0.4. Sereno et al. [121], using 35
Planck clusters covered by CFHT and the Red-sequence Cluster Survey (RCS2), reported
1 —b=0.73+£0.11(stat) £ 0.08 (sys) at z ~ 0.2. Meanwhile, in Medezinski et al. [122],
using five Planck clusters that overlap with the Subaru Hyper Suprime-Cam (HSC) survey,
they obtained 1 — b = 0.80 £ 0.14 at z ~ 0.2. More recently, Miyatake et al. [123] reported
1-b= 0.74f8:£ using eight ACT clusters that overlap with the HSC first-year WL data, at
the effective redshift of 0.43. In addition, calibrating the cluster masses through the CMB
lensing using Planck data, Zubeldia & Challinor [124] obtained 1 —b = 0.71+0.10 at z ~ 0.2.
Shirasaki et al. [53] used 96 ACT DRS5 clusters overlapping with the HSC Year 3 footprint,
divided into three redshift bins of z = [0.092, 0.445], [0.445,0.695] and [0.695, 1.180], finding
the WL constraints of 1/(1 —b) =1.3£0.2, 1.6 £ 0.2 and 1.6 & 0.3, respectively. Note that
this result of Shirasaki et al. [53] hints at a possible redshift evolution of hydrostatic mass
bias as found in this study. Recently, Aymerich et al. [41] used 93 Planck tSZ clusters that
overlap with the DESY3 footprint, and the WL shape catalog from the DESY3 (the same
as ours), found that 1 —b = 0.844J_r8:822. These constraints on hydrostatic mass bias are
generally in good agreement with our result. We overplotted these results on top of ours
in figure 10, with the “cross (x)” markers.

In von der Linden et al. [125], using 38 X-ray clusters from the Weighing the Giants survey
which overlap with the Planck clusters, they derived the WL constraint of 1—b = 0.698 +0.062
at z = 0.38. Also, Hoekstra et al. [62], as part of the Canadian Cluster Comparison Project
(CCCP), reported 1 —b = 0.76 £0.05 (stat) £0.06 (sys), for 50 X-ray selected clusters through
WL analysis with various sources at z ~ 0.28. In addition, including ~50 additional clusters
from the Multi Epoch Nearby Cluster Survey (MENeaCS), Herbonnet et al. [126] obtained
WL constraints of 1 —b = 0.84 £ 0.04 (stat) £ 0.05 (sys) at z ~ 0.19. These results related
to X-ray clusters are plotted with the “plus (4)” markers in figure 10, which are in good
agreement with our result as well.

On the other hand, cross-correlation measurements between tSZ and WL shear (or
convergence) provide an independent method to constrain hydrostatic mass bias, through
its leverage on both gas properties and total matter profile. Cross-correlating the WL
shear from the DES Y3 (the same WL data as this study) with the tSZ measurement from
ACT+ Planck, Pandey et al. [102] reported the hydrostatic mass bias as a function of redshift,
shown in green dashed lines (1o range), by which we confirm the agreement between their
result and ours. Moreover, in Osato et al. [118], they cross-correlated the WL convergence
map (k) from the HSC first-year data and the tSZ map from Planck2015 [127], reporting
1-b= O.731f8:8§3, which also agrees well with our result. The agreement between our
result from the cluster WL method and theirs from tSZx WL cross-correlations implicitly
demonstrates the robustness of our result.
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Meanwhile, in Wicker et al. [103], deriving the hydrostatic mass bias anchored on the gas
mass fraction from the follow-up X-ray observations from XMM within 120 massive galaxy
clusters from Planck, which is expected to follow the global baryon fraction in the Universe
b/, they have found 1 — b = 0.83 £ 0.04 at the mean redshift of 0.246. Notably, they
have found a significant detection of the redshift evolution of the mass bias, {( = 0.64 4+ 0.18,
which agrees with our result in sign but is somewhat discrepant quantitatively (~20). Also
note that Andreon & Radovich [128], using 13 gravity-selected clusters from the HSC data
and the Compton-y values from ACT, derived 1 — b = 0.72 £ 0.09.

Planck2018 [116] reports the hydrostatic mass bias required to reconcile their main
cosmological constraints from the CMB anisotropies with that from the cluster number
count [31, 117], 1 — b = 0.62 £ 0.03 (also see ref. [101]). Given that the effective average
redshift of the Planck clusters is 0.2-0.3, it is more than 20 discrepancy from our result (see
figure 10, the diamond marker). Note, however, that the recent study of Lee et al. [40] hints
at a discrepancy in nature between the hydrostatic mass bias from Planck and that from
ACT, that 1 — b from the ACT data is larger than that from the Planck data in their joint
analysis, attributing it to possible redshift evolution or the expansion history of the Universe.

7 Discussions and conclusion

In this study, we have presented a galaxy weak-lensing mass calibration analysis of the
SZ-selected clusters from the ACT DR5 data using the galaxy weak-lensing shear catalog
constructed from the first three years of the Dark Energy Survey data.

Our data vectors (figure 3 and 5) comprise the tangential shear and the boost factor
as a function of radial angular distance, both of which are calculated within two cluster
redshift bins and two cluster mass (Compton-y) bins. The choice of tangential shear as
a function of angular distance (instead of, for example, excess surface density AY as a
function of physical distance) is to avoid any cosmological dependence of the data vectors
themselves. The boost factor (contamination from cluster member galaxies to the shear
catalog) is calculated using the P(z) decomposition method [61, 64|, with a slightly improved
fitting treatment (incorporating the bootstrapped uncertainty of P(z) instead of a simple
least-squares algorithm). The covariance matrices of the data vectors are calculated using
the bootstrap method with N = 100, 000.

We then fully forward-model the (reduced) tangential shear around our cluster sam-
ple, starting from the three-component halo model: an NFW profile (1-halo dark matter
distribution), a generalized NFW profile (1-halo baryon distribution) and a 2-halo profile.
As shown in Cromer et al. [71], this three-component halo model accurately constrains
the weak-lensing halo mass within 1% bias, so that we avoid calibrating the mass bias
induced by a weak-lensing analysis using hydrodynamical simulations. When converting
this 3-dimensional halo density profile into the observed (reduced) tangential shear, we take
into account various systematics: uncertainty on the distribution of the source redshift,
uncertainty on the multiplicative shear bias, miscentering of clusters, and the boost factor.
Note that we do not correct our data vector with the measured boost factor, but instead
correct our tangential shear model with the parameterized representation of the boost factor
within the model to fully forward-model our data vector.
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We assume the hydrostatic mass bias has power law dependencies on both redshift and
mass. We also test the case where the hydrostatic mass bias is constant, as well as one where
the bias has a broken power law dependence on redshift.

Also, instead of using a halo mass function or assuming a single halo profile to fit the
stacked weak-lensing profile, we first model individual clusters with the corresponding masses
drawn from the underlying mass-observable relation [33] with a scatter in the mass-observable
relation along with the hydrostatic mass bias applied. Then we stack the individual cluster
models to generate the prediction for the final stacked tangential shear profiles.

We then perform MCMC analyses to constrain the hydrostatic mass bias parameters.
To reduce computation time, we first constrain the boost factor parameters (2x[2 source
bins|x [4 cluster bins|=16 parameters) and then randomly sample from this boost factor chain
when running our main chain for the tangential shear fitting.

Since we separately model each individual cluster and then calculate the stacked tangential
shear model thereof, our likelihood is intrinsically an N-dimensional integral (N being the
number of clusters). To avoid a considerable amount of computation time, we approximate
this N-dimensional integral in cluster masses with the average likelihood of stochastic draws
of cluster masses from an underlying distribution, with Ng;aws = 7. Note that while our
approximation is adequate to asymptote to the true solution in an MCMC chain, as Ngraws —
o0, it becomes analytically accurate.

When the hydrostatic mass bias is fixed in mass and redshift (no evolution), we find 1 —
b= 0.747058. This value is generally in agreement with previous results (~0.65-0.85). When
the low-redshift and high-redshift cluster bins are fitted separately, we report the hydrostatic

mass bias values of 0.81+8:82 and 0.58f8:8§, respectively, showing a clear redshift trend.

We then free the mass and redshift evolution parameters. We find an increasing trend of
the hydrostatic mass bias in redshift, with 99.95% significance (power law of 1.8J_r8:g), while
we do not detect any significant trend in cluster mass. Although our result as a function of
redshift is largely consistent with previous studies, there is a hint of flattening of the trend
at low redshift below ~0.3. To capture this possible flattening trend and also to give the
model more freedom, we have applied a broken power law model to the redshift evolution of
hydrostatic mass bias. The resultant trend agrees with the single power law case very well
above z ~ 0.25, although that below z ~ 0.25 becomes highly uncertain.

In particular, cross-correlation analyses between tSZ and optical weak-lensing provide
an independent probe to study the redshift trend of hydrostatic mass bias [102, 118]. Our
result is in excellent agreement with these results.

The increasing trend of the hydrostatic mass bias with increasing redshift has also been
shown in previous simulation-based studies as increasing non-thermal pressure support with
redshift [e.g., 44, 115], which is largely modulated by the mass accretion rate into clusters.
While our result is qualitatively consistent with these studies, whether this trend would
continue at higher redshift (> 0.7) remains unclear, depending on thermal and mass accretion
history of galaxy clusters. We expect that a combination of next-generation cosmological
surveys such as the WL analysis with the Legacy Survey of Space and Time (LSST) of Rubin
Observatory using the tSZ cluster sample from Simons Observatory (SO) would enable further
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detailed studies of mass and redshift trends of hydrostatic mass bias with much improved
precision and extended mass/redshift ranges.

There are a few remaining caveats to address in future studies. First of all, we used the
miscentering posterior from Shin et al. [113] as the prior in our analysis. However, while our
redshift selection is consistent with theirs, we apply a higher cut on the SNR of Compton-y
parameter (5.5 instead of 4). In principle, this can affect the degree of miscentering of the
selected clusters. While we have tested this effect by applying five times wider miscentering
prior, we defer further evaluation of the miscentering distribution of our cluster sample to
future studies (e.g., using eROSITA X-ray clusters; ref. [129]). Also note that Currie et
al. [130] recently demonstrated that the miscentering parameters of galaxy clusters could
be more precisely constrained using the Gaussian mixture model approach, where the final
likelihood comprises the multiplication of likelihoods from individual clusters with a mixture
of Gaussian probabilities of well-centered and miscentered contribution.

While the priors or set values for the parameters in our gNFW baryon density model
(eq. (4.4)) are conditioned on the simulation that Cromer et al. [71] used, the baryon profiles
from a simulation could differ from what we actually observe. Although this model has been
widely used in previous studies, especially those studying baryonic feedback [95, 96, 131-133],
a general consensus on the values of these parameters in massive clusters has not yet been
reached. However, note that we have demonstrated that increasing the prior range for the
baryonic parameter 3 (the large-scale power law; our data vector is not sensitive to o and ~
due to the much larger scale used in the measurements than where o and v matter) does
not significantly alter our conclusion.

Also, in the future, we expect to be able to perform a joint study of WL mass calibration
and baryonic feedback by including X-ray and tSZ observations (gas profiles) to simultaneously
constrain the baryonic parameters and the mass of clusters (see, e.g., references above and
refs. [102, 134] for techniques to constrain baryonic feedback within clusters), or obtain
reasonable prior ranges from various hydrodynamical simulations.

Shin et al. [113] showed that the clusters used in this study demonstrate excellent
agreement in shape between the total matter profile determined by WL and the galaxy
surface density profile from the cluster-galaxy correlation, given the cut in galaxy magnitude
(M; > —19.87). In follow-up analyses, we would explore the possibility of combining the
WL data with the galaxy density profile to have better constraints on the shape of the total
matter field, which in turn could enhance the constraint on the cluster mass.

In this analysis, we have used data-driven covariance matrices. However, a data-driven
covariance matrix is inherently a noisy and sometimes biased realization of the true underlying
covariance, which affects the parameter constraints in the corresponding MCMC analysis.
In principle, one could overcome much of this difficulty by using an analytically calculated
covariance matrix [e.g., 135]. However, deriving an accurate analytical covariance matrix
requires careful consideration of all non-linear effects that could contribute to the cluster
profiles. This is beyond the scope of this paper, and we defer further analyses on this
regard to future studies.

Lastly, while we adopt a hierarchical model in that we model individual clusters and then
stack them, our Bayesian formalism is not fully hierarchical (as it does not use individual
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WL profiles of clusters, but instead a stacked data vector). Although it is possible to use a
fully hierarchical Bayesian framework [e.g., 37-39, 56] to improve the precision of the mass
constraint, modeling individual clusters involves much more complicated systematics than a
stacked weak-lensing analysis, such as triaxiality, halo orientation bias as well as halo-to-halo
variations on, e.g., large-scale projection, miscentering and concentration [e.g., 74-77]. In the
future, we plan to combine our analysis with the cluster number count cosmology pipeline [e.g.,
40], to simultaneously obtain constraints on cosmological parameters such as @, and oy,
with an optimal methodology that we will explore.
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