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ABSTRACT

We present the results of a search for galaxy clusters in the Atacama Cosmology Telescope (ACT) Data
Release 6 (DR6) microwave sky maps covering 16293 square degrees in three frequency bands, using
data obtained over the lifetime of the project (2008-2022). We report redshifts and mass estimates
for 10040 clusters detected via their Sunyaev-Zel’dovich (SZ) effect with signal-to-noise greater than
4 at a 2.4 arcminute filter scale. The catalog includes 1180 clusters at redshifts greater than 1, and
124 clusters at redshifts greater than 1.5. Using a relation between cluster SZ signal and mass that
is consistent with recent weak-lensing measurements, we estimate that clusters detected with signal-
to-noise greater than 5 form a sample which is 90% complete for clusters with masses greater than
5 x 10** Mg, (measured within a spherical volume with mean density 500 times the critical density).
El Gordo, a cluster found in an initial ACT survey of 755 square degrees, remains the most extreme
cluster in mass and redshift; we find no cluster with a mass and redshift combination high enough to
falsify the standard ACDM cosmology with Gaussian initial perturbations. We make public a variety
of data products, including the full cluster candidate list, noise maps, and sky masks, along with our
software for cluster detection and instructions for reproducing our cluster catalogs from the public

ACT maps.

1. INTRODUCTION

Over the past two decades, the development of increas-
ingly sensitive millimeter wavelength instruments, capa-
ble of surveying large areas of the sky with arcminute
resolution, has progressed significantly. These advance-
ments have enabled the detection of massive galaxy clus-
ters spanning the last 10 Gyr of cosmic history by exploit-
ing the thermal Sunyaev-Zel'dovich effect (SZ; Sunyaev
& Zel’dovich 1970; Sunyaev & Zeldovich 1972).

The SZ effect is the inverse Compton scattering of
cosmic microwave background (CMB) photons by elec-
trons in the hot gaseous atmospheres of galaxy clus-
ters (see reviews by Birkinshaw 1999; Carlstrom et al.
2002; Mroczkowski et al. 2019). The SZ signal, which is
in principle unaffected by the distance to the observer,
provides a measure of the integrated thermal pressure
along the line of sight. This correlates with the total
mass of clusters, allowing SZ surveys to construct ap-
proximately mass-limited cluster samples with unlimited

*E-mail: matt.hilton@Qwits.ac.za

redshift reach. One application of such catalogs is to
constrain cosmological parameters using the evolution of
cluster number counts, with the current state-of-the-art
represented by the Bocquet et al. (2024) analysis of 1005
SZ-selected clusters detected by the South Pole Telescope
(SPT).

Thousands of clusters, reaching up to z = 2, have now
been detected using blind SZ surveys by ACT (Marriage
et al. 2011; Hasselfield et al. 2013; Hilton et al. 2018,
2021), Planck (Planck Collaboration et al. 2014, 2016b;
Zubeldia et al. 2025), and SPT (Staniszewski et al. 2009;
Williamson et al. 2011; Bleem et al. 2015, 2020; Huang
et al. 2020; Bleem et al. 2024; Klein et al. 2024b; Archip-
ley et al. 2025). The majority of these have been found
using ACT data (Hilton et al. 2021; Klein et al. 2024a),
due to a combination of the sensitivity of the AdvACT
receiver (Henderson et al. 2016; Choi et al. 2018), and
the fact that ACT observed one-third of the extragalac-
tic sky (Naess et al. 2020). The deepest observations,
detecting the lowest mass SZ-selected clusters to date
(Ms00c =~ 1.5 x 10 M), have been performed by SPT
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Figure 1. The number of ACT-detected SZ-selected clusters re-
ported over the lifetime of the project. References for the blue
points: First detections (Hincks et al. 2010); ACT DR1 (Marriage
et al. 2011; Menanteau et al. 2010); ACT DR2 (Hasselfield et al.
2013; Menanteau et al. 2013a); ACT DR3 (Hilton et al. 2018); ACT
DR5 (Hilton et al. 2021). The orange square marks the ACT-DR5
MCMEF catalog (Klein et al. 2024a), which is based on an indepen-
dent re-run of the NEMo software on the ACT DR5 maps, followed
by optical confirmation using the DESI Legacy Imaging Surveys
DRI10 (Dey et al. 2019). The green diamond marks the 10040 clus-
ters reported in the current work, based on the ACT DR6 maps,
which is > 1.5 times larger than catalogs produced using ACT DR5
data.

(Bleem et al. 2024; Kornoelje et al. 2025).

In this paper we report on a search for SZ clusters
in the ACT Data Release 6 (DR6) maps (Naess et al.
2025), using data collected from 2008 to 2022. Figure 1
illustrates how the number of SZ clusters detected by
ACT has grown with each data release. Together with
this paper, we release a number of data products related
to the cluster search.! This includes a catalog of 10040
clusters with mass and redshift estimates detected across
the maximum 16293 deg? search area (see Table A3 for a
description of the contents and a list of symbols used in
this paper); a complete, high signal-to-noise subsample
of 3747 clusters over a 10317 deg? area that we refer to
as the ‘Legacy sample’, which is suggested for cosmologi-
cal analyses; the full list of 21558 cluster candidates (i.e.,
including objects without redshift estimates and optical
confirmation); and various files related to the cluster se-
lection (masks, flagged areas, random catalogs, and noise
properties as a function of sky position). The top panel
of Figure 2 shows the location of the ACT DR6 cluster
search area compared with the footprints of several other
surveys on the sky. The bottom panel of Figure 2 shows
the location of the optically confirmed SZ-detected clus-
ters reported in this work, highlighting in particular the
Legacy sample.

This paper is organized as follows. In Section 2 we de-
scribe the ACT maps, detection of cluster candidates,
and mass completeness estimates, highlighting differ-
ences with respect to the previous analysis based on
ACT DR5. In Section 3 we explain the process of ob-
taining redshift estimates for the cluster candidates. In

1 All data products are available from LAMBDA: https://
lambda.gsfc.nasa.gov/product/act/actadv_prod_table.html

Section 4, we describe the ACT DR6 cluster search data
products, and present the properties of the cluster cat-
alog. We discuss how the DR6 sample compares to the
ACT DR5 and SRG/eROSITA (Sunyaev et al. 2021) All-
Sky Survey (eRASS1 Western Galactic hemisphere; Bul-
bul et al. 2024) cluster catalogs in Section 5. We sum-
marize our findings in Section 6.

We assume a flat ACDM cosmology with Q,,, = 0.3,
Qp = 0.7, and Hy = 70 km s~ Mpc~! throughout. We
report cluster mass estimates (Ma.) within a spherical
radius that encloses an average density equal to A times
the critical density at the cluster redshift (Rac), where
A = 200 or 500. We replace the subscript ¢ with sub-
script m to indicate a mass estimate with respect to A
times the mean density of the Universe at the cluster
redshift. Note that the mass calibration adopted in this
paper differs from that used in previous ACT cluster cat-
alog papers (see Section 2.5 for details).

2. ACT OBSERVATIONS AND SZ CLUSTER DETECTION
2.1. Observations and Maps

ACT observed the millimeter sky from Chile with ar-
cminute resolution from 2007 2 to 2022, using three gen-
erations of receivers: the Millimeter Bolometer Array
Camera (MBAC; Swetz et al. 2011, 2007-2011); ACTPol
(Thornton et al. 2016, 2013-2016); and AdvACT (Hen-
derson et al. 2016; Choi et al. 2018, 2016-2022). In this
work we use maps covering three frequency bands named
090, 150, and £220, where the number indicates the ap-
proximate center of the observed frequency range in GHz.
These have angular resolutions of 2.1’, 1.4’, and 1.0’ re-
spectively. To maximize our sensitivity to the SZ signal,
we use the deepest available ACT data, which are the
co-added maps from ACT DR6 that include all usable
daytime and nighttime data (Naess et al. 2025). The
method used to create these co-added maps is described
in detail in Naess et al. (2020). We use the DR6 release
ACT-+Planck day-+night coadds with ACT DR4 data in-
cluded, which therefore includes observations from 2008
to 2022. These cover approximately 19000 deg?.

2.2. Cluster Finding

We use the NEMO? package for SZ cluster detection
and much of the subsequent analysis presented in this
work. Earlier versions of NEMO were used for the ACT
DR3 (Hilton et al. 2018) and ACT DR5 (Hilton et al.
2021, H21 hereafter) cluster searches. Cluster candidates
are identified by using a multi-frequency matched filter
(e.g., Melin et al. 2006; Williamson et al. 2011),

Gk, by, vi) = AY N (o, ky) fsz (1) S (ke by, v;)
J

(1)
where 1 is the filter, (k,, k,) denote the spatial frequen-
cies in the horizontal and vertical directions in the maps,
N is the noise covariance between the maps at different
frequencies v, S is a beam-convolved signal template,

2 The telescope saw first light in 2007; in this paper we use data
from 2008 onwards.

3 https://github.com/simonsobs/nemo/ see https:
//nemo-sz.readthedocs.io for documentation, including a
tutorial on how to reproduce the cluster search data products
described in this paper.
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Figure 2. Top panel: The full ACT DR6 cluster search region (black outline), covering 16293 deg? before masking. The orange outline
shows the 10317 deg? Legacy footprint (after masking and flagging) used to define the ‘Legacy sample’ (see Section 4). The footprints
of deep and wide optical surveys are highlighted, with the overlapping area with ACT DR6 (after masking and flagging) given in square
degrees: DES (blue; Abbott et al. 2021; 4391 deg?); HSC (magenta; Aihara et al. 2022; 1078 deg?); and KiDS (green; Wright et al. 2024;
802 degZ). The red shaded region indicates the region of sky covered by the Russian half of the eROSITA survey; the rest of the ACT

search area has 7044 deg? of overlap with the German half of the eROSITA sky (Merloni et al. 2024). Bottom panel: Blue points mark
the locations of 10040 optically confirmed SZ-detected clusters reported in this paper. The ‘Legacy sample’ of 3747 clusters detected at
signal-to-noise ¢ > 5.5 are marked with orange points. The full ACT search area is shown by the dark gray shaded region. In both panels,
the Planck 353 GHz map is shown in the background, to highlight regions of sky that have more thermal emission from dust.

and A is a normalization factor. When applied to a set signal (see Section 2.5).
of maps containing a beam-convolved cluster signal (in Below we describe the improvements made for the DR6
temperature units), A is chosen such that the matched cluster search compared to the ACT DR5 analysis.
filter returns the central Comptonization parameter (see
Section 2.5 below), and fsz is the non-relativistic form 2.2.1. Cluster Search Area and Tiling
for the spectral dependence of the SZ effect, We use a more extended cluster search area mask com-
e 4+ 1 pared to DR5, extending to lower Galactic latitudes.
fsz =2— 1~ 4, (2) This is shown as the black outline in the top panel of Fig-
e - ure 2, and covers a sky area of 16293 deg?. This allows us
where @ = hv/kgToup (the relativistic SZ suppresses to identify cluster candidates in dusty regions that may
the SZ signal for very high temperatures; we apply a cor- have been missed by previous surveys, although in prac-
rection for this when inferring cluster masses, as noted in tice we flag such areas when constructing statistical clus-
Section 2.5 below). As in previous ACT cluster searches, ter samples for cosmological analyses (see Section 2.2.3).
we use the map itself to form the noise covariance N, as For efficiency, NEMO breaks up the ACT maps into
the maps are dominated by the CMB on large scales, and tiles, which are processed separately (each with its own,
white noise on small scales, rather than by the thermal different matched filter) and subsequently combined (see
SZ signal. H21). Figure 3 shows the tiling arrangement chosen for
When filtering the map across multiple angular scales the DR6 analysis. We have chosen to use tiles that nomi-
during the cluster search, we adopt the maximum S/N nally cover 25 deg x2 deg (right ascension x declination).
across all filter scales for each candidate as the ‘op- These are thinner than the 10deg x5deg tiles used in
timal’ S/N detection, for which we use the symbol ¢ H21. This change was made due to a concern that the
throughout this paper. However, as in previous ACT flat sky approximation, combined with the variable pixel
work, to mitigate inter-filter noise bias (Hasselfield et al. scale due to the plate carrée projection (CAR in the termi-
2013, H13 hereafter; see also the discussion of optimiza- nology of Flexible Image Transport System (FITS) world
tion bias in Appendix B), we use the S/N measured at coordinate systems; Calabretta & Greisen 2002), may in-
a single reference filter scale (f500. = 2.4’ as in H21; troduce a small bias in cluster detection efficiency at high
0500c = Rso0c/Da, where Dy is the angular diameter declination. Simulations have shown that this is not a
distance), for which we use the symbol ¢. Similarly, we problem for the 25 deg x 2 deg tiling used in DR6 (see Ap-
use the symbol g, to refer to the central Comptonization pendix B, which presents the results of applying NEMO

parameter, which is our adopted measurement of the SZ to simulated maps). As in H21, noise differences within
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Figure 3. A map illustrating the tiling geometry chosen for the ACT DR6 cluster search. The red boxes indicate the locations of tiles,
of nominal size 25 deg x2 deg, that are processed independently by the cluster finder (see Section 2.2.1). The full 16293 deg? cluster search
area (before masking and flagging) is shown as the black outline. The map in the background shows the variation in the white noise level

as a function of position in the ACT+Planck day+night f090 map.

a tile are handled by making noise estimates within cells
in the filtered maps (here we use cells that are nominally
80" on a side, with the exact size depending on the tile
geometry).

2.2.2. Multi-pass Filtering and Object Detection

For the DR6 analysis, we make use of NEMO’s new
multi-pass filtering and object detection feature, which
was developed subsequent to the ACT DR5 release. This
allows both point sources and clusters to be detected in a
single run of the software. This multi-pass approach mit-
igates some signal loss which would occur if the cluster
signal is not subtracted from the maps when estimating
N from the maps themselves. Zubeldia et al. (2023) de-
scribe a similar approach to the one used here, applied
to Planck data. The procedure used for this work is as
follows:

1. Source detection run 1. Detect S/N > 50 point
sources by applying a matched filter with the sig-
nal template set to the appropriate ACT beam, for
each of the f090, f150, and 220 maps individually
(i.e., no spectral templates are used here).

2. Source detection run 2. Detect S/N > 5 point
sources by applying a matched filter with the sig-
nal template set to the appropriate ACT beam,
for each of the f090, f150, and {220 maps individu-
ally. Locations with sources detected in Step 1 are
masked and in-filled with a median-filtered (10’-
scale) version of the map, when estimating N in
Equation (1).

3. Initial cluster detection run. Detect ¢ > 3 clus-
ters by applying a multi-frequency matched filter to
the 090, 150, and 220 maps. Here, the Universal
Pressure Profile (UPP; Arnaud et al. 2010) is used
for the signal template, after convolution with the
appropriate ACT beam. Detection is performed
over 16 different angular scales, corresponding to
UPP models with Mspo. € {(1,2,4,8) x 10** My}
and z € {0.2,0.4,0.8,1.2} (these are the same as
in H21). Locations with sources detected in Step
1 are masked and in-filled as described in Step 2.
Sources detected in Step 2 are subtracted from the
maps, before estimating N in Equation (1).

4. Final cluster detection run. Detect ¢ > 4 clus-
ters by applying a multi-frequency matched filter

to the 090, f150, and 220 maps, using the same
filter scales as in Step 3. Before estimating N in
Equation (1), sources detected in Steps 1 and 2 are
handled as described in Step 3. Cluster candidates
detected in Step 3 are also subtracted before esti-
mating N, using the signal template with the max-
imum S/N for each detected cluster. We find that
further passes are not necessary (i.e., do not result
in the detection of additional cluster candidates).

We have also made some changes to how object de-
tection is handled and how multi-scale catalogs are com-
bined compared to H21. We now apply a 3o threshold
when constructing the object segmentation map * and
measuring object properties (position, ¢, go, etc.), and
then cut the catalog to the chosen ¢ > 4 limit in the
final step. This avoids incompleteness near the chosen
G > 4 limit, as noted by Klein et al. (2024a), who re-ran
NEMO to reproduce the H21 cluster candidate list. ° We
also fixed a bug related to the minimum number of pix-
els required for object detection (in H21, the minimum
number of pixels required for a detection was accidentally
set to 2, rather than the intended 1 pixel, which means
that the H21 catalog was purer than might have been
expected at ¢ &~ 4). Finally, object positions in DR6 are
reported from the reference 2.4 filter scale map (see Sec-
tion 2.5 below), rather than from the highest S/N object
detection across all filter scales (in practice this change
has little impact, but it was made for the purposes of
minimizing optimization bias and calculating the correc-
tion for this consistently; see Appendix B). Fig. 4 shows
the signal-to-noise (¢) distribution close to the detection
limit for the full candidate list.

2.2.3. Flagging

In H21, we took the approach of masking point sources,
zeroing such regions of the filtered map. For the DR6

4 A segmentation map identifies which pixels in an image (the
filtered map in our case) belong to which object in a catalog.

5 The thresholdSigma parameter in NEMO sets the S/N thresh-
old used for constructing the segmentation map from which objects
are identified. The segmentation map includes only pixels for which
the S/N value is > thresholdSigma. So, if thresholdSigma is set
to the same value as the desired S/N cut of the output catalog (as
was done for the ACT DRb5 release), the resulting catalog is incom-
plete at the S/N cut, because the sub-pixel interpolation routine
cannot include pixels with S/N values just below the threshold.
More details can be found in the NEMo documentation.
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Figure 4. Distribution of signal-to-noise (§) values close to the
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analysis, we make use of NEMO’s new flagging features
instead. We produce a separate flag map (see Figure 5)
that records pixels in the map that are potentially af-
fected by any of the following issues:

1. Point source subtraction. Map pixels where a point
source (found in Steps 1-2 in Section 2.2.2) was
subtracted are flagged. These are considered in-
dependently across the f090, f150, and 220 maps,
so a point source detected in all three frequencies
will be flagged multiple times in the flag mask.
The main motivation for subtracting and flagging,
rather than masking, was to attempt to recover
clusters affected by central point sources, but this
was not successful (see Section 5.2). Objects af-
fected by point source subtraction are indicated
with a non-zero value for finderFlag in the cluster
catalog (see Table A3).

2. Dusty regions. We identify dusty regions by thresh-
olding the Planck 353 GHz map above 2mK (this
is more conservative than the 4 mK threshold used
in H21). This threshold was chosen based on vi-
sual inspection of cluster candidates in dusty re-
gions, where positive residuals, identified as spu-
rious detections, were found to be correlated with
dust features visible in the f220 map. Large scale
dust features, mostly at low Galactic latitude, can
be seen in Figure 5. Objects that are located in
dusty regions are indicated with a non-zero value
for dustFlag in the cluster catalog (see Table A3).

3. Extended objects. Objects in the local Universe
with large angular size, such as nearby galaxies and
planetary nebulae, can also cause spurious detec-
tions in the filtered maps. We therefore flag cir-
cular regions, of radius 1.2 times the total ellip-
tical aperture radius, around objects listed in the
2 Micron All Sky Survey (2MASS) Large Galaxy
Atlas (Jarrett et al. 2003). We also flag circular
regions around all objects with radius > 1’ in the
New General Catalog (NGC2000 version; Sinnott
1988). Objects located within regions containing
extended foreground objects are indicated with a
non-zero value for ext0ObjFlag in the cluster cata-
log (see Table A3).

4. Bright stars. 1t is difficult to optically confirm and
measure photometric redshifts for cluster candi-
dates that are near bright stars. We use W1-band
(3.4 pm wavelength) magnitude measurements in
the AIIWISE catalog (produced by the Wide-field
Infrared Survey Explorer (WISE) mission; Wright
et al. 2010; Mainzer et al. 2011) to identify such
regions. We mask circular regions of radius 3.5’
(3 < W1 < Tmag); 7 (-1 < W1 < 3 mag);
and 10" (W1 < —1mag). Objects located close
to bright stars are indicated with a non-zero value
for starFlag in the cluster catalog (see Table A3).

There are also two, separate flag classes that are not
recorded in the flag mask:

1. Ring artifacts around high S/N clusters. Clusters
with large SZ signals (e.g., El Gordo, Menanteau
et al. 2012, detected at S/N = 82 in DR6) can in-
duce ringing artifacts in the filtered maps, some of
which have S/N above the object detection thresh-
old. We identify candidate spurious ring features
by creating a segmentation map that identifies ob-
jects made from a minimum of 30 connected pixels
with S/N > 0.5. When constructing the cluster
catalog, we then check if an object is found in this
candidate ring mask. If the object is then found to
be located within 12’ of another cluster candidate
detected with S/N > 20, the object is flagged as
a ring artifact (ringFlag = 1 in the cluster candi-
date list). For convenience, we increment the flags
value of the object in the cluster catalog as well.

2. Objects split across tile boundaries. Some high S/N
cluster candidates detected at the edge of a tile may
be detected in more than one tile. Objects which
are located within 2.5" of another candidate found
in a different tile have the tileBoundarySplit flag
set in the cluster candidate list produced by NEMO.
These are then visually inspected in the filtered
maps, and the candidate corresponding to the part
of the cluster that ‘leaked’ across the tile bound-
ary (generally the candidate with the lower S/N,
corresponding to the edge rather than center of a
cluster) is rejected when the final cluster catalog
is assembled. This process could be automated or
avoided entirely with some modifications to NEMO,
but this is left to future work as this situation oc-
curs rarely in the ACT DR6 catalog (only 47 out of
21558 candidates have tileBoundarySplit = 1).

Pixels (and in turn cluster candidates) may be flagged
multiple times using the above criteria. The flags value
in the catalog contains the sum across all the above cat-
egories, except for tileBoundarySplit (see Table A3).
Hence, a conservative, clean catalog can be selected by
choosing only objects for which flags = 0. This corre-
sponds to 15752 out of 21558 candidates detected with
G > 4. We focus on this subsample of objects for the
results presented in this work, but the full list of candi-
dates, regardless of flags level, is included in the data
products released with this paper.

2.3. Fualse Positive Rate
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Figure 5. Flag values across the cluster search region, used to identify objects located in potentially problematic regions (see Section 2.2.3).
Regions where flags = 0 are taken to be ‘clean’; most of the flags = 1 region corresponds to the dust mask; and regions with larger flag
values contain point sources (e.g. AGNs and dusty galaxies) detected by ACT. The full 16293 deg? cluster search area (before masking and
flagging) is shown as the black outline. The total ‘clean’ area within this covers 12590 deg?.

We estimate the expected number of false positive de-
tections in the cluster candidate list by running NEMO
on signal-free simulations, using a similar method to that
described in Section 2.2.2 above. We create simulated
090, £150, and 220 maps that contain CMB, 1/f noise,
and white noise that follows the inverse variance maps
produced by the map maker (Naess et al. 2025). We
scale the white noise level up by a factor of 1.16 across
all the simulated frequency maps, which results in the
output noise map estimated by NEMO having the same
median level (to within 2%) of the noise map obtained
from running on the real data.  We do this because the
simulations do not contain point sources, or other astro-
physical components (e.g., dust, Cosmic Infrared Back-
ground), resulting in an underestimate of the noise level
seen in the real data. As the simulations do not contain
point sources, we only run Steps 3—4 of the detection
algorithm described in Section 2.2.2. Nevertheless, this
exercise gives an idea of the expected false positive clus-
ter candidate detection rate due to noise fluctuations,
and is consistent with the fraction of optically confirmed
clusters detected as a function of S/N in the real data,
as shown in Section 3.2.

Figure 6 shows the results for the flags = 0 area
within the Legacy footprint, which are similar to those
reported in H21 for this exercise. This shows that we ex-
pect only 11 false detections due to noise fluctuations in
the Legacy footprint for the ¢ > 5.5 cut used to define the
‘Legacy sample’. This is a lower limit as the simulations
used do not include all possible sources of contamination
(e.g., artifacts related to point sources, dust, etc.).

2.4. Position Recovery

As in H21, we use source injection simulations to as-
sess the accuracy of position recovery for cluster can-
didates. Note that this only accounts for the effect of
noise fluctuations in the map, and not any other astro-
physical causes (e.g., cluster mergers). We paint UPP
model clusters into the real ACT frequency maps with
uniformly distributed amplitudes and sizes selected from
O500c(") € {7.8,4.2,2.4,1.5}. We recover a total of ~ 10°

6 Rescaling the white noise level has no effect on the number of
false positive detections as a function of S/N ¢ (i.e., this makes no
difference to the results shown in Figure 6). We apply this factor
only for consistency with the end-to-end simulations described in
Appendix B.

footprint = Legacy, flags = 0

Fraise (> q)
i
S

,_.
o
M

6.0

Py
w
o

Figure 6. An estimate of the false positive cluster candidate de-
tection rate in the flags = 0 area of the 10317 deg? Legacy foot-
print. The top panel shows the cumulative number of detections as
a function of signal-to-noise ¢ in signal-free simulations (averaged
over 10 realizations). The bottom panel presents the expected false
positive fraction of the real cluster candidate list as a function of
q cut.

detections with ¢ > 4 over these injection runs. To quan-
tify the accuracy of position recovery, we use the Rayleigh
distribution,

P#,0) = % exp (—0°%/207), (3)

where 6 is the angle between the true and recovered clus-
ter position, and o is the scale parameter for the distri-
bution.

Figure 7 shows the result of fitting Equation (3) to
recovered position offsets, binned by ¢, to find 0. We find
that a good fit to o as a function of ¢ is given by o =
1.428/q, with o specified in arcminutes. We make use
of this model in cross-matching ACT cluster candidates
against other cluster catalogs in Section 3.1 below.

2.5. Mass Estimates

We estimate cluster masses with the same methodology
used for previous ACT cluster catalogs. The motivation
for the method is described in H13. We assume that the
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Figure 7. Results of fitting the distribution of recovered clus-
ter position offsets obtained from source injection simulations with
the Rayleigh distribution (Equation 3), as a function of signal-to-
noise . A single parameter model is a good description for how o
changes with ¢.

cluster central Comptonization parameter §, is related
to mass via

Ms00c
Mpivot

1+Bo
) Q(O500¢) frel(Msooc; 2) »
(4)

where 1040 is a normalization that sets the overall mass
scale, By = 0.08, Mpivor = 3 x 10 Mg, Q(0500c) is the
filter mismatch function (this accounts for the angular
size difference between clusters with different masses and
redshifts to the reference 2.4’ filter scale used for mea-
suring o, see H13), and f. is a relativistic correction
(implemented as described in H21, using the formulae
of Ttoh et al. 1998). FE(z) describes the evolution of
the Hubble parameter in units of Hy with redshift, i.e.,
B(2) = (Qm(1 + 2)% +Q4)2.

In a departure from previous ACT cluster catalog pa-
pers, we adopt 104° = 3.0 x 10~° as the normalization
for the scaling relation, rather than the value derived
from Arnaud et al. (2010, based on X-ray observations
of low redshift clusters; 1040 = 4.95 x 107°, see H13),
that was used for both previous ACT and Planck cluster
catalogs. All figures in this paper that use the symbol
Ms00c assume 1040 = 3.0 x 1075, For comparison with
previous work, we still report mass estimates that use
the Arnaud et al. (2010) mass calibration in the clus-
ter catalog (see Section 4), for which we use the sym-
bol M0, The 104 = 3.0 x 10~ normalization cho-
sen here, which is ~ 60% of the previous value, gives
masses that are consistent with stacked weak-lensing
analyses of the ACT DR5 cluster sample, for which
MAR /MWL =1 —b = 0.65 £ 0.05 (Robertson et al.
2024, based on Kilo-Degree Survey [KiDS| data; which
is consistent with results found by Shirasaki et al. 2024
using Hyper Suprime-Cam [HSC] data), where the su-
perscript WL indicates the average stacked weak-lensing
mass.

To obtain mass estimates from the SZ signal using
Equation (4), correcting for the Eddington bias (Edding-
ton 1913) due to the steepness of the halo mass function
(HMF) and oyt = 0.2 log normal intrinsic scatter (based
on the results of numerical simulations, see H13), we use

jo = 10" E(2)? (

the same method as in previous ACT cluster papers. We
compute the posterior probability

P(Mso0c|90, 2) o< P(Fo|Msooc, 2) P(Mso0c|2) (5)

where P(Msg0c|2) is the HMF at redshift z, for which
we use the implementation of the Tinker et al. (2008)
HMF in the Core Cosmology Library v3.1.2 (CCL;” Chis-
ari et al. 2019). We assume og = 0.80 for HMF calcula-
tions throughout this work. The uncertainties we quote
on our mass estimates account for measurement errors
and the effect of intrinsic scatter, but otherwise do not
include uncertainties on the scaling relation parameters
themselves. We also provide a set of mass estimates in
the cluster catalog (see Section 4) that do not include
the Eddington bias correction, allowing them to be com-
pared against, e.g., the mass estimates in the PSZ2 cat-
alog (Planck Collaboration et al. 2016b).

2.6. Completeness

We estimate the completeness of the cluster sample
as a function of mass by using a semi-analytic method
that has been validated using end-to-end simulations,
accounting for the optimization bias introduced by the
matched filter (see Appendix B below). The overall ap-
proach is similar to that used by Planck Collaboration
et al. (2016a). This accounts for the completeness due
to the noise properties of the map, but does not account
for the impact of sources correlated with clusters (see
Section 5.2 below for a brief discussion of this issue).

We calculate the area-weighted average completeness
X above a given signal-to-noise cut gy on the (Msppc,
z) grid over ¢ patches in the map (with ¢ different noise
levels) using

X = /dhlﬂo P(Z70|M500c,Z)ZXi(§)Wm (6)

where
. 1 In o — In G5O ) 2
P(50|Mso0c, 2) = ——€ - ,
(y0| °00 ) moint Xp[ ( \/Qaint
(7)
and

(@) =5 1t (B2 ®)

Here, g is taken to be the true value obtained through
Equation (4), neglecting the relativistic correction (as
this is not significant for clusters near our chosen signal-
to-noise cut), and g5 is this value with optimization
bias applied, using the model described in Appendix B.
The area weight for patch 4 is represented by W;, and
Gi = Jo/6Yoi, where 67o; is the noise level in patch i.
Figure 8 shows the area-weighted average complete-
ness in the (Msooc, 2) plane for ¢ > 5 over the 12590 deg?
flags = 0 search area, as calculated using Equation (6),
assuming the scaling relation described by Equation (4),
the optimization bias model described in Appendix B,
log-normal intrinsic scatter, and Gaussian noise. At
z = 0.5, the 90% mass completeness limit is Mxgp. >
5.3 x 10'* M. For the Legacy footprint, the limit is

7 https://github.com/LSSTDESC/CCL
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Figure 8. Completeness in the (Msooc, 2) plane for a signal-to-
noise cut geut = 5, for the flags = 0 search area, calculated as
described in Section 2.6. The dotted black line indicates the 90%
completeness limit.

slightly lower, Mspo. > 5.0 x 1014 Mg. The mass limits
within the DES, HSC, and KiDS footprints are similar.
These mass hmlts are higher than those quoted in H21
due to the lower value of 104° used in this work. The
equivalent mass limit using the Arnaud et al. (2010) mass
calibration is MZy2 > 3.0 x 10** Mg, for DR6, compared
to M2 > 3.8 x 1014 Mg for DRS, as reported in H21.

The mass limit varies spatially, driven by the evolu-
tion of the ACT observing strategy from 2008 to 2022,
as shown by the map in Figure 9. We plot the cumulative
area as function of mass limit derived from this map in
Figure 10. The deepest 20% of the full search area, cover-
ing 3237 deg?, is sensitive to clusters with lower limits to
the mass lying in the range 2.9 < M500C/1014 Mg < 3.5.

3. OPTICAL/IR FOLLOW-UP AND REDSHIFTS

In this Section we describe the process of assigning
redshifts to ACT cluster candidates, using the heteroge-
neous optical /IR data currently available over the large
ACT cluster search area. The overall procedure is similar
to that used in H21; here we aim to highlight differences
with respect to the previous analysis, which come pri-
marily from new redshift sources that were not available
at the time of the ACT DR5 release. We may update
the catalog of confirmed clusters with redshifts and mass
estimates after publication as newer optical /IR data be-
come available. If so, a set of DR6 cluster search data
products with a new version number will be posted on
LAMBDA.

3.1. Redshift Assignment

We assign redshifts to most of the cluster candidates
through automated cross-matching against a set of clus-
ter catalogs that we deem to be reliable, using a method
that is more conservative than used in H21. In the pre-
vious analysis, we matched clusters using a combination
of the ACT positional uncertainty, with an additional
0.5 Mpc projected distance cross-matching radius that
was intended to account for ‘astrophysical’ uncertainties;
i.e., miscentring in optical /IR catalogs (e.g., Zhang et al.
2019; Ding et al. 2025). While cross-matching using a
large projected radius will result in a more complete sam-
ple, it carries the risk of matching low-richness clusters

in optical catalogs with noise fluctuations in the ACT
map (see Section 2.3). Three such cases were identified
by Ding et al. (2025) using the combination of ACT DR5
and HSC data.

We start by considering the Rayleigh distribution
model fit shown in Figure 7. A fixed value of ¢ = 0.357’
corresponds to ¢ = 4, which is the minimum S/N that
we consider in our sample. The 99.7 percentile of this
Rayleigh distribution corresponds to a cross-match dis-
tance of 1.22') which is equivalent to cross-matching
within a projected distance between 0.24-0.61 Mpc over
the redshift range 0.2 < z < 2. For comparison, 95%
of cluster centers are found within a 0.5 Mpc projected
cross-match distance according to the Ding et al. (2025)
model (which includes a miscentered component, and
has been cleaned of non-astrophysical sources of miscen-
tring), while 99.7% are found within 1 Mpc. We therefore
choose to cross-match using the projected distance cor-
responding to 1.22’ at the cluster redshift, if this is larger
than 0.5 Mpc (where the ACT positional accuracy may
be the dominant cause of miscentring), or otherwise use
a projected cross-match radius of 0.5 Mpc. This choice is
a compromise; it may result in up to 5% of clusters being
missed by automated cross-matching, but it avoids the
possibility of adding a number of spurious cross-matches
(particularly at low redshift) that would result from us-
ing a 1 Mpc cross-match radius.

We perform automated cross-matching against clus-
ter catalogs produced by the following teams: CAMIRA
(Oguri 2014; Oguri et al. 2018, here we use the
CAMIRA23B catalog; see Oguri et al., in prep.); eRASS1
(Bulbul et al. 2024); MaDCoWS (Gonzalez et al. 2019;
Thongkham et al. 2024a,b); MCMF (Klein et al. 2023,
2024a); redMaPPer (Rykoff et al. 2014, 2016, here we use
the v0.8.5 DES Y6 catalog); SPIDERS (Clerc et al. 2020;
Kirkpatrick et al. 2021); SPT (Bleem et al. 2015, 2020,
2024); WaZP (Aguena et al. 2021; Benoist et al. 2025,
here we use the v5.0.12.6801 DES Y6 catalog); and Wen
& Han (2015).

Table 1 lists the total number of ACT DR6 cluster
candidates cross-matched against cluster catalogs drawn
from the DES and HSC surveys, and the chance associ-
ation probability estimated from matching against ACT
DR6 random catalogs. We choose to only consider the
DES and HSC cluster catalogs here because estimat-
ing the chance association probability requires accurate
knowledge of the area of intersection between the ACT
cluster search area and the respective optical survey (this
is not readily available in a convenient format for all the
optical cluster catalogs that we cross-match against). We
find that there is a 1-6% probability of matching an ACT
DR6 cluster candidate against a cluster in these optical
cluster catalogs by chance. For comparison, the less con-
servative automated cross-matching procedure used in
constructing the ACT DR5 cluster catalog resulted in a
5% chance of ACT DR5 cluster candidates being ran-
domly associated with redMaPPer or CAMIRA clusters
(see H21). The chance association probability depends
upon the details of how the optical cluster catalog was
constructed and the cuts applied to the catalog.

We also estimate photo-zs using the ZCLUSTER® pack-
age, as described in H21, the only change being that

8 v0.5.1; https://github.com/ACTCollaboration/zCluster
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Figure 9. Mass limit map (90% completeness) for clusters with gecut = 5, evaluated at z = 0.5 as described in Section 2.6. The spatial
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Table 1
Summary of the results of automated cross matching against DES and HSC optical cluster catalogs that
intersect with the ACT cluster search area (see Section 3.1).

Catalog Optical Survey Cut Applied Number of Matches Chance Association Probability (%)
redMaPPer DES Y6 A> 20 2154 1.0

WaZP DES Y6 WaZP SNR > 4 3204 6.4
CAMIRA  HSC Wide S23B Nmem > 16 753 1.7
Note. — The Cut Applied column refers to a constraint placed on the input optical cluster catalog, which is

either in terms of S/N reported in that catalog (WaZP), or richness (A or Nmem)-

here we use updated photometry from DR10.1 of the
DESI Legacy Imaging Surveys (Dey et al. 2019). We ran
ZCLUSTER on all flags = 0 candidates, and all ¢ > 5
candidates with any flags value. We visually inspect the
available optical /IR imaging before assigning a zCLUS-
TER redshift estimate to a candidate. As in H21, in the
warnings field of the DR6 cluster catalog we indicate ob-
jects where the ZCLUSTER optical density contrast statis-
tic has a low value (§ < 3), although this does not nec-
essarily indicate that the redshift is unreliable.

After the above procedures were completed, we visually
inspected WISE images of ¢ > 5.5 candidates for which
no redshift estimate was available. For those deemed
to be high-redshift clusters, we estimated their redshifts
by using an empirical relationship between the W1 —

W2 color of the object identified as the brightest central
galaxy (BCG),

W1— W2 = (152 0.08) (%) —(0.96 £ 0.07), (9)

(see Figure 11). This was obtained from a weighted least
squares fit to WISE colors of 52 0.8 < z < 1.6 BCGs
in clusters with spectroscopic redshifts taken from Stott
et al. (2010); Lidman et al. (2013); Fassbender et al.
(2011a,b); Santos et al. (2011), in addition to clusters
with spectroscopic redshifts and BCG positions recorded
in the ACT cluster catalog. Redshifts were assigned to 59
clusters using this procedure, by inverting Equation (9),
with redshift uncertainty Az = 0.1 resulting from the
uncertainty in the fit parameters.
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Figure 11. Relationship between WISE W1 — W2 color and z,
derived from BCGs in clusters with spectroscopic redshifts (see
Section 3.1). This arises because of the ‘stellar bump’ feature
at 1.6 um in galaxy spectral energy distributions (e.g., Papovich
2008). The dashed line shows a weighted least squares fit to the
data (Equation 9) over the range 0.8 < z < 1.6. This was used
to obtain redshift estimates for 59 clusters with no other redshift
source available.

In addition to all of the above sources, we also used
a number of redshifts from miscellaneous sources in the
literature. Table 2 provides a full breakdown of all the
redshift sources used in constructing the catalog.

The final catalog contains a single redshift estimate per
candidate, using what we judged to be the best available
redshift at the time of publication. We adopt spectro-
scopic redshifts where possible. Photometric redshifts
assigned via automated cross-matching used the follow-
ing order of preference: (1) redMaPPer in DES YG6; (2)
CAMIRA S23B; (3) SPT; (4) MaDCoWS2 DR2; (5)
WaZP in DES Y6; (6) eRASS1; (7) MCMF; (8) redMaP-
Per in SDSS; (9) Wen & Han (2015). To some extent this
prioritizes cluster catalogs that used deeper optical data
and/or incorporate WISE IR photometry.

Note that for many objects in the catalog where multi-
ple photometric redshifts are available, the different red-
shift sources are usually consistent, so in practice the
order of assignment for photo-zs does not have much im-
pact on the resulting ACT DR6 cluster catalog (though
it does impact the number of redshifts drawn from each
source as listed in Table 2). However, we have iden-
tified 128 possible projected systems (i.e., candidates
with plausible matches to multiple clusters along the line
of sight), with many of these being identified after vi-
sual inspection of candidates with discrepant redshifts
(Az > 0.5) from multiple sources. These objects are in-
dicated in the warnings field of the cluster catalog. Only
one of these projected systems has so far been identi-
fied as a clearly blended detection in the SZ filtered map
(ACT-CL J0335.1—-4036, as first noted in H21).

Figure 12 shows optical /IR images of a selection of
clusters drawn from the catalog, arranged by z and ¢.

3.2. Purity and Follow-up Completeness

As in previous ACT work (e.g., Menanteau et al. 2010,
H21), we assess follow-up completeness from the fraction
of cluster candidates with redshift estimates as a func-
tion of ¢ cut. Figure 13 shows this for the flags = 0
area in several footprints within the ACT cluster search
area. We predict the purity of the sample as a function

of ¢ cut using signal-free simulations (see Section 2.3) as
1 — FFualse, Where Fpaise is the fraction of false positives,
shown by the dashed line in Figure 13. This is expected
to be the most optimistic case, as the signal-free simula-
tions do not contain any source of contamination beyond
that due to noise fluctuations in the map. Nevertheless,
we see that the 1 — Fryee line is a reasonable match to
the fraction of detected, optically confirmed cluster can-
didates found in regions with deep optical data (DES,
HSC; the small excess above the 1 — Frase line seen at
G ~ 4 may result from spurious cross-matching of some
optically selected clusters with SZ cluster candidates that
are noise fluctuations). We find that the sample found
within the 10317 deg? Legacy footprint is > 99% com-
plete in terms of redshift follow-up for ¢ > 5.5.

4. THE ACT DR6 CLUSTER CATALOG
4.1. Catalog Properties

The ACT DR6 cluster catalog consists of 10040 clus-
ters detected at ¢ > 4, with mass and redshift measure-
ments. Of these, 8943 are located in the area with flags
= 0. These are drawn from a full list of 21558 cluster
candidates, though only 15752 of these have flags = 0.
Table A3 gives descriptions of the columns in the cluster
catalog.

We define a subset of 3747 clusters with ¢ > 5.5 and
flags = 0 located within the 10317 deg? Legacy foot-
print? as the ‘Legacy sample’, which we suggest for use
in cosmological analyses that require a complete, statis-
tical sample of clusters. Figure 14 shows the distribution
of the cluster sample in terms of comoving distance in
the celestial equatorial plane, with RA used as the angu-
lar coordinate. The ‘Legacy sample’, which is complete
in terms of redshift follow-up, probes out to comoving
distance ~ 5000 Mpc.

The mass and redshift distributions of the full cluster
catalog are shown in Figure 15. The sample covers the
mass range 1.3 < Ms00./10% My < 22.9, with median
Ms00c = 2.8 x 1014 M. The sample covers the redshift
range 0.03 < z < 2.00, with median z = 0.58. It con-
tains 4133 spectroscopic redshifts (41.2% of the sample).
There are 1180 clusters at z > 1, of which 124 have red-
shifts estimated to be at z > 1.5. Many of these have
photometric redshifts from the Klein et al. (2024a) and
Thongkham et al. (2024b) catalogs, which used DESI
Legacy Imaging Surveys data.

Figure 16 shows the ACT DR6 cluster sample in com-
parison to recent SPT surveys (Bleem et al. 2015, 2020,
2024; Klein et al. 2024b; Kornoelje et al. 2025), and
the first release of the SRG/eROSITA cluster catalog in
the Western Galactic hemisphere (eRASS1; Bulbul et al.
2024). All of these catalogs have approximately the same

9 The ‘Legacy’ footprint was defined from visual inspection of
the confirmed cluster sample sky distribution, with reference to
the dust mask. It is an attempt to define a region with the max-
imum contiguous area (split by the Galactic plane) that contains
an almost complete sample of optically confirmed ¢ > 5.5 clus-
ters with redshifts (i.e., > 99% of ¢ > 5.5 candidates within
the ‘Legacy’ footprint are confirmed clusters). Note that the
choice of the exact boundaries of this footprint are somewhat
arbitrary. Users of the ACT DR6 cluster search data products
can easily provide their own alternative mask to redefine this
footprint if desired, see https://nemo-sz.readthedocs.io/en/
latest/dr6_tutorial.html and https://nemo-sz.readthedocs.
io/en/latest/commands.html#nemomask.
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Table 2

Breakdown of redshift sources used in the ACT DR6 cluster catalog. The labels given in the Source column correspond
to those used in the redshiftSource column in the FITS Table format cluster catalog (see Table A3).

Source Number Fraction (%) Reference(s)
MaDCoWS 2575 25.6 Gonzalez et al. (2019); Thongkham et al. (2024a); Thongkham et al.
2024b
redMaPPer 2019 20.1 %{ykoff)et al. (2014); Rykoff et al. (2016)
MCMF 1403 14.0 Klein et al. (2023); Klein et al. (2024b); Klein et al. (2024a)
PublicSpec 1223 12.2 Includes: 2dFLens, OzDES, SDSS, VIPERS, SPIDERS, DESI; Blake
et al. (2016); Childress et al. (2017); Ahumada et al. (2020); Scodeggio
et al. (2018); Clerc et al. (2020); Kirkpatrick et al. (2021); DESI
Collaboration (2025)
ACT 1049 10.4 Includes: zCLUSTER redshifts from this work; Menanteau et al.
(2013b); Sifon et al. (2016); Hilton et al. (2018); Hilton et al. (2021)
WaZP 477 4.8 Aguena et al. (2021); Benoist et al. (2025)
SPT 436 4.3 Bocquet et al. (2019); Bleem et al. (2020); Bleem et al. (2024); Kor-
noelje et al. (2025)
WH 295 2.9 Wen et al. (2012); Wen & Han (2015); Wen & Han (2022); Wen &
Han (2024)
eRASS1 285 2.8 Bulbul et al. (2024)
CAMIRA 128 1.3 Oguri et al. (2018)
Lit 91 0.9 See table notes
WISEBCGz 59 0.6 This work
Total spectroscopic 4133 41.2 v
Total photometric 5907 58.8

Note. — Sources for literature redshifts: Struble & Rood (1991); Shectman et al. (1996); Smail et al. (1997); De
Grandi et al. (1999); Struble & Rood (1999); Romer et al. (2000); Bohringer et al. (2000); Cruddace et al. (2002); Mullis
et al. (2003); Valtchanov et al. (2004); Bohringer et al. (2004); Allen et al. (2004); Mullis et al. (2005); Burenin et al.
(2007); Gilbank et al. (2008); Cavagnolo et al. (2008); Gal et al. (2009); Coziol et al. (2009); Gralla et al. (2011); Sanders
et al. (2011); Chon & Bohringer (2012); Nastasi et al. (2014); Newman et al. (2014); Bradley et al. (2014); Stanford
et al. (2014); Planck Collaboration et al. (2015); Pannuti et al. (2015); Planck Collaboration et al. (2016b); Adami et al.

(2018); Willis et al. (2020); Ansarinejad et al. (2023)

mass calibration (to within < 10% on average). Both
SPT-Deep and eRASS1 are sensitive to lower mass clus-
ters than ACT DR6. The ACT DRG6 catalog is the largest
SZ-selected cluster catalog produced to date.

Inspection of Figure 16 shows that the most massive
ACT DR6 clusters have higher inferred masses than ob-
jects in the eRASS1 catalog. Since ACT and eRASS1
have both surveyed a large fraction of the sky in com-
mon, this might suggest a shift in the inferred masses
between the two catalogs. Figure 17 shows a compari-
son of the mass estimates reported for clusters in com-
mon between the two samples. We find that the average
masses of the samples are consistent; (Msooc [eRASS1]) =
(0.99 £ 0.01) (M500c), where the uncertainty is the stan-
dard error on the mean. We note that the most massive
clusters (Mspo. > 1015 M) tend to have higher inferred
masses in the ACT catalog. This could be due to physical
reasons (e.g., mergers or line of sight projection effects,
for example), but a detailed investigation is left for future
work.

4.2. Other Cluster Search Data Products

We release a number of other data products related to
the ACT DR6 cluster search:

1. Candidate list. The full list of 21558 ¢ > 4 cluster
candidates detected by NEMO. This includes ob-
jects detected in regions with high flag values, so
this must be used with care.

2. Multiple systems catalog. We produce a catalog
containing potential multiple systems, i.e., cluster

. Selection function information.

pairs, triples, etc. that may be physically associ-
ated, using the same method as described in H21
(we link objects located within a projected dis-
tance of 10 Mpc and within a line-of-sight veloc-
ity difference of 5000kms~!). One application of
this kind of catalog is stacking to detect bridges
between clusters, as done by Isopi et al. (2024).
The largest multiple systems that we find contain
four clusters, and there are three such systems
which have spectroscopic redshifts for all compo-
nents: ACT-CL J0857.8+0310 / J0857.94+0315 /
J0859.54+0308 / J0901.5+0300 (z = 0.20); ACT-
CL J0908.8+1102 / J0909.2+1058 / J0909.341104

J0911.9+1057 (2 = 0.17); and ACT-
CL J1030.3+1403 / J1030.5+1415 / J1031.341405
/ J1032.8+1352 (2 = 0.32).

. Point source catalogs. These are extracted from

the 090, f150, and f220 maps as a byproduct of
the NEMO cluster search (see Section 2.2.2), and
are used in constructing the flag mask (see be-
low). The catalogs included here include amplitude
(AT), signal-to-noise, and position information. A
dedicated search for point sources and a report on
their properties will be presented in a future paper
(Vargas et al., in prep.).

. Filtered maps. Maps of ¢ and §o (x107%) are

provided in the standard ACT CAR pixelization as
FITS images.

This includes
masks (such as the flag mask; see Figure 5), noise
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Figure 12. Example optical /IR images of clusters in the ACT DR6 catalog. Objects in columns from left to right have ¢ > 20, 10 < ¢ < 20,
and 5 < ¢ < 10. Objects in rows from top to bottom have 0 < z < 0.5, 0.5 < 2 < 1, 1 < z < 1.5. Images are taken from the DESI Legacy
Imaging Surveys, with optical images (using g, 7, z data) shown in the first two rows, and WISE IR images (using W1, W2 data) shown in
the bottom row. The contours mark regions of constant signal-to-noise in the ACT filtered map, running from 3 — 250, with a 20 interval
between each contour.

tables and maps for various footprints that inter-
sect with the ACT cluster search area (HSC, DES,
KiDS, and the Legacy footprint), and tables that
allow the filter mismatch function (Q(fs00c), see
Section 2.5) to be computed.

. Cluster signal maps. These are FITS images in
the standard ACT CAR pixelization that allow the
cluster thermal SZ signal to be subtracted from the
f090, f150, and 220 maps. Note that the estimate
of cluster size is quite noisy, and better results may

be obtained by using more filter scales than have
been used for the ACT DR6 analysis. The UPP
(Arnaud et al. 2010) is assumed. Tools are available
in NEMO to make these model maps with different
parameters.

Most of these data products can be reproduced by run-
ning NEMO on the public ACT DR6 maps.'®

10

See  https://nemo-sz.readthedocs.io/en/latest/dr6_

tutorial.html
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Figure 13. The fraction of DR6 cluster candidates with redshift
measurements as a function of signal-to-noise ¢ in flags = 0 ar-
eas of the cluster search region, within various different footprints
(solid colored lines). The dashed line (labeled 1 — Fg,se) shows the
expected purity of the cluster sample within the Legacy footprint,
based on signal-free simulations (see Section 2.3). Redshift follow-
up is > 99% complete for § > 5.5 in the Legacy footprint. The
full flags = 0 search area, which includes regions at low Galactic
lattitude, is > 90% complete in terms of redshift follow-up (i.e.,
90% of candidates have been assigned redshifts) for ¢ > 5.0. The
slight excess above the 1 — Fgaige line at ¢ & 4 in the DES and
HSC regions is consistent within the expected shot noise, given the
number of cluster candidates.
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Figure 14. Wedge plot showing the full ACT DRG6 cluster catalog
(10040 blue points), and the ‘Legacy sample’ (3747 orange points),
drawn in the equatorial plane. The size of each point scales with
cluster mass. RA is used as the angular coordinate, with 0 deg RA
pointing to the right from the origin and increasing counterclock-
wise. The radial coordinate is comoving distance in Mpc. The
dashed circles mark the distances equivalent to redshifts 0.5, 1.0,
1.5, and 2.0, starting from the observer’s location at (0, 0).

5. DISCUSSION
5.1. Comparison with the ACT DRS cluster catalog

We find that 508 clusters from the ACT DR5 catalog
(H21) are not found in the DR6 catalog. Differences in
masking account for 22 of these (i.e., 4173/4195 of the
DR5 clusters are located within the DR6 cluster search

region, leaving 486 clusters from DR5 that are not found
in the DR cluster catalog). The difference in the signal-
to-noise selection criterion between the DR5 and DR6
analyses accounts for a further 126 objects; in DR6, we
require ¢ > 4 for inclusion in the catalog, whereas for
DR5 we included all clusters detected with S/N > 4,
regardless of the filter scale at which the object was de-
tected. So, 360/4173 (8.6%) of clusters with ¢ > 4 in the
DRS5 catalog that are within the DR6 cluster search area
are missing in DR6.

All of the clusters previously reported in DR5 and miss-
ing from the DR6 catalog were optically confirmed. Most
are also found in other catalogs, with 47% of the missing
clusters coming from the redMaPPer catalogs that pro-
vided the most redshifts overall in DR5. They all have
richness A > 20, with median A = 40 (for SDSS redMaP-
Per clusters) and A = 34 (for DES redMaPPer clusters).
These red sequence richnesses can be boosted by projec-
tion, and as a result the halo mass and SZ signal for these
systems has a significant skew to low values (Cohn et al.
2007; DES Collaboration et al. 2025).

Another explanation for the disappearance of these
clusters below our selection threshold is that they were
boosted to higher ¢ in the DR5 catalog by noise fluc-
tuations. Using NEMO to perform forced photometry
in the DR6 ¢ maps at the locations given in the DR5
catalog, we find that 178/354 (49%) of the missing clus-
ters have ¢ > 3. The median difference in signal-to-
noise between the catalogs for the missing clusters is
Aq = gprs — gpre = 1.5.

Comparing the redshifts of clusters in common between
the DR5 and DR6 catalogs, the reported values have
changed by Az > 0.1 for 150 clusters, and by Az > 0.5
for 23 clusters. In the latter case, this is due to projected
systems (see Section 3.1), where in DR5 we misidentified
a lower redshift cluster along the line of sight to the SZ
source in some cases. Better optical/IR data and new
optical /IR cluster catalogs that were not available when
H21 was published have helped to identify these issues.

5.2. Source Contamination and SZ Selection

Incompleteness due to sources, either active galactic
nuclei (AGN) or dusty star forming galaxies, filling in
the SZ decrement signal has long been a concern (Lin
et al. 2009; Sayers et al. 2013; Dicker et al. 2021, 2024),
although studies to date have not revealed it to be a sig-
nificant issue (Gupta et al. 2017; Bleem et al. 2024). To
test this for the ACT DR6 sample, using NEMO we per-
form forced photometry in the § and gq filtered maps at
the locations of X-ray selected clusters from the eRASS1
catalog (Bulbul et al. 2024), since we do not expect X-
ray selected clusters to be sensitive to this selection ef-
fect (although some X-ray clusters may have their lu-
minosities boosted by contamination by X-ray AGNs).
We extract ¢ and gy values at the positions of eRASS1
clusters in the valid ACT DR6 search area, and com-
pute mass estimates using Equation (4). Note that there
are some eRASS1 clusters for which we adopt a different
redshift estimate in the ACT DR6 catalog compared to
that listed in the eRASS1 catalog; for estimating masses
from forced photometry, we use the redshift as listed in
the eRASS1 catalog. There are a total of 7043 eRASS1
clusters within the ACT footprint, and the forced pho-
tometry procedure returns 1690 of these with ¢ > 4. It
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Figure 15. Mass and redshift distributions for the ACT DR6 cluster sample (see Section 4.1). In the right panel, objects with photometric
redshifts are shown in blue, while those with spectroscopic redshifts (41.2% of the total sample) are shown in orange. The gray histogram

shows the full sample.

1015

Msooc (Mo)

10!

1 1
¢ ACT-DR6 (10040)
SPT-SZ/ECS/MCMF (516/448/811)
SPTpol (544) 1
SPT-Deep (469)
eRASS1 West (12247)

o ++

.

-
-
"
S

ol
0.0 0.2

z

Figure 16. The ACT DR6 cluster sample in the (mass, redshift) plane, in comparison to recent SPT SZ cluster samples: SPT-SZ (Bleem
et al. 2015); SPT-ECS (Bleem et al. 2020); SPT-MCMF (Klein et al. 2024b); SPTpol (Bleem et al. 2024); SPT-Deep (Kornoelje et al.
2025); and the X-ray selected eRASS1 catalog in the Western Galactic hemisphere (Bulbul et al. 2024). Triangles indicate clusters with
lower redshift limits in the SPTpol and SPT-Deep samples. The number of clusters in each sample is given in parentheses in the legend.
All of these surveys are on comparable mass scales (to within < 10% on average).

is not surprising that most eRASS1 clusters are not de-
tected by ACT, as most have masses below the ACT
detection limit (see Figure 16). However, clusters that
have large masses listed in the eRASS1 catalog that are
missed by ACT can be used to investigate SZ incomplete-
ness due to AGN contamination, under the assumption
that the mass estimates provided by Bulbul et al. (2024)
are reliable.

As shown in Section 2.6, the 90% mass completeness
limit is approximately Msgo. > 5 x 10 Mg, for z > 0.2
over most of the ACT cluster search area. There are
428 z > 0.2 eRASSI clusters with eRASS mass esti-
mates above this limit. Figure 18 shows a comparison
between the SZ masses extracted via forced photome-
try, compared to the X-ray derived masses listed in the

eRASSI catalog. We see overall agreement (most clus-
ters scatter around the 1:1 line; see also Figure 17), but
there is a tail of clusters with lower than expected SZ
masses, given the eRASS1 mass.

We find ¢ > 5 for 92% of the 428 clusters from
the forced photometry procedure, while 32/428 clusters
(7.5%) have ¢ < 5. Of these, 14/33 have 3 < ¢ < 5.
If we take the eRASS1 mass as ‘truth’, then this indi-
cates there is suppression of the SZ signal in a small
fraction of massive clusters. The most likely explanation
for this would be contamination due to radio AGN (see
also Dicker et al. 2021, 2024), though miscentring of the
X-ray cluster position with respect to the peak of the
SZ signal may also play a role (since forced photometry
relies on the X-ray positions in the eRASSI1 catalog).
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reported in the eRASS1 catalog (Bulbul et al. 2024; Ghirardini
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Figure 18. Comparison of SZ mass estimates extracted via forced
photometry (vertical axis) with X-ray derived masses listed in the
eRASS1 cluster catalog (horizontal axis), for clusters with eRASS
Msooe > 5 x 104 Mg and at z > 0.2 (approximately the § > 5
90% mass completeness limit over the ACT DR6 search area).
The dashed line shows the 1:1 relation, and demonstrates that
the mass calibration used for both samples is comparable (see also
Figure 17). Objects that were found to be located within 1.2
of a f090 point source are shown as the orange points. These
have SZ mass estimates that are significantly lower than those
measured by eROSITA. We highlight the case of MACS J0242.5-
2132 (1eRASS J024235.9-213225), which is briefly discussed in Sec-
tion 5.2.

In Figure 18, we highlight clusters which are found
within 1.2" of a S/N > 5 {090 point source (there are
a further four clusters which are not shown as they
have negative o values from the forced photometry).
Note that sources are subtracted during the cluster de-
tection procedure (see Section 2.2), so while this pro-
cess has resulted in some SZ signal being recovered, it
seems that this is not enough to match the mass in-
ferred from the X-ray data. MACS J0242.5-2132 (Allen
et al. 2004; also known as 1eRASS J024235.9-213225,
with Msgoe > 10*° Mg, at z = 0.314) is one example of a
massive cluster that was missing in the ACT DR5 sam-
ple due to source contamination. This particular cluster
hosts a compact radio source within the BCG with f090
flux density 65 mJy and 1.4 GHz flux density ~ 1Jy. It
is recovered in the DR6 sample!! at § = 4.8, and has
an ACT mass estimate that is 22% of the eRASS1 mass
estimate.

We found that 16/32 of the § < 5 clusters have po-
sitions that are offset from the SZ peak S/N location
from visual inspection of the ACT filtered map, and
so miscentring is most likely to be responsible for the
lower than expected SZ signal for these systems. This
includes one merging system that is visually resolved
into two components by ACT, but which is not de-
blended in either the ACT or eRASS1 catalogs (ACT-
CL J0810.3+1816 at z = 0.42, which is associated with
1eRASS J081025.1+181634). Miscentring can be due to
radio sources affecting the SZ peak position, or positional
uncertainties in the eRASS1 catalog.

We note that some eRASS1 clusters are blended in
the ACT DR6 catalog, and are likely to be mergers.
There are three such ACT detections that have multi-
ple eRASS1 clusters within < 1.2/, which includes two
mergers (both eRASS1 components at the same red-
shift; ACT-CLJ0436.3—3317 at z = 0.41 and ACT-
CL J0600.2—2007 at z = 0.42) and one possible projected
system (ACT-CL J0547.1—5026, with eRASS1 clusters
at z = 0.68,0.92). Of these, only the eRASS1 clusters
associated with ACT-CL J0600.2—2007 are part of the
high-mass subsample with Mspo. > 5 x 1014 My, z > 0.2
considered above.

It is possible that some of the eRASS1 mass estimates
may be biased high due to contamination by X-ray AGN,
since X-ray count rate is the mass proxy used (see Bulbul
et al. 2024; Ghirardini et al. 2024). Objects with poten-
tially high X-ray AGN contamination are flagged using
the PCONT quantity in the eRASS1 catalogs, which gives
an estimate of the probability that the X-ray source is a
contaminant rather than a cluster. We find that 4/33 of
the ¢ < 5 eRASS1 clusters have PCONT > 0.1, and so their
masses may be overestimated in the eRASS1 catalog.

After accounting for miscentring and X-ray AGN con-
tamination, we conclude that radio source contamina-
tion directly results in 2-3% of Msgoe > 5 x 104 My,
z > 0.2 eRASS1 clusters being missed by ACT. The im-
pact could be as high as 6%, if we include the miscen-
tered clusters, assuming that they are affected by radio
sources that are not directly detected by ACT. Obtaining
a firmer estimate requires taking into account the details
of the eRASS1 cluster selection and mass estimates. One

11 Using NEMo v0.9.0; it was not recovered with § > 4 using
earlier versions of the code.
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Figure 19. Mass and redshift distribution for the ACT DR6
catalog in terms of Ma2gom, compared to the flat ACDM exclu-
sion curves of Mortonson et al. (2011), where the observation of
even a single cluster above the shown lines conflicts with ACDM
at the confidence level indicated in the figure legend. The two
most extreme clusters are El Gordo at z = 0.87 (Menanteau et al.
2012), and ACT-CL J0329.2—2330 at z = 1.23 (Bleem et al. 2020;
Sikhosana et al. 2025), which are both undergoing mergers that
may have boosted their SZ-inferred mass estimates. (see Sec-
tion 5.3).

should also note that the uncertainties on the SZ and X-
ray signals considered here are at the > 10% level, and
there may be other factors that cause the large intrinsic
scatter seen in Figure 18. A more detailed investigation,
perhaps involving higher resolution SZ observations (e.g.,
Dicker et al. 2021, 2024), would help to clarify this issue.

5.3. Extreme Clusters

Thanks to the large sky area covered by ACT and the
redshift independent SZ effect, we have now searched for
massive clusters in a large fraction of the universe out to
z = 2. Here we revisit the question of whether any suf-
ficiently massive clusters exist at early times in the uni-
verse that can rule out the ACDM cosmological model
with Gaussian initial conditions, given the expected time
needed for such massive structures to grow (e.g., Mor-
tonson et al. 2011; Harrison & Coles 2012; Sahlén et al.
2016). We find that for the ACT DR6 catalog the an-
swer is ‘no’, as shown by Figure 19. However, there are
two clusters that lie over the 95% line as calculated for
the ACT DR6 footprint. These are El Gordo (Menan-
teau et al. 2012), a spectacular merging system that re-
mains the most extreme object in the ACT sample, de-
spite the vastly increased sky area covered by ACT DR6
compared to ACT DR1, and ACT-CL J0329.2-2330 at
z = 1.23 (first reported by SPT; Bleem et al. 2020).
Like El Gordo, the latter system hosts a giant radio halo
(Sikhosana et al. 2025), a turbulence-driven form of dif-
fuse radio emission often seen in cluster mergers (see the
review by van Weeren et al. 2019). Therefore it could be
the case that the masses inferred for these systems from
the SZ signal are overestimated, due to merger boost-
ing as seen in hydrodynamical simulations (Poole et al.
2007; Wik et al. 2008; Krause et al. 2012). These sim-
ulations show that such merger boosting is expected to
be transient, lasting for ~ 100 Myr. For El Gordo, the
SZ-derived mass in ACT DR6 is ~ 30% higher than the
weak-lensing mass measured by Kim et al. (2021), al-

though the two mass estimates only differ at the 1.40
level. Adopting the Kim et al. (2021) weak-lensing mass
for El Gordo would move it below the black dotted line
(p = 95%, 16293 deg?) in Figure 19.

6. SUMMARY

This work presents the cluster catalogs and several of
their properties derived from the ACT DR6 maps, us-
ing data obtained over the lifetime of the project (2008
2022). This includes a catalog of 10040 optically con-
firmed clusters with redshifts and mass estimates, cov-
ering the redshift range 0 < 2z < 2 (median z = 0.58),
with 1180 clusters at z > 1, largely made possible due
to the overlap with recent optical /IR catalogs exploiting
the DESI Legacy Imaging Surveys (Dey et al. 2019), in-
cluding Thongkham et al. 2024a and Klein et al. 2024a.
It is the largest SZ-selected cluster catalog to date, being
a factor of > 2 larger than the ACT DR5 catalog (H21),
and > 1.5 times larger than the ACT-DR5 MCMF cata-
log (Klein et al. 2024a).

Using an SZ-signal-mass scaling relation that is consis-
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(Menanteau et al. 2012), discovered early in the history
of the project, remains the most extreme cluster found by
ACT, though we again note that the mass determined for
El Gordo from weak lensing (Kim et al. 2021) is ~ 30%
lower than the ACT SZ-derived estimate.
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Table A3

Description of the columns in the FITS Table format cluster catalog, available

from LAMBDA (https://lambda.gsfc.nasa.gov/product/act/actadv_dr6_

szcluster_catalog_get.html). The Symbol column provides a mapping
between column names and symbols used in the text and figures of this

APPENDIX
A. CONTENTS OF THE CLUSTER CATALOG

article.
Column Symbol Description

name ‘e Cluster name in the format ACT-CL JHHMM.m+DDMM.

RADeg e Right Ascension in decimal degrees (J2000) of the SZ detection by ACT.

decDeg e Declination in decimal degrees (J2000) of the SZ detection by ACT.

SNR q Signal-to-noise ratio, optimized over all filter scales (in H21, the symbol SNR was used for
this quantity).

y_c Yo Central Comptonization parameter (><10’4) measured using the optimal matched filter tem-
plate (i.e., the one that maximizes detection S/N ¢). Note that inferred_y_c provides a
lower scatter estimate of this quantity. Uncertainty column(s): err_y_c.

fixed_SNR q Signal-to-noise ratio at the reference 2.4’ filter scale (in H21, the symbol SNR2 4 was used
for this quantity). This is the quantity used for estimating completeness.

fixed_y_c Jo Central Comptonization parameter (x10~%) measured at the reference filter scale (2.4").
This is the SZ signal used for inferring mass estimates and estimating mass completeness
limits (see Section 2.5). Uncertainty column(s): fixed_err_y_c.

template Name of the matched filter template resulting in the highest S/N (q) detection of this cluster.

tileName Name of the ACT map tile in which the cluster was found.

flags e Number of times a location on the sky was flagged, for whatever reason (see Section 2.2.3).
Use flags = 0 to select ‘clean’ regions. Note that many regions are flagged due to the
presence of bright stars (which make obtaining photometric redshifts difficult or impossible),
and the flagging set-up used for ACT DR6 is conservative.

Number of times a location on the sky was flagged during cluster finding. A non-zero value
for this quantity indicates that a point source was subtracted at this location. As the point
source subtraction process is not perfect, objects with this flag should be treated with care
(see Section 2.2.3).

If non-zero, indicates an area of sky close to a bright star. While this should not affect
detection of the SZ signal, it may make it difficult or impossible to obtain a redshift estimate
for this object (see Section 2.2.3).

If non-zero, indicates an area of sky associated with an extended foreground object, such as
a galaxy or a nebula (see Section 2.2.3).

If non-zero, indicates an area of sky that is dusty, as traced by emission in the Planck 353 GHz
map (see Section 2.2.3).

If non-zero, indicates an object flagged as a possible ring artifact. It may be that the object
is in fact a cluster. If so, the SZ signal may have been artificially boosted by the presence of
the ring, so use these objects with care (see Section 2.2.3).

Adopted redshift for the cluster. The uncertainty is only given for photometric redshifts.
Uncertainty column(s): redshiftErr.

Redshift type (spec = spectroscopic, phot = photometric).

Source of the adopted redshift.

Ms00 with respect to the critical density, in units of 1014 M. This assumes a scaling rela-

tion normalization 1040 = 3.0 x 10~°, which is consistent with recent weak-lensing measure-
ments (Robertson et al. 2024; Shirasaki et al. 2024). Uncertainty column(s): M500c_errPlus,
M500c_errMinus.
Mogo with respect to the critical density, in units of 10'* Mg, converted from Mszooc us-
ing the Bhattacharya et al. (2013) ¢-M relation. Uncertainty column(s): M200c_errMinus,
M200c_errPlus.
Moo with respect to the mean density, in units of 1014 Mg, converted from Mspge us-
ing the Bhattacharya et al. (2013) c-M relation. Uncertainty column(s): M200m_errPlus,
M200m_errMinus.

finderFlag

starFlag

extObjFlag

dustFlag

ringFlag

redshift z
redshiftType

redshiftSource ce
M500c Msz00c

M200c M200c

M200m Mooom
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Description

Column Symbol
M500cUncorr MIue
A10_M500c M
A10_M200c
A10_M200m
A10_M500cUncorr
theta500Arcmin 0500c
Q Q
inferred_y_c Yo

inferred_Y500Arcmin?2

footprint_DES
footprint_HSC

footprint_KiDS
footprint_eROSITADe

footprint_Legacy
zCluster_delta

zCluster_source
RM

eRASS1CL
RMDESY6

WaZP
CAMIRA

MaDCoWS2DR2
opt_RADeg

opt_decDeg

opt_positionSource

notes

warnings

Ms00c in units of 1014 Mg, uncorrected for bias due to the steepness of the cluster mass
function. Uncertainty column(s): M500cUncorr_errPlus, M500cUncorr_errMinus.

M in units of 10'* Mg, assuming the Arnaud et al. (2010) scaling relation (this
was the default assumption in previous ACT data releases). Uncertainty column(s):
A10_M500c_errPlus, A10_M500c_errMinus.

Moqo with respect to the critical density, in units of 1014 Mg, converted from M?(}O?: using
the Bhattacharya et al. (2013) ¢-M relation. Uncertainty column(s): A10_M200c_errMinus,
A10_M200c_errPlus.

Mago with respect to the mean density, in units of 10'* Mg, converted from My.a10 using
the Bhattacharya et al. (2013) c-M relation. Uncertainty column(s): A10_M200m_errMinus,
A10_M200m_errPlus.

MAL in units of 10'4 Mg, assuming the Arnaud et al. (2010) scaling relation (this was
the default assumption in previous ACT data releases), but neglecting the Eddington bias
correction. This is the mass estimate to use if you wish to compare with the Planck PSZ2
catalog. Uncertainty column(s): A10_M500cUncorr_errMinus, A10_M500cUncorr_errPlus.
Inferred value for the angular size 0500c (arcmin), using the scaling relation model described
in Section 2.5. Uncertainty column(s): thetab500Arcmin_err.

Value of the filter mismatch function inferred for this cluster (see Section 2.5). Uncertainty
column(s): Q_err.

Inferred value for the central Comptonization parameter yo (x10~%), using the scaling rela-
tion model described in Section 2.5. Uncertainty column(s): inferred_y_c_err.

Inferred value for the integrated Comptonization parameter Ysooc (arcmin2). Note that
this is a model dependent quantity which depends on the assumed pressure profile and
scaling relation parameters, and is not more physically meaningful than using Msgoc directly.
Uncertainty column(s): inferred_Y500Arcmin2_err.

Flag indicating if the cluster falls within the Dark Energy Survey (DES) footprint.

Flag indicating if the cluster falls within the Hyper Suprime-Cam Subaru Strategic Program
(HSC) footprint.

Flag indicating if the cluster falls within the Kilo Degree Survey (KiDS) footprint.

Flag indicating if the cluster falls within the SRG/eROSITA All Sky Survey (eRASS1 Western
Galactic hemisphere) footprint.

Flag indicating if the cluster falls within the ACT Legacy footprint (see Fig. 2).

Density contrast statistic measured at the zCluster photometric redshift. Uncertainty col-
umn(s): zCluster_errDelta.

Photometry used for zCluster measurements. One of: DECaLS (DR10), KiDS (DR4), SDSS
(DR16), PS1 (DR2).

Flag indicating cross-match with a redMaPPer-detected cluster in the SDSS footprint (Rykoff
et al. 2014).

Flag indica),ting cross-match with an eRASS1 cluster (Bulbul et al. 2024).

Flag indicating cross-match with a redMaPPer-detected cluster in the DES Y6 footprint
(Rykoff et al. 2016).

Flag indicating cross-match with a WaZP-detected cluster in the DES Y6 footprint (Benoist
et al. 2025).

Flag indicz)lting cross-match with a CAMIRA-detected cluster in the S23B catalog (Oguri
et al. 2018, Oguri et al. in prep.).

Flag indicating cross-match with a MaDCoWS DR2 cluster (Thongkham et al. 2024b).
Alternative optically-determined Right Ascension in decimal degrees (J2000), from a hetero-
geneous collection of measurements (see opt_positionSource).

Alternative optically-determined Declination in decimal degrees (J2000), from a heteroge-
neous collection of measurements (see opt_positionSource).

Indicates the source of the alternative optically-determined cluster position. CAMIRA (position
from the CAMIRA cluster finder; Oguri et al. 2018, Oguri et al., in prep.), MADCOWS2DR2 (posi-
tion from MaDCoWS2 DR2; Thongkham et al. 2024b), RM, RMDESY3, RMDESY6, RMDESY6ACT
(position from the redMaPPer cluster finder, in SDSS, DES Y3 or Y6; Rykoff et al. 2014,
2016), Vis-BCG (BCG position from visual inspection of available optical/IR imaging; this
work and H21), WaZP (position from the WaZP cluster finder in DES Y6; Benoist et al. 2025),
WH2015 (position from Wen & Han 2015), WH2022 (position from Wen & Han 2022), WH2024
(position from Wen & Han 2024).

If present, at least one of: AGN? (central galaxy may have color or spectrum indicating it may
host an AGN); Lensing? (cluster may show strong gravitational lensing features); Merger?
(cluster may be a merger); Star formation? (a galaxy near the center may have blue colors
which might indicate star formation if it is not a line-of-sight projection). These notes
are not comprehensive and merely indicate some systems that were identified as potentially
interesting during visual inspection of the available optical/IR imaging.

If present, a warning message related to the redshift measurement for this cluster (e.g.,
Possible projected system; see Section 3.1).
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B. OPTIMIZATION BIAS IN NEMO AND
VALIDATION ON END-TO-END SIMULATIONS

To accurately calculate the completeness at low values
of g, it is necessary to correct for the optimization bias
(e.g., Zubeldia et al. 2021) that results from the use of a
matched filter for cluster finding, as in NEMO. This opti-
mization bias arises due to the fact that clusters are iden-
tified with peaks in the filtered map, and positive noise
fluctuations in the vicinity of a cluster drag the measured
cluster location away from the true cluster location. This
leads to a small positive bias in the recovered cluster SZ
signal (go in our case), which is naturally larger at lower
signal-to-noise (§) levels.

We find a model for the optimization bias, and validate
the completeness calculation described in Section 2.6,
by running NEMO on 30 simulated realizations of the
ACT DR6 maps. We construct the simulations as fol-
lows. First, we draw random samples in mass and z
from the Tinker et al. (2008) HMF over the sky area
observed by ACT. SZ signals are assigned to each halo
using an assumed scaling relation, including log-normal
intrinsic scatter. This produces an initial halo catalog,
referred to below as the ‘truth’ catalog. The haloes in
this catalog are then randomly placed within the ACT
footprint. Pressure profiles are pasted onto these halos
following the Arnaud et al. (2010) profile, with angular
size set according to the halo mass in the truth cata-
log, and projected along the line-of-sight to produce a
2D Compton-y map, which is convolved with the ap-
propriate ACT beam for a given frequency channel. At
a given frequency we multiply the Compton-y map by
tSZ spectral distortion function and Tcyp to produce
a map of temperature fluctuations from the halos, to
which we add simulated CMB (also convolved with the
appropriate beam). The final addition to these maps is
simulated anisotropic ACT noise, following the inverse
variance maps for the real data at each frequency as pro-
duced by the map maker (see Naess et al. 2020, 2025).
We scale up this white noise by a factor of 1.16 to match
the median value of the real DR6 ¢y noise map, since the
simulations do not include all possible sources of noise
included in the real data. We also add an additional 1/ f
noise component following MacCrann et al. (2024), in
order to approximate the impact of the atmosphere.

We process the simulated maps through NEMO, using
the same settings as used for the DR6 cluster search (see
Section 2.2, except that we do not find and subtract point
sources, as these are not included in the simulated maps
used here). We cross-match the NEMO output catalogs,
which contain measurements of gy and ¢ for detected
clusters, with the ‘truth’ catalog to assign redshifts.

We calculate the optimization bias by comparing the
7o outputs recorded in the NEMO output catalogs, to the
7o values and ¢ values extracted from the output maps
produced by NEMO at the known positions of the clusters
as recorded in the truth catalog. We refer to the latter
as forced photometry measurements, and denote these
with the subscript FP in all that follows (i.e., gorp and
grp refer to the forced photometry values extracted at
true cluster positions from the §p and ¢ maps), and use
them as proxies for unbiased measurements of the true
values of these quantities. A similar approach was used
by Zubeldia et al. (2023).

—— fit [x? / dof = 3612.2 /3495 [PTE = 0.082]

1.00

Figure 20. Optimization bias on the extracted SZ signal (o /35T )
as a function of signal-to-noise extracted by forced photometry at
true cluster positions (qFP)7 in a stack of 30 end-to-end simulation
runs (the data are binned). The orange line is a fitted model of
the form given in Equation B1.

We define the optimization bias to be the ratio
Jo/Jorp- In Figure 20 we show this quantity as a func-
tion of grp. We see that there is a clear trend for a
larger deviation from 1 (no bias) as grpp decreases, with
the bias reaching a value of 1.03 at grp ~ 5. We model
the correction factor C' for this bias using

1
O=1+4 = (B1)

where p = 2.1 is found through fitting the data shown
in Figure 20. This value is assumed in the calculations
presented in Section 2.6, where we correct the true g
predicted from the scaling relation to g5 = go(1 + q%)

Note that Equation B1 diverges for very low values of
Grp; this is handled in the completeness calculations by
setting C' = 1 when ¢ has a value of 3 or more below the
chosen ¢y value.

We validate the completeness calculations and the opti-
mization bias model by comparing the number of clusters
found by NEMO in the simulated maps with predictions
that forward model from the Tinker et al. (2008) HMF,
using the noise distribution and filter mismatch function
as calculated by NEMO. These predictions assume the
same cosmology and scaling relation parameters as used
to generate the simulated maps. Figure 21 shows the
results for all 30 simulation realizations, and their aver-
age, evaluated for G.,t = 5, within the Legacy footprint.
We find that we can accurately predict the number of
clusters detected by NEMO as a function of ¢ and z. On
average, we detect a total of 5732 ¢ > 5 clusters with
NEMO, compared to 5766 predicted (i.e., within < 1%),
within the Legacy footprint.

The NEMO-SIM-KIT!? package used to generate the sim-
ulated maps, run the NEMO cluster finder, fit the opti-
mization bias model, and produce the validation plots

12 https://github.com/simonsobs/nemo-sim-kit
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Figure 21. Comparison of the number of § > 5 clusters in the Legacy footprint detected by NEMo with forward modeled predictions that
use the optimization bias model described in Appendix B and the completeness calculation described in Section 2.6. The top row shows
the number of clusters in bins of z (left) and ¢ (right). Different colored lines represent each of the 30 simulation realizations. The dashed
black line shows the median number of clusters detected in the simulated maps, while the dashed red line shows the predicted number.
The bottom row shows the difference (number of detected clusters minus the prediction), again in bins of z (left) and ¢ (right). The large
blue error bars show the 1-o shot noise uncertainty on a single simulation realization, while the black data points with error bars show the
average over the 30 simulation realizations. These show that the prediction is well within the accuracy needed to match the number of

clusters detected in the DR6-like simulated maps.

shown here, will be made publicly available.
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