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Abstract

In this paper, we present the results of a blind survey for compact sources in 243 Galaxy clusters that were
identified using the thermal Sunyaev—Zel'dovich effect (tSZ). The survey was carried out at 90 GHz using
MUSTANG?2 on the Green Bank Telescope and achieved a 5o detection limit of 1 mly in the center of each
cluster. We detected 24 discrete sources. The majority (18) of these correspond to known radio sources, and of
these, five show signs of significant variability, either with time or in spectral index. The remaining sources have
no clear counterparts at other wavelengths. Searches for galaxy clusters via the tSZ strongly rely on observations at
90 GHz, and the sources found have the potential to bias mass estimates of clusters. We compare our results to the
Websky simulation that can be used to estimate the source contamination in galaxy cluster catalogs. While the
simulation shows a good match to our observations at the clusters’ centers, it does not match our source
distribution further out. Sources over 104" from a cluster’s center bias the tSZ signal high, for some of the sources
found, by over 50%. When averaged over the whole cluster population, the effect is smaller but still at a level of
1%—-2%. We also discovered that unlike previous measurements and simulations, we see an enhancement of source
counts in the outer regions of the clusters and fewer sources than expected in the centers of this tSZ-selected
sample.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Sunyaev-Zeldovich effect (1654); Surveys (1671)

, Mark J. Devlinl, Luca Di Mascolo®

Materials only available in the online version of record: figure set, machine-readable tables

1. Introduction

Galaxy clusters are the most massive virialized structures in
the Universe, and they constitute extremely useful laboratories
for probing cosmology. For example, cluster counts have been
used to estimate cosmological parameters (e.g., Komatsu et al.
2011) and can help discern between different models for the
nature of dark energy (Allen et al. 2011). Optical and X-ray
surveys have long been used to detect and study galaxy
clusters. More recently, millimeter-wave surveys have been
used to find clusters by the thermal Sunyaev—Zel'dovich effect
(tSZ; see Mroczkowski et al. 2019 for a review). The tSZ is a
spectral distortion of the cosmic microwave background
(CMB) due to inverse Compton scattering off hot electrons
in the intracluster medium (ICM). As this is nearly redshift-
independent, the tSZ is a powerful tool for detecting galaxy
clusters. Experiments such as the Atacama Cosmology
Telescope (ACT; Thornton et al. 2016) and the South Pole
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Telescope (SPT; McMahon et al. 2009) have discovered many
clusters. The latest catalogs from the SPT contain over 600
optically confirmed clusters (Bleem et al. 2020, 2024), while
Data Release 5 (DR5) from ACT contains over 4000 (Hilton
et al. 2021). In the future, the Simons Observatory and CMB-
S4 are expected to discover an order of magnitude more
clusters (Abazajian et al. 2019; Ade et al. 2019).

1.1. Clusters and Cosmology

In order to be used as cosmological tools, it is necessary to
know each cluster’s mass. The magnitude of the tSZ, the
Compton-y parameter, is proportional to the integrated line-of-
sight pressure, and its sum over the cluster, Y, is a good proxy
for the cluster mass. For large surveys, the sum over the cluster
is typically calculated using multifrequency matched filters
normalized such that the peak at the cluster location is equal to
Y. This is the centralized Compton-y parameter and in the ACT
DRS cluster catalog is refereed to as y. (Hilton et al. 2021).
There is, however, an 11% scatter in the ACT Compton-y to
mass relation (Y-M; Battaglia et al. 2012). For tSZ galaxy
cluster surveys to fulfill their promise as precision cosmology
tools, it is crucial to understand these systematic effects. The


https://orcid.org/0000-0002-1940-4289
https://orcid.org/0000-0002-1940-4289
https://orcid.org/0000-0002-1940-4289
https://orcid.org/0000-0002-8472-836X
https://orcid.org/0000-0002-8472-836X
https://orcid.org/0000-0002-8472-836X
https://orcid.org/0000-0002-2971-1776
https://orcid.org/0000-0002-2971-1776
https://orcid.org/0000-0002-2971-1776
https://orcid.org/0000-0003-3586-4485
https://orcid.org/0000-0003-3586-4485
https://orcid.org/0000-0003-3586-4485
https://orcid.org/0000-0002-8490-8117
https://orcid.org/0000-0002-8490-8117
https://orcid.org/0000-0002-8490-8117
https://orcid.org/0000-0001-9793-5416
https://orcid.org/0000-0001-9793-5416
https://orcid.org/0000-0001-9793-5416
https://orcid.org/0000-0003-3816-5372
https://orcid.org/0000-0003-3816-5372
https://orcid.org/0000-0003-3816-5372
https://orcid.org/0000-0003-1842-8104
https://orcid.org/0000-0003-1842-8104
https://orcid.org/0000-0003-1842-8104
https://orcid.org/0000-0001-5725-0359
https://orcid.org/0000-0001-5725-0359
https://orcid.org/0000-0001-5725-0359
https://orcid.org/0000-0001-6903-5074
https://orcid.org/0000-0001-6903-5074
https://orcid.org/0000-0001-6903-5074
mailto:sdicker@hep.upenn.edu
http://astrothesaurus.org/uat/584
http://astrothesaurus.org/uat/1654
http://astrothesaurus.org/uat/1671
https://doi.org/10.3847/1538-4357/ad4e35
https://doi.org/10.3847/1538-4357/ad4e35
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ad4e35&domain=pdf&date_stamp=2024-07-18
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ad4e35&domain=pdf&date_stamp=2024-07-18
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 970:84 (9pp), 2024 July 20

mass selection effects in tSZ galaxy cluster surveys are well
understood, and simulations have been used to predict the
effects of cluster mergers (Yu et al. 2015). However, past
studies disagree on the effect that compact radio sources have
on the detection of galaxy clusters and how much this might
contribute to the scatter in Y-M relationships (Coble et al.
2007; Gralla & Marriage 2020).

Although the mass of clusters can be found by weak lensing,
the weak-lensing signal is not detectable in a single cluster. It is
necessary to stack clusters with similar masses (or measured Y
values). Scatter in measured Y has the potential to bias weak-
lensing measurements, as some clusters in each bin could be of
significantly different mass.

Dicker et al. (2021, hereafter D2021) used an ad hoc
sample of galaxy clusters observed at 90 GHz by MUS-
TANG?2 on the Green Bank Telescope (GBT) to investigate
the effects of compact (<15” in diameter) sources on the
measured y.. This sample of 30 clusters had been selected for
deep observations by different projects for a range of
scientific aims. Approximately one-third of the clusters had
compact sources brighter than 1mly, enough to bias
individual mass estimates by 2%-100%. However, these
clusters were selected for study due to their interesting
properties (e.g., known mergers), which could bias the
results. This motivated the study in this paper of a search for
sources in a more representative sample of clusters.

1.2. Compact Sources

To maximize mapping speed, tSZ survey instruments have a
beam size comparable to the angular size of clusters (1./4-2./2
for ACT). At these resolutions, compact sources can blend in
with the cluster. The sources can be contained within the
cluster or be in the foreground or background. Most of the
sensitivity of tSZ measurements comes from a combination of
data taken in the 90 and 150 GHz atmospheric windows, where
the tSZ signal is negative. As shown in Figure 1, a source with
a projected location near the cluster center cancels out some of
this signal, resulting in a decrease in measured cluster mass.
When a source has a line-of-sight location further from the
cluster center, the matched filters in the data pipelines used to
find clusters can result in an increase in the measured mass of a
cluster (D2021). The magnitude of the effect depends on the
flux of the source at each tSZ band (90 and 150 GHz), which
can also be expressed as a flux at 90 GHz and a spectral index
« between the two. These spectral indexes can vary widely
depending on source type and are often different from spectral
indexes calculated at lower frequencies. Following the notation
of D2021, the effect of a source with a 90 GHz flux 7 on the
measured centralized ACT Compton-y (y.) is given by

Ay, =1 85, N(r) Ao, 1)

where 65, = —8.76 x 107° is a constant equal to the effect on
the Compton-y of a 1 mJy source at 90 GHz, r =0, and with a
spectral index of —0.7, and N(r) and A(c) are functions
representing the response to a source as a function of projected
radius (r) from the cluster center and spectral index (cv).

This relationship, found by passing clusters with simulated
sources through the real ACT DRS5 cluster pipeline,'' can be
used to marginalize over the effects of compact sources—but
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Figure 1. How a source of fixed amplitude at 90 GHz affects the recovered
Compton-y parameter varies depending on its projected distance from the
cluster center and the source spectral index. (Reproduced from D2021.) This
can be represented by the functions N(r) (upper panel), which has a null at
104", and A(«) (lower panel). The exact shape depends on the matched filters
used by a given tSZ survey but will be similar to these examples from
ACT DRS.

only if the distribution in 90 GHz flux, the distribution in
spectral index, and the typical locations within a cluster are
known. Much of our information on compact sources in
clusters comes from low-frequency (1-4 GHz) radio surveys.
To predict the effect of compact sources on cluster mass
determination would therefore require flux extrapolations over
1-2 orders of magnitude. In addition, near 90 GHz, it is
common for radio sources to have breaks in their spectral
indexes (Tucci et al. 2011), and emission from dust can start to
become important. The principal reason for uncertainty in the
effects of compact sources on the Y-M relationship is due to the
limited number of direct observations at tSZ frequencies.

In this paper, we present results from a large survey for
compact sources in tSZ-selected clusters. Our observations and
data reduction are in Sections 2 and 3. Section 4 describes our
search for counterparts to the sources we found at other
wavelengths, and in Section 5, we compare our results with the
Websky model (Stein et al. 2020) for source distributions and
the smaller cluster sample in D2021. How the Y-M relationship
for ACT DRS is affected by compact sources is covered in
Section 6, and our conclusions can be found in Section 7. We
report all errors at a 10/68.5% confidence level.
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2. Observations

We surveyed all clusters in the ACT DRS sample above a
decl. of —6° and within an R.A. between 8"40™-13"00™ and
2"00™-3"00™ at 9” angular resolution in the continuum at
90 GHz. These targets have good visibility from the GBT at
night during the high-frequency observing season. To aid in the
classification of sources, there is good coverage from other
surveys at higher and lower frequencies, including the Wide-
field Infrared Survey Explorer (WISE; Cutri et al. 2012), the
Faint Images of the Radio Sky at Twenty cm (FIRST) point-
source catalog (White et al. 1997), and the VLA Sky Survey
(VLASS; Cohen et al. 2007).

Within the survey footprint, there are 300 ACT-identified
clusters. No other cuts were applied to the sample, so our
survey accurately reflects the population of ACT DRS tSZ-
selected galaxy clusters. One notable aspect of the ACT DRS
cluster sample is that it excludes any targets on sight lines to
bright point sources (=10 mly at 150 GHz). We refer to this
survey as the M2-ACT cluster survey.

It is important that the survey be made at angular resolutions
better than ~15"” so that sources can be separated from the
larger core size of a galaxy cluster. Sources up to 4’ from
cluster centers can still have an effect on the measured tSZ (see
Figure 1); consequently, an ideal survey to quantify the effects
of compact sources would measure a large number of clusters
out to this radius, significantly larger than the field of view of
the Atacama Large Millimeter/submillimeter Array. MUS-
TANG2 (M2; Dicker et al. 2014), a camera on the GBT has a
4.2 field of view and a resolution of 9” and can reach noise
levels below 60 ;Jy beam™ in an hour. MUSTANG?2 also has a
bandpass well matched to CMB experiments such as ACT, thus
simplifying data analysis and making it an ideal instrument for
this survey.

The M2-ACT cluster survey target depth was a compromise
between the desire to detect faint sources that, while common,
only affect the measured mass of a cluster by a few percent and
observing enough clusters in our allotted telescope time to gain
reliable statistics on less common brighter sources that affect
the measured mass by far more. To estimate the expected
number of sources in the M2-ACT cluster survey, one can scale
from the deeper observations of 30 clusters in D2021, which
found nine sources brighter than 1 mly. If the two cluster
samples have similar source populations, 90 & 38 sources of
this strength can expected in 300 clusters. The relatively large
errors come from the small D2021 sample size, and in this
calculation, a normal distribution is assumed. From
Equation (1), a 1 mJy source with a line-of-sight location in
the center of a cluster would give a 12% change in measured
Compton-y for a typical (y.=7.2 x 107°) ACT DR5 cluster.
Consequentially, our target noise was set to be at 200 pJy to
enable 50 detections of 1 mJy sources in the center of each
ACT DRS5 cluster. For MUSTANG2, this depth can be
achieved with just 5minutes cluster'. Deeper observations
would mean that significantly fewer clusters could be included
in the survey. A wider, shallower survey was not possible due
to the limits of the GBT slew rate and the desire to observe
each region of the cluster multiple times with independent
detectors. A scan pattern was selected that, in combination with
the MUSTANG?2 camera’s field of view, would provide useful
coverage out to ~4' in radius for each target. This comfortably
encompasses the region within which discrete sources can
affect the ACT DRS cluster selection.

Dicker et al.

3. Data Reduction

The standard MUSTANG?2 data reduction pipeline (MIDAS;
see Romero et al. 2020 for details) was used to produce maps
with 2" pixels for each of our targets. The simulations
described below showed that moderately aggressive high-pass
filtering of the raw MUSTANG2 time streams at 0.05 Hz
produced the best recovery of compact sources. Extra care had
to be taken when flagging detector glitches to avoid false
positives. Inclement weather resulted in higher than anticipated
noise in some clusters, but 243 clusters had noise levels better
than our 0.2 mJy rms target (Table 1). For automatic detection
of compact sources, a matched filter to the MUSTANG?2 beam
would be ideal. However, as the noise properties in the maps
vary (both between maps and as a function of radius), such a
filter is challenging to calculate. Instead, we used a difference-
of-Gaussians (DoG) filter, which approximates a matched filter
by convolving with two different width Gaussians (o; = 3”6
and 0, = 13.”76) and taking the difference. These widths were
found empirically to produce the strongest detections of point
sources injected into our maps. As well as a regular map, a
noise map was made by flipping the sign of half of the data
from each cluster. Using the noise map normalized by the
integration time at each point, it was possible to make signal-
to-noise ratio (SNR) maps for each cluster. The signal from
sources will always be positive, and for our target survey depth
at MUSTANG?2’s resolution, the negative signal from the
galaxy clusters is negligible. This allows sources to be found by
looking for positive peaks in the SNR maps. Once a source
location is established, a fit for its amplitude and width was
carried out in the original signal map using a 2D Gaussian. By
using the original signal map for this fit, there was no need to
account for the effects of the DoG filter.

3.1. SNR Cuts

With any survey, the SNR cut is an important choice. A
value too low will result in false detections. A value higher than
the lowest cut needed to avoid false detections will result in
valid sources being missed. The statistical properties of the
pixels in the SNR maps are a good fit to a Gaussian with o = 1.
The M2-ACT survey has approximately 10° independent
beams; so, if this fit were perfect, a 5o cut should give less
than one false detection in the entire survey. Initial searches for
sources used this uniform 50 cut. However, outside of a radius
of 3/, the number of sources found increased rapidly (even
though these areas of each map had higher noise). Most of
these sources had a peak SNR below 7¢. Closer examination
showed that, due to the lower number of observations in a few
pixels, the calculated noise in these areas of the maps has a long
non-Gaussian tail (Figure 2). From the negative side of the
distribution in SNR values, it can be seen that, between 3’ and
4’, a 7o threshold is sufficient for the expected number of false
detections to be less than one. Moreover, sources atr > 3’ have
5 times less impact on the measured mass of the cluster
(Figure 1), so accepting a slightly higher threshold at » > 3’ of
7o is still consistent with our goal of characterizing the
population of all sources that could significantly affect the
measured Compton-y of a typical cluster.

3.2. Sources Found

An end-to-end test of our pipeline was carried out. Fake
sources were placed in noiseless maps at random locations
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Table 1
A Partial List of ACT DRS Clusters with Successful Observations and the Depth of Each Map
ACT DRS5 Name Map Noise M500c Compton-y Redshift
(mJy beam™) (x 10™ M) (x 1074
ACT-CLJ0200.34+-0019 0.13 1.74 0.69 0.70
ACT-CLJ0201.6—0211 0.17 2.85 0.63 0.20
ACT-CLJ0201.6—0503 0.14 1.68 0.53 0.81
ACT-CLJ0203.0—0042 0.16 1.95 0.46 0.44
ACT-CLJ0203.2—-0123 0.14 2.07 0.42 0.71

Note. Compton-y values were taken to be the y. values in the DR5 catalog. Individual maps can be found on the Harvard Dataverse doi:10.7910/DVN/FQNKYX.

(This table is available in machine-readable form in the online article.)
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Figure 2. Histograms of the SNRs of pixels in the MUSTANG2 maps. Inside a
radius of 3, the histograms fall off rapidly, and a 50 cut should produce less
than one false positive in our survey, which has 0103 independent beams.
Outside this radius, there are fewer observations per pixel, and the noise
statistics have a significant non-Gaussian tail. Consequently, a 70 cut was
needed to obtain the same false-positive rate. The excess power on the positive
side is due to compact sources and is not present if these regions are excluded.

within 4’ of the cluster centers. These maps were sampled using
the telescope pointing information and the results added to the
raw time streams. The fake sources had random amplitudes
between 10 and 30mly. Using the same processing steps
described above, we were able to recover the amplitudes and
locations of all sources without bias, thus confirming the
fidelity of our mapmaking and source finding in the high-SNR
limit. To ensure our detection threshold was not too low, our
pipeline was run looking for peaks with amplitudes below —50
(=70 in the outer portions of the maps). No negative peaks
were found, so we can conclude that the vast majority of our
candidate sources are real. A further null test was made by
searching for sources in the noise maps. For the 243 clusters
observed under good conditions, no positive or negative
sources were found, confirming the quality of these data.
Repeating these tests with values of o 0.2 lower resulted in
multiple false detections in the noise maps and at negative
values of . Using values 0.2 higher would have resulted in
missing three sources. From this, we conclude that our chosen
SNR cuts based on Figure 2 are close to optimal.

Overall, we found only 24 sources closer to the center of the
clusters than 4’ and with a significance greater than our
detection thresholds (Table 2, Figure 3), a factor of 3 less than
expected by scaling from the ad hoc sample in D2021. Some of
this discrepancy can be explained by the completeness of our
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Figure 3. The fluxes and distances from the cluster centers of sources found in
our survey of ACT DRS clusters. Shown in red is the response of the ACT DR5
cluster pipeline to a compact source. Solid parts of this line are regions where a
source reduces the measured Compton-y, while in the dashed parts, a source
increases the measured value. The black dashed line represents the 50%
completeness limit of our survey, below which our constraining power on the
statistical properties of sources becomes unreliable. As might be expected with
a tSZ-selected sample, there are no bright sources in the center, but even so,
there is a deficit of sources below 10 mJy in the central 1’.

survey at lower flux levels. Although 1 mJy is over 5 times the
map noise, some fraction of 1 mJy sources will coincide with
negative noise fluctuations and fall below our detection
thresholds (completeness or Malmquist bias). This effect will
also increase the measured flux of a population of sources near
a survey limit, requiring that the measured fluxes be deboosted.
To better characterize the completeness and bias, further
simulations were carried out. A large number of fake sources
with fluxes between 0.5 and 10 mJy were placed at random
locations in the final MIDAS maps. The fraction of these that
were detected gave the completeness of our survey, while the
fitted amplitudes gave the bias in the measured fluxes. Both of
these are functions of radius from the cluster center and flux.
However, even when these effects are taken into account, there
are still fewer sources found in the M2-ACT survey than
expected. This is discussed more in Section 5.

4. Source Counterparts

The list of candidate point sources was matched to point-
source catalogs. If the angular resolution of the catalog was
greater than MUSTANG?2, a matching radius of 9” was used. If
the catalog was from a lower-resolution survey, the resolution


https://doi.org/10.7910/DVN/FQNKYX
https://doi.org/10.3847/1538-4357/ad4e35

Table 2
Sources Found by Our Survey
ACT R.A. Decl. Flux Radius Spectral
Source ID Cluster J2000 J2000 (mly) from Center Index Counterparts
M2-SJ0201.8—0212 ACT-CLJ0201.6—0211 02"01™46% 8 —02°11'56" 1.38 +0.14 1700 —0.90 TGSS, FIRST, VLASS, WISE, 2MASS
M2-SJ0201.7—0212 ACT-CLJ0201.6—0211 02"01™43 .53 —02°11/45" 1.46 +0.16 0./14 —0.52 FIRST, VLASS, WISE, 2MASS
M2-SJ0204.540320 ACT-CLJ0204.5+0321 02"04™29.53 -+03°19'33" 8.00 + 0.38 2./44 0.27 FIRST, VLASS, WISE, 2MASS
M2-SJ0208.5—0259 ACT-CLJ0208.3—0255 02"08M27.57 —02°59'10” 7.48 +0.59 3./31 —0.46
M2-SJ0220.8—0333 ACT-CLJ0220.9—-0332 02"20m49 35 —03°33/12" 2.93 +0.27 1.96 —0.85 TGSS, FIRST, VLASS, WISE
M2-SJ0223.74-0019 ACT-CLJ0223.6+0020 02"23™M39 .53 +00°18'51" 7.44 +1.05 2./13 —0.46 WISE
M2-SJ0231.7—0453 ACT-CLJ0231.7—0453 02"31™41.53 —04°52/43" 2.86 +0.27 0.89 —0.46
M2-SJ0233.3+0446 ACT-CLJ0233.2+0448 02"33M16.55 +04°45'46" 6.63 + 0.68 2./99 —0.46 WISE
M2-SJ0248.1-0332 ACT-CLJ0248.0—0331 02"48™03.53 —03°31/40” 0.93 + 0.07 0.'10 —-0.91 TGSS, FIRST, VLASS, WISE, 2MASS
M2-SJ0248.4—0334 ACT-CLJ0248.3—0337 02"48™21 .59 —03°3421" 3.73+0.24 3./10 —0.20 TGSS, FIRST, VLASS, WISE, 2MASS
M2-SJ0249.64+0212 ACT-CLJ0249.6+0210 02"49™36.59 +02°12/15" 1.36 £ 0.15 2./35 —0.46
M2-SJ0839.7—0153 ACT-CLJ0839.5—0150 08"39™40.53 —01°52/33" 7.14 +0.34 3./00 0.28 FIRST, VLASS, WISE
M2-SJ0839.7—0150 ACT-CLJ0839.5—-0150 08"39™43 54 —01°50'19” 421 4+0.38 3./08 0.37 FIRST, WISE, 2MASS
M2-SJ0901.44-0259 ACT-CLJ0901.5+0301 09"01™26.51 +02°59"26" 4.55 +0.37 2./40 —0.14 FIRST, VLASS, WISE, 2MASS
M2-SJ0905.74-0434 ACT-CLJ0905.6+0434 09"05™43.59 +04°33/42" 5.80 +0.23 1.24 —0.09 TGSS, FIRST, VLASS, WISE, 2MASS
M2-SJ0918.84+0213 ACT-CLJ0918.7+0211 09"18™M48.58 +02°13"26" 4.87 +0.21 217 —0.03 FIRST, VLASS, WISE, 2MASS
M2-SJ1118.0—0211 ACT-CLJ1117.9-0211 11"17m59.57 —02°11'07" 1.74 £ 0.17 0.27 —0.09
M2-SJ1148.2—0236 ACT-CLJ1148.0—0234 11"48™14.55 —02°36'03" 1.30 £ 0.18 2./53 —1.10 TGSS, FIRST, VLASS, WISE
M2-SJ1152.44-0029 ACT-CLJ1152.2+0031 11"52m22 35 +00°28'57" 327 4+0.29 3./14 —0.19 TGSS, FIRST, VLASS
M2-SJ1204.04+0127 ACT-CLJ1203.9+0126 12"04™02.52 +01°26'42" 3.54 +£0.20 1.28 —0.04 FIRST, VLASS, WISE, 2MASS
M2-SJ1210.34+0224 ACT-CLJ1210.2+0223 12"10™18.50 -+02°23'40" 1.81 £ 0.29 0.28 —0.88 TGSS, FIRST, VLASS, WISE, 2MASS
M2-SJ1220.3—0241 ACT-CLJ1220.4—0240 12"20™18.55 —02°40'58" 11.67 £ 0.22 1’61 —0.60 TGSS, FIRST, VLASS, WISE, 2MASS
M2-SJ1224.54+0211 ACT-CLJ1224.3+0211 12"24™27 59 +02°11'03" 4.04 +0.34 2./37 —1.20 VLASS
M2-SJ1401.04-0252 ACT-CLJ1401.0+0252 14"01™00.58 +02°51’41" 1.15 £ 0.16 0./81 —0.08 FIRST, WISE

Note. None of the sources were strong enough to enable fitting for extended emission, so only peak fluxes are quoted.

(This table is available in machine-readable form in the online article.)
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Figure 4. An SNR plot of one of our sources (top) and the corresponding SED
plot (bottom). On the SNR plot, the MUSTANG?2 source is shown as the red
circle along with its detected SNR value. Sources from other point-source
catalogs are shown as the same symbols used on the SED plots. Although error
bars are plotted on the SED plot, in many cases, they are not visible. When a
point-source catalog did not contain a counterpart, the approximate detection
threshold is shown as a triangle with a one-sided error bar. The fitted radio
spectral index between MUSTANG? and FIRST (or the median spectral index
from D2021 when no FIRST counterpart was found) is shown as the blue
dotted line. The green dashed line shows a typical 40 K dust spectrum that goes
through the MUSTANG?2 point. The SPIRE detections or upper limits are
mostly below the dust spectrum curves, indicating that MUSTANG?2 sources
are mostly dominated by radio emission. The WISE and 2MASS data indicate
the presence of hot gas in some sources, but this will have a negligible
contribution at 90 GHz. Similar plots for all 24 sources found are available.

(The complete figure set (24 images) is available in the online article.)

of the survey was used. Spectral energy density (SED) plots for
each source were made; see Figure 4 for an example.

4.1. Radio Counterparts

Searches for radio counterparts were carried out using
catalogs made from the 150 MHz TGSS (Intema et al. 2017),
the 1.4GHz FIRST survey (White et al. 1997), and the
2-4 GHz VLASS (Cohen et al. 2007). These surveys have
detection limits of approximately 24.5mly, 1mly, and
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Figure 5. The 90 GHz fluxes predicted using all pairs of sources from the
FIRST and VLASS catalogs within our clusters. Red crosses represent those
not detected by MUSTANG?2, while blue dots represent detections. For all
detections, the measured value is shown as a black point and is often higher or
lower by an order of magnitude. This failure to predict the correct flux,
especially the large number of predicted fluxes above our detection threshold,
demonstrates the need for the higher-frequency measurements in this paper.

0.5 mJy, respectively. Using a search radius of 9”, matches
were found for 75% of our detected sources. In two cases, two
counterparts were found within our search radius. As these
were within one MUSTANG?2 beam, the sum of the total
integrated flux was used when plotting SED plots and
calculating spectral indexes for use in Equation (1).

An effort was made to see if the FIRST and VLASS catalogs
could be used to predict which sources could have fluxes at
90 GHz large enough to affect Compton-y measurements. For
all sources that appeared in both catalogs and within 4’ of the
center of one of the clusters in our sample, the flux at 90 GHz
was predicted assuming a constant spectral index between
FIRST and 90 GHz. As shown in Figure 5, there is little
difference in the distributions of either the predicted 90 GHz
flux or the spectral index between those sources that are
counterparts to MUSTANG? and those that are not seen. Of the
sources that are seen by MUSTANG?2, some counterparts
predict lower 90 GHz fluxes (possibly due to dust), while
others predict higher fluxes indicating a steepening of the
spectral index that is often seen in radio sources at higher
frequencies (Tucci et al. 2011). Any source variability could
also cause discrepancies between measured and predicted
90 GHz fluxes. However, there are a large number of sources
with predicted fluxes well above the M2-ACT detection limit
that are not seen—far larger than could be explained by source
variability (which would cause a random spread). This is best
explained by most sources having a steepening of the spectral
index toward high frequencies.

Possible changes in spectral index at 1.4 GHz and 90 GHz
and the fact that not every source had a counterpart strongly
argue for high-resolution follow-up at other tSZ frequencies,
such as 150 GHz. As complete surveys of every cluster are not
needed, such observations could be made quickly.

4.2. Higher-frequency Counterparts

Submillimeter and infrared continuum emission from
galaxies is normally well described by a so-called graybody,
with 25K ST<50K and S~ 1.5. Available point-source
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catalogs at these frequencies include SPIRE (600-1200 GHz;
Schulz et al. 2018), WISE (12-89 THz; Cutri et al. 2012), and
the Two Micron All Sky Survey (2MASS, 138-240THz;
Jarrett et al. 2000). SED plots in the extended version of
Figure 4 show that the majority of the MUSTANG?2 detections
have WISE counterparts. However, searches carried out at
random locations on each map showed that over 25% of these
matches could be line-of-sight coincidences. The 2MASS
counterparts seen in 50% of the MUSTANG2 sources are more
reliable, and their amplitudes point toward a hotter dust
component that would have an insignificant amount of
emission at 90 GHz. Not all the clusters in our ACT sample
had data from SPIRE, but for those that did have coverage, few
SPIRE sources were counterparts to MUSTANG?2. However, it
was possible to place upper limits on the 600-1200 GHz
emission. In most cases, these limits were far below what
would be expected if the MUSTANG?2 sources were dominated
by cold dust (Figure 4). This constraint, along with those from
2MASS, implies that the majority of the flux MUSTANG?2 sees
is radio emission, consistent with the findings from D2021 and
Orlowski-Scherer et al. (2021).

5. Comparisons with Other Cluster Samples
5.1. Comparisons with D2021

The D2021 clusters were all deep observations in order to
study the physics of the ICM or to measure the cluster masses.
Many clusters in this nonuniform sample were selected for
study because they were known to be mergers or at high
redshifts and are atypical. The total fraction of clusters
containing sources in the D2021 clusters is higher than that
of the M2-ACT sample. However, the significance of this is
highly dependent on assumptions such as the underlying
distribution of source fluxes. Using only the total number of
sources found, the hypothesis that the D2021 and M2-ACT
survey samples are drawn from the same parent sample of
clusters can be rejected by as little as 1.20 to well over 30.

It is far more instructive to look at the fluxes and locations of
the sources in each sample. The D2021 sample shows a much
greater density of sources in the cluster centers (Figure 6). This
persists even when the completeness limits of this work are
taken into account. Interestingly, this is not the case outside the
central 52”, where the ACT clusters in this work show more
radio emission from sources. Sources outside of 104” increase
the measured Compton-y and thus increase the likelihood of a
cluster being detected by experiments such as ACT. The
different distributions of sources within each cluster sample is
further evidence that they are not drawn from the same parent
cluster sample. Because of the unrepresentative nature and
small size of the D2021 sample, it should not be used to correct
Y-M relationships.

5.2. Comparisons with Websky

Websky is a set of simulated observations of the extra-
galactic microwave sky (Stein et al. 2020). It is used for
forecasting for next-generation CMB experiments (e.g.,
Hensley et al. 2022), evaluating biases in analysis methods
(e.g., Coulton et al. 2023), and providing theory foregrounds
(e.g., Madhavacheril et al. 2024; Qu et al. 2024). The Websky
maps come with a corresponding catalog of radio sources
(Li et al. 2022) and a map of their millimeter emission. This
catalog is generated from the halos present in the base Websky

Dicker et al.
Flux density with radius
1.0
— M2-ACT survey
—— D2021 clusters g
10-1 4 —— Websky simulation 0.8 §
£ 0.6 §
5 5
2 2
£ 0.4 §
1021 g
e L0.2 ®
Q
o
. s
0 1 2 3 4

Radius / arcmin

Figure 6. The average 90 GHz flux from point sources as a function of radius
for this work (M2-ACT), the D2021 sample, and the Websky simulation. For a
fair comparison, the M2-ACT survey completeness function has been applied
to the other two samples. Errors have been estimated by bootstrapping
techniques and are shown as dashed lines for the Websky and M2-ACT
samples. In the central 52", the Websky simulation shows a significant (>30)
excess of flux compared to the ACT sample; however, further out, the ACT
sample has a 1.30—20 excess of flux from radio sources. The clear excess of
sources in the D2021 sample can be seen in the central bin. For reference, the
response to point sources of the ACT DRS cluster finder is shown in gray.

observations and whose distribution of intrinsic fluxes and
spectral indexes has been calibrated to match observed
literature values at millimeter wavelengths. One of the primary
uses of this radio catalog is to understand biases imparted in
tSZ and lensing measurements by radio sources. While the
radio fluxes do not bias the lensing reconstruction itself, when
using lensing mass calibrations, clusters must be binned in
mass to achieve sufficient SNR. This binning is done using the
tSZ-inferred mass and hence can be biased by radio source
contamination (Madhavacheril et al. 2024). Therefore, con-
firming that the Websky radio accurately reproduces the
observed tSZ contamination is of high priority.

To this end, we compare the results of the M2-ACT survey
to the corresponding Websky simulations. Specifically, we
select a ~10,000 cluster subsample of the Websky halos that
matches the redshift and mass distributions of the ACT DRS
cluster catalog used in this work. We then identify all Websky
radio sources lying within 5’ radially of the center of the cluster
and with flux at 90 GHz > 0.5 mJy. This flux cut is low enough
that the effect on the Y—M relationship (Section 6) is insensitive
to it. To better compare the samples, the M2-ACT complete-
ness function is then applied. As can be seen in Figure 6, with
the completeness applied to the Websky sample, it shows a 30
excess of flux compared to the M2-ACT sample within the
central 527, and as with D2021, outside this radius, there is 10—
20 of excess emission from radio sources from the clusters in
the M2-ACT sample.

There are two potential explanations for this. First, the
Websky simulation always places radio sources at the centers
of the clusters, and the only sources further out are those not
associated with that cluster. In practice, many real clusters
contain point sources away from their centers. This is
especially true at higher redshifts, where sources may still be
infalling toward the cluster centers. For this to be the
explanation, the Websky data should show an excess of flux
in their centers equal to that missing further out. Although there
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Figure 7. Cumulative plots of the fractional change in measured Compton-y
caused by sources calculated using Equation (1). The blue curve uses sources in
this work, and results using sources from the Websky simulation are in black.
The dotted black line shows the results using all sources in the Websky sample
above 0.5 mJy, while the solid line shows the the same sample taking into
account the M2-ACT survey depth.

is an excess of flux in the central 52" of the Websky clusters,
there is not enough of an excess to explain the excess of
sources found between 52” and 3’ in the M2-ACT sample. If
the M2-ACT sources are split into higher- and lower-redshift
groups (at z=0.4), then it becomes clear that the majority of
the sources observed away from the cluster centers are at higher
redshifts. The Websky simulations do not capture this change
in source distribution with redshift well, but as the excess of
flux in their centers is not equal to the deficit further out, the
different distributions of sources within the clusters cannot be
the only explanation.

The second explanation is due to how a source affects the
measured Compton-y. For the ACT DRS pipeline, sources less
than 104” from the cluster center (the null in Figure 1) reduce
the measured Compton-y, so some clusters with strong sources
in the center will be missed by tSZ surveys such as ACT.
Sources further out increase the measured Compton-y and
could scatter lower-mass clusters into the tSZ-selected cluster
sample. Compared to the underlying cluster population, a tSZ-
selected cluster sample can be expected to have an under-
represented number of clusters with bright sources in their
centers and an overrepresentation of those further out (past
104”). A more quantitative analysis follows.

6. Implications for the ACT Y-M Relation

For each cluster in the Websky and ACT samples, Ay, can
be calculated using Equation (1) and the locations and fluxes of
any sources. As the Websky sample contains many sources
below the sensitivity of the ACT sample, we also applied the
completeness function described in Section 3 to the Websky
sources and recalculated Ay,.. A comparison of these distribu-
tions is shown in Figure 7. Note that this comparison only
includes Websky radio sources, and not dusty ones. However,
Orlowski-Scherer et al. (2021) found that contamination by
infrared sources of ACT clusters is negligible as compared to
that from radio sources. A similar result was found by Bleem
et al. (2024) in data from the SPT.
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First, we examine the effects of sources in the centers of the
clusters that reduce the measured y. and are responsible for the
left side of Figure 7. Once the Websky sample is adjusted to
account for the survey limits of our sample, there is very good
agreement between the two when the measured y,. is between
0.8 and 1.0 times the true value. Although this may seem like a
contradiction to the excess flux shown in the Websky sample
between 0” and 52" in Figure 6, once the response to a point
source and the excess flux in the M2-ACT sample between 52"
and 104”7 is taken into account, the results are consistent. The
Websky sample also predicts that 1.5% of clusters should have
a measured y. less than 0.75 times its true value. No ACT
clusters with sources strong and close enough to their centers to
produce this large of an effect were observed. If the Websky
survey distribution of such strong central sources were correct,
this would imply that tSZ surveys will miss 1.5% of clusters.
Without more data from a non-tSZ-selected cluster sample, it is
not possible to confirm this number. For this reason, follow-up
observations of an X-ray-selected cluster sample are planned.

Without the flux cut, the Websky sample predicts that 5% of
clusters should have sources that reduce y. by more than 5%. The
difference between Websky predictions of Ay, with and without
the flux cut represents the contribution of sources with fluxes just
under 1 mly. Although the ACT sample measured in this paper
cannot place good limits on fainter sources, it shows a good match
to brighter sources from Websky in the center of the clusters.
Consequently, it is likely that 5% of the clusters have measured y,
values 5% or more lower than their true value.

At larger distances from the cluster center, sources increase
the measured y. from its true value. In Figure 7, this shows up
on the right. There is disagreement between the Websky
prediction and our sample. Our sample shows that 3.3% of the
clusters have measured y. 10% or more greater than the true
value, and 2% have values 20% greater or more, while Websky
gives numbers of 1.5% and 0.7%, respectively. Some clusters
in our sample had values of y. 50% high.

7. Conclusions

Our survey of 243 ACT clusters detected 24 sources. Even
allowing for different survey depths, this is significantly lower
than expected when extrapolating from D2021. Most (75%) of
these sources had low-frequency radio counterparts, but deep,
high-resolution follow-up at other tSZ bands would help
confirm detections and spectral indexes. Within the central
104" of the clusters, there is a reasonable agreement on the
effect on y. with Websky for sources in the 1-5 mJy range
(which reduce the measured y. by up to 80%). Missing from
our survey are clusters with strong sources in their centers,
likely because such sources would lower y. enough to exclude
clusters from our tSZ-selected cluster sample. A complimentary
survey of X-ray-selected clusters is planned in order to place
limits on the number of bright 90 GHz sources in the centers of
clusters.

At larger radii from the cluster centers, our survey found an
excess of sources brighter than ~1 mJy compared to Websky.
The planned X-ray sample will distinguish if this is a limitation
in the Websky model or a selection effect of the tSZ sample.
Regardless of the cause, the Websky model does not reproduce
the same positive changes in y.. If a deeper MUSTANG?2
survey had been possible, it is likely the discrepancy with
Websky would have become larger. Using a simple extrapola-
tion to fainter sources based on the relative numbers of fainter
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Websky sources, we calculate that over 3% of clusters would
have a 20% or more increase in measured y.. In a stacking
analysis of our results, sources in the outer regions increase the
average mass bin by 1% (compared to 0.3% for the Websky
prediction). While small, this value could easily increase to 2%
once fainter sources are included, a level that, if unaccounted
for, is comparable to the desired accuracy of future tSZ
surveys. Once our X-ray survey is complete, comparison with
other source models such as Sehgal (Sehgal et al. 2010) or
Agora (Omori 2024) simulations would be interesting.

When working with individual cluster masses from tSZ
surveys, there is a chance of very significant (>30%) errors in
the individual masses due to radio sources. Extrapolations from
low-frequency radio surveys do not predict this well. With
observations often taken decades apart, source variability may
play a role here, but by far the biggest effect is the huge range
in spectral indexes of the sources. Confirmation of masses by
other methods such as weak lensing or searches for sources
with better than 1 mly sensitivity at frequencies around tSZ
wavelengths would be needed for science results that depend
on the mass of an individual cluster.

In summary, the Websky model for point sources is
sufficient for today’s cluster surveys, but in the future, such
models may need to include offsets of the sources from the tSZ
centers. Predicting the distributions of sources from low-
frequency data is not possible. Instead, high-resolution
observations in the tSZ frequency bands are needed to confirm
models for point-source distributions in clusters. These
observations should include non-tSZ cluster samples and
measurements at multiple frequencies in order to better classify
source properties.
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