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Abstract

We present the results of an analysis of Wide-field Infrared Survey Explorer (WISE) observations of the full 2500
deg2 South Pole Telescope (SPT)-Sunyaev–Zel’dovich cluster sample. We describe a process for identifying active
galactic nuclei (AGN) in brightest cluster galaxies (BCGs) based on WISE mid-IR color and redshift. Applying
this technique to the BCGs of the SPT-SZ sample, we calculate the AGN-hosting BCG fraction, which is defined
as the fraction of BCGs hosting bright central AGNs over all possible BCGs. Assuming an evolving single-burst
stellar population model, we find statistically significant evidence (>99.9%) for a mid-IR excess at high redshift
compared to low redshift, suggesting that the fraction of AGN-hosting BCGs increases with redshift over the range
of 0< z< 1.3. The best-fit redshift trend of the AGN-hosting BCG fraction has the form (1+ z)4.1±1.0. These
results are consistent with previous studies in galaxy clusters as well as as in field galaxies. One way to explain this
result is that member galaxies at high redshift tend to have more cold gas. While BCGs in nearby galaxy clusters
grow mostly by dry mergers with cluster members, leading to no increase in AGN activity, BCGs at high redshift
could primarily merge with gas-rich satellites, providing fuel for feeding AGNs. If this observed increase in AGN
activity is linked to gas-rich mergers rather than ICM cooling, we would expect to see an increase in scatter in the
Pcav versus Lcool relation at z> 1. Last, this work confirms that the runaway cooling phase, as predicted by the
classical cooling-flow model, in the Phoenix cluster is extremely rare and most BCGs have low (relative to
Eddington) black hole accretion rates.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Galaxy evolution (594)

1. Introduction

Galaxy clusters are the most massive gravitationally bound
and collapsed objects in the universe (Voit 2005). Because of
their extremely deep potential wells, the temperature of the
intracluster medium (ICM) is high enough to radiate X-rays.
The central parts of clusters, which have the densest X-ray
emitting gas, often have shorter cooling times than the Hubble
time, implying that the hot X-ray gas should have had enough
time to cool and form large inward flows of cooling material,
known as cooling flows (Sarazin 1986; Fabian 1994). How-
ever, multiwavelength observations have only seen a fraction
of the massive cooling flows that are expected from standard
cooling models (e.g., O’Dea et al. 2008; Donahue et al. 2015;
McDonald et al. 2018). This is referred to as “the cooling-flow
problem,” and active galactic nucleus (AGN) feedback is
thought to be responsible for preventing the hot gas from
cooling by propagating energy from the supermassive black
hole (SMBH) to the ICM. The two primary modes of AGN
feedback are the kinetic mode, in which relativistic jets push
the hot gas aside and create cavities, and the quasar mode, in
which the radiation comes from the accretion disk (see reviews
by Fabian 2012; McNamara & Nulsen 2012).

With the recent development of galaxy cluster surveys that
use the Sunyaev–Zel’dovich (SZ) effect (Sunyaev & Zeldovich
1972), such as the South Pole Telescope (SPT; Carlstrom et al.
2011; Bleem et al. 2015, 2020; Huang et al. 2020) and the
Atacama Cosmology Telescope (ACT; Hilton et al. 2018,
2021), the number of known high-z (z> 1) clusters with good
mass estimates has increased dramatically. This has enabled
many studies of the evolution of AGN feedback in clusters over
cosmic time (McDonald et al. 2013, 2017; Gupta et al. 2020).
However, the evolution of AGN feedback in galaxy clusters

with redshift remains poorly understood. In particular,
Hlavacek-Larrondo et al. (2015) found no evidence for
evolution in jetted power generated by AGN feedback from
X-ray cavities over the past 7 Gyr (z= 0.8). An earlier study by
Hlavacek-Larrondo et al. (2013) suggested that the fraction of
brightest cluster galaxies (BCGs) with X-ray bright nuclei is
decreasing with time (or increasing with redshift), suggesting a
strong evolution in radiative mode feedback. In contrast, a
recent study looking for nuclear BCG X-ray emission in
Chandra archival data instead found no evidence for an
evolution between two redshift bins (〈z〉∼ 0.25 and
〈z〉∼ 0.65; Yang et al. 2018). The disagreement between
various studies about the evolution of AGN feedback restricts
our ability to fully understand this issue.
In this work, we calculate the AGN-hosting BCG fraction

by identifying BCGs in the 2500 deg2 SPT-SZ cluster
samples (Bleem et al. 2015) and by classifying whether they
are AGNs based on mid-IR data. The SZ cluster catalogs allow
for an effectively mass-selected sample of clusters, making it
possible to study the evolution of galaxy clusters over time. In
addition, the SZ catalogs typically have less contamination
compared to optical/IR catalogs. The fraction of BCGs hosting
luminous AGNs is an important indicator for AGN fueling
processes, availability of cold clumpy gas in the centers of
clusters, the duration and duty cycle of the AGNs, and how
BCGs and the host clusters grow and evolve together. This is
because additional physical mechanisms are often required to
explain the transport of the cold gas, which serves as the
primary fuel source for the central black holes. The fact that we
find a relative absence of AGNs in the centers of clusters has
led us to study many physical processes, including ram
pressure stripping (Gunn & Gott 1972), tidal effects from the
cluster gravitational potential (Merritt 1983), and the lack of
new infall of cold gas (Larson et al. 1980). Similarly,
understanding the evolution of AGN activities in BCGs will
help us understand the evolution mechanism of galaxy clusters,
and how the feedback might play a role in it.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
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Our goal for this paper is to study the redshift evolution of
the AGN-hosting BCG fraction up to z= 1.3 to understand the
fueling processes in the centers of clusters, determine when
AGN feedback is fully established, and identify whether there
are any more extreme AGN-hosting BCGs in the sample,
similar to the Phoenix cluster. The paper is organized as
follows. In Sections 2 and 3 we summarize the data and
additional information used in this paper. The results and their
implications are presented in Sections 4 and 5, respectively. We
conclude our work in Section 6. We assume H0=
70 km s−1 Mpc−1, Ωm= 0.3 and Ωλ= 0.7. All errors are 1σ
unless noted otherwise.

2. Data

2.1. The SPT-SZ 2500 deg2 Cluster Sample

We use the full 2500 deg2 SPT-SZ cluster sample from Bleem
et al. (2015) with the improvement in the cluster redshift
estimates from Bocquet et al. (2019) by incorporating new
spectroscopic and improved photometric measurements (Bayliss
et al. 2016; Khullar et al. 2019). The survey spans a contiguous
2500 deg2 area within a boundary of R.A.= 20 hr–7 hr and
decl.=−65° to −40°. Once we limit the redshift range to
0< z< 1.3, the total number of clusters in our sample is 475.

2.2. Position of BCGs

Given the diversity of BCG colors, morphologies, and
assembly state as a function of redshift, typical identification
algorithms may be biased when they select BCGs based on
single-band fluxes. We have instead developed a novel BCG
identification pipeline that uses the full probability distribution
of redshift and stellar mass for every object within 500
projected kiloparsec of the SZ cluster center to assign BCG
likelihoods. Photometry is provided by the Dark Energy Survey
(Year 3) catalogs (Jarvis et al. 2021; Sevilla-Noarbe et al.
2021), cross-correlated with unWISE (Lang 2014), which is a
combination of WISE and NEOWISE images. Various cuts and
flags are used to avoid stars and objects with poor photometric
measurements. WISE is an IR-wavelength space satellite with
four IR filters, including W1 (λcen= 3.6 μm), W2 (4.3 μm),
W3 (12 μm), andW4 (22 μm;Wright et al. 2010). The satellite
operated for two years with cryogen until 2011, before it was
reactivated and resumed operations as NEOWISE in 2013. It
has continued to observe ever since (Mainzer et al. 2014).

Probability distributions of photometric redshift and stellar
mass for each source are estimated with EAZY (Brammer et al.
2008) and FAST (Kriek et al. 2009), respectively. We then
randomly sample from each distribution to find the most
massive cluster galaxy at the cluster redshift within each field,
iterating this process 105 times to build up a BCG likelihood
for each galaxy. In this way, all galaxies are assigned a value
between 0% and 100% probability of being the BCG within
each cluster. Full details about the pipeline, along with the
BCG catalog, will be provided in Noble et al. (in preparation).
The top three panels of Figure 1 show optical images of
example SPT galaxy clusters with identified BCGs in white
squares. This demonstrates that the algorithm selects likely
BCGs that match the galaxies that typical or traditional visual
BCG identification methods would select over a wide range of
redshift.

2.3. Data for AGN Selection

Most photometric techniques for identifying AGNs are
severely biased toward unobscured (type 1) AGNs since their
nuclear emissions dominate the emission of the host galaxies,
making these AGNs easily identifiable. This implies that most
obscured (type 2) AGNs are often underrepresented in most
studies. The most promising techniques for identifying both
obscured and unobscured AGNs include radio, hard X-ray, and
mid-IR selections. However, not all AGNs are radio loud (e.g.,
Stern et al. 2000), and the current hard X-ray satellites remain
limited in their sensitivity and field of view. This leaves mid-IR
selection as a popular technique to quickly identify large AGN
populations (obscured and unobscured). The idea of mid-IR
selection is to separate between the power-law AGN spectrum
and the blackbody stellar spectrum of galaxies, which peaks at
rest frame 1.6 μm. The power-law spectra of the AGNs are due
to the thermal emission from the warm-hot dust in the torus,
which is heated by absorbing shorter-wavelength photons from
the accretion disk (Stern et al. 2012; Hickox & Alexander
2018). This implies that the emission is not strongly suppressed
by the dusty torus, unlike at the UV to near-IR wavelength,
allowing this technique to detect more obscured AGNs.
Additionally, with the first all-sky data release of the Wide-
field Infrared Survey Explorer (WISE; Wright et al. 2010) in
2012, mid-IR selection became one of the top methods of
probing the AGN population over the entire sky without
additional observations.
One drawback of the mid-IR selection technique is that the

host galaxy is still bright at these wavelengths, limiting the
detection of low-luminosity AGN, which have to compete with
a bright stellar continuum (Stern et al. 2012). This means that
AGNs that are selected by their mid-IR color tend to be brighter
relative to the host galaxies than those selected by other
techniques. For example, Assef et al. (2013) found that in the
sample of relatively luminous AGNs (LAGN/Lhost> 0.5), the
luminosity of mid-IR AGNs tends to be greater than
∼5× 1044 erg s−1, taking into account the bolometric correc-
tion from Singal et al. (2016). Assuming the efficiency of
turning accreting matter into energy òacc= 0.1 and a typical
mass of the SMBH MBH∼ 108–109Me (Russell et al. 2013),
the black hole mean accretion rate ( = M L cBH bol,nuc acc

2 ) of
mid-IR selected AGNs should be greater than 4× 10−3

–

´ - M4 10 2
Edd , where MEdd is the limiting Eddington accretion

rate. This level of accretion is relatively high compared to
typical optical/radio AGNs, which have an accretion rate of
about 10−6

– - M10 2
Edd (McDonald et al. 2021). This implies

that the mid-IR technique will mainly identify a brighter and
more massive AGN population. From now on, AGNs
mentioned in this paper mean the mid-IR selected AGN
population.

2.3.1. Mid-infrared Data from WISE

Instead of using the main source catalog from WISE
(AllWISE), which only includes the data obtained from 2010
to 2011, we make use of CatWISE to obtain the best
photometry with available data. CatWISE is an updated all-
sky IR source catalog that combines the 2010 and 2011 data
from WISE with the 2013 through 2016 NEOWISE
data (Eisenhardt et al. 2020). The caveat is that the CatWISE
catalog only includes 3.6 (W1) and 4.3 (W2) μm data. In this
work, we use the Preliminary CatWISE catalog to obtain the
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