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Abstract

Active galactic nuclei (AGN) feedback is believed to be responsible for counteracting
the formation of the classical “cooling flow”, predicted to be associated with most
“cool core” clusters of galaxies. Several studies have shown that many phenomena
found in galaxy clusters can be neatly explained by AGN feedback. Yet, the physical
mechanism behind AGN feedback remains poorly understood. Careful analysis of
clusters with unique characteristics, such as hosting starburst and/or active nuclei,
provides an alternative path to tackle the issue of when, and how precisely, AGN
feedback impacts clusters.

For my Ph.D. thesis, I show that by finding extreme-BCG clusters we can better
understand the processes of cluster formation and evolution. In the first part of
my thesis, I conduct an optical survey to discover new extreme-BCG clusters at low
redshift. Finding clusters with distinct properties from the survey allows us to make
detailed studies of the objects and better understand the formation mechanism of the
feedback necessary to sustain long-lived clusters. In the second half, I study a sample
of clusters over a large redshift range to find distant objects with extreme BCGs.
This enables us to investigate a possible evolution of the feedback across cosmic time,
and how the evolution has impacted the growth of all clusters. Thousands of galaxy
clusters will be discovered in the coming decade with a certainty that a handful of
them will host extreme BCGs. These peculiar objects will play an important role in
understanding the complex nature of black hole feedback and galaxy evolution.

Thesis Supervisor: Michael McDonald
Title: Professor of Physics

3



This image of Earth is one of 60 frames taken by the Voyager 1 spacecraft on February
14, 1990. In the image, the Earth is a mere point of light, a crescent only 0.12 pixel
in size. Image Credit: NASA/JPL
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Look again at that dot. That’s here. That’s home. That’s us. On it everyone you
love, everyone you know, everyone you ever heard of, every human being who ever
was, lived out their lives. [...] every saint and sinner in the history of our species
lived there–on a mote of dust suspended in a sunbeam.

...

It has been said that astronomy is a humbling and character-building experi-
ence. There is perhaps no better demonstration of the folly of human conceits than
this distant image of our tiny world. To me, it underscores our responsibility to deal
more kindly with one another, and to preserve and cherish the pale blue dot, the only
home we’ve ever known.

Carl Sagan
Pale Blue Dot, 1994
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Chapter 1

Introduction

Understanding the mechanisms that govern the evolution of matter in the universe

is one of the fundamental objectives of astrophysics. And, the most massive objects,

capable of significantly shaping our universe, are galaxy clusters. This implies that

understanding the growth and evolution of galaxy clusters is critical to unlock the

mysteries surrounding the formation and evolution of our universe.

1.1 What are Galaxy Clusters?

When we look at maps of the distribution of galaxies, such as that given by the

Two Micron All Sky Survey [2MASS; 289] shown in Figure 1-1, it is immediately

apparent that galaxies are not distributed randomly across the sky. Instead, they

form interconnecting webs of filaments and knots which are bound together to form

larger structures. These knots are galaxy clusters.

Galaxy clusters contain hundreds to thousands of galaxies, all confined to a vol-

ume of space that is not that much bigger than that occupied by a galaxy group,

which usually has only tens of galaxies. The key difference lies in the high density

of galaxies in galaxy clusters. Clusters are the largest gravitationally bound objects

in the universe [326]. Although clusters contain many galaxies, it is important to

note that not all galaxies are located in clusters. In fact, the majority of galaxies

live outside of clusters, and these galaxies which are not part of clusters are called

19



Figure 1-1 Map of the average extended source catalog integrated flux in 18′ × 18′

bins in an equatorial Aitoff equal-area projection. Image Credit: 2MASS/Caltech

‘field’ galaxies. Galaxy clusters were first noticed from a catalog of Messier objects

in the late 18th century, which recorded a total of eleven extended objects within the

constellation of Virgo. It is now identified as the Virgo cluster, which is the nearest

galaxy cluster to the Milky Way. The Abell [1] and Zwicky et al. [344] catalogs were

the first attempts to identify these clusters through the use of photographic plates.

Since then, thousands of galaxy clusters have been discovered, studied, and charac-

terized. The following sections will discuss the consequences and benefits of studying

these massive objects, which includes being an important evidence for dark matter

and being another crucial probe for cosmology.
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1.1.1 Main Evidence for Dark Matter

One of the most important topics in astrophysics over the last century is the existence

of dark matter. The hypothesis of dark matter was first introduced by Lord Kelvin

in 1884 when he attempted to explain the observed velocity dispersion of the stars

orbiting around the center of the Milky Way. He determined that the total mass of

the galaxy is vastly different from the mass estimated from visible lights [28].

Currently, the strongest observational evidence for the presence of dark matter is

the detection of the cosmic microwave background (CMB). The CMB is electromag-

netic radiation from the early stage of the universe, representing the heat left over

from the Big Bang. The CMB is believed to date back to about 380,000 years after

the Big Bang from its extreme temperature of 273 million degrees Kelvin. Cosmolog-

ical parameters, such as the density of dark matter, can be extracted from a sky map

of CMB anisotropy by decomposing it to a series of acoustic peaks and fitting the cos-

mological models to these peaks [153]. Observationally, the CMB anisotropy was first

detected by the Cosmic Background Explorer (COBE) in 1992. The COBE detection

is one of the first evidence to support the Big Bang Theory although the resolution

was too coarse to detect the acoustic peaks [179, 290]. A decade later, the Wilkin-

son Microwave Anisotropy Probe (WMAP; 2003–2012) became the first spacecraft

to successfully measure the power spectrum of the acoustic peaks and demonstrate

the validity of the Lambda Cold Dark Matter (ΛCDM) model, which describes a

universe that contains only 5% ordinary matter, 26% dark matter and 69% dark en-

ergy [22, 23, 297]. This discovery has undoubtedly confirmed the existence of dark

matter in the universe, and opened a new era of cosmology and astrophysics where

we focus our efforts determining what dark matter is made of.

The most compelling early evidence for dark matter come in 1930s by Zwicky [342,

343]. Based on the motion of galaxies inside the Coma Cluster, Zwicky estimated the

mass of the cluster to be too large, compared to an estimate based on the number

of galaxies found in the cluster. In fact, the mass to light ratio of the cluster has to

be ∼300 for the galaxy members to remain inside the cluster, meaning that the total
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mass (including dark matter) of the cluster is 300 times larger than the visible mass.

Zwicky is also the first person to coin the term “dark matter” to describe this missing

mass.

Another piece of evidence for dark matter in galaxy clusters was discovered much

later in 1990s when scientists detected the X-ray extended emission by hot gas in

the clusters. From the X-ray energy spectrum, the gas density and temperature can

be estimated. By assuming this gas is in hydrostatic equilibrium, we can estimate

the mass of a cluster, which is, again, much larger than what we would expect from

visible mass alone.

Lastly, galaxy clusters also support the presence of dark matter from the detection

of strong gravitational lensing, which is one of the most important predictions from

Einstein’s general theory of relativity. This effect refers to a phenomenon when the

light from a distant source is deflected as it travels toward an observer, resulting in

a distorted image of the object in the sky, as shown in Figure 1-2. By measuring

the distortion geometry from gravitational lensing, we can determine the mass of the

intervening cluster [338], including Abell 1689 [53, 310] and SDSS J1531+3414 [282].

Additionally, weak gravitational lensing probes minuscule distortions of galaxies, us-

ing statistical analyses, to characterize the total mass of galaxy clusters [258]. The

fact that both estimates of the cluster mass from strong and weak gravitational lens-

ing are much larger than what we expect with visible matter alone suggests that dark

matter indeed exists.

1.1.2 Additional Probe for Cosmology

Galaxy clusters also provide important constraints for cosmology. Because of their

massive scale [1014−1015𝑀⊙; 326], galaxy clusters are directly linked to the distribu-

tion of the matter in the universe. Therefore, by precisely measuring the abundance

of galaxy clusters as a function of mass and redshift (the halo mass function), we

obtain fairly competitive cosmological constraints for several parameters, including

the density of total matter (Ω𝑚) and the amount of fluctuation in matter density

(𝜎8) [46, 138, 322]. In particular, a cosmological model with a higher Ω𝑚 tells us
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Figure 1-2 “Cheshire Cat” image of galaxy cluster [SDSS J1038+4849; 20] and gravita-
tional lensing, imaged with the Hubble Space Telescope. Image Credit: NASA/ESA

that clusters will grow at a faster rate, which means that we would expect to find

far fewer massive clusters at high redshift. Interestingly, the cosmological constraints

found from this method perfectly complement the CMB measurement, and the com-

bination of the two probes gives us a powerful tool to constrain cosmology [181].

The matter budget of massive galaxy clusters also provides a different probe of

cosmology [4, 5, 6, 335]. The gas mass fraction (the ratio between gas mass and

total mass; 𝑓gas) is expected to approximately match the baryon fraction of the uni-

verse [Ω𝑏/Ω𝑚; 45]. With the constraint on the baryon density (Ω𝑏) from CMB or Big

Bang nucleosynthesis, this method provides a unique and robust way to constrain
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Ω𝑚. In 1993, White et al. [335] were the first to show that Ω𝑚 ∼ 0.3 from 𝑓gas data,

suggesting, for the first time, the need for “dark energy” to explain the other 70% of

the entire content of the universe. Since then, there have been many studies aiming

to provide better constraints using this technique. For example, Allen et al. [5] have

shown that combining the 𝑓gas measurements for 42 galaxy clusters at 0.05 < 𝑧 < 1.1

with CMB studies leads to the constraint of Ω𝑚 = 0.253±0.021, which is around eight

percent accuracy. The latest cosmological constraints of Ω𝑚 in 2021 from Corasan-

iti et al. [81], which include galaxy cluster sparsity, gas mass fraction, and baryon

acoustic oscillation data, are at ∼4% level. The next generation X-ray observatories,

such as Athena and Lynx, will offer the possibility to perform an even more precise

study of dark energy using the 𝑓gas technique, which is as accurate as other leading

proposed procedures, such as Type Ia supernova, cluster number counts, and weak

lensing studies.

In the next section, I discuss about various properties of galaxy clusters, and how

they impact our understanding of galaxy clusters.

1.2 X-ray Properties of Galaxy Clusters

Even though galaxy clusters have widely been utilized in studies of dark matter and

cosmology, they themselves are also fascinating objects which are worth studying.

One aspect of a galaxy cluster that makes it a unique object to study, compared to

an isolated galaxy and a group of galaxies, is that a cluster contains extremely hot

gas (∼ 107 K) in its halo–the so called Intracluster Medium (ICM) [e.g., 274] that is

readily observed in X-ray emission. Much of the baryonic mass contained in clusters

is, in fact, in this hot rarefied plasma surrounding the galaxies, rather than in the

galaxies themselves.

The ICM radiates X-ray emission through a process called “thermal

bremsstrahlung.” Bremsstrahlung is electromagnetic radiation produced by the de-

celeration of a charged particle, often an electron, when it is deflected by another

charged particle, typically an atomic nucleus. X-ray radiation from the ICM is what

24



allows us to see exactly what happens to the gas inside a massive halo of a cluster.

In fact, many major events in clusters are clearly imprinted in the X-ray morphol-

ogy of the ICM. For example, a subcluster passing through a cluster will create a

bow-shaped shock wave near the leading edge of the cluster. This effect can be easily

detected in the ICM with X-ray observations, but is impossible to see in optical im-

ages. Examples of famous merging clusters include the Bullet Cluster [16, 194, 316]

and El Gordo [221, 341]. Another important process which can be seen with X-ray

observations is when a cluster’s ICM is gravitationally disturbed by the nearby pas-

sage of other massive objects, initiating an oscillatory motion in the cluster core,

called “sloshing.” Examples of these objects are Abell 2052 [35] and Abell 1644 [159].

Bubbles or cavities in the ICM near the centers of clusters are also an important

phenomenon found with X-ray observations. These cavities are important tracers

of a jet-driven heating mechanism arising from the active galactic nuclei (AGN) in

brightest cluster galaxies (BCG). Examples of strong cavity detections are the Perseus

cluster [106], MS0735.6+7421 [216], and Hydra A [166].

1.2.1 Cool Cores and the Cooling Flow Problem

For galaxy clusters with strongly peaked X-ray emission, the ICM can cool via thermal

bremsstrahlung on timescales much shorter than the Hubble time within a radius of

∼100 kpc. Simple models predict that as the ICM is rapidly losing its energy by X-

ray emission, a long-lived “cooling flow” should occur in the central brightest cluster

galaxies [103, 105, 243]. Such phenomenon should be possible to observed at low

redshift, especially in BCGs of rapidly cooling clusters (“cool cores”; CC). CC clusters

are clusters whose gas in the center of the cluster is much cooler and higher density,

compared to the bulk of gas [229]. Hudson et al. [156] have shown that the best

parameter for segregating cool core and non-cool core (NCC) clusters is the central

cooling time 𝑡cool, where clusters with 𝑡cool < 7.7ℎ1/2 Gyr were considered CC clusters.

This condition should provide necessary conditions for the cooling flows to form, and

increase the number of newborn stars in the BCGs.

Nevertheless, detailed observations of these BCGs over the last two decades have
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demonstrated an absence of massive cold gas repositories and extreme star formation

rates in the BCGs. The results from searches were often orders of magnitude lower

than predictions [91, 207, 239]. In addition, the nonexistence of expected coolant

lines in high resolution X-ray spectra of large CC cluster samples shows that less

than 10% of the cooling gas actually cools below ≤1 keV [244, 273, 309]. This is

referred to as “the cooling flow problem.” A balancing heating mechanism is needed

to counteract cooling in the majority of cases and stop the formation of warm and

cold gas associated with the cooling flow model. The heating must be, on average,

approximately the same level as the X-ray luminosity. This scenario implies that the

heating and cooling rates have to be tightly coupled and possibly self-regulated in the

form of a feedback mechanism [e.g., 31, 73, 259].

1.2.2 Active Galactic Nuclei (AGN) Feedback

The dissipation of active galactic nucleus (AGN) power has the potential to fully

replenish ICM radiative losses in regions near BCGs [e.g., 17, 262]. Compared to

thermal conduction [29, 295, 296], cosmic ray heating [90, 107, 112], and mixing

between cool gas and hotter material models, the AGN-driven feedback mechanism

has since become the most favored candidate model to heat up cool cores.

AGN feedback occurs when the cooling ICM falls into the supermassive black

hole (SMBH) of the central galaxy and triggers black hole accretion. The output

energy from the accretion is massive enough to heat up an entire cluster and stop

the cooling flow. There are two primary modes of AGN feedback. The first mode is

known as radio-, kinetic-, or mechanical-mode feedback, which is when the associated

outflowing plasmas or radio jets create cavities in the ICM, driving sound waves that

ultimately dissipate into heat [106]. The energy from these cavities is theoretically

enough to counter radiative losses from the ICM cooling [31, 256]. The second mode

is the quasar- or radiative-mode feedback, which releases the binding energy from

gas accreting onto massive black holes in the form of radiation, instead of jets. The

structural difference between the two modes of feedback is thought to be governed by

the specific accretion rate. When the accretion rate is high, an optically thick disk
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is formed and dissipates its energy primarily in the form of radiation [114, 238, 281]

while the period of moderate accretion leads to the energy being released in the form

of a jetted outflow [236, 237].

There have been various studies which provide evidence supporting AGN feedback

as the heating mechanism in galaxy clusters. For example, ∼70% of CC BCGs host

active central radio sources [13, 224, 305], implying that radio jets are prevalent in

the centers of clusters. Other works [e.g., 31, 149, 257] have shown that the power of

these radio sources seems to be correlated with the X-ray luminosity. For example,

Figure 1-3 illustrates the correlation between the jet power inferred from X-ray cavities

and the cooling from X-ray radiation. This implies that the output energy from radio

jets is enough to offset the X-ray radiative cooling and prevent cooling flows. In

addition, since cool-core clusters account for ∼50% of the cluster population [8, 266],

the phase must be long-lived, suggesting that the heating rates have to be regulated

by a feedback loop; otherwise extreme heating would destroy the CC phase. The other

feedback mechanism, which provides necessary heating, is supernova feedback. This

form of feedback occurs when supernovae from massive stars inject enough energy

and momentum to heat up the surrounding gas to counteract cooling. Although

supernova feedback dominates the evolution of low mass galaxies, it has been shown

from various works [44, 328] that it is not effective enough for galaxy clusters to be

the dominant source of heating in order to stop runaway cooling.

Although we have reasonable frameworks for the two different modes of feedback

(kinetic and radiative), only the kinetic mode has been thoroughly studied in galaxy

clusters. In contrast, the radiative feedback on clusters is rarely investigated because

of the relative lack of brightest cluster galaxies which harbor bright quasars. There

are only four cases of galaxy clusters with central quasars in their BCGs, including

H1821+643 [84, 267], 3C 186 [283, 284], IRAS09104+4109 [72, 241], and the Phoenix

cluster [202, 212]. The small number of such objects makes it difficult to investi-

gate the role of radiative feedback in galaxy clusters and central BCGs, such as the

correlation between the nuclear power output and radiative cooling, the distinction

between type I and type II quasars in clusters [165], and the duty cycle of radiative
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Figure 1-3 Comparison between the mechanical power being injected by the AGN in
the BCG (𝑃cav) and the cooling luminosity (𝐿cool) of the cluster over 7.7 Gyrs. This
figure clearly shows the correlation between the mechanical power from AGN and
radiative cooling from X-ray emission. Image Credit: Hlavacek-Larrondo et al. [149]

feedback. A part of this thesis will be our attempt to address this issue by aiming

to find more galaxy clusters with bright quasars in the BCGs. Finding even one or

two more of these kinds of objects will drastically improve our understanding of the

radiative-mode feedback of galaxy clusters.
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1.2.3 The Phoenix Cluster

Out of the four galaxy clusters with bright central quasi-stellar objects (QSOs), the

Phoenix cluster stands out as one of the most unique systems known. First identified

by the South Pole Telescope [SPT; 63, 336] in 2012, it is the most X-ray luminous

cluster discovered to date and harbors the most massive starburst in the central

galaxy, with the measured star formation rate (SFR) at 500–800 𝑀⊙ yr−1 [202, 210,

225]. This SFR accounts for roughly 30% of the predicted cooling flow, which is much

larger than ∼1% for typical BCGs in galaxy clusters. Further studies [211, 269] also

find extended, complex filamentary gas in optical and submillimeter data, suggesting

that large amount of cooling is maintained all the way down to the molecular gas

temperature (∼10–20 K). In addition, large X-ray cavities are found in the Phoenix

cluster, pointing to extremely powerful radio jets with a power of ∼1046 erg s−1, which

is a signature for the kinetic-mode feedback [149, 212]. A combination of these studies

hints that the cluster is experiencing runaway cooling, as predicted by the classical

cooling flow model, which is extremely uncommon compared to what we know about

typical clusters and the cooling flow problem. However, without any comparable

systems or systematic studies of such objects, it is impossible to make any argument

about how common or long-lived such a phase is.

Given the high mass (𝑀500 > 1015𝑀⊙) and extreme properties of the Phoenix

cluster, it is surprising that the cluster was not discovered until recently. Interestingly,

the cluster and its central BCG have been detected in many all-sky surveys at various

wavelengths, but was consistently classified as a point source (either star or isolated

quasar) because of the extremely bright active central galaxy and a lack of extended

X-ray emission. This leads us to wonder whether there are other Phoenix-like clusters

that have been misclassified as isolated point sources. The Cluster Hiding in Plain

Sight (CHiPS) survey, which is the main part of this thesis, is designed specifically to

address this issue by looking for galaxy clusters previously misidentified in existing

surveys due to the extreme central galaxies. The number of galaxy clusters found by

the survey will tell us about the duty cycle of the extreme phase of AGN feedback.
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In the previous two sections, I have summarized the need to identify and charac-

terize more samples of galaxy clusters, both for tightening our cosmology constraints

and understanding AGN feedback as a heating mechanism against radiative cool-

ing. In the next section, I discuss different methods we have employed to find new

galaxy clusters by searching for overdensity of red galaxies in optical and near-infrared

surveys [122], extended ICM emission in X-ray surveys [94, 95], and via Sunyaev-

Zel’dovich effect [SZ; 306] in millimeter/submillimeter surveys [36, 37].

1.3 Discovery of Galaxy Clusters

1.3.1 Overdensity of Red Galaxies in Optical/Near-Infrared

As I mention in the beginning, galaxy clusters have been detected as far back as the

1800s [34] by Abell [1], Abell et al. [2], Zwicky et al. [345] via large catalogs of galaxies

observed with photographic plates. Since then, various advancements in optical/near-

infrared observations have been developed from single-band imaging [251], multicolor

photometric data [123, 169, 168], and different cluster-finding algorithms. Specifically,

these cluster finders can be divided roughly into two main classes: those based on pho-

tometric redshifts [e.g., 291, 308, 334] and those using the cluster “red sequence” [e.g.,

122, 123, 124, 135, 168, 233, 311].

Photometric redshifts (𝑧photo) of galaxies can be estimated by fitting multi-band

photometry in the optical and mid-infrared to a template spectral energy distribution

to estimate the galaxy’s redshift. Many studies [e.g., 55, 332, 340] have shown that

the most luminous member galaxies of clusters can be identified using photometric

redshifts. One disadvantage of this technique is that characterizing redshifts for faint

galaxies is difficult due to large uncertainties and a lack of spectroscopic training

samples. In addition, 𝑧photo estimates for cluster members might not be accurate

when applying algorithms derived from the total galaxy population.

On the other hand, the red sequence method relies on the fact that almost all

galaxy clusters have a well-populated “red sequence”, which is a line of constant age on
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the color-magnitude relation. It has been shown to have extremely small scatter and

appears to be homogeneous from cluster to cluster, as shown in Figure 1-4 [48, 123].

The color of the red sequence also provides a precise redshift estimate for the detected

cluster. A benefit of this technique is that it can be effective with only two filters as

long as the filter pair covers the 4000 Å break. One problem with the red sequence

method occurs at high redshift when the red sequence begins to disappear due to the

prevalence of star-forming galaxies, making the photometric redshift method perform

better in that particular case [e.g., 54, 101].

Figure 1-4 Composite red sequence at 0.25 < 𝑧 < 0.26 for color-selected galaxies with
𝑝mem > 0.9. A linear model (red dashed line) is a good representation of the red
sequence in both 𝑔−𝑟 and 𝑟− 𝑖. We note that 𝑝mem is a probability of being a cluster
member. Image Credit: Rykoff et al. [271]

Some notable examples of recent optical cluster-finding algorithms include redMap-

per [264, 270, 271], which is a red sequence cluster finder that handles an arbitrary

photometric galaxy catalog with an arbitrary number of photometric bands, and the
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Massive and Distant Clusters of WISE Survey [MaDCoWS; 127, 300], which is a

photometric redshift method for high redshift clusters (0.7 < 𝑧 < 1.5) based on data

from the Wide-field Infrared Survey Explorer (WISE).

One important challenge for galaxy cluster identification is projection effects. By

cataloguing clusters as two-dimensional objects against a clustered background, the

apparent richness of the cluster could be dominated by this effect. For example, there

have been debates about a significant contamination from projection effects in the

well-known Abell catalog [78, 184]. van Haarlem et al. [318] estimated that about

one-third of rich clusters found in optical data are misclassified from the projection

of one or more clumps onto poor clusters. This issue is not an issue when we consider

the other two methods of finding galaxy clusters.

1.3.2 Extended Extragalactic Emission in X-ray

With the completion of the ROSAT All-Sky Survey (RASS) in 1991 [315, 324], X-ray

detected cluster samples became a promising alternative. The detection of X-ray emis-

sion from the hot ICM provides one of the best ways to compile statistically complete

cluster samples. X-ray surveys are relatively unbiased because they exclusively select

massive, gravitationally bound objects without uncertainties from projection effects,

unlike the optical/near-infrared method [e.g., 318]. The resulting cluster samples will

have a well-defined selection function based on the limiting X-ray flux, which can be

used to compute the effective survey volume required for any cosmological studies.

Generally, the X-ray source extent is used to find galaxy clusters in all-sky surveys.

The extent parameter is the Gaussian width of the radial source profile that is in

excess of the point spread function (PSF) of the instruments. Ebeling et al. [94]

demonstrated that sources with only the extent parameter will miss ∼25% of all

clusters at all redshifts1, nearly independent of X-ray flux limit. The misclassification

of extended sources as point sources in X-ray surveys, especially in RASS, is the main

focus for the first part of this thesis (see Chapter 2), which is an attempt to discover

new and extreme galaxy clusters from the ROSAT Bright Source Catalog [323].
1This comparison was performed on Abell and Zwicky clusters.
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X-ray selected galaxy clusters have proven to be excellent tracers for the large-

scale structure of the universe. The distribution of these clusters in a well-selected,

and statistically complete sample allows assorted studies of cosmology and large-scale

evolution. Prominent examples of X-ray selected cluster samples are the ROSAT

Brightest Cluster Sample [BCS; 94], extended BCS [eBCS; 95], Massive Cluster Sur-

vey [MACS; 96, 97], the ROSAT-ESO Flux Limited X-ray survey [REFLEX; 42], and

many others [57, 245]. In addition, the XMM Cluster Survey [XCS; 220] is an exam-

ple of an X-ray selected cluster sample in the XMM-Newton Science Archive, instead

of RASS. While X-ray surveys have been more common recently, they still suffer

from a strong selection bias that favors low-redshift clusters with an X-ray bright

cool core [71, 98, 180, 263, 322]. This selection bias can be somewhat mitigated by

excluding the cluster cores when selecting cluster candidates [98].

Almost 30 years after the launch of the ROSAT satellite, eROSITA was launched

on July 13, 2019 onboard the Spectrum-Roentgen-Gamma (SRG) satellite [222, 253,

254]. eROSITA will perform an X-ray all-sky survey with the sensitivity improved

by at least a factor of 20 compared to ROSAT. The new X-ray survey data from

eROSITA have the potential to discover and characterize more than 100,000 galaxy

clusters, drastically changing the limits of what X-ray-selected cluster samples are

capable of.

1.3.3 SZ Effects in Millimeter/Submillimeter

Arguably, the least biased way to detect massive, distant galaxy clusters is through

wide field millimeter/submillimeter surveys to detect the SZ effect [306]. The SZ

effect, specifically the thermal SZ effect, is a characteristic spectral distortion to the

CMB, arising through the inverse Compton scattering of CMB photons by energetic

electrons within the hot atmospheres of galaxy clusters [see reviews by 30, 64, 231].

This results in a decrease in the intensity (relative to a blackbody at the mean CMB

temperature) at frequencies below 220 GHz, and an increase in the intensity at higher

frequencies. The SZ observable is the Compton 𝑦-parameter, which is related to the

integration of electron pressure and the total thermal energy of the ICM. Modern
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hydrodynamical simulations suggest that the thermal integrated SZ signal is one of

the most robust mass proxies for galaxy clusters with a remarkably low scatter (10%–

15%) [230, 234, 278, 299].

Figure 1-5 Difference between a blackbody spectrum and the post SZ-effect CMB spec-
trum. The number of photons with frequencies less than 220 GHz is decreased, while
the number with higher frequencies is increased. Data is from Abell 2163. Image
Credit: Carlstrom et al. [64]

A unique power of SZ selection is its ability to detect all of the massive clusters re-

gardless of their distance to an observer. In other words, the signal from the SZ effect

is independent of redshift. A flat selection function provides a nearly mass-limited

census of the cluster population at all redshifts. This allows the SZ-selected cluster

samples to provide strong constraints for cosmological parameters by measuring the

evolution of the cluster mass function, as I described in Section 1.1.2, [39, 64, 277, 319].

It also enables many studies of the evolution of galaxy clusters over cosmic time, in-
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cluding the second part of this thesis which focuses on the evolution of AGN feedback

in massive clusters. The prominent SZ cluster surveys with catalogs of hundreds of

massive clusters, conducted by ground- and space-based telescopes, include the South

Pole Telescope [SPT; e.g., 36, 37, 336], the Planck satellite mission [247, 248], and

the Atacama Cosmology Telescope [ACT; 144, 146, 196].

In this introduction, we have reviewed the basic of galaxy clusters. In particular,

we discuss what galaxy clusters are and show the benefits of studying these massive

objects. We also examine what we know and do not know about the physics behind

galaxy clusters from X-ray radiation to cool cores to AGN feedback, and discuss

the Phoenix cluster. Lastly, we describe three separate methods to find new galaxy

clusters. With this background knowledge we are now ready to focus on the scientific

work presented in the main part of this thesis.

1.4 A Roadmap for this Thesis

The work that constitute this thesis was originally written as four different papers.

The papers appear here as Chapter 2 through Chapter 5. I played a significant role

in the development, writing, and served as the first author on all four papers. Three

of them have already been published in peer-review journals; Chapter 5 has been

submitted and is still under review.

I have organized this thesis into two parts. In Part I, I describe my main project

for my PhD, the Clusters Hiding in Plain Sight (CHiPS) survey, in three chapters.

• Chapter 2 reproduces the published paper The Clusters Hiding in Plain Sight

(CHiPS) survey: A first discovery of a massive nearby cluster around PKS1353-

341 [292], written in collaboration with Michael McDonald, Henry Lin, Brian

Stalder, and Antony Stark. It presents a pilot study of the CHiPS survey and a

newly discovered low-redshift (𝑧 = 0.223) galaxy cluster, surrounding the quasar

PKS1353-341. With new Chandra X-ray observations obtained for this object,

we characterize the cluster to be a strong cool-core cluster from its central

cooling time around 400 Myr. This chapter also serves as a proof of concept
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study to demonstrate the potential of the complete version of the CHiPS survey

to find massive nearby clusters hosting extreme central galaxies, which have

been misidentified by previous surveys, and a great starting point for the rest of

this thesis, much of which provides more details about the CHiPS survey. The

work in this chapter was conducted under the supervision of Michael McDonald,

but the project was lead and carried out largely by me with Brian Stalder and

Antony Stark served as the principle investigators for the new instrument on

the Magellan Telescope, called the Parallel Imager for Southern Cosmological

Observations [PISCO; 298].

• Chapter 3 reproduces the published paper The Clusters Hiding in Plain Sight

(CHiPS) survey: Complete sample of extreme BCG clusters [294], written in

collaboration with Michael McDonald, Massimo Gaspari, Brian Stalder, and

Antony Stark. It presents optical follow-up observations of cluster candidates

in the CHiPS survey, which identify 11 cluster candidates, including six well-

known clusters, two false associations of foreground and background clusters,

and three new candidates. From that result, we compute the occurrence rate

of galaxy clusters with extreme BCGs to be 2 ± 1%, which is consistent with

predictions from the chaotic cold accretion (CCA) model. The work in this

chapter was conducted under the supervision of Michael McDonald, but was lead

and carried out by me. Massimo Gaspari provided feedback on the theoretical

framework of the project, and Brian Stalder and Antony Stark served as the

principle investigators for PISCO.

• Chapter 4 reproduces the published paper The Clusters Hiding in Plain Sight

(CHiPS) survey: CHIPS1911+4455, a Rapidly-Cooling Core in a Merging Clus-

ter [293], written in collaboration with Michael McDonald, Matthew Bayliss,

Mark Voit, Megan Donahue, Massimo Gaspari, Hakon Dahle, Emil Rivera-

Thorsen, and Antony Stark. It presents a detailed multi-wavelength study of the

other newly discovered galaxy cluster, CHIPS1911+4455, at 𝑧 = 0.485± 0.005.

This cluster has a measured star formation rate 𝑆𝐹𝑅 =140–190 𝑀⊙ yr−1, which
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is one of the highest rates measured in any central cluster galaxy to date. The

raw optical spectra were acquired by Hakon Dahle and Emil Rivera-Thorsen,

and prepared by Matthew Bayliss. Mark Voit, Megan Donahue, and Massimo

Gaspari provided additional comments on the interpretation of our results. I

analyzed the Chandra X-ray images, the Hubble optical images, estimated star

formation rate of the optical spectra, and wrote the entire paper.

In Part II, I turn from discovering new low-redshift (𝑧 < 0.7) galaxy clusters to

studying the properties of known galaxy clusters over a large redshift range (0.1 <

𝑧 < 1.3) to study the evolution of AGN feedback over cosmic time.

• Chapter 5 reproduces the submitted paper The Evolution of AGN Activity in

Brightest Cluster Galaxies, written in collaboration with Michael McDonald,

Allison Noble, and several other members of the SPT-Cluster team. It presents

an analysis of Wide-field Infrared Survey Explorer (WISE) observations on the

full 2500 deg2 South Pole Telescope (SPT)-SZ cluster sample in order to cal-

culate the AGN-hosting BCG fraction over the range of 0 < 𝑧 < 1.3. We find

that the fraction increases with redshift in this sample, consistent with previ-

ous studies and work on field galaxies. The work in this chapter was lead and

carried out mostly by me under the supervision of Michael McDonald. The

identification of BCG candidates were performed by Allison Noble as a part of

the BCG-SPT cluster project (Noble in prep.). Members of the SPT-Cluster

team provided additional comments and suggestion about the results.

It is my hope that this thesis presents a broad picture of how we study AGN

feedback and provides a way forward for how we might eventually understand the

mechanism that governs the feedback through finding and characterizing galaxy clus-

ters with extreme central BCGs.

37



Part I

The Clusters Hiding in Plain Sight

(CHiPS) survey
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Chapter 2

A First Discovery of a Massive

Nearby Cluster around PKS1353-341

The content of this chapter was submitted to The Astrophysical Journal on January

5, 2018 and published [292] as The Clusters Hiding in Plain Sight (CHiPS) survey: A

first discovery of a massive nearby cluster around PKS1353-341 on August 16, 2018.

2.1 Introduction

Clusters of galaxies are the largest collapsed objects in the universe [326]. Because of

the deep gravitational potential well of clusters, supernovae and active galactic nuclei

(AGN) are unable to expel gas beyond the turnaround radius, allowing the study of

galaxy formation in a closed system. Simulations with radiative cooling and gravity

alone are not sufficient to explain the observed properties of a brightest cluster galaxy

(BCG), the most luminous galaxy in a cluster [14, 52, 215]. The simulations tend to

predict too much cool gas and too many newborn stars. This is referred to as the

cooling flow problem, and the best candidate for explaining this discrepancy is kinetic

feedback by the central AGN in clusters [49, 50, 85].

There are two primary modes of AGN feedback which allow the supermassive

black hole (SMBH) at the center of its host galaxy to affect the final stellar mass of

the galaxy. The first mode is the kinetic mode, driven by radio jets, and the sec-
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ond mode is the quasar mode, or radiative mode, which relates to radiation from

the accretion disk [see reviews by 104, 215]. The kinetic mode has been intensively

studied, specifically in galaxy clusters, which require feedback to prevent overcool-

ing [256, 214] via radio jets and bubbles [107]. In contrast, the impact of radiative

feedback on clusters is poorly understood [285], due to the relative lack of central

cluster galaxies in the quasar mode and a smaller region in the center in which the

radiative feedback (compared to mechanical feedback) can be observed.

There are only four known examples of galaxy clusters hosting central quasars:

H1821+643 [267], 3C 186 [283, 284], IRAS 09104+4109 [241], and the Phoenix clus-

ter [202]. The small number of such objects is insufficient to fully exemplify the role

of radiative feedback in the evolution of galaxy clusters and their central BCGs, in-

cluding the duty cycle of radiative feedback, its correlation with radiative cooling,

and the distinction between the effects of type I and type II quasars on clusters [165].

One possible way to uncover more of these objects comes from the surprise discovery

of the Phoenix cluster, which, at 𝑧 = 0.6, is the most X-ray luminous cluster known

and the nest of a massive central starburst [202, 203, 212]. While this cluster was

initially discovered with the Sunyaev Zel’dovich effect [336], further investigation re-

veals that it had previously been detected by several all-sky surveys at a variety of

wavelengths, but had consistently been classified as an isolated AGN because of the

extremely active central galaxy and a (relative) lack of extended X-ray emission due

to its distance. This leads us to wonder how many nearby (𝑧 < 0.7) galaxy clusters

with central quasars or massive starbursts are currently mislabeled in existing all-sky

surveys.

In this work, we present the Clusters Hiding in Plain Sight (CHiPS) survey to look

for galaxy clusters misidentified in existing surveys due to the extreme nature of their

central galaxies. In this pilot study, we present a newly discovered galaxy cluster,

surrounding the quasar PKS1353-341, along with new Chandra observation of the

galaxy cluster and its central AGN. By performing a detailed study of this object, we

can deduce the properties of the cluster and investigate the impact a central quasar

has on the intracluster medium (ICM).
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The data used in the CHiPS survey and its methodology are described in Sec-

tion 2.2. In Section 2.3, we present the Chandra analysis. The results and discussion

are presented in Sections 2.4 and 2.5. We assume 𝐻0 = 70 km/s/Mpc, Ω𝑚 = 0.3 and

Ω𝜆 = 0.7. All errors are 1𝜎 unless noted otherwise.

2.2 The CHiPS Survey

The CHiPS survey is designed around the idea that centrally concentrated galaxy

clusters at high redshift or clusters hosting extreme central galaxies (starbursts and/or

QSOs) can have been misidentified as field AGNs in the ROSAT All-Sky Survey

(RASS).

By conducting an extensive follow-up survey of an all-sky X-ray point source cat-

alog to look for galaxy overdensities, we will obtain a sample of such galaxy clusters.

The primary question the sample will answer is whether there are other extreme-

BCG clusters, similar to the Phoenix cluster, in our universe. This will tell us about

the nature of highly efficient star formation in a galaxy cluster by distinguishing a

short-lived phenomenon from a common occurrence in cool cores [211]. Furthermore,

we will identify any clusters with central QSOs as a secondary product of the sur-

vey. These clusters are also interesting in their own right, as they will allow us to

study the effect of quasar-mode feedback on the ICM [148]. This paper reports our

first findings on this topic. Once the survey is complete, we will also have a better

understanding of biases in X-ray surveys (i.e., the number of clusters missed due to

the presence of a central point source), which is crucial for constraining cosmological

parameters via cluster counts, such as the mean matter density Ω𝑚, the normalization

of the density fluctuation power spectrum 𝜎8, and the dark energy equation-of-state

parameter 𝑤0, [189, 190, 322].

In order to reduce the total number of candidates to a manageable size, we re-

quire sources to be bright at X-ray, mid-IR, and radio wavelengths, relative to the

optical. This requirement leads to a sample dominated by radio-loud type II QSOs

and starbursts with central radio sources embedded in clusters. Subsequently, optical
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follow-up is performed to confirm the existence of a galaxy cluster via an overden-

sity of red galaxies at the same redshift as the central bright X-ray source. Results

from the survey will be available in a forthcoming paper. Here, we focus on the first

stage of the survey, including cross-correlation of all-sky surveys, and the first new

discovery.

2.2.1 Data Used in the Cross-correlation

We expect that clusters with central QSOs or starbursts (or both) are extremely

luminous at multiple wavelengths, including X-ray, mid-IR, and radio. Compact

X-ray emission may be produced by the cooling ICM of a relaxed cluster or the hot

accretion disk around a central AGN. Bright mid-IR emission traces warm dust which

could be heated by a starburst and/or an AGN, while bright radio emission originates

primarily in AGN jets, which are found ubiquitously in cool-core clusters [305]. We

use the 𝐾 band as the normalization and select relatively bright X-ray, radio, and

mid-IR sources from that. The normalization is for preventing nearby sources (i.e.,

stars) from dominating the sample. Below, we describe how data at each of these

wavelength is acquired.

2.2.1.1 X-Ray Data: RASS

Our X-ray sample consists of 124,730 objects from the combination of the RASS

Bright Source Catalog and Faint Source Catalog. RASS is the first all-sky survey

in soft X-rays (0.1-2.4 keV), conducted in 1990/91 with ROSAT, a German X-ray

telescope satellite [323]. However, this initial sample is dominated by sources that

are not in clusters (i.e., isolated AGN, stars, etc) and requires additional cuts to

reduce the total size to a manageable number for optical follow-up.

Several surveys in the past have used RASS to create X-ray flux-limited cluster cat-

alogs. For example, the REFLEX survey has a flux limit of 3×10−12 erg s−1 cm−2 [42]

while the limit of Ebeling et al. [95]’s Extended Brightest Cluster Sample was

2.8 × 10−12 erg s−1 cm−2 and that of Ebeling et al. [96]’s Massive Cluster Survey
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(MACS) faint extension was 1–2×10−12 erg s−1 cm−2. We expect our survey to have a

flux limit similar to the limites of these previous RASS-selected cluster surveys, given

that we use the same data.

2.2.1.2 Radio Data: NRVO Very Large Array Sky Survey (NVSS) and

Sydney University Molonglo Sky Survey (SUMSS)

Since there is no single radio all-sky survey available, the combination of two surveys,

one for the northern hemisphere and one for the southern hemisphere, is necessary to

achieve full-sky coverage for radio sources. For the northern hemisphere, the NVSS

is a 1.4 GHz survey covering the entire sky north of a declination of −40∘ [79]. For

the southern hemisphere, the SUMSS was an 843 MHz survey covering the sky south

of a declination of −30∘ [199]. Within the 2𝜎 positional uncertainties from the X-ray

and radio catalogs, we found 13,800 X-ray sources with a 1.4 GHz radio detection

in NVSS or an 843 MHz detection in SUMSS. The given positional uncertainties

account for the brightness of each source, and the systematic point-spread function

(PSF) of the instruments. Because the two radio surveys do not cover the same

wavelength, we scaled the flux from SUMSS to NVSS assuming a power-law spectrum

from synchrotron radiation (𝑓NVSS/𝑓SUMSS = (1.4/0.834)−𝛼 where 𝛼 = 1 is typical of

radio galaxies in clusters [150]).

2.2.1.3 Mid-infrared Data: Wide-field Infrared Survey Explorer (WISE)

WISE was an all-sky survey with imaging capabilities at 3.4, 4.6, 12, and 22 𝜇𝑚 [337].

We matched our 13,800 X-ray and radio sources to the AllWISE Source Catalog.

Despite the fact that most of our sources have counterparts in WISE, only ∼ 50%

(7380 objects) of our sample has a 𝑊4 (22 𝜇𝑚) detection with a measurable 𝑊4

uncertainty, implying that only half of our X-ray and radio sources are relatively

bright in mid-IR. The 𝑊4 band is used in this analysis because of its sensitivity to

warm dust, heated by either star formations or AGN [177].
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2.2.1.4 Near-infrared Data: Two Micron All Sky Survey (2MASS)

The 2MASS was a near-IR all-sky survey carried out with two automated 1.3 m tele-

scopes, one in Arizona and one in Chile [289]. The images were taken simultaneously

at the 𝐽 (1.25 𝜇𝑚), 𝐻 (1.65 𝜇𝑚), and 𝐾 (2.17 𝜇𝑚) bands. As with WISE, we

matched our X-ray and radio samples to the 2MASS All-sky Point Source Catalog

(PSC) to extract the 𝐾-band brightness of our matched objects. We use the 𝐾 band

because it is most sensitive to the stellar mass [19]. After cross-correlating WISE’s

𝑊4 and 2MASS’s 𝐾 band, we end up with 4549 targets for further follow-up.

2.2.2 Color Cuts

By requiring candidates to be detected in all four surveys (ROSAT, NVSS or SUMSS,

WISE, and 2MASS), we are guaranteed soruces that are bright at all four wavelengths,

which is a specific characteristics of a few astrophysical sources, including radio-loud

type II QSOs (e.g., Fanaroff-Riley type I/II radio galaxies [109]) and cooling-flow

sources (e.g., the Phoenix cluster, the Perseus cluster, and Abell 1835). Since the

total number of sources that exist in all four surveys remains too large (4549 objects)

to perform the necessary follow-up, further cuts are required to identify the best

candidates for our sample.

After combining all four surveys, we start with a catalog of 4549 candidate clusters.

The first cut is to remove stars from our local neighborhood by setting a 𝐾-band

brightness threshold (𝑚𝐾 > 9 mag). This reduces the number of candidates to 4,206.

Subsequently, we apply a series of color-cuts at different wavelengths. In Fig. 2-1,

we plot the ratios of X-ray, mid-IR, and radio flux to near-IR flux. Normalizing to

the near-IR flux takes into account each sources’s overall brightness, which strongly

depends on the source’s distance. We selected sources from the top right corner of

each plot, i.e., objects that are over-luminous in X-ray, radio, and mid-IR compared

to near-IR. As a result, we reduce our sample from 4206 to 735 objects. Specifically,

the regions of the color cut for X-ray, radio, and mid-IR were chosen to have their

minimum flux normalized to near-IR, lower than that of the Phoenix cluster by log10 3,
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log10 9, and log10 15, respectively. These ratios were obtained by considering the

expected range of color for a Phoenix-like object at an unknown redshift between 0.1

and 0.7. The 735 remaining objects define our primary sample.

For 428 out of our 735 cluster candidates, we obtain the redshift for the bright

source from the NASA/IPAC Extragalactic Database (NED)1. We rejected foreground

(redshift less than 0.1) and background (redshift greater than 0.7) objects. For clus-

ters at 𝑧 < 0.1, diffuse emission should be readily detected by eye even in the presence

of a bright central point source. Thus, we do not expect many clusters to have been

missed at these redshifts. At 𝑧 > 0.7, cluster detection in the optical becomes chal-

lenging because of the limitations in detecting the red sequence from ground-based

telescopes [122], and we are likely to miss them in our shallow all-sky survey data.

This challenge, along with follow-up efforts, will be addressed in a forthcoming paper.

As a pilot study of the CHiPS survey, we selected 22 candidates, which were both

Phoenix-like (top right corner in Fig. 2-1) and visible to observe from the 6.5-meter

Magellan telescope in the spring of 2014. These candidates were initially imaged with

the Inamori Magellan Areal Camera and Spectrograph [93] on the Magellan Baade

telescope, and then promising candidates were further imaged using the Parallel Im-

ager for Southern Cosmological Observations [PISCO; 298], to a depth sufficient to

detect red-sequence galaxies at 𝑧 ∼ 0.6. PISCO is a photometer that produces 𝑔, 𝑟, 𝑖,

and 𝑧 band images simultaneously within a 9′ field of view. Creating four band images

at the same time increased our efficiency in observing these candidates by a factor

of ∼3 (including optical losses). Further discussion about the reduction pipeline will

be made in an upcoming paper. With the optical images obtained from PISCO, we

searched for an overdensity of red sequence galaxies [122], selecting candidates which

have a significant (> 3𝜎) overdensity of red galaxies at the same redshift as the cluster

candidate. This led to an initial sample of four galaxy cluster candidates, which were

followed up with the Chandra X-ray telescope. This follow-up resulted in the dis-

covery of a new massive galaxy cluster surrounding PKS1353-341 at 𝑧 = 0.223 with

R.A. = 13h56m05.4s and decl. = −34d21m10.9s. The red sequence of PKS1353-341,

1https://ned.ipac.caltech.edu
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Figure 2-1 Top three panels show color-color diagrams for objects that were detected
in all four all-sky surveys (4,206 objects, see Section 2.2). The axes are the logarithm
of the ratio of the X-Ray, mid-IR (MIR) or radio flux to the near-IR (NIR) flux.
Points in pink satisfy our three color cuts. The bottom three panels zoom in on these
galaxy cluster candidates (735 objects). We remove the background (𝑧 > 0.7) and
foreground (𝑧 < 0.1) sources from our sample based on redshift information from
NED. The Phoenix, Perseus (NGC 1275), and A1835 clusters, which host extreme
BCGs, are shown with purple, red and green squares, respectively while PKS1353-341
is shown with a blue square.

shown in the right panel of Fig. 2-2, demonstrates that the redshift of the QSO is

similar redshift to that of the maximum histogram bin for the red sequence. This

suggests that most of the surrounding red galaxies are located near the QSO in the

physical space, and not in projection. Fig. 2-2 also demonstrates the capability of this

technique to detect galaxy clusters using just optical photometry from three bands

(𝑔, 𝑟, 𝑖) up to redshift 𝑧 = 0.7.

Two of the other three candidates turn out to be isolated X-ray point sources,

implying that the galaxy overdensity exists only in projection. This led us to refine

our selection algorithm which will be presented in detail in Somboonpanyakul et al.
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Figure 2-2 Left and Center: Color magnitude diagrams for PKS1353-341 using 𝑔 − 𝑟
color (left) and 𝑟−𝑖 color (center) to identify the red sequence at a variety of redshifts
(diagonal lines). All the members within ±1 redshift bin of the QSO’s redshift are
shown in red dots. Right: The number of galaxies in different redshift bins based on
the red sequence templates shown in the left panels. The g-r vs i color-magnitude
diagram (orange bins) is used for 𝑧 = 0.15 − 0.35 and the r-i vs i color-magnitude
diagram (blue bins) is used for 𝑧 = 0.35−0.70. The redshift of the quasar, PKS1353-
341, is 0.223 in red solid line while the redshift of the maximum histogram is 0.225 in
purple dash line. This figure demonstrates how we can use the red sequence to find
new clusters from X-ray point source catalogs up to redshift z = 0.7.

(in prep). The remaining candidate is a rich cluster (A2270) with no existing Chandra

data. In our observations it clearly shows extended X-ray emission.

2.3 Reduction of Chandra Data

To confirm the existence of a massive galaxy cluster, X-ray observation is important

as it provides unambiguous evidence for an extremely hot ICM, which is expected

from the deep potential well of a cluster. In particular, high angular resolution X-ray

images can be used to determine different properties of this hot ICM, such as the gas

temperature profile, gas density profile, and total hydrostatic mass.

Fig. 2-3 shows both X-ray and optical images of PKS1353-341. The optical image

from the Magellan telescope (the right panel of Fig. 2-3) shows the central BCG as

an extremely bright elliptical galaxy with a bright point source in the center and

a number of elliptical members nearby. The smoothed Chandra X-ray image clearly

shows the extended hot ICM, which reveals the morphology of the cluster to be highly
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relaxed without obvious perturbation in any direction, implying that this cluster has

not experienced any recent mergers. The image also reveals a central concentration,

apart from the central point source, reminiscent of a cool core.

Figure 2-3 Left: Chandra broadband (0.5-7 keV) image for PKS1353-341 on a log-
scale color bar, showing the bright central point source and the surrounding diffuse
cluster emission. Right: Magellan PISCO (𝑔 , 𝑟 , 𝑖) image of the inner part of the
galaxy cluster, showing the central giant elliptical galaxy.

In the following sections, we describe the reduction of the Chandra data, followed

by derivation of various ICM properties.

2.3.1 Data Preparation

PKS1353-341 (OBSID 17214) was observed with Chandra ACIS-I for 31 ks. The

cluster has a bright point source at the center that is not piled up. Excluding the

point source, the total number of counts we used for the reduction is 22,258. It was

analyzed with CIAO version 4.8 and CALDB version 4.7.2, provided by the Chan-

dra X-ray Center. The event data was recalibrated with VFAINT mode to improve

background screening. Point sources not at the center of the cluster were identified

using the wavdetect function and removed. A blank background was generated using

the blanksky script, which includes combining and reprojecting the background for
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the input event file. Spectra were extracted in concentric annuli (defined below), for

both the cluster and background, using the specextract function from CIAO.

In order to get reliable measurements of the gas properties, such as density and

cooling time, near the center of the cluster, a clear separation between the central

point source and the galaxy cluster is required. The Chandra PSF is complicated due

to smearing effects from the High-Resolution Mirror Assembly, which are produced by

a combination of telescope dithering motion, the size of detector pixels, and detector

effects2. We generate a simulation of the central point source, described below, to

account for and remove the contribution of the point source to the total emission,

following Russell et al. [267].

2.3.2 Simulating quasar PSF with ChaRT

ChaRT [65] is a web interface3 to the SAOTrace ray trace code for creating a simulated

point source from a given source spectrum. In order to properly use ChaRT, we

must prepare ChaRT inputs, including the source spectrum, source coordinates, and

pointing information for the telescope. The pointing information is acquired from the

aspect solution of the Chandra image, while the source spectrum was obtained from

specextract for a region dominated by the point source (central).

We use Sherpa [115] to model the X-ray emission from the inner 2′′, assum-

ing a combination of an absorbed power-law model to represent the central AGN

(𝑥𝑠𝑧𝑝ℎ𝑎𝑏𝑠×𝑥𝑠𝑝𝑜𝑤𝑒𝑟𝑙𝑎𝑤) and a thermal plasma model to represent the ICM (𝑥𝑠𝑝𝑒𝑐),

with photoelectric absorption from the Milky Way (𝑥𝑠𝑝ℎ𝑎𝑏𝑠) applied to both com-

ponents. The hydrogen absorbing column (𝑛H) was fixed to the average from the

Leiden-Argentine-Bonn survey at 5.57 × 1020 cm−2 [160].

The output of ChaRT is a set of simulated rays from the point source. The

MARX software (version 5.3) projects the simulated rays onto the detector plane

to create pseudo-event files. Instead of using MARX directly, we utilized CIAO ’s

𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒_𝑝𝑠𝑓 script to simplify its interface. The surface brightness profile of the

2http://cxc.harvard.edu/ciao/PSFs/psf_central.html
3http://cxc.harvard.edu/ciao/PSFs/chart2/runchart.html
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simulated point source was extracted according to the procedure described in Sec-

tion 2.3.3.

2.3.3 Density Profile

Radial gas density profiles were created by first obtaining the number of counts at

0.5-2 keV in concentric annuli and dividing this number by the annulus area to get

the surface brightness in count per square arcsecond. The spacing for the radial bins

is equally separated in the logarithmic scale for 30 bins with a minimum spacing

of 1′′ and excluding the central 1′′ where the central point source dominates. We

use a maximum radius of ∼450′′ to ensure that we have enough counts to get a

good constraint on the surface brightness for each annulus. The simulated point

source profile was subtracted from the surface brightness profile, as described in the

previous section, to remove the surface brightness contribution from the central AGN,

(see Fig. 2-4). The surface brightness was converted to units of physical density using

the normalization terms from the spectral fitting (see Section 2.3.4).

The analytic expression for the 3D density profile that we use, a modified 𝛽-model,

represents features of observed X-ray density profiles, including a power-law cusp, a

two-component 𝛽-function with small- and large-scale slopes, and a second 𝛽-model

component with a small core radius to represent the cool core [320]. The complete

model for the density profile is

𝑛𝑝𝑛𝑒(𝑟) =𝑛2
0

(𝑟/𝑟𝑐)
−𝛼

(1 + (𝑟/𝑟𝑐)2)3𝛽−𝛼/2

1

(1 + (𝑟/𝑟𝑐)𝛾)𝜖/𝛾
(2.1)

+
𝑛2
02

(1 + (𝑟/𝑟𝑐2)2)3𝛽
,

where 𝑛𝑝𝑛𝑒(𝑟) is the product of the proton and electron densities. We fixed 𝛾 = 3 and

𝜖 ≤ 5, while all other parameters were free. Before fitting the 3D model to the 2D

data, we project the model onto a 2D plane by integrating along the line of sight [320].

This projected model is fit to the model, using emcee [113].
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2.3.4 Temperature Profile

We extract spectra in coarser annuli so that the number of counts per annulus is

roughly 1500, to allow for well-constrained temperature measurements. The first an-

nulus has an inner radius of 1.′′5 (5 kpc) to avoid contamination from the AGN. We

extract the cluster and blank-sky background spectra for each annulus. All spectra

were fit simultaneously with APEC models for both the cluster (xsapec) and the Milky

Way emission (xsapecbkg), photoelectric absorption from the Milky Way (xsphabs),

and thermal bremsstrahlung from unresolved background objects (bremss) with a

temperature of 40 keV, following McDonald et al. [204]. The temperature, metallic-

ity, and normalization of the cluster emission model were left free and the WSTAT

statistic was used. This produces a temperature profile with 7 bins over roughly the

inner 700 kpc.

Instead of fitting a model with many free parameters to the poorly-constrained

temperature profile, we leverage the high-S/N density profile with the fact that the

pressure profile of a galaxy cluster is close to self-similar and shows little scatter at

large radii [235, 9, 204]. The temperature profile is then inferred from the ideal gas law

(𝑃 = 𝑛𝑒𝑘𝑇 ) and the density profile. We model the pressure profile with a modified

generalized Navarro-Frenk-White (GNFW) model, as proposed by Nagai et al. [235]:

𝑃 (𝑟) =
𝑃0

𝑥𝛾[1 + 𝑥𝛼](𝛽−𝛾)/𝛼
, (2.2)

where 𝑥 = 𝑟/𝑟𝑠, and 𝛼, 𝛽, and 𝛾 are the slopes at 𝑟 ∼ 𝑟𝑠, 𝑟 ≫ 𝑟𝑠, 𝑟 ≪ 𝑟𝑠, respectively.

Slope 𝛽 was fixed at 5.4905 [9], leaving 4 free parameters (𝑃0, 𝛼, 𝛾, 𝑟𝑠).

Dividing the model pressure profile by the model density profile yields a 3D model

temperature profile which was then projected along the line of sight, using the weight-

ing scheme for the average temperature proposed by Mazzotta et al. [200]:

⟨𝑇 (𝑟)⟩ =

∫︀
𝑉
𝜌2(𝑇 (𝑟))1/4𝑑3𝑥∫︀

𝑉
𝜌2(𝑇 (𝑟))−3/4𝑑3𝑥

, (2.3)

where 𝜌 is the gas density, 𝑇 (𝑟) is the 3D temperature profile and ⟨𝑇 (𝑟)⟩ is the
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projected 2D temperature profile at a given radius. The projected temperature profile,

which has three free parameters from the GNFW model, is then fit to the data, using

emcee [113].

2.3.5 Total Mass, Gas Fraction, Entropy, and Cooling Time

Having both the density and temperature profiles allows us to calculate other ther-

modynamic properties of the cluster, including the enclosed total mass as a function

of distance, assuming hydrostatic equilibrium [275],

𝑀(𝑟) = −𝑘𝑇𝑔(𝑟)𝑟

𝜇𝑚𝑝𝐺

(︂
𝑑 ln𝑃

𝑑 ln 𝑟

)︂
(2.4)

where 𝑃 is the gas pressure, 𝑇𝑔 is the cluster emission temperature, 𝜇 is the chemical

abundance (which is equal to 0.5954 for primordial He abundance), and 𝑚𝑝 is the

proton mass. We choose 𝑀500–the total mass within 𝑅500, the radius within which

the average enclosed density is 500 times the critical density 𝜌𝑐 ≡ 3𝐻2
0/8𝜋𝐺–as a

proxy for the total cluster mass, as suggested by Vikhlinin et al. [321].

The gas mass of the cluster can be calculated by integrating the gas density over

a spherical volume using 𝑀𝑔𝑎𝑠(𝑟) =
∫︀ 𝑟

0

√︀
𝑛𝑝𝑛𝑒(𝑟) × 1.276 ×𝑚𝑝𝑑𝑉 , where 𝑛𝑝𝑛𝑒(𝑟) is

the product of the proton and electron densities, and 1.276 is the ratio of protons to

electrons in a plasma with 0.3 Z⊙ metallicity. From this, the gas fraction interior to

some radius is calculated by 𝑓𝑔𝑎𝑠(𝑟) = 𝑀𝑔𝑎𝑠(𝑟)

𝑀(𝑟)
.

With the density and temperature profile, the entropy of the ICM can be cal-

culated using 𝐾(𝑟) = 𝑘𝑇 (𝑟) × 𝑛𝑒(𝑟)−2/3, where 𝑘𝑇 (𝑟) is the temperature profile (in

kiloelectronvolts) and 𝑛𝑒(𝑟) is the electron density profile. Entropy is a useful observ-

able for studying the effects of feedback on a cluster because the thermal history of a

cluster is influenced solely by heat gains and losses [183, 67, 242]. We expect a mono-

tonically increasing entropy profile due to the buoyancy of high-entropy gas [326, 67].

Lastly, the cooling time represents the amount of time that the ICM needs to

radiate all of the excess heat via thermal bremsstrahlung emission. This is calculated

using 𝑡𝑐𝑜𝑜𝑙 = 𝑘𝑇 (𝑟)
𝑛𝑒(𝑟)Λ(𝑇 )

, where 𝑇 (𝑟) is the temperature profile, 𝑛𝑒(𝑟) is the electron
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density profile and Λ(𝑇 ) is the cooling function [307]. The central cooling time (the

cooling time within the central ∼10 kpc) is often used to distinguish between cool

core and non-cool core clusters [156].

2.4 Results

The fact that this galaxy cluster was not identified by ROSAT as a cluster suggests

that there may be a hidden population of galaxy clusters hosting extreme central

galaxies (i.e., starbursts and/or QSOs). The unabsorbed bolometric X-ray flux of the

cluster is 4.8 × 10−12 erg/cm2/s and the bolometric X-ray luminosity at 𝑧 = 0.223 is

𝐿𝑥 ∼ 7×1044 erg s−1. The bolometric X-ray lumnisity of the core is 𝐿𝑛𝑢𝑐 ∼ 1.8×1044

erg s−1.

Table 2.1 shows the key properties of PKS1353-341, which are derived in this

work (𝑅500, 𝑀500, 𝑀gas,500, 𝑇𝑥, 𝑡cool,0, SFR), compared to other well-known clusters–

namely, A1795 (a strong cool core (SCC) cluster) and H1821+643 (a quasar-hosting

cluster). This table shows that PKS 1353-341 is very similar to A1795 (a typical

relaxed cool-core cluster), except in terms of its central AGN.

In the following sections, we discuss in more details various derived properties of

the cluster, including the gas fraction, the entropy, the total hydrostatic mass, and

the cooling time.

2.4.1 Temperature and Density profile

As shown in the left panel of Fig. 2-4, the cluster has a density profile with a sharp

peak in the innermost bin (the central 1′′). From the simulated PSF in Section 2.3.2,

an AGN surface brightness profile is created, shown by the black solid line. This

simulated profile was subtracted from the observed profile, leaving the underlying

ICM density profile. The green points represent the cluster density profile after the

subtraction of the simulated AGN profile. Due to PSF modeling uncertainties, the

innermost bin has a large residual uncertainty. However, the overall ICM density

profile fit is relatively insensitive to the first data point.
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Table 2.1 Key properties for the galaxy cluster

Property of Clusters PKS1353-341 A1795d H1821+643e

Redshifta(𝑧) 0.2230 0.0622 0.299

𝑇𝑥
b(keV) 4.32+1.74

−1.92 6.12 ± 0.05 8.9 (0.15 − 0.75𝑅500)

𝑅500 (kpc) 1313+230
−194 1235 ± 36 1000

𝑀500 (1014𝑀⊙) 6.90+4.29
−2.62 6.03 ± 0.52 9

𝑀gas,500 (1013𝑀⊙) 6.45+1.41
−1.22 6.27 ± 0.65 13

𝑓gas,500 0.094+0.042
−0.018 0.104 ± 0.006 0.14

𝑡cool,0 (Myr) 299+92
−70 (at 10 kpc) 889 (at 10 kpc) 1000 (at 30 kpc)

𝑟cool
f(kpc) 185+12

−11 82 90

SFRc(𝑀⊙ yr−1) 6.2 ± 3.6 9 300+300
−200

Cooling ratef(𝑀⊙ yr−1) 345+41
−37 294 300 ± 100

aRedshift is obtained from NED. We assume that the cluster is located at the same redshift as
the central AGN.

b𝑇𝑥 is measured from 0.15𝑅500 to 1.0𝑅500.
cSFR is measured from the UV luminosity of the BCG for PKS1353-341. (see Section 2.5.3)
dMost of the numbers for A1795 are from Vikhlinin et al. [320], except SFR is from Hicks and

Mushotzky [141]. 𝑡cool,0, 𝑟cool, and cooling rate are from McDonald et al. [206]
eThese numbers are from Russell et al. [267], Walker et al. [330], except SFR which is from Ruiz

et al. [265].
fThe cooling radius is defined to be the radius at which the cooling time is 7.7 Gyr while the

cooling rate is defined within the cooling radius.
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Figure 2-4 Left: the surface brightness profile with the total brightness in green and
with the removed simulated point source in blue. The red lines are different realiza-
tions of the simulated point source, while the black line is their median. The orange
line is the best-fit model. Right: the temperature profile of the cluster. The blue
dotted lines are different Markov-chain Monte Carlo (MCMC) realizations for the fit,
using emcee, a Python ensemble sampler [113]. The cyan-shaded region corresponds
to a 1𝜎 credible region from the MCMC simulation. The green dashed line is the
best-fit model, and the red solid line is the median of the MCMC. The yellow line is
the universal temperature profile from Vikhlinin et al. [320].

Based on the temperature profile in the right panel of Fig. 2-4, the cluster appears

to harbor a cool core. Its temperature profile rises sharply from a minimum of 5 keV

at ∼10 kpc to a maximum of 10 keV at ∼100 kpc with a core-excised (0.15−1.0 R500)

temperature of 4.32+1.74
−1.92 keV. The temperature profile is not well-constrained at radii

greater than 700 kpc. In addition, the temperature profile has a similar shape to the

universal profile (thick yellow line) derived by Vikhlinin et al. [320].

2.4.2 Total Mass, Gas Mass Fraction, Entropy, and Cooling

Time

The total hydrostatic mass within R500 is 𝑀500 = 6.90+4.29
−2.62×1014𝑀⊙. For comparison,

the total mass within 𝑅500 of A1795 is (6.03±0.52)×1014𝑀⊙, while that of H1821+643

is 9× 1014𝑀⊙ [320, 267]. We measure a gas fraction of ∼0.1, consistent with what is
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found within 𝑅500 for typical clusters [5, 126].
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Figure 2-5 Left: entropy profile for PKS1353-341. Right: cooling time profile for
PKS1353-341. The best-fit-parameter model is displayed as a green dashed line and
the median model from MCMC simulation is displayed as a red solid line. The cyan-
shaded region corresponds to a 1𝜎 credible region from the MCMC simulation, the
blue dotted lines are different realization of the MCMC, and the blue dashed line is
an 𝑅500 for the cluster (1264 kpc).

The entropy profile for this cluster is shown in the left panel of Fig. 2-5. At

all radii, the entropy profile is monotonically increasing. The best fit 𝐾0, the core

entropy, is ∼ 50 keV cm2, which leans toward the smaller-value mode for the bimodal

distribution of 𝐾0, found by Cavagnolo et al. [67]. A discussion of this entropy profile

in the context of other galaxy clusters will be presented in Section 2.5.1.

Lastly, the right panel of Fig. 2-5 shows the cooling time profile of the cluster.

The cooling time profile has a monotonically increasing profile from the center of

the cluster to larger radii. The central cooling time (at 10 kpc from the center) of

PKS1353-341 is 299+92
−70 Myr. According to Hudson et al. [156], if the central cooling

time is less than 1 Gyr, then the cluster is classified as an SCC cluster. Therefore,

this cluster is an SCC cluster. Both the temperature and entropy profiles also lead

to the same conclusion.

The radius of the cooling region, defined as the radius at which the cooling time
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is less than 7.7 Gyr, was also measured and found to be ∼200 kpc. Without any

source of feedback, the ICM inside this radius should have cooled since 𝑧 ∼ 1, which

suggests that some heating mechanism is required to keep the ICM hot on scales of

∼200 kpc [i.e., AGN feedback; 218].

2.5 Discussion

Close examination of PKS1353-341 reveals that it has similar physical properties to

other, well-studied galaxy clusters, including its entropy profile and its total enclosed

mass. In this section, we discuss the cluster in a larger context and explore other

aspects of the cluster, such as the BCG star formation rate (SFR) and the AGN

feedback.

2.5.1 Entropy Profile

The behavior of the entropy profile for this cluster, as described in Section 2.4.2, is

consistent with what Cavagnolo et al. [67] found in his entropy profile analysis of the

ICM for 239 clusters in the Chandra archive. The blue dotted lines in Fig. 2-6 show

all 239 clusters in Cavagnolo’s sample, and the red solid line is that of PKS1353-341.

The two dashed lines are for a simple power law model based on Panagoulia et al.

[242] and Hogan et al. [151].

The central (𝑟 < 10 kpc) entropy of the cluster is approximately 30− 60 keV cm2.

The large uncertainty comes from the uncertainty of the core density and temperature,

due to the central AGN. The nonzero core entropy can be explained by either the

AGN providing a large amount of energy to offset cooling and maintain nonzero

entropy [328] or the low-entropy gas near the core having cooled and the core being

refilled with higher-entropy gas. We see no significant flattening of the entropy profile

near the center of the cluster, similarly to what was suggested by Panagoulia et al.

[242], Hogan et al. [151] and Babyk et al. [12].

One surprising result of the entropy profile is an excess above a power law model

at ∼200 kpc. Quantitatively, the entropy of PKS1353-341 in the core is lower than the
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Figure 2-6 Entropy profile for PKS1353-341, compared to 239 clusters from Cavagnolo
et al. [67] in blue. Best-fit entropy profiles from Voit [326] and Babyk et al. [12] are
shown in green and yellow, respectively. Despite having one of the lower entropies at
10 kpc, PKS1353-341 has one of the highest entropies at 200 kpc. This bump may
be due to a past energetic event at the cluster center depositing heat, which has been
rising buoyantly.

median (∼35th percentile) of the 239 clusters from Cavagnolo et al. [67], consistent

with being a cool-core cluster. At large radii (∼750 kpc), the measured entropy for

PKS1353-341 is consistent with the median value for the 239 clusters, demonstrating

the self-similar nature of clusters outside of the core. However at ∼200 kpc, the

entropy for PKS1353-341 is 1𝜎 above the median (∼84th percentile), implying that

the excess is marginally significant. Given that it is only a 1𝜎 deviation, this could very
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well be simply a statistical fluctuation, or a result of model assumptions. However, if

the excess is real, this behavior is unusual because any excess high-entropy gas should

rise to larger radius, smoothing out any departure from a power law in relatively short

timescale. Thus, any large-scale deviation from this profile is likely caused by some

transient non-gravitational process in the core, such as AGN heating [326, 242]. One

possible explanation for the excess at ∼200 kpc is that the AGN recently heated up the

low-entropy gas at the core, which rises to a greater radius (i.e., at ∼200 kpc). As the

heated gas moves outward, the high-entropy gas starts to mix with colder surrounding

gas, which smooths out the excess entropy. But in this case, there is not enough time

for this process to complete, leaving the excess at ∼200 kpc. Assuming that excess

entropy deposited at the center rises at the sound speed, the time it takes to reach a

radius of 200 kpc in PKS1353-341 is the sound crossing time 𝑡𝑐 = 𝑅/𝑐𝑠 = 180 Myr,

where 𝑅 = 200 kpc is the position of the bubble and 𝑐𝑠 =
√︀

𝑘𝑇/(𝜇𝑚H) (𝜇 ≃ 0.62

and 𝑘𝑇 = 5 keV) [214]. We consider that this entropy excess could also be a result

of our method of using a combination of the universal pressure profile shape and the

measured density profile to model the temperature profile, though we stress that this

profile should have sufficient freedom to characterize the temperature at radii less

than 𝑅500. (see discussion in Section 2.3.4).

2.5.2 Luminosity and Cluster Cosmology

The luminosity in the ROSAT band (0.1−2.4 keV) for PKS1353-341 is 4.3×1044 erg s−1.

Fig. 2-7 shows the luminosity of PKS1353-341 and its redshift with respect to clusters

from the REFLEX all sky catalog [42]. The dotted line emphasizes the flux-limited

nature of the REFLEX catalog at 3×10−12 erg s−1 cm−2. Comparison of the luminos-

ity of PKS1353-341 with those from the REFLEX catalog suggests that PKS1353-341

should have been detected and identified as a cluster for its luminosity, if not for the

extremely bright point source at its center.

The discovery of a new cluster above the RASS detection threshold suggests that

the CHiPS survey will be able to identify similar galaxy clusters and improve upon the

completeness of previous X-ray cluster surveys. Given that the constraint on Ω𝑀 from
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Figure 2-7 Luminosity vs. redshift for clusters from the REFLEX Cluster Survey
Catalog [42], compared to PKS1353-341. The dotted line shows the cutoff introduced
by Böhringer et al. [42] for X-ray flux limit at 3 × 10−12 erg s−1 cm−2. This figure
demonstrates that PKS1353-341 should have been detected and identified as a cluster
by REFLEX, and other cluster surveys based on ROSAT data.
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cluster count cosmology is proportional to N1/3 [134], we could have a bias of ∼1% in

Ω𝑀 if we are missing only a few percent of clusters due to the presence of central X-ray

bright point sources. Of course, this assumes that statistics are the dominant sys-

tematic uncertainty, which is currently not the case–at present, uncertainties on Ω𝑀

are dominated by systematic uncertainties in the cluster mass calibration. However,

in the era of eROSITA (which will have a similar selection to ROSAT) and precision

cluster masses, this bias may become dominant if not addressed. The CHiPS survey

will provide a first estimate of how severe this bias is in the low-𝑧 universe.

2.5.3 Central Galaxy SFRs

The SFRs of the central galaxy can be used to gauge the efficiency of cooling at

the core of the cluster, assuming that the hot ICM cools and forms stars [219, 239,

209, 205]. A typical central cluster galaxy has little to no star formation; on average

∼1% of the predicted cooling is observed in stars [239], presumably because AGN

feedback prevents the ICM from cooling. However, the recently discovered Phoenix

cluster has a high SFR in its central galaxy, corresponding to ∼30% of the predicted

cooling, pointing to a different cooling mechanism or a lack of feedback at the cluster

core [202]. By computing the SFR in PKS1353-341 and comparing to the cooling

rate, we can get a better understanding of the heating-cooling balance in the cluster

core.

The SFR for PKS1353-341 is computed using available archival UV data from

the GALEX Mission Archive. Based on the aperture UV flux, we estimate an SFR

for PKS1353-341 of 6.2 ± 3.6𝑀⊙ yr−1, using the empirically-derived star formation

rate estimators from Rosa-González et al. [261], which include intrinsic extinction

corrections.

The SFR of ∼6 𝑀⊙ yr−1 for PKS1353-341 is average, compared to those of other

cool-core clusters. The SFR in this cluster should not come as a surprise since we know

that cool gas is available, as evidenced by the presence of a central X-ray bright (i.e.,

accreting) AGN. With a larger sample size from the CHiPS survey, we could consider

how the SFR depends on the two modes of AGN feedback (kinetic versus quasar).
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Figure 2-8 Cooling rate vs. SFR for the central galaxy in the PKS1353-341 cluster,
compared to clusters from O’Dea et al. [239]. The green lines indicate star formation
proceeding at 1%, 10%, and 100% efficiency with respect to the X-ray cooling rate.
This figure demonstrates that cooling in PKS1353-341 is being suppressed by two
orders of magnitude, presumably by AGN feedback.

This will lead us to a better understanding of the physics around the accretion disk

and how accretion relates to different feedback modes in the center of clusters.

Nevertheless, this SFR is considered typical, compared to the ICM cooling rate,

which is 345+41
−37𝑀⊙ yr−1. The SFR of PKS1353-341 is about ∼2% of the cooling rate,

which, according to Fig. 2-8, is typical for SCCs [239]. Other SCC clusters, such as

A1795 and A2597, also have SFRs at this scale. Specifically, A1795’s and A2597’s
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SFR are 9 and 4𝑀⊙ yr−1, respectively [141, 88]. Thus, this system is more similar to

a highly suppressed cooling flow, like A1795’s, than it is to a run-away cooling flow,

like the Phoenix cluster’s.

2.5.4 X-ray Cavities

X-ray cavities are a result of powerful jets from central SMBHs pushing on the sur-

rounding gas [41, 214]. Evidence for these cavities can be visible long after the out-

burst [107]. The detection of these cavities is evidence for the existence of a radio jet,

corresponding to the kinetic feedback mode of the cluster. In addition, the location

and size of the cavities tell us the timescale on which these outbursts occurred and

the outburst power, respectively.

Using both 2D modeling and unsharp masking to remove the central bright point

source and diffuse ICM, we see hints of negative residuals located symmetrically

around the center point of the cluster, which may be a pair of cavities (as shown by

the white arrows in the top left panel of Fig. 2-9). The top right panel of Fig. 2-9

shows the annuli used for constructing the azimuthal surface brightness profile, shown

in the lower panel. From this profile, we see that the potential cavities are significant

at roughly the 2𝜎 level.

The northern cavity is located 8.5 kpc away from the center of the cluster with

a cavity power Pcav = 2.3 × 1044 erg s−1. The cavity power was calculated from the

ratio between the energy stored in the bubble and the sound crossing time. The

energy stored was estimated using 𝐸bubble = 4𝑃𝑉 where 𝑃 is the thermal pressure

of the ICM and 𝑉 is the volume of the cavity, whereas the sound crossing time was

computed from 𝑡cs = 𝑅
𝑐𝑠

where 𝑅 is the distance from the central BCG to the middle

of the cavity and 𝑐𝑠 is the sound speed
(︁
𝑐𝑠 =

√︁
5
3
𝑘𝑇/(0.62𝑚𝐻)

)︁
[149]. However, the

resulting image depends strongly on the modeling and subtraction we used to remove

the central point source, which led to large systematic uncertainties in the measured

cavity power.

Fig. 2-10 shows the cavity power and the radiative power of PKS1353-341 with

respect to the Eddington luminosity in the context of the clusters from Russell
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Figure 2-9 Top left: 0.5-2 keV 2D-model-subtracted X-ray image of PKS1353-341 with
potential X-ray cavities (white arrows) highlighted. Top right: 0.5-2 keV X-ray image
with the regions used for calculating the azimuthal surface brightness profile in green.
Bottom: 0.5-2 keV azimuthal surface brightness profile for the regions shown in the
upper right panel. The vertical dashed lines show the location of each cavity (adopted
from Hlavacek-Larrondo et al. [149]). This figure demonstrates at ∼2𝜎 depression in
surface brightness at the position of the cavities.
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Figure 2-10 Mean black hole accretion rates (𝑀̇/𝑀̇edd), compared to the cavity power
(Pcav/Ledd; circle) and the radiative power (Lnuc/Ledd) of the central AGN (triangle
symbols), scaled by the Eddington luminosity. Detected X-ray sources are shown as
filled symbols, and the upper limits are shown in open symbols. The radiation and
outflow models are for illustrative purposes (from Russell et al. [268]’s Fig.12). This
figure demonstrates that PKS1353-341 is one of a few systems with a low accretion
rate and high radiative power.

et al. [268]’s sample. The sample was selected from cluster, group, and ellipti-

cal galaxy samples with evidence of AGN activity in the form of cavities in X-ray

images. The nuclear luminosity (𝐿𝑛𝑢𝑐 ∼ 1.8 × 1044 erg s−1) was measured from

the point source at the cluster center (within 8 kpc) in the 0.1–10 keV band. For

fully ionized plasma, the Eddington luminosity (Ledd) is 1.26 × 1047
(︁

𝑀BH

109𝑀⊙

)︁
erg s−1,
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where 𝑀BH is the SMBH mass. According to Graham [128], the 𝐾-band magni-

tude of the host galaxy from 2MASS can be used to estimate the SMBH mass, using

log(𝑀BH/𝑀⊙) = −0.037(𝑀𝐾 + 24) + 8.29, where 𝑀𝐾 is the absolute magnitude in

the 𝐾 band. Following Russell et al. [268], we assume that 𝑀̇
𝑀̇Edd

= 𝑃cav+𝐿nuc

𝐿Edd
.

Note that PKS1353-341, indicated as green in Fig 2-10, has 𝑃cav and 𝐿nuc of similar

magnitude and lies on the higher end of the mean accretion rate, where the quasars

(the three highest accretion rates) tend to lie. The similar magnitude of the mechan-

ical and radiative power suggests that this system is in the midst of transitioning

between mechanically dominated and radiatively dominated modes.

In Fig 2-11, we plot the energy stored in the bubbles (𝐸cav) for PKS1353-341

against both the total mass (𝑀2500) and the 1.4 GHz emission (𝐿1.4GHz) compared to

that of the flux-limited X-ray sample of 45 galaxy clusters from Main et al. [186]. The

newly discovered cluster is located within the scatter in both relations, suggesting that

for a cluster with this particular mass and radio power, our measured cavity energy

is typical compared to those of the other clusters.

2.5.5 Timescale for two different modes of AGN feedback

In this work, we present a new galaxy cluster exhibiting possible quasar-mode feed-

back, which, combined with four other known QSO-hosting clusters [267, 284, 241,

202], leads to a sample of five such systems. In comparison, the total number of

known galaxy clusters exhibiting the kinetic mode is of order ∼100. According to the

chaotic cold accretion model proposed by Gaspari et al. [119], we can expect to see

an increase in accretion rate of two orders of magnitude–which leads to X-ray bright

nuclear sources–around 1% of the time. This indicates that galaxy clusters with an

X-ray bright nucleus should be relatively rare, only 1% of the population. Currently,

this prediction is consistent with the number of quasar-mode galaxy clusters that

have been discovered, and no further mechanism is required to explain the existence

of these radiatively efficient nuclei. As our survey reaches completion, we will be able

to provide more evidence to either support or refute this claim.
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Figure 2-11 Total energy in cavities, compared to the cluster mass (left) and the
central radio power (right). PKS1353-341 is shown in green and compared to clusters
from Main et al. [186], shown in blue. This figure demonstrates that the amount of
the mechanical feedback in PKS1353-341 is not atypical.
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2.6 Summary

We have presented the properties of a newly discovered galaxy cluster hosting an

extreme central galaxy as the first result of a larger survey. The cluster, discovered

based on its central extreme properties, is observed with the Chandra X-ray telescope.

The main results of the study are summarized as follows:

• We have found a new relaxed galaxy cluster with a central X-ray and radio

bright AGN in its BCG, which increases the sample size of known quasar-mode

feedback clusters to about five. With the exception of the X-ray bright nucleus,

this cluster is similar to other well-studied clusters such as A1795.

• The luminosity of the cluster is ∼7×1044 erg s−1, while the average temperature

is 4.3+1.7
−1.9 keV. The total mass, assuming hydrostatic equilibrium, is 6.90+4.29

−2.62 ×

1014𝑀⊙, which makes the cluster massive enough to have been discovered by

former shallow all-sky surveys (e.g., RASS). This, in combination with the dis-

covery of the Phoenix cluster, implies that all-sky X-ray surveys can miss mas-

sive nearby cluster with bright enough central point source.

• The X-ray morphology, the temperature profile, the density profile, and the

central cooling time all suggest that the cluster has an SCC.

• We find weak evidence for an excess entropy at ∼200 kpc from the center,

which indicates a possible recent (∼180 Myr) heating event that occurred near

the center and is heating up and buoying high-entropy gas to a larger radius.

• The central galaxy has an SFR of 6.2 ± 3.6𝑀⊙ yr−1, which is consistent with

typical SFRs (∼ 1 − 10𝑀⊙ yr−1) for SCCs clusters and implies that cooling is

suppressed by two orders of magnitude.

• We find a hint (2𝜎) of X-ray cavities near the cluster center. The calculated

cavity power is 2.3 × 1044 erg s−1, which is comparable to the radiative power

of the nucleus, corresponding to roughly 0.1% of the Eddington value. Deeper
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observations are required to confirm the existence of the cavities. This implies

that the AGN may be transitioning between radiative and mechanical modes.

We have also provided an introduction to the CHiPS survey as an all-sky survey

designed to find centrally concentrated galaxy cluster or clusters hosting central QSOs

misidentified in previous X-ray surveys. More details about the CHiPS survey will

be available in an upcoming paper.

The discovery of a new galaxy cluster implies that the CHiPS survey has the

potential to increase the number of quasar-BCG clusters. This should improve our

understanding of the relation between cooling and feedback processes in the cores

of clusters. In addition, the survey could discover new starburst-BCG clusters, and

possibly answer the uniqueness question of the Phoenix cluster. Lastly, we will be

able to use the survey to help estimate the completeness of previous X-ray survey

(as most current surveys are biased against clusters with central X-ray bright point

sources) and give better constraints on several cosmological parameters.
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Chapter 3

Complete sample of extreme BCG

clusters

The content of this chapter was submitted to The Astrophysical Journal on August

7, 2020 and published [294] as The Clusters Hiding in Plain Sight (CHiPS) survey:

Complete sample of extreme BCG clusters on March 25, 2021.

3.1 Introduction

Clusters of galaxies are the largest and most massive gravitationally bound objects

in the universe, with masses of roughly 1014–1015𝑀⊙ [326] and extents on scales of

several megaparsecs. On this scale, the density field remains in the linear regime

of density perturbation [139]. This makes the number density of clusters relatively

straightforward to predict from theory [see 40, 201, 312, for the most recent calibration

of halo mass function from simulations]. This number density depends strongly on

several cosmological parameters, including Ωm (the density of total matter compare)

and 𝜎8 (the amount of fluctuation in matter density) [322]. This forms the basis of

cluster cosmology.

Now the Planck Satellite’s mission has ended [249], we are living in the era of preci-

sion cosmology where cosmological parameters of the universe are routinely measured

with percent-level uncertainty. To improve the precision of cluster cosmology, various
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groups have been trying to increase the number of known galaxy clusters, by search-

ing for overdensities of red galaxies in optical or near-infrared surveys [122, 127, 271],

extended extragalactic emission in X-ray surveys [42, 95, 96], or via the Sunyaev-

Zel’dovich (SZ) effect [36, 37, 144, 248, 306] in millimeter/submillimeter surveys. Each

technique has its own unique benefits and challenges. With the invention of wide-

field optical telescopes, performing optical surveys to find overdensities of galaxies

is relatively cheap, although optical surveys are strongly affected by projection ef-

fects. For SZ surveys, we are capable of detecting galaxy clusters up to relatively

high redshift since the SZ signature is redshift-independent. On the other hand, the

SZ signature depends strongly on mass, restricting current-generation surveys to only

the most massive clusters [64, 230]. Lastly, X-ray surveys have been one of the most

popular techniques to discover galaxy clusters since the launch of the ROSAT X-ray

satellite [e.g., the REFLEX survey, 42]. Even though X-ray surveys can only produce

flux-limited samples of galaxy clusters, cosmologists can take that into account in

their selection function when they estimate cosmological parameters [5, 192, 322].

However, with the continuous improvement in optical cluster finders, many of these

SZ and X-ray cluster catalogs are now confirmed by the optical data, such as the

recent works with SZ [37] and X-ray catalogs [167].

With the recent SZ discovery of the Phoenix cluster [202, 212, 336], the most

X-ray-luminous galaxy cluster known, at 𝑧 = 0.6, we have started to question our un-

derstanding of the X-ray-survey selection function. The Phoenix cluster was detected

in several previous X-ray surveys, but was misidentified as a bright point source based

on its extremely bright active galactic nucleus (AGN) and cool core in the center of

the cluster. With most X-ray surveys identifying objects as either a point-like or an

extended source, a galaxy cluster with a bright point source in the center could be

misidentified as simply a point source. The next logical step is to ask how many of

these galaxy clusters we have missed in the previous surveys, and how this translates

to a correction for the selection function.

Another benefit of finding galaxy clusters hosting bright X-ray point sources is to

study the cooling flow problem, which is the apparent disagreement between the X-
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ray luminosity (cooling rate) of a cluster and the observed star formation rate (SFR),

the latter of which is typically suppressed by a factor of ∼100. The best candidate

for explaining the inconsistency is AGN feedback from the central galaxy [49, 50, 85].

There are two main modes of AGN feedback: the kinetic mode, driven mostly by

jets, and the radiative mode, driven by the accretion of the AGN [104, 121, 136,

215]. With very few known galaxy clusters with extremely bright quasars, such as

H1821+643 [267], 3C 186 [283, 284], 3C 254 [82, 339], IRAS 09104+4109 [241], and the

Phoenix cluster [202], a larger number of such objects are required to fully understand

the role of radiative-mode feedback in the evolution and formation of galaxy clusters.

For example, the chaotic cold accretion (CCA) model predicts a tight coevolution

between the central supermassive black hole (SMBH) and the host cluster halo [via

the cooling rate or 𝐿x; 120], with flickering quasar-like peaks reached only a few

percent of times [119].

In an attempt to find more galaxy clusters hosting bright central point sources,

we started the Clusters Hiding in Plain Sight (CHiPS) survey. The details and the

first discovery from the survey are published in Somboonpanyakul et al. [292]. In this

paper, we focus on a new optical cluster-finding algorithm, developed specifically for

the CHiPS survey, to look for cluster candidates after optically imaging all of the

X-ray point sources with bright radio and mid-IR from the first part of the project.

These candidates may have been misidentified in previous all-sky surveys due to

their central galaxies’ brightness. After performing the cluster-finding algorithm, we

present a list of newly discovered galaxy cluster candidates along with their expected

redshift and richness.

The overview of the CHiPS survey, the optical data used in the follow-up cam-

paign, and its methodology are described in Section 3.2. In Section 3.3, we present

details of the data reduction and analysis for recently obtained optical data from the

Magellan telescope. Our cluster-finding algorithm is described in Section 3.4 while

the X-ray data reduction is presented in Section 3.5. We discuss the results and the

implications of these findings in Sections 3.6 and 3.7. Lastly, we summarize the paper

in Section 3.8. We assume 𝐻0 = 70 km s−1 Mpc−1, Ωm = 0.3, and Ω𝜆 = 0.7. All errors
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are 1𝜎 unless noted otherwise.

3.2 The CHiPS Survey

The CHiPS survey is designed to identify new centrally concentrated galaxy clusters

and clusters hosting extreme central galaxies (starbursts and/or AGNs) within the

redshift range 0.1–0.7. The first part of the survey consists of identifying candidates

by combining several all-sky survey catalogs to look for bright objects at multiple

wavelengths. The second part of the survey, which is the focus of this paper, addresses

mainly our optical follow-up program to determine the best cluster candidates by

searching for an overdensity of galaxies at a given redshift centered on the location

of the X-ray sources. The last part, which is also included in this paper, is to obtain

Chandra data for these candidates in order to confirm the existence of these new

clusters and characterize their properties, such as the gas temperature, the total

mass, and the gas fraction.

3.2.1 Target Selection

Our CHiPS target selection is described in detailed in our previous publication [292];

here we outline the main steps.

To select systems similar to the Phoenix cluster, we require sources to be bright

in X-ray, mid-IR, and radio, relative to near-IR. The normalization to near-IR is

to prevent very nearby (e.g., Galactic) low-luminosity sources from overwhelming

the sample. Starting with X-ray point-source catalogs from the ROSAT All-Sky

Survey Bright Source Catalog and Faint Source Catalog [RASS-BSC and RASS-

FSC; 323], we cross-correlate with radio from NVSS [79] or SUMSS [199], mid-IR

with Wide-field Infrared Survey Explorer [WISE; 337], and near-IR with Two Micron

All Sky Survey [2MASS; 289]. This combination leads to two types of astrophysical

sources: radio-loud type II QSOs and galaxy clusters with an active core (a starburst

and/or AGN-hosting brightest cluster galaxy (BCG)). This approach is similar to two

other surveys from Green et al. [129] and Donahue et al. [92]. The main difference
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is that Donahue et al. [92] focused on previously known, optically selected BCGs

from the GMBCG catalog [135] and Green et al. [129] started with spectroscopically

confirmed AGNs in the ROSAT catalog. We begin our search with a complete ROSAT

point-source catalog and combine with all archival data from near-IR and mid-IR to

radio.

In addition, we apply color cuts in order to select only the most extreme objects in

X-ray, mid-IR, and radio, as demonstrated in Fig. 3-1. The cuts are chosen to capture

the expected range of color for a Phoenix-like object at an unknown redshift between

0.1 and 0.7. The NASA/IPAC Extragalactic Database (NED)1 was used to reject

foreground (𝑧 < 0.1) and background (𝑧 > 0.7) objects. Candidates with 𝑧 < 0.1 are

close enough to be detected with past instruments even with a bright central point

source. Most of these clusters were first detected by eye in various optical catalogs,

including the well-known Abell and Zwicky catalogs [2, 344], meaning that we do not

expect any misclassifications. On the other hand, clusters at 𝑧 > 0.7 are exceedingly

rare in the ROSAT data – not because of a bias in their selection, but because they

are simply too faint. We also remove objects that have Galactic latitude less than

±15∘ because foreground stars and extinction from the Milky Way will obscure any

clusters. After the removal, we are left with 470 objects to perform the optical follow-

up, which is presented in the next section. We note that by requiring mid-IR and

radio detection, we emphasize the detection of Phoenix-like clusters, at the expense

of removing from the sample some BCGs with central AGN that are not radio-loud or

mid-IR-bright, such as unobscured, radio-quiet AGNs. This means that the CHiPS

survey will only place a lower limit on the fraction of clusters missed by the previous

X-ray surveys.

Further information about our target selection and the first galaxy cluster discov-

ered from this survey, the galaxy cluster surrounding PKS 1353-341, are presented

in Somboonpanyakul et al. [292]. In the next section, we describe the data used for

our optical follow-up of these 470 candidates.

1https://ned.ipac.caltech.edu
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Figure 3-1 The three panels show color-color diagrams for objects that are detected in
all four all-sky surveys (3450 objects). The axes are the logarithm of the ratio of the
X-ray, mid-IR (MIR), or radio flux to the near-IR (NIR) flux. Points colored in pink
satisfy our three color cuts. The Phoenix, Perseus (NGC 1275), A1835, and IRAS
09104+4109 clusters, which host extreme BCGs, are shown with orange, green, blue,
and purple squares, respectively while CHIPS 1356-3421 is shown with a red square.

3.2.2 Optical Follow-up Observations

The optical follow-up program is separated into two parts based on the decl. of the

targets. Most objects with positive decl. are followed up with the Sloan Digital Sky

Survey (SDSS) because of its nearly complete coverage in the northern sky, whereas

objects with negative decl. are observed with either the first data release of the

Panoramic Survey Telescope and Rapid Response System [Pan-STARRS1; 70] with

sky coverage of decl. greater than −30∘ or additional pointed observations using the

Parallel Imager for Southern Cosmological Observations [PISCO; 298] on the 6.5m

Magellan Telescope at Las Campanas Observatory, Chile. Specifically, 256 out of

our 470 candidates were observed with SDSS, 64 candidates were observed with Pan-

STARRS1, and the remaining 150 candidates were individually observed with PISCO

on the Magellan telescope. We note that data from the Dark Energy Survey [DES;

86] were unavailable at the onset of the project. Fig. 3-2 shows the position of all

target candidates in the sky, separated by the telescope used for the follow-up.
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Figure 3-2 Plot of all 470 target candidates for the CHiPS survey in the sky. The
blue dots represents candidates followed up with SDSS. The red dots are candidates
followed up with Pan-STARRS, and the green dots are candidates from PISCO ob-
servations. The gaps at R.A. = 18–20hr and 5–7hr correspond to the Milky Way,
which prevents us from finding new cluster candidates around that region.

3.2.2.1 Sloan Digital Sky Survey

The SDSS is a multispectral imaging and spectroscopic redshift survey using a 2.5 m

optical telescope at Apache Point Observatory in New Mexico [131]. We utilized Data

Release 14 (DR14), released in 2017, which is the second data release for SDSS-IV [3].

We retrieved the photometric data in 𝑢, 𝑔, 𝑟, 𝑖, and 𝑧 bands by querying objects within

a radius of 5′ from the X-ray position, using the function fGetNearestObjEq with

the Casjob server2. In Section 3.4, we apply a more stringent cut during the cluster-

finding algorithm. We obtained the SDSS model magnitude (modelMag), which, as

explained in the SDSS support documentation,3 gives the most unbiased estimates

of galaxy colors. To convert SDSS magnitude to flux units, we use the SDSS asinh

magnitude formula,3 which is also described in Lupton et al. [185].

For star/galaxy classification, “type” parameters, provided by SDSS, were used

2https://skyserver.sdss.org/CasJobs/
3https://www.sdss.org/dr12/algorithms/magnitudes/
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to select only galaxies (type = 3). The classification is based on the difference be-

tween cmodel and point-spread function (PSF) magnitude. Specifically, an object

is classified as extended when MagPSF − Magcmodel > 0.145. In addition, we down-

loaded photometric redshifts (𝑧sdss) for verification of photometric redshift estimates

in Section 3.4.

3.2.2.2 Panoramic Survey Telescope and Rapid Response System

Pan-STARRS is a system for wide-field astronomical imaging in the optical 𝑔, 𝑟, 𝑖,

𝑧, and 𝑦 bands, located at Haleakala Observatory, Hawaii. The survey used a 1.8 m

telescope, with an imaging resolution of 0.′′25 pixel−1 from its 1.4 gigapixel camera.

Pan-STARRS1 (PS1), the basis for Data Release 1 (DR1), covers three-quarters of

the sky (3𝜋 survey) north of a decl. of −30∘.

Star/galaxy separation of PS1 is similar to that of SDSS. Specifically, the difference

between model and PSF magnitude is measured to identify extended objects. How-

ever, instead of applying a simple straight line as a cut (e.g., MagPSF−MagKron > 0.05

where MagKron is Kron magnitudes as the representation for model magnitude), an

exponential model is used to fit the bright part of Fig. 3-3 and then extrapolated to

fainter objects, similar to [70]. Further details about this technique can be found in

[110].

As shown in Fig. 3-3, the star-galaxy separation is not a horizontal cut, but an

exponential curve which takes into account our inability to distinguish between stars

and galaxies at the fainter end. We require the cut to be satisfied for both 𝑟 and 𝑖

bands. Even though this star-galaxy-separation criterion could identify more objects

as galaxies, this should not create a large bias for our cluster-finding algorithm. We

chose Kron magnitudes as the Pan-STARRS magnitudes for our algorithm since they

capture more light from the extended parts of galaxies than PSF magnitudes.

3.2.2.3 Magellan Telescope with PISCO

Without a more robust all-sky survey in the southern sky similar to SDSS and Pan-

STARRS in the north, we perform 150 individual follow-up observations for targets in
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Figure 3-3 This figure demonstrates how we separate stars and galaxies in the Pan-
STARRS sample catalog using the ratio of PSF and Kron magnitudes. The orange
color indicates stars that pass both the 𝑟- and 𝑖-band cuts while the blue color marks
galaxies.

the southern sky with the 6.5 m Magellan telescope. PISCO, a multiband photometer,

is used to speed up our observations because of our large number of candidates. With

the ability to produce 𝑔-, 𝑟-, 𝑖-, and 𝑧-band images simultaneously, our effective

efficiency in observing these candidates increases by a factor of ∼3 [including optical

losses; 298]. All candidates were acquired with PISCO during nine nights split over

three observing runs between 2017 January and 2017 December. We observed most

objects with 5 minute total exposure with two 2.5 minute exposures for dithering.

To analyze the PISCO data, we have created a data processing pipeline. Further

details regarding data reduction and star/galaxy separation for the CHiPS survey are

presented in the next section.
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3.2.3 X-Ray Follow-up Observations

To confirm the existence of a galaxy cluster, we require the detection of extended

X-ray emission, indicating an extremely hot intracluster medium (ICM) that reflects

the deep potential well of the cluster. The Chandra X-ray Observatory is best suited

for the task, given that our targets may have bright central point sources. With

an angular resolution of 0.′′5, Chandra has the capability to distinguish X-ray point

sources (e.g., AGNs) from the extended emission of the ICM. We observed a total of

five additional candidates from the CHiPS survey, apart from the initial sample of

four candidates for the pilot study [292]. More details about the reduction process

for the X-ray data can be found in Section 3.5.

3.3 PISCO Observations and Data Processing

In this section, we describe the data reduction process for the PISCO data. Since we

obtain raw images from the PISCO instrument on the Magellan telescope, we devel-

oped a complete reduction pipeline to convert these images to photometric catalogs

for all galaxies in the field, which are then used as an input for our cluster-finding

algorithm. In contrast, SDSS and Pan-STARRS are wide-field surveys with available

photometric catalogs, and as such they do not require any further data processing.

3.3.1 PISCO Image Reduction

PISCO is a photometer that produces 𝑔-, 𝑟-, 𝑖-, and 𝑧-band images simultane-

ously [298]. The camera is composed of four 3k×4k charge-coupled devices (CCDs),

one for each of the four focal planes, with an unbinned scale of 0.′′109 per pixel,

resulting in a 5′ × 9′ field of view. Each CCD is read out with two amplifiers.

For each image, the data reduction process consists of several steps, as follows.

First, the median of all bias frames for each night is subtracted from both the median

of all flat frames and the science frames. We do not attempt to quantify and remove

the dark current because it is negligible in these devices. The ratio between the two
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subtracted frames (flat and science) is the flat-fielded image. The two flat-fielded

images (one from each amplifier) of a CCD are stitched together to create a complete

image for each band (𝑔, 𝑟, 𝑖, and 𝑧) and each exposure. L.A. Cosmic is run on each

image for robust cosmic-rays detection and removal [317]. Astrometric calibration is

carried out via Astrometry.net,4 which is used to find the absolute pointing, plate

scale, orientation, and additional distortions in each image [174].

Multiple exposures need to be coadded to create a final, stacked image in each

band. First, an initial source detection is run on all science images using SExtractor [26].

Objects that are corrupted or truncated are removed from the lists by requiring the

FLAGS parameter to be less than 5. Next, SCAMP [27] is run over all of the im-

ages simultaneously to improve the astrometric solutions, previously obtained from

Astrometry.net. The reference catalog we used for the astrometry is linked to the

2MASS catalog [289]. The individual images of each band are then resampled and

coadded via SWarp [24]. An example of the final processed image is shown in Fig. 3-4.

3.3.2 Seeing Estimation and PSF Models

Even though each image already has an estimated seeing from the on-site seeing

monitor, a more precise value is required for source extraction. We achieve this by

fitting the PSF models to every object in the field and picking the most common PSF

to represent the seeing of that particular field. Specifically, we create 45 × 45 pixel

small subimage (“vignettes”) for each detected object by using SExtractor. These

small vignettes are fit using the 2D Moffat model, available in the Astropy model

packages [11]. The Moffat model is a probability distribution that more accurately

represents PSFs with broader wings than a simple Gaussian. We quote seeing mea-

surements as the FWHM of the best-fit model. Fig. 3-5 shows the seeing distribution

for objected observed with the PISCO camera. The median values of seeing in 𝑔, 𝑟,

𝑖, and 𝑧 bands are 1.′′28, 1.′′15, 1.′′14, and 1.′′03 respectively, meaning that the PSF

tends to be broader for bluer bands, as expected. For one two-night run on PISCO,

the 𝑟-band data had a slightly worse (20% larger) PSF due to alignment issues within
4http://astrometry.net
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Figure 3-4 Three-color (𝑔, 𝑟, 𝑖) image of the Phoenix cluster from PISCO. The image
shows several red galaxies centrally located in the field, which is the signature of a
galaxy cluster. The extremely bright point source in the center is one reason why the
Phoenix cluster had been missed from previous X-ray surveys.

the instrument. Given that this enlarged PSF is still smaller than that of the SDSS

or Pan-STARRS data, we do not expect this to limit our analysis. The seeing dis-

tributions are not symmetric, but highly skewed toward higher seeing, representing a

variation in the weather at the time of observation.

Apart from an accurate seeing estimate, the PSF model is also required for

SExtractor to measure MAG_PSF. We use PSFEx to extract the PSF models from

FITS images [25], setting all parameters to default. To get a good model for the PSF,
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Figure 3-5 Seeing distribution for the 262 fields observed with PISCO. The g band
is traced by black dashed lines, the 𝑟 band is traced by blue dotted lines, the 𝑖 band
is traced by green solid lines, and the 𝑧 band is traced by red dotted-dashed lines.
The median values of the seeing in 𝑔, 𝑟, 𝑖, 𝑧 bands are 1.′′28, 1.′′15, 1.′′14, 1.′′03
respectively.

we need to select only well-behaved point sources (stars) as our model. We achieve

this by selecting sources that are not at the edges of the CCD, not elongated, and

have an effective flux radius within 2𝜎 of the mean for all sources in the field.
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Table 3.1 SExtractor Source Detection Input Parameters

Parameter Value

DETECT_MINAREA 1.1𝜋 × (𝑖−band seeing)2

DETECT_THRESH 1.2

GAIN 0.25

PIXEL_SCALEa 0.12 or 0.22

SATUR_LEVEL 61,000

aDepending on whether the data are binned.

3.3.3 Source Extraction

To measure an accurate color for each object, we extracted photometry via the dual-

image mode of SExtractor, which uses the same pixel location for all photomet-

ric bands. The seeing estimates and the PSF models are used in this step with

other input parameters described in Table 3.1. Next, we extract 𝑔𝑟𝑖𝑧 MAG_AUTO,

MAG_APER, and MAG_PSF at the location of detected sources from the 𝑖-band

image.

3.3.4 Star–Galaxy Separation

One of the most important steps for the reduction pipeline is to separate sources into

stars and galaxies. While CLASS_STAR5 is often used for this purpose, upon our

close investigation we found non-negligible contamination in both the star and galaxy

samples. Instead, we use the SPREAD_MODEL parameter (from SExtractor),

which indicates whether the source is better fit by the PSF model or a more extended

model [227]. By design, SPREAD_MODEL is close to zero for point sources and

positive for extended sources. This estimator has been used in several surveys, e.g.,

the Blanco Cosmology Survey (BCS) [87] and the Dynamical Analysis of Nearby

Clusters (DANCe) survey [47]. In particular, we separate stars and galaxies by the

5https : //sextractor.readthedocs.io/en/latest/ClassStar.html
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following criterion:

𝑔𝑎𝑙𝑎𝑥𝑖𝑒𝑠 : SPREAD_MODEL_I > 0.005

& MAG_i < 17.5

𝑠𝑡𝑎𝑟𝑠 : SPREAD_MODEL_I < 0.004,

(3.1)

where MAG_𝑖 is the magnitude of the object in the 𝑖 band. This criterion is adapted

from Sevilla-Noarbe et al. [279], providing a better separation between stars and

galaxies than CLASS_STAR because we take into account the PSF variation in the

calculation. The exact values of the thresholds are not extremely important since

we will later estimate the photometric redshfit (𝑧phot) for each object, as shown in

Section 3.4.1. If an object is wrongly identified as a galaxy, we will not obtain a good

fit for 𝑧phot and the object will be removed from the cluster-finding algorithm. More

details and different tests to quantify the performance of this star–galaxy statistic

can be found in Sevilla-Noarbe et al. [279].

3.3.5 Photometric Calibration

To calibrate the color and the magnitudes of stars and galaxies, we use stellar locus

regression [SLR; 143]. SLR adjusts the instrumental colors of stars and galaxies and

simultaneously solves for all unknown zero-points by matching them to a universal

stellar color-color locus and the known 2MASS catalog. The calibration takes into

account difference in instrumental response, atmospheric transparency, and Galactic

extinction. SLR has been used to calibrate photometry for various surveys including

South Pole Telescope follow-up [142] and the BCS [36]. The specific implementation

of the algorithm that we utilize here is described in Kelly et al. [161].

For each frame, we use the stellar sources identified in Section 3.3.4 as the starting

point. We then perform the stellar locus regression, which simultaneously calibrates

all optical colors onto the SDSS system. The absolute flux scaling (or zero-point) is

then constrained via the optical–infrared colors from SLR, combined with the 2MASS

point-source catalog [289].
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3.3.6 Photometric Verification

We perform a comparison test to check the accuracy of the photometric calibration.

The test is carried out by comparing between the colors (𝑔 − 𝑟, 𝑟 − 𝑖, and 𝑖− 𝑧) we

obtained from the PISCO pipeline and the SDSS colors. To enable this verification,

we observed three fields in our SDSS target list with PISCO, reducing the data using

the same PISCO pipeline that we have described above. Galaxies found in the SDSS

catalog are matched with objects in our observed PISCO frames based on their celes-

tial coordinates. The objects are plotted in Fig. 3-6, showing the offsets between the

colors from PISCO and from SDSS. The scatter (𝜎) of the PISCO colors compared

to the SDSS colors is around 0.08–0.14 mag for brighter objects (16 < 𝑖PISCO < 20),

which is as accurate as the calibration between SDSS and Pan-STARRS [70].

3.4 Cluster-finding Algorithm

In this section, we describe the new cluster-finding algorithm. Because of the nature of

our survey, which looks for cluster candidates surrounding X-ray/IR/radio sources, we

already have the central location of the cluster, which we assume to be the location

of the X-ray/IR/radio source. This means that unlike some optical cluster-finding

surveys, we do not use a friend-of-friend algorithm [155] to search for the center of

the cluster. Instead, we look for an overdensity of galaxies with similar redshifts at

the location of the X-ray source.

Specifically, we search for a peak in the redshift histogram of all the galaxies

within the observed fields. Members of a galaxy cluster will have similar redshifts,

meaning that finding the peak in the redshift histogram will differentiate between

cluster members and field galaxies. The peak location corresponds to the redshift of

the galaxy cluster.

The algorithm is divided into three parts: photometric redshift measurement,

aperture selection and background subtraction, and richness correction for high-

redshift clusters.
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Figure 3-6 The top two panels show a comparison of 𝑔 − 𝑟 between PISCO PSF
magnitude and SDSS PSF magnitude while the middle two show a comparison of
𝑟− 𝑖 and the bottom two show a comparison of 𝑖− 𝑧. The left panels corresponds to
bright objects (16 < 𝑖PISCO < 20) while the right panels corresponds to fainter ones
(20 < 𝑖PISCO < 24). The orange lines are the gaussian best-fit model with its mean
and its standard deviation in the legend. This demonstrates that for bright objects
the scatter of the PISCO calibration from the SDSS is about 0.10–0.14 mag.
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3.4.1 Photometric Redshift

The first step of the algorithm is to estimate photometric redshifts of all galaxies in

the field. Mid-IR data are included in this step to improve constraints. The sections

below describes data acquisition for mid-IR bands from the WISE [337], and the

software used for photometric redshift estimates.

3.4.1.1 Wide-field Infrared Survey Explorer

WISE is an IR satellite with four IR filters: 𝑊1 (3.6 𝜇𝑚), 𝑊2 (4.3 𝜇𝑚), 𝑊3 (12

𝜇𝑚), and 𝑊4 (22 𝜇𝑚). We select galaxies in the AllWISE Source Catalog, using

IRSA’s Simple Cone Search (SCS),6 and match them with their optical counterparts

from SDSS, Pan-STARRS, or PISCO within a radius of 3". However, because the

FWHM for 𝑊1 and 𝑊2 is rather large (∼ 6”, compared to ∼ 1” for optical data7),

we cannot separate different optical galaxies from the WISE sources, especially at the

center of the cluster, where large number of objects are presented in a small region.

Thus, we only use the WISE measurement from both 𝑊1 and 𝑊2 as upper limits to

help constrain the photometric redshifts.

3.4.1.2 Photometric Redshift Estimate

Each galaxy’s photometric redshift (𝑧phot) is determined by fitting the photometry in

optical and mid-IR bands to the template spectral energy distribution (SED) using

the Bayesian Photometric Redshifts (BPZ) code [21, 76]. The BPZ code uses Bayesian

inference and priors to estimate photometric redshifts using multiwavelength broad-

band data. We used the default templates, consisting of one early-type, two late-type,

and one irregular-type templates from Coleman et al. [77] and two starburst templates

from Kinney et al. [164]. We also added WISE filters for 𝑊1 and 𝑊2 bands. Since

there is no response filter for the PISCO optical bands, we convert the photometry

from PISCO to SDSS bands and use SDSS response filters instead. Specifically, we

6https://irsa.ipac.caltech.edu/docs/vo_scs.html
7http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/

sec4_4c.html
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convert the photometry to the SDSS system by fitting a linear function of the form

(𝑔− 𝑟)SDSS = 𝐴+𝐵(𝑔− 𝑟)PISCO, and likewise for 𝑟− 𝑖 and 𝑖− 𝑧 colors. This amounts

to removing the offset shown in Fig. 3-6. We apply these corrections to all of the

PISCO bands to shift them to the SDSS system. We do not expect the difference in

the response filter to have a large impact on the final redshift since PISCO filters are

designed to be as similar to the SDSS filters as possible.

3.4.1.3 Redshift Verification

To verify our photometric redshifts, we compare 612 redshifts from the BPZ algorithm

to those publicly available from SDSS3 [3]. In Fig. 3-7, we show the comparison of

BPZ redshifts to those from SDSS3, measuring 𝜎𝑧/(1 + 𝑧) ∼0.05. The median offset

between BPZ and SDSS3 redshifts is ∼0.03, which is also less than our typical per-

galaxy photometric redshift uncertainty. Utilizing six previously known clusters that

were identified in our sample (see Section 3.6.1), we also find a scatter between our

cluster redshifts and the published values of 𝜎𝑧/(1 + 𝑧) ∼ 0.012. Given this overall

agreement, we proceed with BPZ redshifts for the full sample.

3.4.2 Aperture Selection and Redshift Histogram

In terms of aperture selection, we choose a simple top-hat model with a radius of one

arcminute. This allows us to make a more simple correction for the richness value, as

discussed in Section 3.4.3. Next, we create a histogram representing the redshift dis-

tribution of all the galaxies in the selected aperture. Since the peak value includes the

background level of field galaxies, we estimate the background distribution by making

a redshift histogram of field galaxies in all images of each instrument (SDSS, Pan-

STARRS, and PISCO). There are ∼ 22, 000 background galaxies for Pan-STARRS

and PISCO, and ∼ 27, 000 galaxies for SDSS. We normalized the background his-

togram for each observation by scaling the total number of objects in the background

histogram to be the same as in the histogram of interest and subtract from it.

Fig. 3-8 shows the limiting magnitude for each observation, which demonstrates
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Figure 3-7 Comparison between the BPZ redshifts and published photometric red-
shifts from SDSS3. Most of the objects are in an agreement between the two, with a
relative scatter of ∼5%.
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that the depth of each survey is quite uniform. The detailed calculation for the

limiting magnitude is presented in Section 3.4.3. For PISCO, we made sure that

every observation has the same exposure time of 5 minutes. This uniformity allows

us to construct the background for each instrument without large variations in limiting

magnitude.

The top panel of Fig. 3-9 shows both the redshift distribution of all the galaxies

(in blue) and the normalized distribution of background galaxies (in orange). The

background-subtracted histogram is then used to search for a redshift peak, as shown

in the bottom panel of Fig. 3-9. Since the redshifts estimated from the BPZ code have

some uncertainty, we fit a fixed-width Gaussian to the peak and the two neighboring

bins to get an estimate for the richness (the amplitude of the Gaussian) and the final

redshift (the location of the Gaussian).

20 21 22 23 24
mlim, r

0

10

20

30

40

N
um

be
r 

of
 o

bs
er

va
tio

ns

PISCO

20 21 22 23 24
mlim, r

0

50

100

150
SDSS

20 21 22 23 24
mlim, r

0

20

40

60

Pan-STARRS

Figure 3-8 Distributions of limiting magnitude for the three telescopes (PISCO, SDSS,
and Pan-STARRS, respectively). This figure shows that the magnitude limit for each
telescope is fairly uniform. PISCO has significantly more scatter than SDSS and
Pan-STARRS, which are wide-field surveys.

3.4.3 Richness Correction

Because observations were made from different optical telescopes, and galaxy clusters

are located at different redshifts, a correction to the measured richness is necessary

to have a uniform proxy for cluster mass across all fields and all redshifts. The two

effects we have taken into account are the luminosity function of galaxies and the
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Figure 3-9 Top: the blue histogram shows the redshift distribution of all the galax-
ies within one arcminute of CHIPS 1911+4455. The orange histogram shows the
the renormalized distribution of background galaxies. Bottom: the background-
subtracted histogram is shown in blue. The green solid line shows the fixed-width
Gaussian fit between the peak and the two neighboring bins to estimate the richness.
The significance of the redshift peak at 𝑧 = 0.53 strongly suggests the presence of a
galaxy cluster.
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evolving angular size of galaxy clusters on the sky. We check both effects and find

that the correction for luminosity function is larger than that for angular diameter by

a factor of ∼50–1000, depending on the redshift, so we only consider the luminosity

correction.

Extremely bright objects tend to be rare, compared to fainter objects, implying

that cluster candidates at higher redshift will have fewer observable members since

the majority of them will be too faint to detect with our current instruments. This

correction is used to remedy the galaxy counts to account for galaxies that are below

detection limits. The luminosity function (𝐿(𝑀)) we used comes from Wen and Han

[333] and combines the Schechter function (𝜑𝑠(𝑀)) [276] and the composite luminosity

function of the BCGs (𝜑𝑔(𝑀)):

𝐿(𝑀) =𝜑𝑠(𝑀) + 𝜑𝑔(𝑀)

= 0.4 ln (10)𝜑*10−0.4(𝑀−𝑀*)(𝛼+1)

exp [−10−0.4(𝑀−𝑀*)]

+
𝜑0√
2𝜋𝜎

exp

[︂
−(𝑀 −𝑀0)

2

2𝜎2

]︂
𝑑𝑀,

where 𝛼 is the faint-end slope, 𝑀* and 𝑀0 are the characteristic absolute magni-

tudes, and 𝜑* and 𝜑0 are the normalization factors. Another effect related to the

luminosity function comes from variability in the depth of the survey in different

fields/telescopes. Specifically, SDSS is deeper (fainter limiting magnitude) than Pan-

STARRS, whereas, PISCO has a large variation within itself, which comes from the

variation in the weather conditions when we observed these objects. We estimate

the limiting magnitude for each observation by fitting two Gaussians to the bright-

ness distribution and using the location of the fainter peak to represent the limiting

magnitude. The purpose of the double Gaussian fit is to capture the skewness in the

brightness distribution, which varies from field to field.

Fig. 3-10 illustrates the richness correction at different redshifts and limiting mag-

nitudes (𝑀lim). The correction is strongest when we consider high-redshift objects
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with bright limiting magnitudes. The richness is calculated using

Richness = 𝑁obs

∫︀𝑀deep

−∞ 𝐿(𝑀)𝑑𝑀∫︀𝑀lim

−∞ 𝐿(𝑀)𝑑𝑀
, (3.2)

where 𝑁obs is the number of galaxies found from the survey, 𝑀deep is the limiting

absolute magnitude of our deepest field (𝑀deep = −15.3, which is equivalent to an

apparent magnitude of 23 at 𝑧 = 0.1), and 𝑀𝑙𝑖𝑚 is the absolute magnitude limit of

each field based on our measured limiting apparent magnitude and redshift. The

typical correction is roughly 1–5.

3.4.4 Flux-limited Nature of Previous Surveys

The CHiPS survey is designed to look for misidentified galaxy clusters in surveys based

on data from the ROSAT telescope. One such survey, the ROSAT–ESO Flux-Limited

X-ray (REFLEX) Galaxy Cluster Survey [42], contains 447 galaxy clusters above an

X-ray flux of ∼3 × 1037 erg s−1 Mpc−2 (0.1-2.4 keV), which are all spectroscopically

confirmed. The left panel of Fig. 3-11 shows all 447 clusters in the REFLEX sample

on a plot of X-ray luminosity (𝐿x) versus redshift, with the blue line showing the

constant flux limit of the REFLEX sample. It is assumed that this survey has found

all of the galaxy clusters with luminosities above this limit.

However, some of the X-ray-bright point sources detected by ROSAT are believed

to be misidentified massive clusters with extreme central galaxies. One of our goals

is to find clusters that exceed the REFLEX flux limit but that are classified as point

sources. Since obtaining new optical data is more straightforward to obtain than X-

ray, we convert this REFLEX flux limit to an optical richness limit, which can then

be used for our richness cut, as described in Section 3.6.

In order to convert this X-ray flux limit to a richness limit, the optical richness

of this sample is required. First, we cross-correlate the REFLEX clusters and SDSS

survey, finding 82 clusters that are in both. By running the same cluster-finding

algorithm as described in this section, we estimate the richness of all 82 REFLEX

clusters. Since both the richness and X-ray luminosity are correlated with the total
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Figure 3-10 Richness correction as a function of redshift and limiting magnitude
(𝑀lim) due to the luminosity function of galaxies where there are fewer bright massive
galaxies than faint smaller ones. Specifically, 𝑅true = 𝑅obs

𝐶(𝑧,𝑀lim)
, where 𝑅true/obs is the

corrected/measured richness and 𝐶(𝑧,𝑀lim) is the richness correction.

mass of the clusters, we fit a straight line to the log–log plot, as shown in the middle

panel of Fig. 3-11, to find the relation between the flux limit and the richness limit. For

the small number of clusters here, and not accounting for selection effects, we measure

an intrinsic scatter between richness and X-ray luminosity 𝜎𝑙𝑛𝜆|𝑀 = 0.33 ± 0.07,

compared to 𝜎𝑙𝑛𝜆|𝑀 ∼0.46 from a sample of SDSS redMapper clusters [232]. The last

panel of Fig. 3-11 shows the X-ray flux limit projected onto the richness–redshift plot,

via the relationship between richness and X-ray luminosity. Assuming that all clusters
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follow the same richness–luminosity relation, those systems that lie above this line

should have been discovered by the REFLEX survey. In reality, there is significant

scatter in the richness–luminosity relation, and those clusters that scatter high in

richness at low X-ray luminosity would have been rightfully missed (for example,

CHIPS 2155-3727).

3.5 X-Ray Data Reduction

In addition to the optical survey, we performed X-ray follow-up of nine promising

candidates with Chandra. Three of them are shown in this work. Four candidates

were followed up in Chandra Cycle 16 based on an earlier version of our selection [292],

which yielded the re-observation of a lesser-known cluster, two systems that turned

out to be isolated point sources, and CHIPS 1356-3421. In Cycle 20, we followed

up an additional five candidates, which yielded the detection of CHIPS 1911+4455.

Both of these follow-up campaigns were based on preliminary catalogs and thus had

an inflated false-positive rate. In this section, we describe the X-ray data reduction

process to estimate the total mass and luminosity of these clusters. A more detailed

analysis with these data is described in Somboonpanyakul et al. [292].

All CHiPS candidates were observed with Chandra ACIS-I for 30–40 ks each. The

data were analyzed with CIAO [116] version 4.11 and CALDB version 4.8.5, provided

by Chandra X-ray Center (CXC). The event data were recalibrated with VFAINT

mode, and point sources, which are not in the center, were excluded with the wavdetect

function. The image was produced by applying csmooth, which adaptively smoothed

an image with maximal smoothing scale of 15 pixels and signal-to-noise (S/N) ratio

between 2.5 and 3.5.

High-angular-resolution X-ray images can be used to estimate different properties

of the cluster, including the mass and total luminosity. We choose 𝑀500, the total

mass within 𝑅500, the radius within which the average enclosed density is 500 times

the critical density (𝜌𝑐 = 3𝐻2
0/8𝜋𝐺), to represent the total cluster mass. We use

scaling relations from Vikhlinin et al. [321] iteratively to estimate 𝑅500, which is then
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Figure 3-11 Left: the plot of luminosity v.s. redshift for all of the REFLEX clusters
with SDSS data. The plot demonstrates the flux-limited nature of the REFLEX
survey. The blue line shows the flux limit = 2.5 × 1037erg s−1 Mpc−2. The colored
dots show three well-known clusters that should have been detected with the ROSAT
catalog. Middle: this plot shows a power-law relationship between the luminosity
from REFLEX clusters and the measured richness from this work. Right: plot of
richness v.s. redshift with constant flux limit. Assuming the luminosity–richness
relation from the middle panel, X-ray-selected clusters from the REFLEX catalog
should have richnesses that lie above this line.

used to measure 𝑇x, 𝑀𝑔, and 𝑀500. Specifically to estimate 𝑀500, we use the scaling
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relation with 𝑌x = 𝑀𝑔 × 𝑇x

𝑀500 =(5.77 ± 0.20) × 1014ℎ0.5𝑀⊙

×
(︂

𝑌x

3 × 1014𝑀⊙

)︂0.57±0.03

𝐸(𝑧)−2/5.

𝑌x is chosen as a mass proxy because of its low scatter and insensitivity to the dy-

namical state of the cluster [170, 197]. More details about the method to estimate

𝑀500 can be found in Andersson et al. [7].

In addition to mass, we measure the total X-ray luminosity of each cluster. We first

extract an X-ray spectrum of all emission within 𝑅500, centered on the X-ray peak,

and then we fit this spectrum using a combination of collisionally ionized plasma

(APEC) and Galactic absorption (PHABS). This allows us to estimate the unabsorbed

X-ray flux, which we then convert to a rest-frame luminosity given the known redshift.

3.6 Results

From Fig. 3-12, we identify 11 cluster candidates by selecting all objects above the

solid blue line, which is the richness limit derived in Section 3.4.4. The objects be-

low this line are not necessarily all isolated AGNs. They may belong to less massive

clusters that fall below our selection threshold – here we only consider very mas-

sive clusters that should have been included in surveys such as REFLEX [42] and

MACS [96], but were missed due to the presence of an atypical central galaxy.

Using the NASA Extragalactic Database8 catalog, we search for known clusters

within a 3′ radius of the 11 candidates and report, when available, the redshift of

known clusters. In Table 3.2, we present all 11 candidates with their celestial coor-

dinates, richness, measured redshifts, instruments used to detect, and known clusters

associated with each system.

8https://ned.ipac.caltech.edu
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3.6.1 Known Clusters Rediscovered

We find 6 of 11 cluster candidates to be well-known clusters via the NED catalog. In

general, these clusters can be divided into two classes: starburst-hosting clusters, such

as A1835 [SFR ∼100–180 𝑀⊙ yr−1; 217] and Zwicky 3146 [SFR ∼ 70 𝑀⊙ yr−1; 99],

or AGN-hosting clusters, such as A2667 [260] and IRAS 09104+4109 [83]. Another

notable example is the Phoenix cluster [202], which has both a starburst-hosting

galaxy and a central AGN.

The list of “rediscovered” clusters includes some of the most interesting and well-

known galaxy clusters in the nearby universe. It is an interesting question to ask

whether they would have been misidentified by ROSAT as isolated point sources

had Abell and Zwicky not performed their optical surveys first. At higher redshift

and lower mass, where future surveys like the extended Roentgen Survey with an

Imaging Telescope Array (eROSITA) will probe, this issue will likely be exacerbated,

requiring multiwavelength surveys combining X-ray and, for example, optical or SZ

to fully identify the rich variety of galaxy clusters.

3.6.2 False Associations

There are two galaxy overdensities that we identify in the background of known

clusters (CHIPS 0012-1628, CHIPS 0237-2630). In both of these cases, the foreground

cluster (A11, A368) harbors a BCG that is bright in the mid-IR and radio, but falls

below the richness threshold defined above. At the same time, in both cases, the

background overdensity corresponds to a much richer cluster that does not harbor

an X-ray/IR/radio source at its center. Thus, in these cases, the “extreme BCG” is

in the foreground, while the massive, “missed” cluster is in the background. While

these systems are interesting in their own right, for a number of reasons, they do not

satisfy the selection requirements of this survey.

101



3.6.3 New Cluster Candidates

The removal of previously known clusters and false associations leaves us with a

sample of three cluster candidates, all of which are rich enough that they should

have been detected by REFLEX or other similar surveys, assuming no scatter in the

richness–𝐿x relation. Fig. 3-13 shows optical images of all three candidates–CHIPS

1356-3421, CHIPS 1911+4455, and CHIPS 2155-3727. The optical images clearly

show an overdensity of red galaxies at the location of the X-ray point source, which is

at the center of each field. The three candidates look similar to the Phoenix cluster in

that their BCG colors are different from those of other red member galaxies, implying

an active central galaxy.

We followed up all three candidates with new Chandra observations over the past

two years to search for extended ICM emission, which would confirm the presence of a

massive cluster. Even though optical detection of an overdensity of red galaxies alone

can often be used to claim discovery of new galaxy clusters, lower-richness candidates

can be the result of line-of-sight alignment from sheets and filaments of galaxies,

which can coincidentally increase the numbers of red galaxies on the plane of the sky.

Fig. 3-14 shows adaptively smoothed Chandra X-ray images of all three candi-

dates. The rightmost panel of the figure shows that CHIPS 2155-3727 has no (or

extremely faint) extended X-ray emission, implying that the overdensity of red galax-

ies we saw in the optical image in Fig. 3-13 is likely a projection effect. The other

two panels show extended emissions around bright point sources in the cores. In

Table 3.3, we provide a summary of the X-ray properties (𝑅500, 𝑀500, and 𝐿x) for the

three cluster candidates, derived from the X-ray images. The first two objects are

confirmed massive galaxy clusters, with total cluster masses greater than 3×1014𝑀⊙.

With our current dataset, we can only provide upper limits for the mass and total

luminosity of a cluster for CHIPS 2155-3727. In the follow subsections, we discuss

each of these three systems in further detail.
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Table 3.3 CHiPS Cluster Candidates with Chandra Follow-up

CHiPS Name 𝑧a 𝑅500 𝑀500 𝐿x
b

(kpc) (1014𝑀⊙) (1044 erg s−1)

CHIPS 1356-3421 0.22 1300 ± 200 6.4 ± 3.4 5.9

CHIPS 1911+4455 0.48 1075 ± 60 6.0 ± 0.1 19

CHIPS 2155-3727 ∼0.5 < 590 < 1 < 1.1

aThe redshift is measured spectroscopically for the first two objects, while the third has only a
photometric redshift estimate.

b𝐿x is measured from 0.1 to 2.4 keV with 1 Mpc aperture.

3.6.3.1 CHIPS1356-3421

The galaxy cluster surrounding PKS 1353-341, also known as CHIPS 1356-3421,

was the first newly discovered and confirmed galaxy cluster from the CHiPS survey

with Chandra X-ray observations [292]. It was missed from other X-ray surveys

because of an extremely bright AGN in the central galaxy. Apart from the central

QSO, the cluster is an ordinary cool-core cluster with 𝑀500 = 6.9+4.3
−2.6 × 1014𝑀⊙ and

𝐿x = 7 × 1044 erg s−1 at 𝑧 = 0.223. This cluster, with the lowest redshift of the three

new CHiPS clusters, demonstrates how even massive, nearby clusters can be missed

if they harbor a central X-ray-bright AGN. We measure a SFR, based on archival UV

data, in the central galaxy of CHIPS 1356-3421, which is roughly a few percent of

the cooling rate–typical of a well-regulated cool-core cluster. Given this low SFR, we

expect that the mid-IR flux is dominated by the central AGN and not by a starburst.

More details about this object can be found in our previously published paper [292].

3.6.3.2 CHIPS 1911+4455

CHIPS 1911+4455 is the second galaxy cluster we found by the CHiPS survey and

confirmed with Chandra observations. The photometric redshift of the cluster is

𝑧 = 0.48. It is our most exciting candidate so far, harboring a very blue galaxy in the

center that is surrounded by many red satellite galaxies, similar to the Phoenix clus-

ter [202]. Based on the Chandra data we obtained, the total mass and the total size
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of the cluster are 𝑀500 = (6.0± 0.1)× 1014𝑀⊙ and 𝑅500 = 1075+54
−66 kpc, respectively,

which is as massive as CHIPS 1356-3421 [292].

With our newly obtained Chandra data, we measure the core entropy at ∼10 kpc

to be around 10-20 keV cm2, which is as cool as in the Phoenix cluster. However,

despite having a blue massive central galaxy and a strong cool core, the system shows

a highly disturbed morphology on both large (>100 kpc) and small scales (∼20 kpc).

Possible scenarios for such a morphology include a recent major merger or a powerful

AGN outburst [e.g., 60]. This finding is in opposition to most other known cool-core

clusters, which are typically highly relaxed. Additional data will be obtained for this

object, including high-resolution optical images from the Hubble Space Telescope

and optical spectra from the Nordic Optical Telescope to look for strong emission

lines, a signature of ongoing star formation. A complete analysis of this system is

being published in Somboonpanyakul et al. [293], which will include a complete X-ray

analysis of the cluster, optical spectroscopy of the central galaxy, and high-resolution

Hubble imaging of the cluster core.

3.6.3.3 CHIPS 2155-3727

Even though the optical image of CHIPS 2155-3727 clearly shows an overdensity of

red galaxies at the location of the X-ray source, as shown in Fig. 3-13, the Chandra

observation of CHIPS 2155-3727 shows no extended emission around the X-ray point

source. The nondetection of extended emission in Fig. 3-14 could imply that the

overdensity of galaxies is either a projection of a sheet/filament along the line of

sight or a smaller galaxy group below our detection threshold. Spectroscopic data are

required to determine whether this is simply a projection effect. Based on the X-ray

image, the estimated upper limit for the mass of the cluster, if it exists, is less than

1 × 1014𝑀⊙.
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3.7 Discussion

3.7.1 Updating Flux-limited Surveys

We estimate the rest-frame 0.1-2.4 keV X-ray luminosity, the same as the REFLEX

survey, of the new clusters within an aperture of 1 Mpc. Fig. 3-15 shows the X-

ray luminosity of newly discovered galaxy clusters and their redshift with respect to

clusters from the REFLEX [42], eBCS [95], and MACS [96] catalogs. These three

cluster catalogs were created by first selecting X-ray-bright objects from the ROSAT

All Sky Survey and then confirming via an overdensity of galaxies at a common

spectroscopic redshift. The solid lines represent the flux limit of the MACS and

REFLEX surveys at 1 and 3× 10−12 erg s−1 cm−2, respectively. The fact that clusters

from these three catalogs follow closely the aforementioned flux limits highlights the

clean selection of X-ray surveys, which are biased toward high-mass systems at high

𝑧, but in a mostly predictable way. However, the figure shows that the two CHiPS

clusters should have been found by these previous X-ray cluster catalogs, which are

all based on the ROSAT data, but were not because of their highly concentrated X-

ray profiles and nonstandard BCG colors. This is, similarly, why the Phoenix cluster

was not discovered until recently even though it is the most X-ray-luminous cluster

known [202].

3.7.2 Rarity of Clusters Hosting Extreme Central Galaxies

One of the main goals of the CHiPS survey is to find more galaxy clusters with extreme

central galaxies (starbursts and/or AGNs) by looking for clusters around X-ray-bright

point sources that are also bright in the mid-IR and radio. Given that we have only

discovered two new Phoenix-like systems, only one of which has an exceptionally high

star formation rate, we can conclude that such rapidly cooling systems are extremely

rare. From this work, we find that the total number of galaxy clusters with extreme

central galaxies to be around 10 objects above the ROSAT detection limit.

To estimate how rare such a system is, we approximate the total population of
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Figure 3-15 Luminosity v.s. redshift for clusters from the REFLEX Cluster Sur-
vey [42], the ROSAT All-Sky Survey Extended Brightest Cluster Sample [eBCS; 95],
and the Massive Cluster Survey [MACS; 96]. The solid lines show X-ray flux limits,
introduced by Böhringer et al. [42], at 1×10−12 erg s−1 cm−2 and 3×10−12 erg s−1 cm−2.
This figure shows that the Phoenix cluster, CHIPS 1356-3421, and CHIPS 1911+4455
should have been identified in the ROSAT data. The purple arrow shows an upper
limit for CHIPS 2155-3727 which is not detected in our Chandra observation.
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galaxy clusters found by the ROSAT satellite by combining the REFLEX, eBCS, and

MACS samples. Given the total number of clusters detected with the ROSAT data

to be about 460 in total (0.1 < 𝑧 < 0.7), the occurrence rate of extreme (starbursts

and/or rapidly accreting AGNs) central galaxies is 2%±1%. We separate the clusters

into two redshift bins to see whether there is any difference. The rate is 2% ± 1%

for nearby objects (𝑧 = 0.1–0.3) but becomes 5% ± 2% for higher-redshift objects

(𝑧 = 0.3–0.7). At this stage, we do not see any significant difference between the

two redshift bins. A deeper and higher-resolution X-ray all-sky survey is required

to improve our estimate of the occurrence rate of extreme sources in the center of

clusters.

This survey shows that the occurrence rate of clusters hosting extreme central

galaxies–defined as systems with either rapidly accreting supermassive black holes or

ongoing, massive starburst–is extremely low, of order a few percent. This is consistent

with the temporal statistics of pink/flicker noise observed in the CCA model and

related high-resolution hydrodynamical simulations [119, 120], which predict a 2 dex

increase in the SMBH accretion rate ∼ 1% of the time. Such a rarity of quasar-like

blast events is in agreement with the tight, gentle self-regulation driven via CCA

(arising from the hot halo condensation), which preserves the cool-core structure for

several gigayears. Similar rarity is also consistent with the observed scatter in the

SFR at fixed cooling rate [207, 228], showing 10× higher SFR in less than 10% of

clusters.

3.7.2.1 Uniqueness of the Phoenix Cluster

The Phoenix cluster is one of the most unusual clusters found recently [202, 208, 212].

The central galaxy of the cluster hosts an extremely X-ray-luminous AGN with bright

radio jets. High-resolution optical/X-ray images also reveal a massive cooling flow

extending up to hundreds of kiloparsecs, which is accompanied by a starburst-hosting

BCG. The estimated SFR of its BCG is tremendous at 798± 42𝑀⊙ yr−1 [203], which

is the highest of all known clusters. It seems that the AGN feedback, which has been

thought to be responsible for stopping the cooling of new stars in central galaxies [104,
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215], is not effective in the Phoenix cluster, leading to an extremely high SFR in the

BCG and the presence of a cooling flow. Nonetheless with only one such system, we

cannot fully understand where this system fits in our overall understanding of the

cooling/feedback cycle. The CHiPS survey was designed in part to find more of these

systems.

In this work, we find, at most, one potential analog to the Phoenix cluster: CHIPS

1911+4455. This system has a luminous blue galaxy in the center of the cluster,

similar to the Phoenix cluster, suggesting the presence of a massive starburst. We will

present a detailed analysis of this system, based on ground-based optical spectroscopy

and high-resolution Hubble imaging, in a companion paper. Further, based on in-hand

Chandra data, we find evidence that the core may be cooling just as rapidly as in the

Phoenix cluster [293]. Considering this, the total number of Phoenix-like clusters is,

at most, two (the Phoenix cluster and CHIPS 1911+4455) out of ∼ 460 systems in

a complete X-ray flux-limited sample from the ROSAT All-Sky Survey. This means

that the rate of occurrence for such rapidly cooling systems is less than 1% of the

massive cluster population. One explanation for such a rare event is that an intense

short-lived cooling of the intracluster medium or a short-lived brightening of the

central AGN is a part of the AGN feedback cycle and flickering CCA [118, 252]. We

can roughly estimate how short this burst of cooling would have been if we find only

two such systems at 0.1 < 𝑧 < 0.7. Assuming all clusters go through the evolutionary

phases in the same manner, within the past ∼ 5 Gyr, the phase of rapid cooling for

clusters lasts, on average, for ∼22 Myr. Since most signatures of star formation last

for roughly 20 Myr [162], this implies that almost the full cluster population could

go through a short-lived phase of rapid cooling, and we would only expect to observe

it (and the subsequent young stellar populations) in a few percent of clusters.

3.7.3 Planck Cluster Candidates

Two of the three clusters, CHIPS 1356-3421 and CHIPS 1911+4455, have correspond-

ing Planck cluster candidates at S/N = 5.76 and 4.64, respectively, as shown in the

first two panels of Fig. 3-16 [248]. Specifically, the Planck source at the location of
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Figure 3-16 This figure shows 𝑌 -map images of three galaxy clusters candidates–
CHIPS 1356-3421, CHIPS 1911+4455, and CHIPS 2155-3727 (from left to right)
from the Planck satellite [248]. The two clusters in the left panels are detected with
Planck and now confirmed with Chandra, as described in Section 3.6.

CHIPS 1356-3421 is among the 1653 SZ detections in the Planck catalog, but it is

not one of the 1203 confirmed detections. Somboonpanyakul et al. [292] shows that it

is in fact a massive cool core cluster at that location. Meanwhile, CHIPS 1911+4455

has a weaker signal with S/N = 4.64 but has an additional counterpart in an exter-

nal dataset, specifically a significant galaxy overdensity in the WISE data. These

two examples show that we could potentially further utilize the Planck catalog of

unconfirmed SZ sources to help confirm the existence of these hidden clusters with

lower richness than what we are able to achieve currently with the CHiPS survey.

Even though Planck’s threshold for cluster detection is higher than what we found

with the CHiPS survey, the Planck catalog also includes many low-significance can-

didates. Works similar to the CHiPS survey [e.g., 182, 304] can confirm the existence

of galaxy clusters in this lower-significance regime since it is highly unlikely that the

two completely different techniques will find a cluster candidate at the same location.

3.7.4 Missing known clusters in the survey

Based on McDonald et al. [207], there are nine known clusters at 𝑧 < 1 that host a

massive star-forming galaxy (SFR > 60 𝑀⊙ yr−1) in the center, as shown in Table. 3.4.

The CHiPS survey rediscovered four of them–A1835, Zwicky 3146, IRAS 09104+4109,
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and the Phoenix cluster. The other five are the Perseus cluster, H1821+643, MACS

1931.8–2634, RXJ 1532.9+3021, and RXJ 1504.1–0248. In this section, we explain

why these five clusters are not detected in the survey.

The Perseus cluster is the brightest cluster in the X-ray. It is not in our survey

because its redshift (𝑧 = 0.0179) falls outside of our range of interest of 0.1 < 𝑧 < 0.7.

We exclude 𝑧 < 0.1 because there are countless optical surveys looking for massive

clusters in that redshift range.

The galaxy cluster surrounding H1821+643 is the only low-redshift (𝑧 = 0.299)

galaxy cluster that contains a highly luminous, unobscured quasar in the center [267].

However, the quasar H1821+643 is a radio-quiet quasar [38]. It is not included in the

CHiPS survey because our catalog requires objects to be relatively bright in radio at

1.4 GHz. Furthermore, the CHiPS survey is also normalized by the optical images to

remove the dependence on redshift; however, this also means that we penalize objects

which have an extremely bright optical counterpart. These choices were made to

reduce the number of candidates to a manageable size for optical follow-up, but will

naturally exclude some interesting systems. Thus, we are unable to comment on the

occurrence rate of clusters hosting extremely optically bright or radio-quiet quasars

at their center.

MACS 1931.8–2634 is another example of a cluster with a powerful AGN outburst

amid a major merger event [100]. However, its X-ray location from RASS-BSC and its

radio location from NVSS are 36′′ apart, which is three times larger than our average

distance when matching between the two surveys. 1.4 GHz radio observations from

the Very Large Array (VLA) show a brighter narrow-angle tail (NAT) radio galaxy

45′′ to the south of the BCG [100]. This radio source could be a power jet from a

nearby galaxy that is falling into the BCG. With the 45′′ angular resolution of the

NVSS catalog, we conclude that the radio location of MACS 1931.8–2634 in NVSS is

a blended point between the BCG and the radio galaxy.

The last two clusters, RXJ 1504.1–0248 and RXJ 1532.9+3021, have relatively

large SFRs at 85 ± 9𝑀⊙ yr−1 and 98 ± 19𝑀⊙ yr−1, respectively. However, they are

not within our mid-IR color-cut for our selection, which focuses our selections to the
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Phoenix cluster. In fact, both of them are very close to our selection cutoff from

Section 3.2. This helps to clarify the baseline type of cluster that we expect to find,

specifically clusters with SFR > 100𝑀⊙ yr−1 in the BCG.

Both 3C 186 and 3C 254 are also not found in the CHiPS survey. This is to be

expected since their redshifts for both of them are 1.01 and 0.74, respectively, which

is more than our redshift cut at 0.7, as mentioned in Section 3.2.1.

3.7.5 eROSITA

With the recent launch of the eROSITA [255] mission in July 2019, an X-ray instru-

ment performing the first imaging all-sky survey in the energy range up to 10 keV,

thousands of new galaxy clusters and AGNs will be discovered.

The CHiPS survey helps to predict the potential biases in the eROSITA survey,

if selection is made based solely on the presence of extended X-ray emission. Some

massive groups and clusters with extreme BCGs will appear pointlike in the X-ray,

similar to what we found with the ROSAT All-Sky Survey and the CHiPS survey.

Specifically, the types of system that will be missed include systems where the point

source dominates the extended emission (e.g., QSO-central clusters) and systems

whose cool core appears pointlike (e.g., distant, strongly cooling systems). With the

predicted 105 clusters found with eROSITA [246], 2% of clusters with extreme central

galaxies, as described in Section 3.7.2, is equal to ∼2000 clusters that eROSITA will

miss if the survey only characterizes extended X-ray emissions as cluster candidates.

Pillepich et al. [246] also estimated that with eROSITA cluster counts and cosmology

priors from the Planck mission, the uncertainty of Ωm will be less than 2%. Thus, it

is crucial to take into account these missing clusters, which appear pointlike.

One proposed solution for eROSITA is to allow new X-ray detections to be clas-

sified as both a point source and an extended source if there is any faint extended

emission surrounding a point source. This could potentially help identify even more

clusters with extreme central properties. Additionally, the upcoming Vera C. Ru-

bin Observatory, a wide-field telescope with 8.4 m primary mirror, is expected to be

operating by 2021/2022 [157]. The telescope will provide an enormous amount of

114



optical data suitable for following up new cluster candidates. An important note for

the optical follow-up is the need to allow the presence of nontypical (i.e., blue) BCGs,

which is a current problem in many BCG-identifying codes.

3.8 Summary

In this work, we present a complete optical description of the CHiPS survey, a new

galaxy cluster survey using both archival data (SDSS and Pan-STARRS) and newly

acquired data from the Magellan telescope to find new clusters that harbor extreme

central galaxies. Our findings are summarized below.

• By looking at the photometric redshifts of galaxies around X-ray, radio, and

mid-IR-bright point sources, we have identified 11 cluster candidates. Of these,

we rediscovered six well-known galaxy clusters with both starburst-hosting and

QSO-hosting central galaxies. Two of these candidates were false associations

of foreground and background clusters, while the remaining three are previously

unknown.

• With additional follow-up data from the Chandra X-ray telescope for the three

new candidates, we confirmed two newly discovered galaxy clusters. We do not

detect extended X-ray emission around the other cluster candidate, finding an

upper limit on the total mass of ∼1014 𝑀⊙. Details for the first one, CHIPS

1356-3421, or the cluster surrounding PKS 1353-341, are already published in

our pilot paper [292].

• We estimate the total mass and the total luminosity of the other new cluster,

CHIPS 1911+4455. The total mass (𝑀500), using the 𝑌x–𝑀500 relation, is (6.0±

1.0) × 1014 𝑀⊙, whereas, the X-ray luminosity (0.1–2.4 keV) for this cluster is

1.9 × 1045 erg s−1. This implies that CHIPS 1911+4455 is massive enough to

be found by previous X-ray clusters surveys, such as the REFLEX and MACS

surveys.
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• We find a massive blue central galaxy in CHIPS 1911+4455, pointing to an

extreme central galaxy similar to the Phoenix cluster. With the Chandra data,

we find the core entropy at ∼10 kpc to be as low as in Phoenix, but it has

a morphology unlike Phoenix and any known strong cool-core cluster. More

details about CHIPS 1911+4455 is published in Somboonpanyakul et al. [293].

• With the CHiPS survey, we find the occurrence rate of clusters that appear as

X-ray point sources with bright mid-IR and radio flux to be 2% ± 1%, and the

occurrence rate of clusters with rapidly cooling cores similar to the Phoenix

cluster to be less than 1%. Such rarity is consistent with the flicker-noise

statistics expected during the CCA cycles and with its driven average gentle

self-regulation.

• One of the primary goals of this survey was to determine whether the Phoenix

cluster is unique. It looks like it is: there is no cluster at 𝑧 < 0.7 that has a

more massive central starburst within a factor of ∼ 3 in magnitude. If there

were, we would have found it in this survey.

In general, the discovery of these CHiPS clusters emphasizes a need for X-ray point

source/cluster-finding algorithms to allow the possibility of finding both pointlike and

extended objects at the same time. By limiting the algorithm to picking out only

X-ray-bright point sources, many clusters hosting extreme objects (starbursts/AGNs)

were missed in the past. Objects of this type are critical in our quest to understand

the relation between cooling flow and feedback from the central BCGs. Lastly, by only

finding one new galaxy cluster with a massive starburst galaxy in the center (CHIPS

1911+4455), we conclude that the Phoenix cluster is in fact a rare occurrence (less

than 1% of the whole cluster population). This finding will be important in helping

us understand the mechanism of forming a Phoenix-like cluster in the future.
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Chapter 4

CHIPS1911+4455, a Rapidly-Cooling

Core in a Merging Cluster

The content of this chapter was submitted to The Astrophysical Journal Letters on

November 9, 2020 and published [293] as The Clusters Hiding in Plain Sight (CHiPS)

survey: CHIPS1911+4455, a Rapidly-Cooling Core in a Merging Cluster on January

12, 2021.

4.1 Introduction

Early X-ray observations of the intracluster medium (ICM) in the center of galaxy

clusters revealed cooling times much shorter than the Hubble time, leading to the

development of the cooling flow model [e.g., 103]. In this model, hot gas in dense

cores should radiatively cool and fuel 100–1000 𝑀⊙ yr−1 starbursts in the central

brightest cluster galaxy (BCG). However, many studies have shown that BCGs are

only forming stars at ∼1% of this rate [e.g., 207]. A promising mechanism proposed

for preventing cooling of the ICM is active galactic nucleus (AGN) heating by jets

and bubble-induced weak shocks [see reviews by 104, 215, 121]. Evidence supporting

these theories includes the ubiquitous presence of radio galaxies at the center of

clusters [305] and the similarity between the mechanical energy released by AGN-

driven bubbles and the energy needed to quench cooling [e.g., 32, 257, 149].
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Galaxy clusters with signatures of cooling in their centers are often called “cool-

core" (CC) clusters, with their counterparts being referred to as “non cool-core"

(NCC) clusters. Hudson et al. [156] found that the best way to segregate the two is

to consider their central cooling time (tcool). Specifically, CC clusters have tcool < 7.7

Gyr, while clusters with tcool < 1.0 Gyr are referred to as “strong CCs”. A number of

observational studies have found that CCs are mostly found in relaxed clusters while

NCCs reside in dynamically active clusters. Indeed, all of the strongest CCs known

(based on cooling rate) are found in the most relaxed clusters (e.g., Phoenix [202],

Abell 1835 [217], Zw3146 [99]). This is also consistent with a variety of other stud-

ies that found star-forming BCGs in the most relaxed CC clusters [84, 89, 228, 68].

On the other hand, morphologically disturbed clusters (which are likely to be recent

mergers) generally have no evidence for ongoing cooling, suggesting that major merg-

ers may have the potential to destroy cool cores [59, 250] through shock-heating [58]

and mixing [125].

The discovery of CHIPS1911+4455 (Somboonpanyakul et al., in press) runs counter

to these established norms, since it not only harbors a very blue (star-forming) galaxy

in the center, but also shows a highly disturbed morphology on both large (∼200 kpc)

and small (∼20 kpc) scales. There are no known nearby clusters that have properties

similar to CHIP1911+4455, though McDonald et al. [205] report a higher fraction of

star-forming BCGs in merging clusters at 𝑧 > 1. This implies that CHIPS1911+4455

may provide an avenue for studying a high-redshift phenomenon in a low-redshift

cluster. To fully understand this system we have obtained new observations in the

core of CHIPS1911+4455, which we will discuss below.

Throughout this Letter, we assume 𝐻0 = 70 km s−1Mpc−1, Ω𝑚 = 0.3, and ΩΛ =

0.7. All errors are 1𝜎 unless noted otherwise.

4.2 Observations

In this section, we summarize the acquisition and reduction of data obtained from

the Chandra X-ray telescope, the Hubble Space Telescope, and the Nordic Optical
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Telescope (NOT).

4.2.1 X-Ray: Chandra

CHIPS1911+4455 (OBSID: 21544) was observed in 2019 with Chandra ACIS-I for

a total of 30.5 ks. The data were analyzed with CIAO v4.11 and CALDB v4.8.5 and

recalibrated with VFAINT mode for improved background screening. To look for

small-scale structures near the center of the cluster, images were smoothed adaptively,

using CSMOOTH1 to achieve a uniform signal-to-noise ratio over the full image, as shown

in the left panel of Fig. 4-1.

The temperature profile was extracted from coarse annuli so that the number of

counts per annulus was around 800, which is enough to get well-constrained tem-

perature measurements (∆𝑘𝑇/𝑘𝑇 ∼20%). All spectra were fit simultaneously with

the APEC model for the cluster emission, a second APEC model for the Milky Way

(𝑘𝑇 = 0.18 keV), the PHABS model for Galactic absorption, and the BREMSS model to

represent a hard background (𝑘𝑇 = 0.40 keV) from unresolved point sources, follow-

ing [203]. The WSTAT statistic was used.

The gas density profile was created by first computing the 0.7-2.0 keV surface

brightness profile. The conversion from the X-ray surface brightness profile to the

emission-measure profile (EM(𝑟) =
∫︀
𝑛𝑝𝑛𝑒𝑑𝑙) was calculated as a function of radius

based on the best-fit temperature profile and assuming a collisionally ionized plasma

APEC model with metallicity 0.3Z⊙. For more details of the X-ray analysis, see [292].

4.2.2 Optical: Hubble

CHIPS1911+4455 was observed for two orbits with the Hubble Space Telescope (HST)

during Cycle 27. The data include mediumband F550M data from the Advance

Camera for Surveys (ACS) and broadband F110W data from the Wide Field Camera

infrared channel (WFC3-IR). The F550M filter contains both the blue continuum

and the bright [O II] doublet at the redshift of the cluster, which should both be

1https://cxc.harvard.edu/ciao/ahelp/csmooth.html
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elevated in star-forming regions. The F110W filter, on the other hand, is sensitive to

the red continuum, probing the old stellar populations of the BCG and other cluster

members.

4.2.3 Optical Spectra: Nordic Telescope

Two optical spectra of the BCG of CHIPS1911+4455 were obtained with the Alham-

bra Faint Object Spectrograph and Camera (ALFOSC) at the 2.56m Nordic Optical

Telescope (NOT) on 2019 May 9. One of the spectra was obtained from Grism#4

(𝑅=360, 3200–9600 Å) with 1.′′3 slit for 1500-second exposure. The other spectrum

was a stack of two 1100 s spectra from Grism#5 (𝑅=415, 5000–10700 Å) with 1.′′3slit

at 90∘ from the first spectrum. Wavelength solutions for the two spectra were cal-

ibrated with HeNe and ThAr arc lamps, respectively, with an absolute calibration

uncertainty of 2 Å. Masks were applied to remove cosmic rays before the 1D spectra

were extracted from the 2D spectral images. The 1D spectra were then flat-fielded,

and background-subtracted from off-source regions surrounding the 1D extraction

region.

4.3 Results

4.3.1 CHIPS1911+4455: A Strong Cool Core

The thermodynamic profiles of CHIPS1911+4455 are shown in Fig. 4-2. The electron

density at 10 kpc is 0.0884 cm−3, which is among the highest measured to date [156,

206], while the temperature profile drops from a maximum of ∼8 keV at ∼300 kpc to

4 keV at ∼10 kpc.

The entropy of the ICM (𝐾 ≡ 𝑘𝑇𝑛
−2/3
𝑒 ) reflects the thermal history of a cluster,

which is solely affected by heat gains and losses [67, 242], while the cooling time

(𝑡𝑐𝑜𝑜𝑙 ≡ 3
2

(𝑛𝑒+𝑛𝑝)𝑘𝑇

𝑛𝑒𝑛𝑝Λ(𝑇 )
) represents the amount of time required for the ICM to radiate
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all the excess heat, where Λ(𝑇 ) is the cooling function [307]. For CHIPS1911+4455,

the central (𝑟 = 10 kpc) cooling time is 98+7
−32 Myr, which is classified as a strong

cool core [156]. The deprojected entropy profiles for CHIPS1911+4455, the Phoenix

cluster, and hundreds of clusters from the ACCEPT survey [67] are shown in Fig. 4-

3. Both CHIPS1911+4455 and the Phoenix cluster have entropy profiles that are

among the lowest known. The core (𝑟 = 10 kpc) entropy for CHIPS1911+4455 is

17+2
−9 keVcm2, which is in the 5th percentile of all clusters in the ACCEPT survey.

4.3.2 CHIPS1911+4455: A Major Merger

There are various ways to quantify the dynamical state of a cluster, with some of the

best combining X-ray data with information on the galaxy velocities. Lacking the

latter, we restrict ourselves to X-ray-only indicators. The two particular quantities

we consider are the “peakiness” of the surface brightness profile and the distance

between the center of symmetry on small and large scales (“symmetry”), following

Mantz et al. [191]. The peakiness measure is a proxy for the presence of a cool core,

which is typically found in relaxed clusters. A cluster with high symmetry appears

similar on small and large scales, suggesting that it is dynamically relaxed. Given that

both of these proxies probe the dynamical state of the cluster, albeit in different ways,

it is unsurprising that they are correlated [191]. The green points in Fig. 4-4 show

the population of relaxed clusters in this morphology plane. For CHIPS1911+4455,

the peakiness is measured to be -0.501, which is in the 96th percentile of all clusters,

while the symmetry is estimated to be 0.425, which is in the 7th percentile. The fact

that CHIPS1911+4455 is simultaneously one of the strongest cool cores and least

symmetric clusters known is highly unusual.

4.3.3 CHIPS1911+4455: A Starburst BCG

In Fig. 4-1, we compare optical and X-ray images of CHIPS1911+4455. The Hubble

images show that the red emission from old stellar populations is relatively smooth

and symmetric, while the blue emission from the young stellar populations and cool
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Figure 4-2 Left: the surface brightness profile of CHIPS1911+4455. The black dots
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of this modeling]. Middle: the projected 2D temperature profile of the cluster. The
black dots are data extracted from modeling of the X-ray spectra. The blue line
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gas is clumpy, asymmetric, and extended on >30 kpc scales. In particular, the red

emission shows no elongation toward the galaxies to the north, suggesting that there

has not been a recent interaction between these galaxies. Given this, and the fact

that the central entropy is amongst the ∼2–3 lowest ever measured, we propose that

the young stars are forming directly from the cooling ICM. The filamentary complex

structures in the blue emission are similar to the emission nebula in the Phoenix

cluster [208] and other nearby cool-core clusters [e.g., 209, 314, 240].

From the optical spectrum in Fig. 4-5, we identify several bright emission lines,

including H𝛽 and [O ii]. The relative lack of bright [O iii] compared to [O ii] indicates

that the central galaxy in CHIPS1911+4455 is a massive starburst and not a bright

AGN. We use these emission lines to estimate the redshift of the central galaxy, finding

𝑧 = 0.485±0.005. From the two slit orientations, we measure [O ii] equivalent widths

of 40.9 ± 1.0 Å and 43.8 ± 1.0 Å, which are consistent with one another. To convert

to flux, we model the spectral energy distribution (SED) of the galaxy, based on data

from Pan-STARRS [𝑔, 𝑖, 𝑟, 𝑧, and 𝑦; 313] and WISE [𝑤1 and 𝑤2; 337], with a linear

combination of “young" and “old" stellar populations, along with dust reddening [61].

The best-fit SED model is shown in Fig. 4-5. We estimate a dereddened continuum

flux at the location of [O ii] of 3.5 ± 0.5 × 10−16 erg s−1 cm−2Å−1, which we combine

with the EW to estimate the star formation rate (SFR) of the central galaxy, arriving

at 189+25
−22 M⊙ yr−1 [162].

Another way to measure SFR is to use the 24𝜇𝑚 emission since mid-IR fluxes

are unaffected by dust extinction, unlike UV and optical tracers. Instead, mid-IR

emission comes from the reprocessed light by dust, produced from recently formed

stars. Based on the WISE4 flux (∼ 4× 10−18 erg s−1 cm−2Å−1), we estimate the SFR

for the central galaxy to be 143+31
−26,M⊙ yr−1, based on Cluver et al. [75].

Considering both the [O ii] emission line luminosity and the mid-IR continuum, we

obtain consistent SFRs of ∼140–190 𝑀⊙ yr−1, making the BCG in CHIPS1911+4455

one of the most star-forming BCGs in the 𝑧 < 1 universe [see, e.g., 207]
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4.4 Discussion

It is clear, based on Sections 4.3.1–4.3.3, that CHIPS1911+4455 is a unique system in

the nearby universe (𝑧 < 0.5) with an extremely high central SFR, a strong cool core,

and large-scale morphology consistent with a recent merger. It is common knowledge

that, at low redshift, the most star-forming BCGs tend to be located in the most

relaxed, cool-core clusters [66, 89]. Whereas, the SFR in high-redshift BCGs tend to

be higher in dynamically active, non-cool-core clusters [205, 43]. CHIPS1911+4455

may represent a low-redshift analog of these high-redshift systems, allowing us to

study physical processes that may have been much more common at early times.

Below, we speculate on possible explanations for the observed starburst.

In the precipitation scenario [325] for AGN feeding and feedback, cool clouds

condense and can form stars or fuel AGN feedback when the cooling time (𝑡cool) is

significantly shorter than the timescale for the cloud to fall to the center of the clus-

ter potential (𝑡ff). The latter timescale is a proxy for the mixing time of the cooling

gas. The threshold for thermal instability is usually taken to be 𝑡cool/𝑡ff < 10 [e.g.,

325, 121], but this depends on the medium’s susceptibility to condensation, the slope

of the entropy profile, the amount of turbulence, and the amplitude of entropy per-

turbation [329, 327]. If a dense, low-entropy core is perturbed from the center of the

gravitational potential, the timescale for mixing is increased while the cooling time

remains constant, leading to an enhancement in thermal instabilities. Further, the

separation of the low-entropy gas from the direct influence of the central AGN could

prevent tcool from increasing. This displacement of low-entropy gas from the central

massive galaxy would happen naturally during a merger (i.e., in CHIPS1911+4455).

The X-ray data in Fig. 4-1 support this scenario, depicting a disturbed cool core

elongated in the north-south direction. While the bulk of the cool, star-forming gas

extends along a southern-pointing filament, there is a fainter blue filament that con-

nects the central BCG to the more northern X-ray peak. This suggests that the

northern X-ray peak might contain low-entropy gas that is dislodged from the loca-

tion of the BCG. The existence of this system – a dynamically active but rapidly
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cooling core – provides evidence that mergers may stimulate star formation and en-

hance cooling. This process would be especially relevant in the distant universe when

mergers were more common compared to the present time [108].

Closely related to this, in the chaotic cold accretion scenario [CCA; e.g., 120] tur-

bulence is a key ingredient to drive direct nonlinear thermal instability and extended

condensation. During CCA the global driver can be tied not only to AGN feedback,

but to mergers too, which can stimulate a significant amount of turbulence [e.g., 176]

and density fluctuations at large injection scales, enabling enhanced condensation.

In summary, there are multiple ways that a recent cluster-cluster merger could

enhance cooling: by increasing the fallback time of a low-entropy cloud (lowering

𝑡cool/𝑡ff), by physically separating the cool gas and the heat source (AGN), and by

increasing the local turbulence, leading to larger density fluctuations. The inclusion of

dynamically active clusters in the suite of high-resolution, zoom-in simulations that

study the detailed interplay between radio-loud AGN and the cooling, multiphase

ICM [e.g., 120], is a necessary next step toward understanding the relative importance

of these phenomena.

4.5 Conclusion

In this work, we present new data from Hubble, Chandra, and the Nordic Optical

Telescope. Our findings are summarized as follows:

1. We measure the ICM density in the core (𝑟 < 10 kpc) of CHIPS1911+4455 to

be 0.09 cm−3, which is typical for a cool-core cluster. The core entropy is 17+2
−9

keV cm2, which is within the lowest 10% for cluster cores from the ACCEPT

samples [67]. The low-entropy core is a clear signature of strong cooling in the

center of the cluster.

2. The X-ray morphology of CHIPS1911+4455 is highly peaked in the center (96th

percentile for “peakiness”) and very asymmetric (7th percentile for “symmetry”)

compared to a large sample of X-ray-selected clusters. This contradiction in
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its morphology between a relaxed (peaky) cluster and a dynamically active

(asymmetric) cluster is highly unusual, and is rarely observed.

3. Based on the [O ii] emission line luminosity, we measure an SFR in the BCG

of 189+25
−22 M⊙ yr−1. This is consistent with an estimate based on the mid-IR

continuum of 143+31
−26 M⊙ yr−1. This BCG is among the five most star-forming

BCGs in the low-z universe. Data from Hubble confirm that this emission is

extended in complex blue filaments near the BCG, with no evidence for an

ongoing merger.

4. Based on the highly asymmetric X-ray morphology on small (∼20 kpc) scales,

coupled with the exceptionally low core entropy, we propose that rapid cooling

in this system may have been triggered by a dynamical interaction between two

similar-mass clusters. In this scenario, some of the low-entropy gas from the

more massive cluster is dislodged from the central AGN-hosting galaxy. For the

low-entropy gas separated from the central galaxy, cooling is more favorable

due to the longer mixing times, enhanced large-scale turbulence and CCA rain,

and lack of a direct heat source (AGN). This system may provide a link to

high-redshift clusters, where previous studies have found an abundance of star-

forming BCGs in dynamically active clusters.

CHIPS1911+4455 is the first low-redshift (𝑧 < 1) galaxy cluster with this dis-

tinctive characteristic (hosting a high star-forming BCG and a strong cool-core but

having a disturbed morphology). The cluster was discovered by the Clusters Hid-

ing in Plain Sight (CHiPS) survey because of its exceptionally bright cool core that

appears to be pointlike in previous X-ray cluster catalogs [292]. CHIPS1911+4455

represents a unique opportunity to understand the relationship between a merging

galaxy cluster and star formation in its BCG, which, in turn, unravels an alternative

method to form cooling flows and massive starbursts apart from a simple accretion

model. This mechanism will become much more important at high redshift (𝑧 > 1)

when the cluster merger rate is significantly higher [108, 205].
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Chapter 5

The Evolution of AGN Activity in

Brightest Cluster Galaxies

The content of this chapter was submitted to The Astrophysical Journal on June 30,

2021 as The Evolution of AGN Activity in Brightest Cluster Galaxies

5.1 Introduction

Galaxy clusters are the most massive gravitationally bound objects in the universe [326].

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 their cooling times shorter 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 [103, 274].

However, multi-wavelength observations have only seen a fraction of these massive

cooling flows which are expected from standard cooling models [e.g., 91, 207, 239].

This is referred to as “the cooling-flow problem", and active galactic nuclei (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, with relativistic jets push-

ing aside the hot gas and creating cavities, and the quasar mode, with the radiation
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coming from the accretion disk [see reviews by 104, 215].

With the recent development of galaxy cluster surveys which utilize the Sunyaev-

Zel’dovich (SZ) effect [306], such as the South Pole Telescope [SPT; 36, 37, 63, 154] and

the Atacama Cosmology Telescope [ACT; 146, 145], 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 [132, 203,

206]. However, the evolution of AGN feedback in galaxy clusters with redshift remains

poorly understood. In particular, Hlavacek-Larrondo et al. [149] 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. [148] 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 evolution between

two redshift bins (⟨𝑧⟩ ∼ 0.25 and ⟨𝑧⟩ ∼ 0.65) [339]. 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 [36] and classifying whether they are AGNs,

based on mid-infrared data. 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 mecha-

nisms 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 ab-

sence of AGNs in the centers of clusters has led us to study many physical processes,

including ram-pressure stripping [130], tidal effects from the cluster gravitational po-

tential [223], and the lack of new infall of cold gas [175]. 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 that.
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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 is any

more extreme AGN-hosting BCGs in the sample, similar to the Phoenix cluster. The

paper is organized as follows. In Section 5.2 and Section 5.3 we summarize the data

and additional information used in this paper. The results and their implications

are presented in Section 5.4 and Section 5.5, respectively. We conclude our work in

Section 5.6. We assume 𝐻0 = 70 km s−1 Mpc−1, Ωm = 0.3 and Ω𝜆 = 0.7. All errors

are 1𝜎 unless noted otherwise.

5.2 Data

5.2.1 The SPT-SZ 2500 deg2 Cluster Sample

We use the full 2500 deg2 SPT-SZ cluster sample from Bleem et al. [36] with the

improvement in the cluster redshift estimates from Bocquet et al. [39] by incorporating

new spectroscopic and improved photometric measurements [18, 163]. The survey

spans a contiguous 2500 deg2 area within a boundary of RA = 20h–7h, and Dec. =

-65∘– -40∘. Once we limit the redshift range to 0 < 𝑧 < 1.3, the total number of

clusters in our sample is 475.

5.2.2 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 identifica-

tion pipeline that utilizes 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) cata-

logs [158, 280], cross-correlated with unWISE [173], which is a combination of WISE

and NEOWISE images. Various cuts and flags are utilized to avoid stars, and objects
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with poor photometric measurements. Probability distributions of photometric red-

shift and stellar mass for each source are estimated with EAZY [51] and FAST [171],

respectively. We then randomly sample from each distribution to find the most mas-

sive 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 as-

signed a value between 0 to 100% probability of being the BCG within each cluster.

Full details on the pipeline, along with the BCG catalog, will be provided in Noble et

al. (in preparation). The top three panels of Fig. 5-1 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/traditional

visual BCG identification methods would select cover a wide range of redshift.

5.2.3 Data for AGN Selection

Most photometric techniques for identifying AGNs are severely biased toward un-

obscured (type 1) AGNs since their nuclear emissions dominate over 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-infrared selections. However, not all AGNs are radio loud [e.g., 301] and the cur-

rent hard X-ray satellites remain limited in their sensitivity and field of view. This

leaves mid-infrared selection as a popular technique to quickly identify large AGN

populations (obscured and unobscured). The idea of mid-infrared selection is to sep-

arate between the power-law AGN spectrum and the blackbody stellar spectrum of

galaxies, which peaks at rest frame 1.6𝜇𝑚. The power-law spectra of the AGNs is

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 [140, 303]. This implies

that the emission is not strongly suppressed by the dusty torus, unlike UV to near-IR

wavelength, allowing this technique to detect more obscured AGNs. Additionally,

with the first all-sky data release of Wide-field Infrared Survey Explorer [WISE; 337]

in 2012, mid-infrared selection became one of the top methods of probing the AGN
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population over the entire sky without additional observations.

One drawback of the mid-IR technique is that the dilution from the host galaxies

limits the mid-IR color from selecting low-luminosity AGNs [303]. This means that

AGNs selected by the mid-IR color tend to be brighter relative to the host galaxies

than those selected by other techniques. For example, Assef et al. [10] 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 bolomet-

ric correction [288]. Assuming the efficiency of turning accreting matter into energy

𝜖𝑎𝑐𝑐 = 0.1 and a typical mass of the supermassive black hole 𝑀BH ∼108–109𝑀⊙ [268],

the black hole mean accretion rate (𝑀̇𝐵𝐻 = 𝐿bol,nuc/𝜖𝑎𝑐𝑐𝑐
2) of mid-IR selected AGNs

should be greater than 4×10−3–4×10−2 𝑀̇Edd, where 𝑀̇Edd is the limiting Eddington

accretion rate. This level of accretion is relatively high, compared to typical opti-

cal/radio AGNs, which have an accretion rate at around 10−6–10−2 𝑀̇Edd [213]. This

implies that the mid-IR technique will identify mainly a brighter and more massive

AGN population. From now on, AGNs mentioned in this paper mean the mid-IR-

selected AGN population.

5.2.3.1 Mid-IR Data from WISE

WISE is an infrared-wavelength space satellite with four IR filters, including 𝑊1

(𝜆𝑐𝑒𝑛 = 3.6 𝜇𝑚), 𝑊2 (4.3 𝜇𝑚), 𝑊3 (12 𝜇𝑚), and 𝑊4 (22 𝜇𝑚) [337]. The satellite

operated for two years with cryogen until 2011, before reactivated and resumed op-

eration as NEOWISE in 2013, and has continued to observe ever since [187]. Instead

of using the main source catalog from WISE (AllWISE) that only includes the data

obtained from 2010 to 2011, we make use of CatWISE to get the best photometry

with available data. CatWISE is an updated all-sky infrared source catalog, which

combines the 2010 and 2011 data from WISE with the 2013 through 2016 NEOWISE

data [102]. 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 WISE color for each BCG, which has an advantage of including four times as

many exposures as that used for the AllWISE catalog while using the same AllWISE
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software, making it more straightforward to make a comparison with previous works.

For every BCG identified (with probability > 5%) from Section 5.2.2, we search for

mid-IR counterparts in the CatWISE catalog within a radius of 3′′ from the identified

BCG, since the typical FWHM for 𝑊1 and 𝑊2 are 6.08′′ and 6.84′′, respectively.

Both 𝑊1 and 𝑊2 are converted from Vega to AB magnitudes using the correction

from the Explanatory Supplement to the WISE Products1. The bottom three panels

of Fig. 5-1 shows 𝑊1 images of the three SPT clusters, showing that their BCG

candidates can be detected with WISE data.

5.2.3.2 CatWISE Color Correction

We perform a comparison test between the AllWISE and CatWISE catalogs. The

test is carried out by comparing the (𝑊1 − 𝑊2)AB color of bright objects (16.5 <

𝑊1AB < 18) between the two catalogs within 10 arcmins of one field. The objects are

plotted in Fig. 5-2, showing the offset between the color from AllWISE and CatWISE

to be around 0.042. Further investigation reveals that this is due to the gradual

diminishing of the 𝑊2 throughput with time, leading to a bluer (𝑊1−𝑊2)AB color,

compared to AllWISE. We apply this correction of 0.042 mag to CatWISE 𝑊1−𝑊2

colors.

5.3 Method

5.3.1 AGN Selection

With the WISE satellite, Stern et al. [303] developed a well-known formula to quickly

identify AGN candidates with a simple color criterion, (𝑊1 − 𝑊2)Vega ≥ 0.8 or

(𝑊1−𝑊2)AB ≥ 0.16. One benefit of mid-IR selected samples is that both unobscured

(type 1) and obscured (type 2) AGN can be identified [172, 302, 303]. However,

since the colors of galaxies drastically change over a large redshift range, this simple

criterion is not accurate enough to characterize a large population of AGNs. To

1wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html
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Figure 5-2 This figure shows a comparison of 𝑊1 −𝑊2 between AllWISE and Cat-
WISE. The red line is the median of the difference at 0.042 mag.
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increase the number of AGNs we can identify, we develop a new color criterion which

depends on redshifts of galaxies.

5.3.1.1 EzGal Galaxy Color Model

To determine whether each BCG harbors an AGN, we calculate the expected color

for typical elliptical galaxies using EzGal2. EzGal calculates the magnitude evolu-

tion as a function of redshift from evolving the spectral energy distribution (SED)

models of a stellar population with time and projecting them through filters [188].

This calculation takes into account both the stellar evolution of a galaxy as young

stars evolve as well as the wavelength shift due to the distance of a galaxy. To find

the model that best describes our overall sample, we perform a grid search between

three stellar population model sets [i.e., 56, 80, 193], various formation redshifts, two

different initial mass functions (IMF) [i.e., 69, 272], star formation history as a single

exponential decaying burst of star formation with an e-folding time parameter (𝜏)

between 0.1 and 10 Gyr, and the representative metallicity (𝑍) for our galaxy sample

from 0.001 to 0.03. Ultimately, the best-fit model (based on the Chi-square test) is

the Bruzual and Charlot [56] stellar model with a formation redshift of (𝑧𝑓 ) 3.5, the

Salpeter [272] IMF, 𝜏 = 0.1 Gyr for star formation history, and the metallicity of

0.016. The orange line in the top panel of Fig. 5-3 shows the expected 𝑊1 − 𝑊2

color evolution, generated from the EzGal model with this particular set of param-

eters. The bottom panel shows the residual from the expected value of 𝑊1-𝑊2 for

each BCG. It demonstrates that the scatter is distributed around zero with extremely

small trend, implying that we have successfully removed the continuum contribution.

In this work, galaxies which are redder (the residual greater than 0.2) than typical

elliptical galaxies based on the EzGal model are considered AGN candidates. For a

range of threshold values from 0.2 to 0.6, the highest redshift bin has more AGN-

hosting BCGs, compared to the lowest redshift bin, implying that an increase in the

fraction of AGN-hosting BCGs is independent of this choice.

One assumption we apply in this section is that we only consider a single-burst

2www.baryons.org/ezgal/
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stellar population model with a single formation redshift, star formation history, and

metallicity. Even though this simple model is likely not sufficient to describe our

data, it is currently not possible to use multiple stellar population models since they

would require a much larger sample of BCGs and more multiwavelength data to get

a good constraint on the models. With a single-burst model, we find that the slope

of the expected 𝑊1-𝑊2 at high redshift could not be steeper than our fitted model,

implying that there is no other steeper-slope model that could explain the evolution

trend at high redshift. This means that the redder mid-IR color that we observe

could mean either that there are in fact more AGN at high redshift or our single-

burst population model is not adequate to describe the data. We should keep this

caveat in mind when we discuss the implication of our results.

As a test to see how a starburst can affect the mid-IR color, we consider Abell

1835 [100] and MACS J1931.8-2634 [147], which are the most star forming BCGs

known [SFR ∼ 100𝑀⊙ yr−1 207] that also lack evidence of a strong AGN. The two

colored stars in Fig. 5-3 demonstrate that even though a star-forming BCG would

have boosted mid-IR emission due to dust, polycyclic aromatic hydrocarbon molecules

(PAH), and molecular gas, the emission is not as strong as the power-law spectra of

AGNs, and our selection does not include these two BCGs. On the other hand, the

two clusters with the most luminous AGNs (H 1821+643 and IRAS 09104+4109) are

easily detected with our criterion.

5.3.1.2 Spitzer Color Verification

Because the point-spread function (PSF) of the two WISE bands are not small

(PSF𝑊1 = 6.′′08 and PSF𝑊2 = 6.′′84), we compare the results from WISE mid-

IR color with those from the Spitzer Space Telescope. Spitzer is an infrared telescope

with the Infrared Array Camera [IRAC; 111] as one of its main science instruments.

IRAC is a four-channel imaging camera capable of taking simultaneous images at

wavelengths of 3.6, 4.5, 5.8, and 8.0 𝜇𝑚. Thus, the channel 1 and 2 ([3.6] and [4.5])

on IRAC are roughly equivalent with 𝑊1 and 𝑊2 from WISE, but with a benefit of

having a much better PSF at 1.′′95 and 2.′′02, respectively [111].
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Figure 5-3 Top: 𝑊1-𝑊2 color for each BCG candidate as a function of cluster redshift.
The orange line shows the expected color as a function of redshift for our elliptical
galaxy model using EzGal, as described in Section 5.3.1.1. The green line shows our
criterion for selecting AGNs, which is derived from the orange line, and the pink line
shows the cut from the previous work by Stern et al. [303]. Bottom: the 𝑊1-𝑊2
color difference between each BCG candidate and the expected color. Every object
with the residual greater than 0.2 is likely to be an AGN. The vertical gray dashed
lines show the binning for the results in Fig. 5-5. The two colored stars are known
galaxy clusters with large SFR, showing that our selection criterion does not select
these starburst BCGs, while the two clusters with luminous AGNs (H 1821+643 and
IRAS 09104+4109) are clearly above our criterion.
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A certain fraction of the SPT cluster sample has been observed with IRAC. For

verification, we compare the [3.6]-[4.5] colors of our AGN-hosting BCG candidates

with their 𝑊1−𝑊2 colors. If the Spitzer color, which has a higher angular resolution,

is bluer (smaller) than the WISE color, it shows that there is a contamination from

nearby galaxies within the WISE aperture. On the other hand, if the Spitzer color is

redder (larger), it implies that the object is even more likely to be an AGN. Fig. 5-4

shows the comparison between WISE’s 𝑊1−𝑊2 (in gray squares) and Spitzer’s [3.6]-

[4.5] color (in circles) for our AGN candidates. We find that most AGN candidates

have IRAC infrared color difference either compatible or larger than the WISE ones.

This suggests that most of our AGN candidates are likely to be real quasars. One

clear exception is SPT-CL J2146-4633, which has a WISE color much redder than

Spitzer. Further investigation shows that there is a point-like source near the location

of the object, but not at the BCG location, meaning that the WISE color is probably

contaminated by a nearby AGN while the Spitzer color is not.

5.3.2 Calculating the AGN fraction

We compute the fraction of galaxy clusters with AGN-hosting BCGs based on the

number of BCGs whose mid-IR colors are redder than expected, as described in Sec-

tion 5.3.1.1, in four redshift bins to study the redshift evolution. With the probability

estimated in Section 5.2.2, we first include in Fig. 5-3 all the BCGs which are identified

with a probability that is higher than 20%, meaning that some clusters will have more

than one BCG candidate. The fraction of AGN-hosting BCGs are calculated over the

total number of BCG candidates, instead of the total number of clusters in each bin.

The bins are defined from 𝑧 = 0–1.3 in such a way that each bin contains roughly

the same number of BCG candidates (∼140 BCGs). We will discuss these particular

choices of calculating AGN-hosting BCG fraction in Section 5.4. The uncertainties

associated with the AGN fractions are estimated by combining the measurement er-

rors associated and the corresponding binomial uncertainty derived from Cameron
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Figure 5-4 The residual plot similar to the bottom panel of Fig. 5-3. The blue points
are the 𝑊1-𝑊2 color difference between each BCG candidate and the expected color.
The gray squares emphasize the 𝑊1-𝑊2 color from WISE for the sample which
has been observed by Spitzer while the colored circles show the color from Spitzer,
demonstrating that most of the objects we classify as AGNs have a difference of
Spitzer and WISE color to be either compatible (60% of the sources have a difference
to be within ±0.07 mag) or Spitzer is slightly redder (33% of the sources have the
Spitzer color larger than the WISE one by ∼0.2 mag). This means the color and our
results are not strongly impacted by WISE’s larger PSF.
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[62]. In particular, we use a beta probability distribution:

𝐵(𝑎, 𝑏) =
(𝑎 + 𝑏− 1)!

(𝑎− 1)!(𝑏− 1)!
𝑝𝑎−1𝑞𝑏−1, (5.1)

where 𝑘 is a number of successes in a series of 𝑛 independent trials, 𝑎 = 𝑘 + 1,

𝑏 = 𝑛− 𝑘 + 1, 𝑝 is the probability of success, and 𝑞 = 1 − 𝑝, respectively, which is a

normalized version of a ‘binomial distribution,’ as a likelihood function. By assuming

the Bayes-Laplace uniform prior, for which 𝑃𝑝𝑟𝑖𝑜𝑟(𝑝) = 1 for 0 < 𝑝 < 1, we treat this

beta distribution for 𝑝 as a posterior probability distribution, which can then be used

to estimate the Bayesian confident intervals directly Cameron [62].

5.4 Results and Verification

The blue points in Fig. 5-5 show the fraction of AGN-hosting BCGs in the four redshift

bins with their corresponding 68% confidence intervals. We observe 3.4𝜎 evidence that

the fraction is increasing with redshift in the SPT sample, given the size of the bins

in this work. The gray points show the fraction of points that have residuals less

than -0.2. If the scatter is truly random, there should be a similar number of points

below -0.2, compared to those above +0.2, which are classified as AGNs. This result

implies that the increasing trend of the AGN-hosting BCGs fraction is not a result of

the data quality. Such a trend has been suggested and shown in previous works [e.g.,

33, 148, 205, 226]. In particular, we show that the fraction is ∼2% at 𝑧 ≈ 0.5 which

is consistent with what Somboonpanyakul et al. [294] found from looking at extreme

central BCGs in clusters. We note that since some AGN-dominated galaxies will have

poor photometric redshift constraints as they are estimated from the stellar spectrum

and not AGN’s power-law spectrum, we might misidentify these galaxies in our BCG

finding algorithm. This implies that the number of BCGs with central AGNs found

in this work gives a lower limit on the AGN-hosting BCG fraction, and the actual

evolution could be even stronger.

The two main assumptions applied for this work are 1.) we include all BCG
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Figure 5-5 The fractions of clusters with AGN-hosting BCGs as a function of redshift.
Blue points show the fractions from this work, which comes from the 𝑊1−𝑊2 color
residual in the SPT sample. The size of the error bar takes the binomial uncertainty
into account. Gray points show the fraction of points that have residual less than
-0.2, which we consider a “background". This figure demonstrates that the fraction
of AGN-hosting BCG increases with redshift.
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candidates with probability higher than 20% in our sample, instead of picking only one

BCG per cluster, and 2.) we calculate the fraction of BCGs with AGNs over the total

number of BCG candidates, and not the fraction of clusters with AGN-hosting BCGs

over the total number of clusters. The reason for these two assumptions is that we

want to include AGN-hosting BCGs from systems with more than one obvious BCG,

which are typical for merging systems such as the Coma cluster [342], and the Bullet

cluster [195]. We perform consistency checks to address both of these assumptions.

Fig. 5-6 shows the fraction of AGN-hosting BCGs when we consider the most likely

BCG candidates, every BCG candidate with the probability higher than 20%, and

every BCG candidate with the probability higher than 10%, respectively. This figure

shows that the increasing trend of the fraction of AGN-hosting BCGs over redshift

remains consistent in all three scenarios, regardless of how we select BCGs.
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Figure 5-6 All three panels show the fractions of clusters with AGN-hosting BCGs,
similar to Fig. 5-5. The left panel (triangles) shows the fraction when we consider only
the most likely BCG for each cluster. The middle panel (dots) includes all possible
BCGs with probability higher than 20% while the right panel (squares) includes those
with probability higher than 10%. With all scenarios, the fraction remains increasing
as a function of redshift.

On the other hand, Fig. 5-7 shows the results when we use different definitions

of AGN fractions. The gray and blue points in Fig. 5-7 are calculated with the total

number of clusters as a denominator, instead of the number of BCG candidates. For

the blue points, we consider one BCG per cluster and include both the probability of
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being BCGs, as calculated in Section 5.2.2 and the uncertainty of the mid-IR color

for each BCG to emphasize the fact that the uncertainties of identifying BCGs and

BCG colors are higher at high redshift. The empty gray dots are the largest possible

fractions, which are calculated from clusters that have any of their potential BCGs

to be considered as AGNs, while the empty gray squares are the smallest possible

fractions by counting only clusters which have all of their BCG candidates to be

classified as AGNs. This figure illustrates that all of these definitions qualitatively

give the same conclusion to our initial results.

We compare our results with the AGN fraction in field galaxies to determine

whether there is a difference in the fractions between the two environments. The

green and pink squares in the left panel of Fig. 5-8 show the field X-ray AGN frac-

tions from the zCOSMOS survey [287] and the Chandra Multiwavelength Project

results [ChaMP; 133], respectively. The results from our work are consistent with

these two results, suggesting that the source of fuel required for AGN accretion in

field galaxies could be similar to that in the center of galaxy clusters. Additional ev-

idence for the AGN fraction evolution in field galaxies has been seen in other works.

For example, Lehmer et al. [178] finds an evolution in early type galaxies (𝑧 ∼ 0.7)

consistent with the (1 + 𝑧)3 pure luminosity evolution model. The gray dotted line in

Fig. 5-8 shows the curve for (1+𝑧)3 although it is only intended to be illustrative since

it is arbitrarily normalized. The dashed line instead shows the curve for (1 + 𝑧)5.3,

which seems to better fit with our results. This line is first suggested by Martini et al.

[198] who show the AGN fraction of cluster members to increase as ∼ (1 + 𝑧)5.3 for

AGN above an X-ray luminosity 𝐿𝑥 > 1043 erg s−1, hosted by luminous galaxies. We

also fit the power law model (∝ (1 + 𝑧)𝛼) to the blue points in Fig. 5-8 and find a

power law exponent 𝛼 = 5.4 ± 0.5, which is consistent with the results from Martini

et al. [198]. Nevertheless, there are caveats regarding the relationship between cluster

BCGs and field galaxies. One concern is that the AGN selection criteria for both

BCGs and field galaxies are different, making it difficult to make a direct comparison

between the two. In addition, according to the work about the evolution of AGN

luminosity [137, 286] which shows that AGNs in galaxies tend to be brighter at high
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Figure 5-7 The fractions of clusters with AGN-hosting BCGs, similar to Fig. 5-5.
The blue points assume one BCG per cluster and incorporate the probability of being
a BCG, estimated from Section 5.2.2. The empty gray dots are for clusters which
have any of their potential BCGs to be considered as AGNs, which is equivalent to
the maximum fraction. The empty gray squares only include clusters whose BCG
candidates are all considered AGNs, which is the minimum fraction. This figure
shows that all of these definitions qualitatively give the same conclusion to our initial
results.
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Figure 5-8 Comparison of the fraction of clusters with AGN-hosting BCGs to other
published works. Left: Green and pink squares are the field AGN fraction from Sil-
verman et al. [287] and Haggard et al. [133], respectively. The gray dotted line
indicates pure luminosity evolution ∝ (1 + 𝑧)3, suggested by Lehmer et al. [178],
while the gray dashed line shows the (1 + 𝑧)5.3 line, suggested by Martini et al. [198].
Middle: Orange diamonds show the estimated fractions of BCGs with bright AGNs
(log10(LX,nuc [erg s−1]) > 42.2) from Hlavacek-Larrondo et al. [148] with orange open
diamonds showing the scaled version by changing the total number of clusters to a
larger parent sample which Hlavacek-Larrondo et al. [148] had drawn from since this
work only focuses on highly X-ray-luminous clusters (𝐿𝑋 > 3 × 1044 erg/s). Right:
Purple points show the fraction of BCGs with SFR > 100𝑀⊙ yr−1 from McDonald
et al. [205].

redshift, we would naturally expect to find a higher AGN fraction at high redshift

since we usually selected AGNs based on a certain luminosity threshold. [198].

5.5 Discussion

The results obtained in Section 5.4 demonstrate that there is an increase in the frac-

tion of AGN-hosting BCGs with redshift. This finding is consistent with previously

published studies [e.g., 33, 148], which focus on different samples with distinct se-

lection effects. In particular, the results from Hlavacek-Larrondo et al. [148] and

ours, as shown in the middle panel of Figure 5-8, show the same trend of increasing

fraction of AGN-hosting BCGs with redshift. However, the normalizations are vastly

different. Hlavacek-Larrondo et al. [148] claimed that the fraction of active BCGs is
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30% at 𝑧 ≈ 0.1 and 60% at 𝑧 ≈ 0.5. On the other hand, we show that the fraction

is less than 20% at all redshift bins. A possible explanation is the very different

samples that these works consider. While this study is based on an effectively mass-

selected sample of clusters, with no consideration of X-ray properties, the sample

used by Hlavacek-Larrondo et al. [148] focuses solely on highly X-ray-luminous clus-

ters (𝐿𝑋,cluster > 3 × 1044 erg s−1), which show clear X-ray cavities. To put these two

studies on the same scale, we modify the denominator used by Hlavacek-Larrondo

et al. [148] in calculating the AGN fraction to account for the full parent population

of clusters from which their sample of 32 clusters was drawn. Given that this previ-

ous work included a subsample of clusters drawn from the REFLEX [42], eBCS [95],

MACS [96], and SPT-XVP [203] surveys, we consider these surveys in their entirety

as the total population (the denominator) when calculating the AGN fraction. With

this rescaling, we find that the fraction of BCGs hosting bright AGN is consistent

between this work and Hlavacek-Larrondo et al. [148], and that the observed evolu-

tion is consistent between both studies. This suggests that the X-ray-selected sample

has a higher fraction of clusters with AGN-hosting BCGs simply because that par-

ticular sample includes exclusively X-ray bright clusters (biased to cool cores) and

active galaxies (i.e., high jet power). We note that even though the scaled version

of Hlavacek-Larrondo et al. [148]’s work is still biased compared to our sample of

AGNs because of different selection techniques (X-ray versus mid-IR), at least the

X-ray sample no longer includes only powerful AGNs in the sample, making it more

reasonable for a comparison.

An increase of the fraction of BCGs hosting central AGNs with redshift suggests

that the accretion rates of the supermassive black holes in the BCGs are higher

at high redshift since AGN luminosity is proportional to accretion rate. Several

works about the relation between the mean black hole accretion rates and the cavity

(kinetic)/quasar (radiative) power of the central AGN [74, 268] have shown that as

black hole accretion increases in the BCGs, the cavity power of the AGN also increases

to counteract the cooling from the accretion in a form of a negative feedback cycle.

However, as the black hole accretion rates rise to near the Eddington limit, the
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cavity/jet power seems to be saturated and the radiative power tends to dominate

at this level of accretion. The fact that the radiative power from AGNs usually

promotes more cooling in the ICM, instead of preventing it, suggests that a well-

regulated feedback system between a central black hole and its host cluster is no

longer possible at high accretion, implying that some galaxies might not have a fully

established AGN feedback loop at this redshift range.

A similar conclusion has been reached from the work related to star forming

galaxies [43, 205, 331], which have shown that the fraction of starburst BCGs is

higher at high redshift (𝑧 > 1). Specifically, McDonald et al. [205] found the fraction

of BCGs with SFR over 10𝑀⊙ yr−1 to be 34 ± 5% at 0.25 < 𝑧 < 1.25, compared to

∼1–5% at 𝑧 ∼ 0. The right panel of Figure 5-8 compares the fraction of AGN-hosting

BCGs in this work with the fraction of starburst BCGs (SFRBCG > 100𝑀⊙ yr−1)

from McDonald et al. [205], demonstrating that in the center of cluster environments

both massive starburst galaxies and bright AGNs behave similarly. These two results

strongly hint that AGN feedback might not be as effective to prevent overcooling at

high redshift as we have previously thought.

All of these results lead us to suspect that the reason for the observed redshift trend

and the breakdown of AGN feedback at high redshift comes from the fact that there is

an abundance of cold gas at that redshift. Typically in the local universe, BCGs grows

by merging with gas-poor satellites without triggering any AGN activity. However,

BCGs at high redshift could grow by merging, instead, with gas-rich members. Cold

gas from the mergers could be a source of fuel for increasing AGN activities in the

center of clusters. This is consistent with the picture we get from the studies of

starburst BCGs [205, 331] since cold dense clouds from gas-rich mergers could provide

enough matter required for creating new stars. This scenario can also explain recent

studies about the cool core (CC) fraction which show no sign of evolution over the

same redshift range [206, 266]. If AGN feedback breaks down at high redshift, one

would expect that the CC fractions of clusters would be higher since more gas should

have been cooled near the center. However, if black hole accretion and star formation

in high-redshift BCGs are fueled by something other than cooling of the hot gas,
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such as gas-rich mergers [15, 152], it would be reasonable to think that the trends

of AGN- and starburst-hosting BCG fractions would be different from the trend of

CC fraction. 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 vs

𝐿𝑐𝑜𝑜𝑙 relation [256] at 𝑧 > 1.

Another possible scenario to explain the trend of high AGN-hosting BCG frac-

tion at high redshift has to do with cluster mergers. It has been shown both in

simulations [108] and observations [206] that the cluster merger rate is significantly

higher at high redshift. Major mergers between two clusters have the potential to

disrupt a tightly-regulated AGN feedback loop and promote black hole accretion and

star formation by potentially increasing the local turbulence of the system. This is

consistent with the turbulent picture in the precipitation model for AGN feedback,

called “chaotic cold accretion (CCA)”, which states that turbulence is a key com-

ponent to drive nonlinear thermal instability and extended condensation [121, 325].

Turbulent forcing can help stimulate precipitation and condensation by raising the

velocity dispersion of the ambient medium, resulting in more black hole accretion and

star formation [327]. With a more energetic environment in the early universe, it is

reasonable to assume that the turbulence will be higher at high redshift, resulting in

higher black hole accretion rates. The recent discovery of CHIPS 1911+4455, a merg-

ing galaxy cluster with a massive starburst in the center, provides strong evidence

that mergers can indeed increase star formation [293, 294]. With the development

of the next generation X-ray observatories, such as Athena and Lynx, we will be

able to directly measure motions in the hot gas and determine whether mergers of

groups/clusters can boost cooling via an increase in turbulence.

Lastly, Fig. 5-4 shows that the BCG of the Phoenix cluster remains the most

extreme AGN in the entire SPT-SZ sample, which is over a 2500 deg2 area and

spans all redshifts. In combination of the recent work from the CHiPS survey [294],

which have confirmed that the Phoenix cluster hosts the most extreme BCG with

the strongest cool core at 𝑧 < 0.7, the runaway cooling phase, as we have seen in the

Phoenix cluster, is indeed extremely rare.
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5.6 Conclusion

In this work, we present results on the mid-IR colors of BCGs in SPT-selected galaxy

clusters at 0 < 𝑧 < 1.3. This study allows us to track the evolution of BCG properties

over ∼9 Gyr of cluster growth. In particular, we focus our work on black hole accretion

in BCGs, which turns these central galaxies into bright AGNs. Our findings are

summarized as follows:

1. Given a single-burst stellar population model, we find a 3.4𝜎 evidence for an

increase with redshift of the fraction of AGN-hosting BCGs in galaxy clusters

over 0 < 𝑧 < 1.3. For the lower redshift bins (𝑧 < 0.6), an increase is not

statistically significant, and the results are compatible with the background.

On the other hand, we see an increase in the fraction of BCGs with AGNs

at high redshift bins (𝑧 > 0.6), similar to what others have found in previous

works [33, 148, 205].

2. We show that our results are consistent with both the evolution of the fraction of

AGNs in field galaxies [133, 287] and the fraction of starburst BCGs [205, 331],

suggesting that the reason for the evolution of both AGN and starburst fraction

could come from the fact that more cold gas is available in the early universe.

This should lead to a higher level of gas-rich mergers in BCGs, which could fuel

both AGN activity and star formation in the center of clusters. There remain

some caveats about the direct comparison between cluster and field galaxies

ranging from selection criteria to the evolution of AGN luminosity.

3. Another possible explanations for the increase in the fraction of AGN-hosting

BCGs with redshift could be a higher level of local turbulence from dynamically

active galaxy clusters at high redshift, leading to elevated cooling and subse-

quent black hole accretion. However, this scenario has a difficult time explaining

the similarity to the trend in field galaxies.

4. We do not see any additional cluster with a BCG that is as extreme in the

mid-IR color as the Phoenix cluster. In other words, the Phoenix cluster likely
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hosts the most extreme central AGN in the SPT sample.

An enhancement of the AGN activities inside the BCGs at high redshift suggests

that a triggering mechanism of these AGNs may come from the state of clusters which

do not yet have a fully established AGN feedback. Further studies with deeper and

higher angular resolution mid-IR imaging, such as the upcoming James Webb Space

Telescope [JWST; 117], will be required to better understand the evolution of AGN

feedback and its impact on galaxy clusters.
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Chapter 6

Conclusion

This thesis has focused on the discovery of galaxy clusters hosting extreme BCGs over

a large redshift range, follow-up studies on individual objects, and the investigation of

the evolution of AGN feedback over time. Focusing on these extreme central galaxies,

which are distinct from typical BCGs in most galaxy clusters, has opened up a unique

opportunity to carefully examine our current astrophysical models of galaxy cluster

formation and evolution.

The main part of the thesis was split into two parts. In Part I, the Clusters

Hiding in Plain Sight survey, I described all the details about the CHiPS surveys

and the two newly discovered galaxy clusters found with the survey. Specifically, in

Chapter 2 of this thesis, I introduced the initial selection process of the CHiPS survey

to include bright X-ray-, radio-, and mid-IR-bright objects that were then followed

up with optical data. In addition, I presented a comprehensive analysis of the X-ray

Chandra data for CHIPS 1356-3421, or the galaxy cluster surrounding PKS 1353-

341. The total mass 𝑀500 of the cluster is 6.9+4.3
−2.6 × 1014𝑀⊙, and the bolometric

X-ray luminosity 𝐿x is ∼ 7 × 1044 erg s−1. With the cluster’s bulk properties being

similar to other known clusters, this cluster is massive enough to be identifiable as a

cluster in the ROSAT All-sky Survey, if not because of its bright AGN in the BCG.

In Chapter 3 of this thesis, I described a new optical cluster finding algorithm,

developed specifically for the CHiPS survey, to identify cluster candidates with optical

data. The top candidates were later observed with the Chandra X-ray telescope to
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confirm that they are, in fact, clusters with extended X-ray emission. As a result, I

rediscovered six well-known clusters and two newly discovered galaxy clusters–CHIPS

1356-3421 and CHIPS 1911+4455. The main result for this chapter is that I found the

occurrence rate for galaxy clusters hosting extreme BCGs (starbursts and/or AGNs)

over the redshift range 0.1–0.7 to be 2± 1%, consistent with predictions from several

theoretical calculations. By looking for clusters with extreme BCGs over the entire

sky and not finding more exceptional objects, I also demonstrated that the Phoenix

cluster hosts the strongest starburst BCGs at 𝑧 < 0.7.

In Chapter 4 of this thesis, I reported on the newly discovered galaxy cluster,

CHIPS 1911+4455. The cluster has an exceptionally low core entropy, but a highly

asymmetric morphology. This suggests a strong cool core inside a dynamically active

cluster, which is uncommon among all known clusters. The measured star formation

rate of 140− 190𝑀⊙ yr−1 is considered one of the highest rates measured in a central

galaxy to date. The uniqueness of this cluster creates more questions than answers.

Further studies of such objects will give us important insight into the relation between

cluster-cluster mergers, star formation, and cooling in the BCGs, and how these

processes fit in the bigger picture of AGN feedback.

Given the fact that I have successfully found two new galaxy clusters with remark-

able properties from a point source catalog, there could potentially be many more

unique objects that have been misclassified as something else in previous catalogs,

waiting to be found. The issue of misclassification will become even more prominent

as we enter the era of Big Data, with more large survey telescopes coming online and

generating terabytes of data. Examples of the next generation telescopes include the

recently launched eROSITA in X-ray and the Vera C. Rubin Observatory in opti-

cal/infrared. One possible solution to combat this issue is by reducing the number

of assumptions we put in our classification algorithms. These assumptions allow us

to quickly find objects that fit the mould, but they often prevent us from discovering

new types of objects that are even more intriguing to study.

On the other hand, in Part II of the thesis, titled The Evolution of AGN Activity

in Brightest Cluster Galaxies, I analyzed Wide-field Infrared Survey Explorer (WISE)
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observations on the full 2500 deg2 South Pole Telescope (SPT)-SZ cluster sample in

order to calculate the AGN-hosting BCG fraction over the range of 0 < 𝑧 < 1.3. I

found that the fraction increases with redshift. Instead of studying specific objects

that have unique properties like what I did with the CHiPS survey, this work allows

us to study the evolution of AGN feedback since the change in the fraction of AGN-

hosting BCG can tell us about AGN fueling process, availability of cold gas in the

centers of clusters, and the duration/duty cycle of the AGNs. One way to explain the

result is that member galaxies at high redshift tend to have more cold gas. BCGs at

high redshift could primarily merge with gas-rich satellites, providing fuel needed 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 vs

𝐿cool relation at 𝑧 > 1. More detailed observations of galaxy clusters with luminous

AGN-hosting BCGs at high-redshift are required to verify this prediction.

Altogether, this thesis represents six years of work toward understanding the mech-

anism behind AGN feedback of galaxy clusters. My work cover a wide range of topics

from finding unique galaxy clusters with optical imaging to characterizing the clusters

with X-ray and optical data to studying the redshift evolution of AGN feedback from

the SPT-SZ sample. This work has made significant contributions to the galaxy clus-

ter community by shining a spotlight on galaxy clusters hosting extreme BCGs and

showing how they are a crucial part of our quests to understand AGN feedback mech-

anism. And yet, many questions regarding such systems and how they impact our

knowledge of galaxy cluster formation and evolution remain to be answered. As sev-

eral next-generation telescopes are being planned and developed, considerably more

galaxy clusters, some with extreme central galaxies, will be discovered in the near

future. I am excited to continue investigating these clusters in an attempt to learn

the processes responsible for the complex nature of cluster evolution.
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