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Abstract

Galaxy clusters are the largest gravitationally bound objects in the Universe.
From radio to X-ray, we have observed these objects across the electromagnetic
spectrum. Formation theories suggest that clusters even emit gamma-rays via
cosmic ray interactions with the hot intracluster gas. In this work, I will present
a brief overview of these observationally rich objects and then discuss methods
we have developed to observe galaxy clusters in the X-ray, optical and gamma-ray
regimes.

First, I will discuss our X-ray-selected catalog: the Swift AGN and Cluster
Survey. We use Swift X-ray Telescope data to locate extended X-ray sources as
galaxy cluster candidates. Swift GRB observations provide an excellent serendip-
itous, medium-depth, medium-area survey for both AGN (active galactic nuclei)
and galaxy clusters. In this work, I focus on the cluster source determination
method as well as the initial optical follow-up of cluster candidates. 203 of the
442 extended sources are located in the SDSS footprint and we confirm 104 to
be galaxy clusters. We report their redshifts and other cluster details. Addition-
ally, we find that our catalog agrees well with similar studies in number counts,
redshift, scaling relations and observed red sequences.

Furthermore, I discuss our search for the elusive gamma-ray signal from galaxy
clusters theorized to be produced via neutral pion decay. Evidence suggests that
galaxy clusters are massive reservoirs of relativistic particles known as cosmic

rays. Cosmic ray protons interact with intracluster medium protons, resulting in
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hadronic debris that includes gamma-rays. Although studies predict that with
today’s gamma-ray missions we should be able to observe this signal from clusters,
as of 2016, it has yet to be discovered. To this end, we develop a method for
stacking Fermi gamma-ray count maps and use this on a rich sample of 2MASS-
selected galaxy clusters. Although we do not observe a significant signal from the
final stack, we derive the lowest upper limits to date. We discuss the implications
to cosmology and large scale structure formation theories.

We update the Fermi stacking method to observe luminous and ultraluminous
infrared galaxies (LIRGs and ULIRGs) in the gamma-ray regime. The dense
interstellar medium and high star formation rates of these galaxies make them
ideal candidates for gamma-ray emission from neutral pion production. In the
appendix of this work, I present the details of our updated method and discuss
our results. Although, we do not observe a significant signal from the final stack
of galaxies, we place constraints that agree well with expectations. Furthermore,
we report the first gamma-ray detection of an ULIRG: a 4.30 signal from Arp 220,
the closest ULIRG to Earth. We discuss the implications to galaxy formation and

compare our results to similar studies.



Chapter 1

An Overview of Galaxy Clusters

1.1 Introduction

Galaxy clusters are the largest gravitationally bound objects in the Universe,
having masses of = 10 M, and volumes of ~ 10 Mpc?® (assuming a virial radius
of 2 Mpc). They trace the large scale structure of the Universe, mapping out
the most massive density peaks of dark matter. Furthermore, galaxy clusters are
observationally rich as we have observed them for decades in several bandpasses,
from optical to X-ray to radio. Cluster observables are used to test formation
theories, constrain cosmological parameters and map the large scale structure of
the Universe. For these reasons and more, galaxy clusters are fundamental to the
study of observational cosmology.

Clusters have three main mass components: dark matter, hot ionized plasma,
and of course, the galaxy members themselves (listed in order of descending mass).
Fritz Zwicky (1933) was the first to notice that the virial mass, measured using
galaxy velocity dispersions, was much greater than the luminous mass of the stars
in member galaxies. This implies that galaxy clusters are massive reservoirs of
dark matter, typically making up ~ 83 — 89% of a cluster’s total mass (Zwicky,
1933; Gonzalez et al., 2013; Dai et al., 2010). Another ~9 — 13% of a cluster’s mass
is composed of the hot intracluster medium (ICM), 10® K ionized plasma with

atomic density n ~ 107 cm™3 (i.e., Kravtsov & Borgani 2012). The remaining



1% of a cluster’s mass is comprised of the cluster’s galaxies.

Galaxy clusters are observationally rich as they have been observed for decades
across multiple wavelengths. They are interesting laboratories to study galaxy
evolution and intergalactic interactions. Cluster ICM studies constrain dark mat-
ter searches as well as plasma physics. Because clusters are the largest objects
in the Universe, their abundance probes the amount of large scale structure that
exists and its growth over cosmic time. For these reasons and more, many galaxy
cluster catalogs exist, with various methods of measuring mass and redshift, as
will be discussed in this chapter. Mass measurements are observed directly (via
lensing effects, the hydrostatic equation and galaxy velocity dispersions) or using

mass proxies and scaling relations, taking advantage of the underlying physics.

1.2 Observations Across the Electromagnetic Spectrum

One great aspect of galaxy clusters is that they are observationally rich and can
be studied throughout the electromagnetic spectrum. Here we will briefly discuss
the various ways galaxy clusters are studied, starting with how galaxy clusters

were first observed and proceeding in historical order.

1.2.1 Optical

Beginning in the 1950s, George Abell studied photographic plates from the Palo-
mar Sky Survey and found over a thousand galaxy clusters, forming the first
major galaxy cluster catalog. His catalog became the go-to catalog and was the

foundation for the modern understanding of galaxy clusters (Abell, 1958; Abell



et al., 1989; Voit, 2005). He based the initial catalog on the following crite-
ria (Abell, 1958): richness (number of member galaxies), compactness (defined
within 1 Abell radius), redshift, and Galactic latitude (to avoid the Galactic
plane).

The initial cluster catalogs were based on galaxy clustering only. Photographic
plates were examined by eye to find local over-densities of galaxies that fit the
above criteria. This has the major disadvantage of projection effects as galaxy
clusters are three-dimensional objects and their galaxy members are projected
into the two-dimensional plane of the sky (e.g., Gladders & Yee 2000). Obtaining
the redshifts of the galaxies can de-project them, but this can be observationally
expensive, particularly for spectroscopic redshifts. Today, galaxies are typically
observed in several filters to obtain their colors (magnitude measured in one filter
subtracted from another filter’s magnitude). From this, astrophysicists determine
the photometric redshifts of the galaxies as well as additional identifying infor-
mation. Compared to field galaxies, galaxies that form in the chaotic cluster
environment tend to be early-type ellipticals that are redder due to their lower
star formation rates. The presence of the 4000 A Balmer break, ubiquitous in
early-type galaxies, means that cluster galaxies are self-similar in color and thus,
group together in color-magnitude space and form a feature known as the red se-
quence (e.g., Hao et al. 2010; Gladders & Yee 2000; Voit 2005). Also, most galaxy
clusters have a massive elliptical (typically a cD galaxy) towards the center of
the potential well that is identified as the brightest cluster galaxy (BCG) (e.g.,

Sarazin 1986). The red sequence and BCG can be used in conjunction with local



galaxy over-densities to optically identify galaxy clusters (e.g., Hao et al. 2010;
Gladders & Yee 2005; Koester et al. 2007).

With the modernization of astronomy, the entries of galaxy cluster catalogs
have increased significantly, from 2,712 clusters in the original Abell catalog to
today’s optically selected catalogs of 50,000+ galaxy clusters. Modern astrophysi-
cists design cluster templates based off of galaxy colors and magnitudes measured
across several filters. These templates are then fit to the data to locate galaxy
clusters and determine their redshifts. Where George Abell checked each pho-
tographic plate by eye, today’s cluster catalogs are formed by searching digital
optical data sets (SDSS for example) for local galaxy over-densities, red sequences
and BCGs (e.g., Hao et al. 2010; Gladders & Yee 2005; Griffin et al. 2016). The
results of which are statistically large catalogs of optically-selected galaxy clus-
ters. These samples are used to identify, study and refine scaling relations based
on distance and mass. Two widely used catalogs are the GMBCG catalog of
50,000+ (Gaussian Mixture Brightest Cluster Galaxy, Hao et al. 2010) and the
Wen et al. (2012) catalog of 130,000+.

In Chapter 2, I discuss our optical follow-up of X-ray selected cluster candi-
dates in our catalog: the Swift AGN and Cluster Survey (SACS). We develop a
cluster determining method and use SDSS data as the optical counterpart. In
future works, we will apply this method to our own data that extends to deeper
magnitudes (Griffin 2016 - in prep, Bhatiani 2017 - in prep). Furthermore, our
data will include the southern sky, reaching beyond the footprint of SDSS. In ad-

dition to introducing our optical follow-up method, we discuss optical properties



of the clusters, like richness, the red sequence and the BCG magnitude. We com-
pare the optical and X-ray properties of our catalog in a side-by-side comparison.
For example, we report the scaling relation of two cluster mass proxies for our
survey: the X-ray luminosity and optical richness and compare to similar studies.
These properties are independent mass proxies and probe different components
of the cluster (X-ray: gas, optical: galaxies) so it is important to see how they
compare as well as place constraints on their relation.

Another way of observing clusters takes advantage of their immense mass.
Gravitational lensing is a powerful tool for determining a cluster’s mass as it
provides a direct measurement of the total cluster mass distribution. Einstein
predicted the bending of light around massive objects as a consequence of his
theory of relativity (see Weinberg et al. 2013 and references within) and Zwicky
(1937) predicted that this effect could be used to measure cluster masses. Today,
we observe strong lensing effects from galaxy clusters in the form of arcs and
multiple images of background sources. Furthermore, we observe weak lensing
effects as galaxy clusters distort and magnify background objects which changes
the objects’ apparent shape and brightness. These small distortions of back-
ground galaxies together is known as shear and the mapping of this effect is one
of the methods of measuring the mass of a cluster directly (e.g., Bartelmann &
Schneider 2001).

Galaxy cluster masses have been measured using both strong (e.g., Kawamata
et al. 2016; Richard et al. 2010) and weak lensing techniques (e.g., Umetsu et al.

2014; Hoekstra 2007). Both techniques can be used in conjunction to better



constrain the cluster mass distribution (e.g., Umetsu et al. 2016; Bradac et al.
2006). Here, I have listed just a few examples of cluster gravitational lensing
studies. This is a major field in modern astrophysics and these are just a small
representative sample. Lensing is even being used to detect galaxy clusters. For
example, Wittman et al. (2006) use shear effects to locate clusters in the Deep
Lens Survey. The Sloan Giant Arc Survey uses strong lensing features to locate
clusters and obtain mass measurements (Oguri et al., 2012; Hennawi et al., 2008).

Lensing provides an independent mass measurement that is observed directly
and can be compared to masses obtained via proxies like the Sunyaev-Zel’dovich
flux, X-ray luminosity, gas temperature, and optical richness. However, the mass
measured via lensing is the two-dimensional projected mass and to compare to
the halo mass function, these masses need to be de-projected by fitting to a
density model (e.g., von der Linden et al. 2014; Bartelmann & Schneider 2001).
Typically, an NFW (Navarro, Frenk, & White) profile is used with the assump-
tion of spherical symmetry. This can lead to an intrinsic scatter in the mass
measurement of ~ 25% (von der Linden et al., 2014). To better constrain this,

more weak lensing studies are needed.

1.2.2 Infrared

Because of the expanding universe, the Balmer break (at 4000 A) redshifts with
increased distance. Thus as the look-back time increases, the red sequence fea-
ture shifts from optical to infrared. Initially, infrared data was used to confirm

redshifts of X-ray extended sources without optical counterparts (e.g., Stanford



et al. 2002). With the advent of infrared satellites like Spitzer and WISE, more
distant galaxy clusters with redshift z = 1 have been confirmed.

Similar to the optical techniques discussed above, infrared colors are used to
confirm SZ and X-ray-selected galaxy clusters and discover new clusters (e.g.,
Bleem et al. 2015; Zatloukal et al. 2007; van Breukelen et al. 2006). For example,
two new infrared-selected catalogs are the IRAC Shallow Survey (Spitzer Infrared
Array Camera, Eisenhardt et al. 2008) as well as the Massive and Distant Clusters
of WISE Survey (MaDCoWS, Brodwin et al. 2015; Stanford et al. 2014).

Confirming galaxy clusters at large redshifts allows us to study clusters at
large look-back time, observe their evolution, and test the evolution of scaling
relations and luminosity functions. To better improve the cluster mass func-
tion and therefore improve constraints on cosmological parameters, well-defined
cluster surveys across a variety of redshifts are needed (e.g., Bleem et al. 2015;
Eisenhardt et al. 2008; Kravtsov & Borgani 2012). In our catalog discussed in
Chapter 2, we use griz magnitudes for cluster identification. Although we confirm
few red sequences for higher redshift clusters (z < 0.6), this is what we expect
with the depth limits of SDSS. In our own, deeper observations using the Kitt
Peak 4m and CTIO 4m, we use griz filters and expect to confirm more z > 0.6

targets and observe their red sequences.

1.2.3 X-ray

In December 1970, the Uhuru satellite became the first satellite launched specif-

ically to observe X-ray astronomy (Giacconi et al., 1971). Within a year, Uhuru



observed X-rays originating from the hot intracluster gas as the Coma Cluster
and the Virgo Cluster became the first clusters to be observed. It was imme-
diately clear that the emission was bright (at least 10* ergs s™') and extended,
thus likely not originating from an individual galaxy (Gursky et al., 1971; Kellogg
et al., 1971). Early studies showed that the most massive galaxy clusters emitted
as bright, extended sources in the X-ray sky with luminosities of 103 — 10%° erg
s71 (e.g., Piccinotti et al. 1982). Later studies showed that this emission extends
to lower masses and lower X-ray luminosities. For example the MCXC catalog,

0% erg s7*

a compilation of galaxy clusters with ROSAT exposures, extends to 1
(Piffaretti et al., 2011).

The X-ray emission is primarily a result of thermal bremsstrahlung. The
ICM gas is highly ionized plasma with temperature ~ 103K and atomic density
n ~ 107 em™3 (e.g., Kravtsov & Borgani 2012). The gas is comprised of non-
relativistic protons, nuclei and free electrons. When an ICM electron passes near
the potential well of an ICM nucleus, the nucleus causes the less massive electron
to alter direction and in so doing, emits an X-ray photon. Since the ICM gas is
denser towards the center of the potential well, a relaxed galaxy cluster appears as

a diffuse, extended X-ray source which falls off radially (e.g., Kravtsov & Borgani

2012; Sarazin 1986). The gas density is typically modeled using the so-called

1+ (;)2] % (1.1)

where r. is the core radius and (3 is the index parameter. Typical best-fit values

B-model:

p(r) = p(0)




for 7. and 3 are ~0.1 h™'*Mpc and ~ 2/3, respectively (Voit, 2005). This model
assumes a relaxed cluster (hydrostatic equilibrium) as well as spherical symmetry
to first order. It also assumes that the total matter density profile follows an
isothermal distribution where the gas temperature, 7}, is radially independent
and that the distribution of massive particles (i.e., galaxies or dark matter) are
thermalized and follow a Maxwellian distribution (Sarazin, 1986). As discussed
in Chapter 2, we use the S-model to fit the Swift extended sources in the SACS
source determination process (Dai et al., 2015). We also use the -model in
estimating SACS X-ray luminosities (Griffin et al., 2016).

To date, we have observed thousands of galaxy clusters in the X-ray regime
using pencil-thin, deep surveys from Chandra and XMM-Newton (recent surveys
include Barkhouse et al. 2006; Finoguenov et al. 2015; Mehrtens et al. 2012;
Finoguenov et al. 2007) as well as wide, shallow surveys using the ROSAT All
Sky Survey (RASS, Voges et al. 1999). Surveys from RASS include NORAS,
400SD, REFLEX (Bohringer et al., 2000; Burenin et al., 2007; Guzzo et al., 2009).
Figure 2.1 (Fig. 1 from Dai et al. 2015) shows the flux limit versus survey area
for various surveys, including our study, SACS, which fills the gap as a medium
depth, medium area survey that uses serendipitous data from the Swift X-ray
Telescope. In Chapter 2, I discuss in detail our source determination method,

the optical follow-up, comparisons to the literature and impact to cosmology.



1.2.4 Radio

There are two primary ways of observing galaxy clusters in the radio: the Sunyaev-
Zel’dovich (SZ) effect and synchrotron radiation features. We will discuss both
here, though the second one is more relevant to this work. The SZ effect was
first proposed and observed by Sunyaev and Zel’dovich in the 1970s (Sunyaev &
Zeldovich, 1972,1970). It is observed as a spectral distortion along the line of sight
of the cluster that occurs due to cosmic microwave background (CMB) photons
interacting with the cluster ICM. The lower energy CMB photon absorbs energy
from the hot plasma electrons (inverse Compton scattering) (e.g., Carlstrom et al.
2000; Sunyaev & Zeldovich 1970). In the Rayleigh-Jeans (RJ) limit, the spectral

distortion is given by (Eq. 1 of Carlstrom et al. (2000))

AT kT,
= -2 ) 1.2
Tems mec? orh (1.2)

where Ty is the radiation temperature of the CMB, T,, m., and n, is the
electron temperature, mass and density, respectively, o is the Thompson cross
section, and k and c are the Boltzmann constant and speed of light, respectively.
The integral is along the line of sight (dl). From this equation, it is clear that
AT, the brightness of the SZ effect, is independent of redshift. Thus with this
technique and sufficient angular resolution, large cluster samples with a wide
redshift range are possible (Carlstrom et al., 2002). Because the SZ distortion

is small and the signal is faint, today’s instruments are the first to use the SZ
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effect to obtain SZ-selected surveys. These instruments include Planck, the South
Pole Telescope, and the Atacama Cosmology Telescope (Planck Collaboration
et al., 2014a; Reichardt et al., 2013a; Hasselfield et al., 2013). With advances
in technology, current and future instruments should probe clusters in the high
redshift range, z ~ 1 —2. Both SZ and X-ray observations probe the intracluster
gas, and from comparing observables from both, we obtain important scaling
relations to constrain the cluster mass function. Thus, the observed SZ flux,
Y, is an important mass proxy. Current SZ samples are used to calibrate and
improve this relation (i.e., Reichardt et al. 2013a).

Thus far this section we have discussed observations from the thermalized par-
ticles in the ICM plasma. We also observe non-thermal effects from synchrotron
radiation that imply that some galaxy clusters house a population of relativis-
tic particles and large-scale magnetic fields (e.g., Feretti et al. 2012 and others).
Relativistic particles, specifically cosmic ray (CR) electrons and positrons, spi-
ral around the cluster’s magnetic field lines, causing a diffuse, extended radio
emission in the form of relics, arcs and halos. The Coma Cluster was the first
such radio, diffuse emission detected (Large et al. 1959). As of 2012, 80 galaxy
clusters had been observed with diffuse radio features (Feretti et al., 2012). The
emission varies: it can be found in merging and relaxed clusters, range in size
from 100 kpc to > 1 Mpec, and vary in location in the cluster, whether it be in
the center or periphery or somewhere in between.

Typically, cluster diffuse, radio emission is characterized into three categories:

halos, relics and mini-halos. Radio halos are Megaparsec features located at

11



the center of merging clusters (as evidenced by X-ray and optical observations)
(e.g., Feretti et al. 2012; Enfllin et al. 2011) . Radio relics are Megaparsec scale
features on the periphery of merging/perturbed clusters, are typically highly po-
larized and are associated with shock fronts that are triggered by merger activity
. Shocks can also be observed via sharp temperature gradients measured from
X-ray observations (e.g., Vazza & Briiggen 2014; Hoeft & Briiggen 2007; Enfllin
et al. 2011). Radio mini-halos are found in the cool cores of relaxed cool-core
clusters (e.g., Feretti et al. 2012; Enflin et al. 2011; Gitti et al. 2004), are smaller
than the other features, up to ~ 500 kpc, and surround a dominant radio galaxy.

Current formation theories state that galaxy clusters formed via the hierarchi-
cal merging of smaller systems. During the merging process, shocks form in the
ICM and these shocks accelerate particles to relativistic speeds (e.g., Kravtsov &
Borgani 2012; Vazza & Briiggen 2014). Studying this emission constrains cluster
formation and evolution theories since non-thermal emission observed from clus-
ters is associated with shocks from merger and accretion events. Merger activity
continues today and can be observed in the X-ray and optical via substructure
and temperature gradients in nearby clusters (Feretti et al., 2012).

Diffusive shock acceleration (DSA; Kang & Ryu 2013) is the leading theory
on how cluster particles accelerate to relativistic speeds, resulting in synchrotron
radiation and diffuse radio emission. Although DSA is expected to dominate
the emission, there are secondary acceleration methods. For example, galaxies
interacting with the cluster ICM can introduce CR electrons. These interac-

tions include AGN activity as well as wind stripping (Enfilin et al., 2011). Also,

12



turbulence from massive merger events can re-accelerate electrons in the ICM
(Cassano et al. 2007 and references within). Finally, CR electrons are produced
from hadronic interactions, i.e. CR protons interacting with ICM protons.

This radio emission is important to this work as the same mechanisms that
accelerate CR electrons should accelerate protons as well. Furthermore, CR pro-
tons have a much longer cooling time than CR electrons as CR electrons lose
energy not only from synchrotron radiation but non-thermal bremsstrahlung and
Inverse Compton interactions. CR protons have a long cooling time, on the order
of 101? years, and should stay within the cluster potential well (e.g., Kravtsov &
Borgani 2012; Berrington & Dermer 2003; Enflin et al. 2011). These CR protons
interact with the ICM protons and with enough energy, result in particle showers.
These so-called p-p interactions produce neutral and charged pions (7% 7+, 77),

which result in gamma-rays. In Chapter 3, we discuss our search for this elusive

gamma-ray emission from galaxy clusters.

1.2.5 Gamma-ray

As discussed above, there is evidence that galaxy clusters house a population
of CR protons that interact with ICM protons. When these so-called p-p inter-
actions occur, one of the bi-products is neutral pions, which immediately decay
into two gamma-rays (7 — 2v) with a probability of 0.98798 (Brunetti & Jones,
2014; Amsler et al., 2008). Thus we should observe galaxy clusters in the highest
of energies!

This neutral pion decay should be the primary source for gamma-ray emission
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in galaxy clusters. It would appear as faint, diffuse gamma-ray emission and
should be observable with today’s gamma-ray missions. Several searches have
been conducted, the most recent of which use data from the Ferm: Gamma-
Ray Space Telescope, although there has been no significant detection of this
neutral pion emission (Vazza et al., 2016; Ackermann et al., 2014; Griffin et al.,
2014; Prokhorov & Churazov, 2014; Zandanel & Ando, 2014; Huber et al., 2013).
Point-like gamma-ray observations have been observed in the centers of the Virgo
and Perseus clusters, but this is more likely from the radio galaxies located in
the clusters, not neutral pion decay (Abdo et al., 2009b,a).

Other expected contributions to the gamma-ray emission are from CR elec-
trons: relativistic bremsstrahlung and Inverse Compton scattering (e.g., Brunetti
& Jones 2014; Jeltema et al. 2009). Furthermore, other bi-products of p-p inter-

actions are charged pions, which have the following decay channel:

Wi—>ui+@—>ei+¥+yu+uu (1.3)
Uy v,

producing secondary electrons and neutrinos (Amsler et al., 2008; Pfrommer et al.,
2007). These electrons can produce gamma-rays as well, however the gamma-ray
emission should be dominated by neutral pion decay contributions (e.g., Pfrom-
mer et al. 2007).

In Chapter 3, I present our own independent stacking analysis of rich 2MASS
galaxy clusters. We use Fermi photon count maps to derive upper limits on the

gamma-ray emission (Griffin et al., 2014). I discuss our stacking method in detail,
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compare to other analyses, and discuss implications to cluster formation theories.

1.3 Constraining Cosmological Parameters with the Clus-

ter Mass Function

Galaxy clusters are great cosmological laboratories for studying the formation of
the Universe. They are tracers of large scale structure and catalogs of galaxy
clusters provide masses and redshifts of the highest density peaks in the Universe.
Because of this, cluster observables can test cosmological theories and constrain
cosmological parameters, providing us with a map of what our Universe looks
like and how it formed (e.g., Allen et al. 2011).

In Chapter 2, I discuss our catalog, the Swift AGN and Cluster Survey, in
detail. Catalogs of galaxy clusters are fundamental to the study of cosmology and
LSS formation. Cosmological parameters can be constrained from galaxy cluster
observables, independent of other measurements (i.e., CMB, type la supernovae,
baryon acoustic oscillations - BAO). These parameters are the power spectrum
normalization (related to og), the matter content of the Universe (€2,,), and the
dark energy equation of state (w) (e.g., Mantz et al. 2010; Tinker et al. 2008).
In this section, I will describe one method of obtaining constraints on these

parameters.
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1.3.1 A Few Definitions

Before delving in to how galaxy clusters can constrain cosmological parameters,
I will define some terms that will arise in the following discussion. Observations
show us that the Universe is expanding at an accelerated rate (e.g., Voit 2005).
Thus cosmic distances between objects change over time so in cosmology, there
are two ways to think about distances. The coordinate distance, also known as
the proper distance, is the distance between two objects at a certain time, t. The
comoving distance (coordinate) takes into account the expansion of the Universe
and is thus constant in time (e.g., Melia 2012; Voit 2005). It is useful to define the
coordinate distance (the proper distance) in terms of the comoving coordinate
(dp) and the scale factor

d(t) = a(t)dy (1.4)

where the scale factor a(t) describes the relative expansion rate at a time t and
is dimensionless. By definition, ¢y is the age of the Universe and from the above
equation it is clear that a(ty) = 1. The scale factor is related to redshift via
a(t) =1/(1+ z). It is common to think about cosmic time in terms of the scale
factor, a(t), or redshift z(¢).

The current cosmological model states that the Universe is comprised of ~70%
dark energy, ~ 25% dark matter and the remaining is baryonic in nature (Allen
et al.,, 2011). It is dark energy and its negative pressure that is causing the
universe to expand at an accelerated rate. Modeling the Universe as a perfect

fluid, the dark energy equation of state describes the pressure in terms of its
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energy density: p = wpc?. Simple dark energy models call for a dark energy
equation of state with constant w (e.g., Voit 2005; Allen et al. 2011) and more
complicated models include an evolving dark energy of state (w(a)). The total
energy density of today’s universe is defined to be 2 = ﬁ = O+ Qr0a+20, where
the energy densities are that of matter, radiation, and dark energy, respectively.

Q,qq 1s negligible in today’s universe and §2,, includes the matter contributions

from both baryons and DM (e.g., Allen et al. 2011).

1.3.2 A Brief Look into ACDM Cosmology

In the current paradigm, the formation of DM halos is a result of the clumping
of cold dark matter, a key component of ACDM cosmology where the other
component is the dark energy equation of state, A (e.g., Allen et al. 2011). In
the early universe, the matter distribution was very smooth with initially small

density fluctuations described by
S(x)=L"" (1.5)

where p describes the comoving background density. In time, these fluctuations
grew as gravity caused the matter to coalesce. The variance of the linearly evolved,
CDM fluctuations on mass scale M is a key cosmological parameter with the form
(Equation 2 from Allen et al. (2011))

, B d3k
0% (M, a) = / (2m)3W2(kR) Py, (k, a)
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where W describes the window function of the Fourier transform within a radius
R and P,, is the primordial power spectrum that describes fluctuations in the
post-recombination matter (includes dark and baryonic matter). This parameter
is typically described as og in observational cosmology studies (for example, see
Mantz et al. (2010) and references within) and is found by evaluating Equation
1.6 for today’s universe (a(ty) = 1) and on the typical scale Rg = 8 h™! Mpc. oy
is known as the matter power spectrum normalization parameter and has a large
influence over the growth of fluctuations in models simulating the early universe.
To visualize og, consider the mass contained in randomly distributed spheres of
radius Rg in today’s universe and compare the masses contained to the mean
mass found in Rg. Assuming the distribution of masses is Gaussian in nature,
the variance would be 3.

From Equation 1.6, it is clear that the above variance depends on mass and
redshift (recall that a = 1/(1 + z)). Simulations and observations probing the
number density n of halos in a volume for a given mass range and redshift range
are all that is needed to constrain this important cosmological parameter. This
is the basic idea behind the importance of the halo mass function, n(M,z). And
since galaxy clusters trace the massive DM halos of the Universe, catalogs of
galaxy clusters that are both complete and pure constrain the halo mass function

and in turn constrain og (e.g., Tinker et al. 2008; Allen et al. 2011; Voit 2005).
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1.3.3 The Halo Model

The LSS of our Universe is organized in a cosmic web on the Megaparsec (Mpc)
scale, with filaments and massive overdensities of matter, both baryonic and
dark, along with large, basically empty voids (e.g., Cooray & Sheth 2002). This
web-like structure formed from initial quantum fluctuations in the early universe.
Over time, locally bound regions emerged from the initially slight matter over
densities, forming the beginnings of DM halos. The more massive DM halos
are traced by galaxy clusters (e.g., Kravtsov & Borgani 2012; Allen et al. 2011).
Simulations, like the one shown in Figure 1.1 (Fig. 1 from Cooray & Sheth
(2002)), show the LSS that we see today can be produced from an initially smooth
matter distribution. The knots in the cosmic web are associated with the DM
halos. Complete and pure catalogs of galaxy clusters provide mass and redshift

distributions of these massive DM halos to compute the cluster mass function.
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To see the impact of galaxy clusters on cosmological parameters, we must first
discuss the model that we compare cluster observables to in more detail. Instead
of modeling the whole cosmic web, we assume to first order that the DM halos are
spherical and isolated from their surroundings (Allen et al., 2011). Thus the halo
model replaces the complex web structure with a relatively simple distribution of
DM halos, described by the halo mass function (defined below), and DM profiles
describing the halos themselves. The halo mass function, the distribution of halo
masses as a function of redshift, and the halo DM profiles describe the halo model.
The right panel of Figure 1.1 shows the DM halo distribution for the LSS web in
the left panel of Figure 1.1.

The halo mass function is typically described differentially:

dn _ﬁ_m dino f( )
dinM ~ M dinp '\

(1.7)

The mass function has units of count per unit comoving volume and f(o) is
a fitting function dependent on the model used. A typical mass function for
z < 2 is from the work of Tinker et al. (2008), based off of explicit cosmological
simulations. They assume a fitting function that is universal to changes across

redshift and cosmology and is defined to be

flo)=A [(%)_ + 1} e/’ (1.8)

where A, b, a and c¢ are functions of redshift and contain parameters one can vary
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to fit the mass function from N-body simulations to observations (Tinker et al.,
2008). In Chapter 2, we compare and discuss our redshift results to the Tinker
et al. (2008) halo model to show that our catalog is complete to z ~ 0.3 and that

we should use deeper griz magnitudes to confirm higher redshifts.

1.3.4 Linking Models to Observations

Using the halo model of DM distribution and the associated mass function de-
scribed above, galaxy clusters contain the observables needed to constrain cosmo-
logical parameters. This is important because the main component of the halos,
dark matter, is aptly named and is dark, i.e. emits no electromagnetic radiation
directly and is neutrally charged. Galaxy clusters are the tracers of the most mas-
sive halos and as discussed in the previous section, they have been detected and
studied throughout the electromagnetic spectrum and follow certain empirical
scaling relations, which are used to determine cluster masses.

The basic idea begins with a cluster survey that is assumed to be both com-
plete and pure as well as contain accurate mass and redshift measurements. Scal-
ing relations and a model of the selection process are used to expand beyond the
cluster survey’s reach to the full solid angle of the sky, assuming a given redshift
range. Certain biases and known systematic errors (described below) are taken
into account. Then, the observed data are fit to the halo model, assuming a speci-
fied dark energy equation of state (i.e., constant or evolving) and allowing certain
cosmological parameters to vary freely. Then, we compare the results to other

independent studies and use any overlapping parameter spaces to constrain the
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cosmological parameters of interest (e.g., Mantz et al. 2010). This is summarized

neatly by the following equation:

B AQ 241 InMg11
/ d av dn (1.9)

N(M,, z)=—— — M
(Ma ) 47 “dz InM, din dinM

where N(M,, z;) is the number of expected halos in a given redshift bin [2;, 2;41]

and a given mass bin [M,, M,1] covering a solid angle AQ, and V is the comoving

volume. The final integral integrates over the mass function discussed above, dz[iZw

(Allen et al., 2011).

1.3.5 Systematic Errors & Biases

Equation 1.9 assumes a complete and pure catalog of clusters. In reality, obser-
vational surveys are neither complete nor pure. To account for this, counting
errors are included in the calculation of N(M,, z;) (Allen et al., 2011). There are
a number of issues that arise from using galaxy cluster surveys. First, large clus-
ter catalogs depend on photometric redshifts which can have significant errors.
Spectroscopic follow-up observations have been performed and can be included
to reduce error, but these are too observationally-intensive to do on larger scales
(e.g., Hao et al. 2010). Second, scaling relations used to link cluster observables
to cluster mass tend to have a large spread, depending on the relation (i.e., Mass-
Temperature is tighter than Mass- X which is tighter than Mass-richness - e.g.,
Voit 2005). Also, scaling relations from X-ray and SZ measurements are tighter

than those from optical. Furthermore, there is a bias in any astronomical survey
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(the Malmquist bias) that implies that brighter, more massive targets are more
likely to be detected. This adds complications when fitting cosmological param-
eters in Equation 1.9. According to LSS formation theory, there should be faint
clusters below the luminosity limits of current catalogs but how many and of
what mass depends on the model of the mass function. Projection effects have to
be considered as well, particularly for optical surveys where the contamination of
foreground and background galaxies can affect richness estimates. X-ray emission
from galaxy clusters suffers less from projection effects as the emissivity depends

on the number density of electrons squared (e o< n?).

1.3.6 Constraints on Cosmological Parameters

Using the method discussed above on a catalog of X-ray selected galaxy clusters,
Mantz et al. (2010) found the following constraints of cosmological parameters:
Q,, = 0.23£0.04, 0g = 0.824+0.05 and —1.01£0.20, assuming a constant w. Their
results agree well with other independent measurements of these parameters and
combined together yield constraints of €, = 0.27 £ 0.02, og = 0.79 & 0.03 and
—0.96 4+ 0.06. Contours of their results and those of other independent studies
are shown in Figure 1.2 (Fig. 1 and 3 from Mantz et al. (2010)). Figure 1.2
shows agreement of their constraints with those found using other cosmological
observables. Throughout this work, we assume values for certain cosmological
values, like €2,,, and these are listed in Table 1.1.

Thus catalogs of galaxy clusters with accurate redshift and mass measure-

ments are fundamental to independently constrain these cosmological parame-
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ters and better understand the Universe we live in. In Chapter 2, I will discuss
SACS, our own galaxy cluster catalog (Dai et al., 2015; Griffin et al., 2016), which
contains 104 galaxy clusters with measured masses and redshifts. We used the
measured X-ray luminosities to estimate the cluster mass using a scaling rela-
tion (Vikhlinin et al., 2009). We found optical confirmations using SDSS galaxy

photometric redshifts to calculate the cluster distances.
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Variable Name Full Name Assumed Value

k curvature of the Universe 0 (flat)

H, Hubble constant 70 km s=! Mpc~!
O matter density of the Universe 0.3

Qp dark matter density of the Universe 0.7

Table 1.1: These are assume values for certain cosmological parameters used
throughout this work (unless otherwise stated).
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Chapter 2

The Swift AGN and Cluster Survey

The Swift AGN and Cluster Survey (SACS) is an X-ray selected catalog of 22,563
point sources and 442 extended sources observed in 125 deg? of Swift X-ray
Telescope (XRT) serendipitous fields. This is a medium depth and area survey
that fills the gap between deep, pencil-thin X-ray surveys and shallow, wide
field surveys (see Figure 2.1). In this chapter, I will discuss the extended source
analysis including detection, number counts and comparison to similar studies. I
will then delve into the optical confirmation of the extended X-ray sources using
SDSS publicly available data. We find that this catalog agrees well with other
studies in number counts, completeness (to z < 0.3), and redshift. This catalog
has produced two papers thus far: Dai et al. (2015) and Griffin et al. (2016).
Here, I will present the second paper in it’s entirety with additional details from

the first paper and other relevant sources.
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2.1 Introduction

Our universe is organized in a cosmic web on megaparsec (Mpc) scales, with fila-
ments, voids and massive over-densities of matter. These most massive peaks in
the large scale matter density are traced by galaxy clusters, the largest gravita-
tionally bound structures in the universe (e.g., Bahcall 1988; Kravtsov & Borgani
2012). As discussed in Chapter 1, large samples of clusters together with subse-
quent mass and redshift estimates, allow us to constrain the cluster mass function
and thus place improved constraints on important cosmological parameters such
as g, Qy,, and w (see Allen et al. 2011 for a recent review) as well as studying
cluster evolution across cosmic time.

Several methods are employed to discover galaxy clusters. Optical identifica-
tion produces the largest cluster catalogs by far, and different algorithms focus
on different aspects of optical properties, such as spatial galaxy over-densities
(e.g., Abell et al. 1989; Gal et al. 2003; Kochanek et al. 2003), the red sequence
(e.g., Nilo Castellén et al. 2014; Gladders & Yee 2005; Valentinuzzi et al. 2011),
or the brightest cluster galaxy (BCG) (e.g., Koester et al. 2007). Optical iden-
tification schemes usually suffer from projection effects created by observing a
three-dimensional object in a two-dimensional plane. However, optical surveys
play a crucial role in measuring cluster redshifts (e.g. Adami et al., 2011). More
recent methods include the Sunyaev-Zel’dovich (SZ) effect and gravitational lens-
ing. The SZ effect is caused by cosmic microwave background (CMB) photons in-

verse Compton scattering off the high energy electrons of the intracluster medium
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(ICM) (e.g., Sunyaev & Zeldovich 1972; Carlstrom et al. 2002). This can be seen
as a distortion in the shape of the CMB spectrum and is used to follow-up known
clusters as well as for new cluster surveys (e.g., Carlstrom et al. 2002; Planck
Collaboration et al. 2011; Marriage et al. 2011; Hasselfield et al. 2013; Planck
Collaboration et al. 2014b; Reichardt et al. 2013b). Gravitational lensing pro-
vides a direct measure of the mass of a cluster and is observable through the
deflection, shearing, and magnification of background sources (e.g., Hoekstra &
Jain 2008; Umetsu et al. 2014). Lensing and cosmic shear surveys (e.g., Oguri
et al. 2012; Hoekstra 2007; Richard et al. 2010; Oguri et al. 2010; Umetsu et al.
2014) trace the large scale structure (LSS), provide independent cluster mass
estimates, map the dark matter within, and place independent constraints with
improved calibration on cosmological parameters (e.g. Hoekstra & Jain 2008;
Weinberg et al. 2013) and potentially could be a useful detection method in fu-
ture surveys (e.g., Refregier 2003), as demonstrated by the Deep Lens Survey
(Wittman et al., 2006).

Galaxy clusters also appear as extended sources in the X-ray sky. Hot elec-
trons in the ICM interact with protons and atomic nuclei to cause plasma emission
in the X-ray regime (e.g., Kravtsov & Borgani 2012). X-ray selected cluster sur-
veys have been performed with many different combinations of survey depth and
area, such as NORAS (Northern ROSAT All-Sky Survey, Bohringer et al. 2000),
400SD (400 Square Degree Survey, Burenin et al. 2007), and REFLEX (ROSAT-

ESO Flux-Limited X-Ray Survey, Guzzo et al. 2009). These studies and more are
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included in the MCXC catalog! (Piffaretti et al., 2011), a compilation of X-ray
selected galaxy clusters and their characteristics. The MCXC catalog includes
catalogs based on publicly available ROSAT All Sky Survey and serendipitous
observations. Recent examples of XMM-Newton and/or Chandra selected clus-
ter and group surveys include the ChaMP (Chandra Multiwavelength Project)
Serendipitous Galaxy Cluster Survey (Barkhouse et al., 2006), galaxy groups in
the Extended Chandra Deep Field South (Finoguenov et al., 2015), the XMM
Cluster Survey (Mehrtens et al., 2012), and the XMM-Newton Wide-Field Survey
in the COSMOS Field (Finoguenov et al., 2007).

X-ray identification has several advantages over optical. First, X-ray obser-
vations of clusters suffer less from the projection effects that limit most optical
surveys. Because the X-ray emissivity is proportional to the square of the electron
density, it provides good contrast over any background (e.g., Voit 2005). Further-
more, there are several scaling relations based on X-ray data that galaxy clusters
are known to follow. For example, the X-ray luminosity versus mass (Lx—M)
relation is much tighter than the optical richness to mass relation and is a more
accurate mass determination method (e.g., Bohringer et al. 2000; Voit 2005). One
disadvantage to the X-ray identification of galaxy clusters is that it is difficult
to detect high redshift clusters because of the (1 + z)™* dependence of surface
brightness on redshift. Thus, shallow X-ray surveys only detect the core region of

high redshift clusters, which increasingly resemble point-like sources. Also, low

I Meta-Catalog of X-ray detected Clusters of galaxies:
http://heasarc.gsfc.nasa.gov/W3Browse/all/mcxc.html
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redshift galaxies can be extended X-ray sources and may appear as false posi-
tives in X-ray cluster surveys (e.g., Adami et al. 2011). Unfortunately, it is also
difficult to get accurate measurements of redshifts from X-ray data alone.

Therefore using X-ray and optical data in a combined program, like the one
presented in this paper, is ideal for determining cluster characteristics. Since
the mass of a galaxy cluster is dominated by dark matter, their total masses are
difficult to measure directly. Thus, mass estimates are obtained by correlating
cluster mass with easily observable quantities that include X-ray luminosity, rich-
ness (number of member galaxies), temperature and velocity dispersions (e.g.,
Voit 2005; Lopes et al. 2006). Proving good correlations between independent
mass estimates and further constraining them is imperative so that reliable mea-
surements of the cluster mass function can be obtained. This allows us to inves-
tigate its evolution in time and thus better study the formation and evolution of
structures and improve constraints on cosmological parameters (e.g., Kravtsov &
Borgani 2012; Lopes et al. 2006). For example, in this combined program we cor-
relate the X-ray bolometric luminosity and the optical richness (N, ), comparing
our results with other studies (see Section 2.6.4).

The Swift gamma-ray burst (GRB) fields provide 125 deg? of serendipitous
soft X-ray observations. Several other groups are working with this dataset but
with different focuses than this study (Tundo et al., 2012; Puccetti et al., 2011;
D’Elia et al., 2013; Evans et al., 2014; Liu et al., 2015), and we made comparisons
to most of these works in Dai et al. (2015). In this paper, we compare our results

to the more recent Swift XRT Cluster Survey (SWXCS) (Liu et al., 2015). In
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Dai et al. (2015), we detected 442 extended sources in these GRB fields. Details
are listed in Table 4 of Dai et al. (2015) and also is reported here in Table 2.1
Of these 442, 209 lie in the footprint of the SDSS DR8 (Aihara et al., 2011).
We can use this SDSS data to look for over-densities in the photometric redshift
distribution of the galaxies near the X-ray source. Using the galaxy over-density
detection method described in this paper, we confirm 104 of these candidates as
galaxy clusters. Our own optical observational data, extending to deeper magni-
tudes, will be presented in future works. The structure of this paper is as follows.
Sections 2.2 and 2.3 introduce the Swift and SDSS data, respectively. Section
2.4 describes the method employed to detect clusters. Special cases are discussed
in detail in Section 2.5. We discuss the properties of the cluster candidates with
confirmed SDSS galaxy over-densities in Section 2.6, including the overall red-
shift distribution (§ 2.6.1), a comparison of the X-ray luminosity to the optical
properties (§ 2.6.2 — 2.6.4), and the red sequence feature common amongst galaxy
clusters (§ 2.6.5). We also compare our results to the literature. In Section 2.6.6,
we match our catalog to other cluster surveys with large footprints on the sky.
We briefly discuss cases found in a previous iteration of our X-ray source selection
algorithm that are not in our current catalog (§ 2.7). In Section 2.8, we conclude

with a summary and discussion of our results. We assume a cosmological model

with Hy = 70 kms™'Mpc™!, Qy; = 0.3, and Qy = 0.7.
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2.2  Swift XRT Observations

The Swift Gamma-Ray Burst Mission was launched in 2004 with three onboard
instruments: the Burst Alert Telescope, the X-ray Telescope, and the Ultravi-
olet/Optical Telescope. As it’s name suggests, the main purpose of Swift is to
observe GRBs and their afterglows through multiple instruments to obtain mul-
tiwavelength data simultaneously (Gehrels et al., 2004). GRBs are observed all
over the sky and are not known to be correlated with other X-ray sources. There-
fore there should not be a selection bias when considering this dataset for galaxy
clusters and these XRT fields constitute serendipitous observations for an X-ray
selected galaxy cluster survey. Figure 2.2 shows the all-sky distribution and rel-
ative exposure depth of the XRT fields used in this study (Fig. 2 from Dai et al.

(2015)).
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In Dai et al. (2015), we describe in detail the data reduction and methods used
in producing the X-ray cluster catalog. Here, we briefly describe the reduction
process and source extraction procedures. The Swift XRT has a relatively large
field of view (23.4x23.4 arcmin?) and is sensitive in the energy range of 0.2-10
keV. These GRB observations are of medium-depth, and randomly distributed
on the sky for a total area of ~ 125 deg® with a median flux limit of 4x1071°

2 57!, These data are ideal for finding galaxy clusters.

erg cm-

We downloaded all XRT “GRB” observations? before 2013-07-27, and repro-
cessed the data as described in Dai et al. (2015). From this, we made images
and corresponding exposure maps in different energy ranges: total (0.2-10 keV),
soft (0.5-2 keV), and hard (2-10 keV). Sources were detected in the images using
the CIAO tool wavdetect using a significance of detection threshold of 107¢. We
excluded GRBs by matching the known GRB positions. To distinguish clusters
from AGNs, we modeled the surface brightness profiles and compared to G-models
with surface brightness S o (1+ (R/ RC)Z)_36+1/2 representing a range of cluster
masses and redshifts. For the S-model parameters, we assume = 0.6 and a core
radius of R. = 0.1 for a typical cluster redshift of z = 0.5, assuming a 2 Mpc
physical radius (for more details on this, see Dai et al. (2015)). We defined an
extended source to be a cluster candidate if it had a S/N ratio > 4, a minimum
net photon count of 20, and a size that is at least 30 above the mean size of cor-

responding point sources at the same off axis angle. Since our cluster detection

criteria require a minimum of 20 photons, all the cluster candidates should be

2from the HEASARC website: http://heasarc.gsfc.nasa.gov.
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real astrophysical sources. False positives should arise only from confusing point
AGN with extended sources. The catalog of these 442 cluster candidates is given
in Table 2.1.

We compared the number counts of these extended sources/ cluster candi-
dates to those from Rosati et al. (2002), a survey combining data from ROSAT,
Chandra, and XMM-Newton, shown in Figure 2.3 (Fig. 18 from Dai et al. (2015)).
Figure 2.3 shows good agreement between the studies, suggesting that the cluster

candidates are in fact real clusters.
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2.3 SDSS Data

SDSS DRS provides the optical data for this study. The publicly available data
covers 14,555 deg? and has magnitude limits of my, < 22.0, 22.2, 22.2, 21.3 and
20.5 mag for the u, g, r, i, and z bands respectively (Adelman-McCarthy et al.,
2007; Aihara et al., 2011). Of the 442 cluster candidates, 209 are nominally in the
SDSS DRS footprint. However, six candidates lie too close to the survey edges
and were not considered further (see Figure 2.10), to leave us with 203 candidates
in the sample. We downloaded catalogs of the positions, magnitudes, photometric
redshifts, and available spectroscopic redshifts for all galaxies within a 40" radius
of the cluster candidate centers to provide both source and background regions.
A small fraction of these regions are incomplete in coverage due to either being
on the edge of the SDSS sky coverage, bright object masks or cosmic ray masks

(we discuss these in detail in Section 2.5.2).

2.4 The Method

We searched for galaxy over-densities in three-dimensional space using the galaxy
positions and photometric redshifts provided by SDSS DRS&. Where available,
spectroscopic redshifts are used in place of the photometric redshifts. For each
cluster candidate, we considered source regions with radii of 2’ and 3’ centered on
the X-ray centroid. We then selected the galaxies within the prescribed source

regions and separated them into redshift bins of width Az = 0.05. The SDSS
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photometric redshifts include uncertainties, which have an average of ~ (.12
(Aihara et al., 2011), larger than this bin size; however, the accuracy of the
cluster redshift is improved by /Ny« and is typically smaller than Az = 0.05,
where Ny is the number of galaxies above the background in the 2’ or 3’ source
region and within the redshift bin. We search for over-densities by comparing
this redshift distribution to that of the local background. We measured the local
background in an annulus extending from 25" to 40’ and centered on the Swift
sources, where the inner radius was chosen to be sufficiently distant from the
cluster regions to avoid contamination from the cluster. Local backgrounds are
needed in our analysis due to cosmic variance and any non-uniformity in the
exposure depth. An example of this variability can be seen in Figure 2.10 where
there is a distinct difference in the galaxy density between SWCL J215423.1
(top left) and SWCL J015021.7 (top right). From the background annulus of
each source, we chose 100 random regions equal in size to the source region (so
with radii of 2 or 3’) and calculated the mean and standard deviation of the
galaxy count in each redshift bin. This Monte-Carlo approach is more general
because it does not assume background distributions simply described by Poisson
fluctuations.

We compare the average background count and its standard deviation per
redshift bin to the redshift distribution of the source region. We consider an
over-density peak significant if the number of galaxies in a redshift bin is 3¢
above the averaged background and if the galaxy count is at least seven. Setting

a minimum galaxy count is important to reduce the false positives for higher
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redshift clusters (z 2 0.6), where the number of detected galaxies is low so that
the standard deviation is rather small, and the 30 cut can be affected more by
systematic uncertainties, such as the incompleteness of galaxies in SDSS for higher
redshifts. For potential clusters with multiple over-density peaks, we select the
most significant redshift bin for that candidate. If the original distribution did
not pick up a significant over-density peak, we shift all of the distribution bins to
the left by 0.025 and search for over-density peaks as before. Using this method,
we search at most 40 redshift bins of width Az = 0.05 for each cluster candidate.
Since all of our optically confirmed clusters are below z = 0.8, we essentially
have at most 32 redshift bins for detection. For the 203 cluster candidates, the
expected number of 3o false positives is 32 % 203 * 0.0015 < 9 or approximately
9% of the identifications. The cluster redshift is determined by averaging the
galaxy redshifts in the over-density bin. However, this includes foreground and
background galaxies in the bin so the cluster redshifts determined favor the center
of the over-density bin. To measure a more accurate cluster redshift, we shift the
center of the bin +0.025 using increments of 0.001. For each case, we perform
the same method as before. We keep the most significant over-density as the
best redshift estimate and report cluster details in Table 2.2. This maximizes
the likelihood of our method detecting accurate redshifts while maintaining a low
number of tests to minimize the number of false positives.

Our results are listed in Table 2.2, where ...

indicates cases where no 3o peak
was detected for either the 2’ or 3’ source region sizes. We confirm SDSS over-

density peaks for 104 of the 203 cluster candidates in the SDSS footprint. This
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does not mean that the remaining 105 are not clusters because the SDSS data are
only deep enough to confirm z < 0.4 clusters consistently. Examples of our SDSS
cluster confirmation for two Swift XRT images of GRB060204b and GRB061110a
are shown in Figures 2.4 and 2.5 , respectively. The blue circles mark the positions
of the extended X-ray sources, and the galaxy redshift distributions for the Swift
cluster candidates (red dashed lines) are shown in separate panels together with

the local mean redshift distribution and the 3o level above the local mean.
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Figure 2.4: SDSS identification of Swift clusters in the GRB060204b field. (bot-
tom left) The X-ray image with extended sources A—D indicated by the blue
circles. (other panels) Photometric redshift distributions (red dashed line) of
galaxies within 2’ of source center are shown for the four labeled sources. Also
shown are the averaged distribution of random positions of field galaxies (solid
black line) along with 3¢ above the average (dotted black line). The black squares
indicate any SDSS spectroscopic redshifts for galaxies within the 2’ region. The
blue vertical lines indicate the confirmed redshifts. In this field, A is confirmed
at z = 0.174 at a significance of 4.460, B is confirmed at z = 0.600 (5.340), C is
confirmed at z = 0.232 (5.950), and D has no SDSS confirmation.
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Figure 2.5: SDSS identification of Swift clusters in the GRB061110a field. (bot-
tom left) The X-ray image with extended sources A—E indicated by the blue
circles. (other panels) Photometric redshift distributions (red dashed line) of
galaxies within 2’ (A,D,E) and within 3’ (B,C) of source center are shown for the
five labeled sources. Also shown are the averaged distribution of random posi-
tions of field galaxies (solid black line) along with 3¢ above the average (dotted
black line). The blue vertical lines indicate the confirmed redshifts. In this field,
A is confirmed at z = 0.467 at a significance of 3.560, B is confirmed at z = 0.292
(5.160), C is confirmed at z = 0.162 (4.000), D is confirmed at z = 0.714 (3.840),
and E is confirmed at z = 0.499 (6.440).
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For each candidate with a confirmed over-density peak, we measure the dis-
tance between the BCG and the X-ray source center, and calculate the distri-
bution of the physical offsets (in Mpc) between the BCG and the X-ray source
center (Figure 2.6). We select the BCG as the galaxy with the brightest SDSS
r—band magnitude in the source region and the Az = 0.05 redshift bin. In Table
2.2, we list the SDSS r—band apparent and absolute magnitudes of the BCGs and
their physical offsets to their corresponding X-ray centers. It is often assumed
that both BCGs and X-ray centroids define the center of the cluster potential
wells and thus, their locations should overlap. However, in studies of optically
selected galaxy groups it has been found that the brightest halo galaxies can be
satellite galaxies instead of central galaxies (e.g., Skibba et al. 2011; Weinmann
et al. 2006; van den Bosch et al. 2008; Pasquali et al. 2009). Skibba et al. (2011)
also found that the number of brightest halo galaxies that were not central in-
creased when studying a higher group mass bin. We show our calculated mass
(details in Section 2.6.2) versus BCG-to-X-ray offset in Figure 2.7 and find the op-
posite to be true for our sample, that higher mass clusters have low BCG offsets.
The BCG-to-X-ray centroid distance distribution exhibits a broad tail extending
from a compact core (e.g., Lin & Mohr 2004; von der Linden et al. 2007; Dai
et al. 2007). We compare our offset distribution with that of 2MASS clusters
(Dai et al., 2007), which is normalized to match our sample count, and find that

the distributions are similar.
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Of the 104 confirmed clusters, there are 73 cases where our method found
SDSS galaxy over-densities for both the 2’ and 3’ regions. 70% of these cases
agree within the redshift range 6z < 0.05, where we assigned the more significant
peak as the redshift of the cluster. The twenty-four cases where the 2’ and 3’
regions both detect an over-density peak but the peaks are located in different
redshift bins are listed in Table 2.3. We compared both the significance of the over-
density peak and the BCG-to-X-ray center offset (in Mpc) for both possibilities
and assign a score as (02 — 03)/3 — (Offsety — Offsets)/Mpc for each cluster in
Table 2.3. If the score is positive (negative) then we assign the redshift to that
measured by the 2’ (3') region. The final assigned redshifts are shown in bold in

Table 2.3.
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2.5 Special Cases

In this section, we discuss the situation where multiple Swift cluster candidates
are closely located in angular position and redshift space and check for compli-
cations in the SDSS confirmation method. We also discuss how we treat clusters

with incomplete SDSS coverage of either the source or background areas.

2.5.1 Close Pairs of Swift Cluster Candidates

We found four cases with Swift cluster candidate pairs within 6’ of each other
and with similar redshifts (6z < 0.05). With the possibility of overlapping source
regions, these could result in false positive detections or redshift mis-assignments
and thus require a closer examination. For each case, we compare the following for
the cluster properties in question: the significance of the over-density peak, confir-
mation using the other source region size (so either 2’ or 3’), the BCG—to—X-ray
offset, any other redshift peaks over 3¢ (i.e. multiple peaks), and both X-ray
images and galaxy positions. We list the conclusions of our analysis in Table 2.4,
and show two examples in Figures 2.8 and 2.9, where we also include a discussion
of our conclusions in the figure captions.

SWCL J215423.1 and SWCL J215413.2 are separated by a distance of 2/7 and
both have a high significance peak (> 60) around z ~ 0.17, and SWCL J215413.2
has a second galaxy over-density peak at z = 0.227 (with significance o = 4.60).
It is likely that the z ~ 0.17 peak for SWCL J215413.2 is contaminated by the

cluster members of SWCL J215423.1. We assign z = 0.169 for SWCL J215423.1
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and z = 0.227 for SWCL J215413.2.

SWCL J232717.2 and SWCL J232725.6 are separated by a distance of 44 and
both have a high significance peak (> 60) at z ~ 0.22, and SWCL J232725.6
has a second galaxy over-density peak at z = 0.257 (with significance o = 5.71).
It is likely that the z ~ 0.22 peak for SWCL J232725.6 is contaminated by the
cluster members of SWCL J232717.2. We assign z = 0.223 for SWCL J232717.2
and z = 0.257 for SWCL J232725.6 (Figure 2.8).

In the remaining two cases, there are no additional over-density peaks in
either of the close pairs. For the SWCL J092730.1 and SWCL J092719.6 pair,
we detected over density peaks at z ~ 0.396 (z ~ 0.331) using 2’ (3’) source size
regions for SWCL J092719.6, but only a peak at z ~ 0.303 using 2’ region for
SWCL J092730.1. Further examining the BCG offsets, significance of the peaks
and the X-ray images, we determine that both are clusters, possibly merging. We
reach a similar conclusion for the SWCL J085552.1 and SWCL J085619.7 pair

(Figure 2.9).
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2.5.2 Incomplete SDSS Coverage

If a cluster candidate is close to the edge of the SDSS footprint, then the 40
region surrounding the X-ray source’s center will appear to be artificially devoid
of galaxies. In addition, there are masking regions associated with bright sources
and cosmic rays in the images. To check for coverage completeness for each
candidate cluster, the galaxy distribution within 40’ of X-ray source center was
visually inspected.

Eight of the candidates have incomplete 3’ source regions as shown in Figure
2.10. Each dot represents a galaxy, the blue solid circles represent the 2’ regions
and the red dashed circles represent the 3’ regions, indicating the largest source
region size considered in our analysis. Two of the eight cases (c and g of Figure
2.10) have complete 2" source regions and thus, are mostly complete in SDSS
and are included in this study. The other six incomplete source regions shown
in Figure 2.10 are excluded from this study. We are examining these cases by
performing our own follow-up observations. This lead to the exclusion of 6 candi-
dates (SWCL J012302.8, SWCL J020934.7, SWCL J032216.0, SWCL J075036.6,

SWCL J173932.6 and SWCL J194530.3), as discussed earlier in Section 2.3.
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Figure 2.10: Distributions of SDSS galaxies relative to source regions. Each
dot is a galaxy and the source regions are indicated by the red, dashed lines (3’
radius) and blue, solid lines (2" radius). The top row (a and b) shows examples
of cluster candidates with complete source regions in SDSS DR8. The remaining
cases show various degrees of incompleteness: ¢ and g are complete for the 2/
region and thus are included in the survey. The remaining six are too incomplete
and are rejected from the survey, so that the number of cluster candidates in this
survey is 203.
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There are 33 candidates with incomplete background annuli, and Figure 2.11
shows a few examples. Other examples of incomplete backgrounds are similar in
shape and incompleteness to those that are shown. Each dot represents a galaxy,
the blue solid circles are 3’ regions containing the source, and the red dashed
circles denote the background annulus with inner and outer radii 25 and 40'.
Since we consider 100 random regions to calculate the average local background
and variance, the incomplete background causes the average count of galaxies to
artificially decrease and the variance significantly increases. For these 33 cluster
candidates, we considered 100 random regions that exclude the incomplete areas.
The redshifts and cluster details reported in Table 2.2 reflect the results of this

augmented method.

2.6 Properties of the SDSS Confirmed Swift Clusters

Here we describe various properties of the 104 SDSS confirmed clusters, match

them to existing catalogs and discuss the implications for cluster science.

2.6.1 Overall Redshift Distribution

Figure 2.12 shows the distribution of our SDSS confirmed cluster redshifts, as
compared to the Tinker et al. (2008) model for the mass function and redshift evo-
lution of dark matter halos with masses ranging from 10*h=1M_ to 10"°h=* M,
assuming €2, = 0.25, o5 = 0.9, h = 0.72, and A = 2000. Although the cos-
mological parameters are slightly different from the ones used in our paper, the

model predictions are sufficient for our current qualitative comparison, providing

79



us with a model to test the completeness of our catalog. For lower redshifts, our
survey appears complete up to z ~ 0.3 and is 80% complete up to z ~ 0.4. How-
ever, the observed distribution is significantly lower for higher redshifts. This is
presumably due to the shallowness of the SDSS DRS catalog for galaxies at these
redshifts where galaxies are fainter. For the higher-z cluster candidates, we are

performing our own, deeper optical observations.
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Figure 2.12: Observed redshift distribution (red, solid) as compared to a model
prediction (dashed, Tinker et al. 2008). Standard error bars of v/N are used. The
dashed and dotted histograms show redshift distributions of matches between our
clusters and the Wen et al. (2012) and GMBCG (Hao et al., 2010) catalogs.
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2.6.2 X-ray Bolometric Luminosities

An advantage of having an X-ray selected catalog with optical follow-up is that
we can more easily identify correlations between properties in the two bands.
Here, we discuss how we estimate the X-ray luminosity and compare it to the
optical properties of the 104 candidate clusters with confirmed SDSS galaxy over-
densities.

We used XSPEC (Arnaud, 1996) to convert the Swift X-ray count rates to
luminosities, assuming a Galactic neutral hydrogen density of 5x10%° cm™2, a
cluster temperature of 5 keV, and an abundance of 0.4 Solar. Assuming a (-
model with 3 = 0.65, we corrected the X-ray luminosities to an aperture of
radius 1.0 Mpc. In this way the aperture would be similar to that used for the
optical richness calculations. The uncertainties in Ly, as seen in Figure 2.13,
are a combination of the uncertainties of the X-ray photon counts and the 25%
systematic uncertainties from changing the assumed 3 value by +0.15. We also

estimate Msqp, the mass inside of a radius R5q9 at which the density of the cluster

is 500 times the critical density (p.), using the relation

In Ly = (47.392 4 0.085) + (1.61 = 0.14) In Msgo + (1.850 % 0.42) In E(z)

—0.39 In (h/0.72) & (0.396 £ 0.039) (2.1)

from Vikhlinin et al. (2009), where E(z) = H(z)/Hy. These estimates are in-

cluded in Table 2.2.
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2.6.3 Optical Properties

We report observed galaxy counts (Ny.:) and optical richness estimates (Nyp)
in Table 2.2. The first is the excess galaxy count above the average background
in the redshift bin of width A = 0.05. N, is the estimated number of galaxies
with magnitude brighter than M,, assuming a Schechter luminosity function (e.g.,
Blackburne & Kochanek 2012; Dai 2009) with a break magnitude M, = —21.34
mag and slope « = —1.07 based on the results of Bell et al. (2003) for SDSS—r
band. We assume M, evolves with redshift using the correction AM, = @z with
@ = 1.2 as described by Dai (2009).

We converted the limiting apparent r—band magnitude my,, < 22.2 into
an absolute magnitude limit for each cluster candidate with a confirmed SDSS
galaxy over-density. In calculating the limiting absolute magnitudes, we take
into account Galactic dust extinction and also apply K-corrections. We use
the NED? online calculator for Galactic extinction values based on the X-ray
positions of the cluster candidates. We apply K-corrections using the template
models of Assef et al. (2010) for the elliptical galaxies, the expected dominant
galaxy population in clusters. We normalize the Schechter luminosity function for
each cluster candidate using the limiting absolute magnitude and the observed
background-subtracted galaxy count. We then use the redshift dependent M, to
estimate the optical richness, N,,, of the confirmed galaxy clusters.

Since Ny, is found using apparent radii on the sky of 2" and 3', we correct N,

SNASA /IPAC Extragalactic Database: ned.ipac.caltech.edu
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to an aperture radius of 1.0 Mpc, assuming an NF'W density profile (Navarro et al.,
1995). We do this by multiplying N, by F(< R1¢)/F(< Rops), where Ry is the
projected radius of 1.0 Mpc, R is the aperture radius in Mpc corresponding to
either 2 or 3’, and F/(< R) is the projected fraction inside radius R. We used the
Lx — Msoo and Msgg — cogo relations to estimate the scale radius r; (Vikhlinin
et al., 2009; Shan et al., 2015; Navarro et al., 1995; Dai et al., 2010; Girardi et al.,
1998). The uncertainties in N,,; are dominated by the statistical uncertainties in
the galaxy counts (v/Nye) and are plotted in Figure 2.13. Since we calculate the
excess galaxy count using a redshift bin width § = 0.05, smaller than the typical
photometric redshift uncertainty of ~ 0.12 (as discussed in Section 2.4), we apply
a correction factor of 6.01 for all clusters. At z > 0.6, where any SDSS galaxies
must be significantly brighter than L,, this procedure produces large corrections
that tend to grossly overestimate N,,. These clusters are indicated in Figure
2.13 with crosses (x). In addition to Ny, and Ny, we include r-band absolute

magnitude of the BCGs. These are listed in Table 2.2.

2.6.4 Optical-to-X-ray Correlations

Figure 2.13 shows Lx as a function of N,, for cluster candidates confirmed
using the 3’ region. Both Lx and N, correlate well with mass, as Lx probes
the gas mass and N, traces the galaxy members (e.g., Lopes et al. 2006). The
scaling relation Ly /10" = 10725 NZ% we obtain in log space using an orthogonal

regression fit with error dependent weights is shown in Figure 2.13 (solid line).

Without the error dependent weights, we obtain the scaling relation of Ly /10* =
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Figure 2.13: X-ray Bolometric Luminosity versus Optical Richness. The points
are the confirmed Swift clusters and the black lines are the best fit orthogonal
regression lines for the clusters with z < 0.6. The equations for the solid and
dashed lines are Lx /10" = 107*% N6 and Lx /10" = 107** N30, respectively.
The former represents the best fit that includes error dependent weights and the
latter represents the best fit without any weighting. The x’s indicate clusters
with z > 0.6, most likely with over-estimated richnesses due to the magnitude
limits of SDSS and the faintness of distant galaxies. For this reason, these are

excluded from the linear fit.
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107N -8 also shown in Figure 2.13 (dashed line). The orthogonal regression
line minimizes the perpendicular distances between the data points and the line
(e.g., Isobe et al. 1990). Our slope of 2.67 is steeper than the results of Dai et al.
(2007) and Kochanek et al. (2003), who report slopes of 1.56 and 1.33, respectively.
Our slope of 1.86 agrees better with these two optically selected studies. Lopes
et al. (2006) compares the slopes of the Lx — N, from several studies in their
Figure 17 and these slopes are in general steeper than what we measure here,
ranging from 1.84 to 5.86. Comparisons are difficult, as each study can vary in
fitting methods and in defining and estimating N,,; and Lx. For example, Lopes
et al. (2006) discuss two methods of linear regression solutions, the ordinary
least-squares (OLS) bisector and orthogonal regression (e.g., Isobe et al. 1990,
where the OLS bisector is the line that bisects the OLS solution minimized in
the Y direction (OLS(Y—X)) and the OLS solution minimized in the X direction
(OLS(X—Y)). Lopes et al. (2006) found that the orthogonal regression line was
better suited for this fit, especially in cases of large scatter. For ease of comparison
and based on their results, we choose to use the orthogonal regression method.
We find our slope is on the shallow end of those seen in Lopes et al. (2006).
Here we mention a few potential reasons for this difference. We define optical
richness in Section 2.6.3, and Lopes et al. (2006) use a definition based on a
physical aperture and apparent magnitude of member galaxies. Furthermore,
we use a bolometric X-ray luminosity and they use Lx in the [0.1—2.4 keV]

energy band. Both Dai et al. (2007) and Donahue et al. (2001) use bolometric

X-ray luminosities and report slopes of 1.56 and 3.60, respectively. Since clusters
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are virialized objects, the predicted scaling relation between Lx and mass is
Lx o< M*3 M Nopt, and Ly o Nfl{f’ (e.g., Kaiser 1991). However, with
the presence of non-gravitational effects, the scaling relations deviate from the
above predictions. One of the recent measurement between Ly and total mass
and stellar mass yields Lx oc M1% and Lx oc M2*® (Anderson et al., 2015) and
our measured slope Lx o< N2 agrees with the Lx—M, relation but deviates
from the Lx—M relation of Anderson et al. (2015). And our measured slope of
Lx oc M'8¢ using a fit without error dependent weights, agrees with the Lx—M
relation. Since all of these measurements have their own systematic uncertainties,
we do not expect an exact match in the slopes at this stage. However, those
studies that measured extreme steep slopes, 4-5, for the Lx—N,, relation were
subject to more severe systematic uncertainties.

We show Lyx as a function of BCG rgs in Figure 2.14. Here we test the
correlation of luminosity and mass of the ICM with the luminosity of the BCG.
Although there is a large scatter, we observe a general positive correlation when
we fit the data with the orthogonal regression method (e.g., Isobe et al. 1990). The
data is well correlated, with a Spearman’s correlation coefficient of r, = —0.26
and a probability of 0.03. Points shown in red indicate the BCGs with smallest
BCG-to-X-ray center offsets. These clusters show less scatter than clusters with

greater BCG-to-X-ray offsets, with correlation coefficients of —0.42 and —0.17

and probabilities of 0.04 and 0.27, respectively.
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Figure 2.14: X-ray Bolometric Luminosity as a function of BCG Absolute Mag-
nitude. Here we observe a roughly positive trend, with Spearman’s correlation
coefficient and probability of ry = —0.26 and 0.03. This indicates a positive cor-
relation (with large spread) between gas mass (from Ly) and BCG luminosity
(from 74s). The red points indicate BCG-to-X-ray-center offsets of < 0.1 Mpc
and show a higher correlation than offsets of > 0.1 Mpc, with r, = —0.42 and
rs = —0.17 and probabilities of 0.04 and 0.27, respectively.
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2.6.5 The Red Sequence

We examined the color distributions for each candidate with a confirmed SDSS
galaxy over-density to search for the red sequence feature seen in galaxy clusters.
In general, cluster members and the surrounding background form a bimodal
color distribution that is well represented by a two Gaussian fit, as seen in Figure
2.15 (e.g., Hao et al. 2010; Bell et al. 2004). The narrow, taller Gaussian is the red
sequence feature, prominent in galaxy clusters. The distribution of background
and /or foreground field galaxies can generally be approximated with a shallower,
wider Gaussian, because the background galaxies are from different redshifts and
the weak color bimodality is smoothed by redshifts. Following Hao et al. (2010),
we shifted between the g —r, r — i, and ¢ — z colors to follow the shifting location
of the Balmer break with redshift. The redshift ranges used for each color are

listed in Table 2.5.

Redshift Range Color
0.00 - 0.43 g—r
0.43 - 0.70 r—1i
0.70 - 1.00 i—z
Table 2.5: From Table 2 of Hao et al. (2010). These are the colors used for the
red sequence plots, dependent on redshift.

For each cluster candidate with a confirmed SDSS galaxy over-density, we
examine the color distribution using galaxies within 3’ of the cluster center and

within redshifts z; + 0.1, where z, is our measured cluster redshift. We fit
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Figure 2.15:  Color distributions and color magnitude diagrams. Left: Color
distributions showing clear red sequences (red Gaussian fit) and field galaxies
(blue Gaussian fit), in g — r for SWCL J232717.2 (top) at z = 0.223 and r — i for
SWCL J222438.0 at z = 0.499 (bottom). Right: The corresponding CMDs with
red points indicating galaxies within 20 of the red sequence Gaussian. The line
indicates the best fit to these points with mean p and Gaussian dispersion o.
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the color distribution to a two Gaussian model where we allow the normalization,
mean, and width of both Gaussians to vary and minimize the x? statistic. For the
lower redshift clusters, z4 < 0.11, we use a single Gaussian model with one prior
for the expected color. For these cases, we do not observe color contribution from
the background galaxies, likely due to the extent of the clusters on the sky. Our
two Gaussian model includes priors that constrain the width of the red sequence
compared to that of the background and constrain the mean of the red sequence
to favor the colors used by Hao et al. (2010) in their catalog of Gaussian Mixture
Brightest Cluster Galaxy (GMBCG) clusters. We use the second prior because
we know from Hao et al. (2010) how the red sequence evolves with redshift (see
Figure 2.16). We calculate the second prior by averaging the color of GMBCG
clusters in redshift bins of width Az = 0.05. These are shown by green diamonds
in Figure 2.16 and by the vertical lines in Figure 2.15. We find the red sequence
feature in ~85% of the confirmed clusters. The cluster galaxies (red dots in
Figure 2.15, right), are the galaxies with color within 20 of the red sequence
mean. Two examples are shown in Figure 2.15, along with corresponding color
magnitude diagrams (CMDs). Here we can observe the red sequence feature
clearly both in the narrow histogram and in the clustering of galaxies in color-
magnitude space. We also show the mean red sequence color as a function of
redshift in Figure 2.16. Although there is a significant amount of scatter, Figure
2.16 shows a general positive trend for the g — r and r — i colors as redshift
increases, as expected. We include GMBCG cluster colors from Hao et al. (2010)

(dots) in Figure 2.16 as well as the color priors used for our two Gaussian fit (green
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diamonds). In Figure 2.17, we plot the mass of clusters with confirmed redshifts,
denoting clusters with a detected red sequence with red triangles and clusters
without with black crosses (x). We see that in general there is no difference in
mass dependence. We performed a Kolmogorov-Smirnov (K-S) test to determine
whether the two mass distributions are in fact different. We find there is a
0.56 probability that the distributions are drawn from the same distribution,
signifying that the mass distribution of clusters with a detected red sequence is
not significantly different than those without a detected red sequence. However,
we do detect the red sequence in the six most massive clusters, so clusters with
mass greater than 6.7 x 104 M. Also, we find that the redshift distributions for
detected red sequences versus undetected are significantly different, with a K-S
test probability of 0.03.

The non-detections of the red sequence in our survey has several origins. The
principle problem is that many of the galaxies are relatively faint, potentially
leading to large color errors compared to the width of the red sequence. Galaxies
fainter than the magnitude limit of SDSS will not be included in the color dis-
tributions, so that the distribution may not fit the two Gaussian model. This is
especially true for more distant clusters where the observed flux is lower. At low
redshifts, the X-ray data is also sensitive enough to include lower mass groups,
which lack the well-defined red sequences of rich clusters. Nilo Castellén et al.

(2014) had similar issues in their study of low X-ray luminosity galaxy clusters.

92



3.0 - T T T T T 1 T .1
C g—r r—I 1=z ]
25F .
2.0F .
< 15F k
O C ]
L 3 p 3 i
L * i
1.0 N * -
05k this paper ¥ U
B Hao+ 2010 h
i Gaussian priors ]
O'O L 1 1 1 1 " " " 1 " " 1 1 " I ]

0.0 0.2 0.4 0.6 0.8

Photometric Redshift

Figure 2.16: Mean red sequence color as a function of redshift for every galaxy
cluster (red stars) that has an SDSS galaxy over-density and convergent Gaussian
fit of the red sequence. The points are clusters from the GMBCG catalog (Hao
et al., 2010). The green diamonds are the color priors from the GMBCG catalog
used in the two Gaussian fits.
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without (black x). We detect the red sequence in the 6 most massive clusters,
although in general, we do not observe a mass trend.
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2.6.6 Matching with Other Catalogs

We compare our catalog to other studies across multiple wavelengths to test for
accuracy and completeness. We chose to compare to catalogs with large footprints
since our Swift targets are scattered over a large fraction of the sky. First, we
compare with optical catalogs, starting with the 132,684 galaxy clusters in the
catalog from Wen et al. (2012). Their method uses a friend-of-friend algorithm
incorporating SDSS III galaxies to identify clusters and their BCGs. We used
a matching angular radius of up to 1. Out of 44 position matches, 41 agree in
redshift within |0z| < 0.1 with an average redshift difference of 0.026. These are
listed in Table 2.6. Of the 41 redshift matches, ~ 70% have mass greater than
the median mass of our sample, showing that in general we are matching our
more massive clusters to the optically selected catalog. Wen et al. (2012) claimed
their catalog is 95% complete for Msyy > 10*M, and for the redshift range
0.05 < z < 0.42, and our sample is complete for Msyy > 10**M and z < 0.3. The
number of clusters per survey area for the overlapping conditions Msg > 10 M,
and 0.05 < z < 0.3 are equal (~ 0.37) and thus, the completeness statements for
both samples are in agreement. We also compare our confirmed cluster redshifts
to the GMBCG clusters (Hao et al., 2010). Using the above matching procedure,
there are 18 position matches and 15 that agree in position as well as redshift, 14
of which are in the Wen et al. (2012) catalog. SWCL J121628.2 is not in the Wen
et al. (2012) catalog, so the right ascension, declination and separation reported

in Table 2.6 refer to the GMBCG catalog. The differences in redshift and position
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between our catalog and these optical catalogs could arise from the fact that our
clusters are X-ray selected and thus centered on the X-ray emission from the
clusters as opposed to their optically selected clusters. However, some of the

matches with large angular match radii (> 0/6) might be spurious associations.
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Here we compare to catalogs with selections based on X-ray, SZ and lensing
data. These trace the location of the gas in the cluster (e.g., Kravtsov & Borgani
2012) and should align with our sources better than optically selected surveys,
so we use a smaller matching radius of 30”. We search for matches to X-ray
selected clusters using the Meta-Catalog of X-Ray Detected Clusters of Galaxies
(MCXC, Piffaretti et al. 2011). MCXC comprises of 1743 clusters and combines
the ROSAT All Sky Survey with cluster surveys based on serendipitous obser-
vations. We find only two previously detected clusters, MCXC_J1557.7+3530
at redshift z = 0.155 and MCXC_J1557.7+3530 at z = 0.360. These match to
our clusters SWCL J155743.3 at z = 0.166 and SWCL J025630.7 at z = 0.374
(Piffaretti et al., 2011). SWCL J025630.7 is also detected with the Atacama Cos-
mology Telescope (ACT) (Hasselfield et al., 2013) using the SZ effect. This is the
only cluster match when compared to the 148 GHz observations by ACT of 68
galaxy clusters. We also compared our survey to the first release of SZ sources
observed by Planck (Planck Collaboration et al., 2014b) and found that SWCL
J084749.4 at z = 0.391 is a match to PSZ1.G213.43+31.78 at z = 0.349. Finally,
we compared our confirmed galaxy clusters to the Deep Lensing Survey (Ascaso
et al., 2014) but found no matches.

In Dai et al. (2015), we compared our catalog of extended sources to the Swift
XRT Cluster Survey (SWXCS) (Tundo et al., 2012), and found 55 of 72 sources
agreed in position to within 30”. Liu et al. (2015) expanded the analysis from
using only GRB fields in Tundo et al. (2012) to also including non-GRB fields,

increasing the number of fields to ~ 3,000 and finding 263 cluster candidates in a
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total solid angle of ~ 400 deg?. They cross-correlated their catalog with optical,
X-ray, and SZ catalogs to match known galaxy and galaxy cluster redshifts that
have similar positions. Of the 442 extended sources in Dai et al. (2015), 88 agree
within 30” and 68 agree within 10”. Although the number of SWXCS cluster
candidates increases from 72 to 263 (Tundo et al., 2012; Liu et al., 2015), we do
not see a comparative increase in matches because, like Tundo et al. (2012), our
analysis includes only Swift GRB fields.

We compared the positions of our SDSS confirmed galaxy clusters to their
updated catalog and found 37 position matches in the SDSS footprint using a
matching radius of 10”. These are shown in Table 2.7. In Liu et al. (2015),
there are clusters with multiple reported redshifts that come from comparing
the SWXCS to other studies. For these cases, we report the average of those
redshifts in Table 2.7. Of those 37 matches, 23 have redshifts in both catalogs, 22
agree within |dz| < 0.1 and 19 agree within [0z| < 0.05 with an average redshift
difference of Az ~ 0.033. Furthermore, 17 of the 37 position matches were also

matched to the Wen et al. (2012) catalog and thus are also presented in Table

2.6.
Swift Separation SWXCS SWXCS SWXCS — Swift
Name (Arcmin) RA DEC  Phot. z Phot. z
SWCL J002114.54-205943 0.051 5.3095  20.9956 0.141

SWCL J002823.64+092705 0.045 7.0987 9.4517 0.224 0.195
SWCL J012303.84-375609 0.150 20.7625  37.9361
SWCL J015752.94-165933 0.018 29.4699 16.9924  0.507 0.510
SWCL J020003.84-084024 0.026 30.0158  8.6730 0.215 0.196
SWCL J020745.04+002053 0.098 31.9375  0.3498
SWCL J035259.4—004338 0.033 58.2471  —0.7274  0.328 0.301
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Swift Separation SWXCS SWXCS SWXCS  Swift

Name (Arcmin) RA DEC  Phot. z Phot. z
SWCL J075900.84-324449 0.065 119.7527  32.7480 0.579
SWCL J084749.44-133142 0.096 131.9544  13.5276 0.349 0.391
SWCL J092649.84-301346 0.043 141.7085  30.2296 0.559 0.567
SWCL J092719.6+301348 0.086 141.8327 30.2309  0.302 0.331
SWCL J092730.1+301046 0.058 141.8744 30.1798  0.312 0.303
SWCL J095206.74102137 0.108 148.0280 10.3622
SWCL J095513.44181215 0.052 148.8058  18.2051 0.416 0.423
SWCL J101341.54430651 0.058 153.4235 43.1152 0.449 0.400
SWCL J114232.3+505623 0.037 175.6344 50.9393  0.260 0.254
SWCL J114503.14+600811 0.048 176.2613  60.1362 0.285 0.268
SWCL J124312.14170454 0.126 190.8026  17.0812 0.142 0.136
SWCL J133051.04-420641 0.150 202.7158 42.1111 0.588
SWCL J133055.84-420015 0.076 202.7310  42.0048 0.113
SWCL J140637.3+274348 0.049 211.6547 27.7302  0.655 0.600
SWCL J140639.04+-273546 0.109 211.6611 27.5974 0.252 0.232
SWCL J143211.6+362225 0.084 218.0467 36.3740  0.572 0.663
SWCL J143223.3+361752 0.028 218.0967  36.2980
SWCL J152252.94-253527 0.152 230.7187  25.5926 0.557 0.546
SWCL J155117.44-445118 0.083 237.8208 44.8551 0.697
SWCL J155743.3+353020 0.082 239.4292  35.5065  0.158 0.166
SWCL J164956.4+313021 0.082 252.4857  31.5070 0.734
SWCL J173932.84-272051 0.038 264.8860  27.3480
SWCL J194004.24-782415 0.051 295.0164 78.4033
SWCL J215507.74164725 0.028 328.7821 16.7907
SWCL J222438.0—022231 0.092 336.1594 —2.3742  0.507 0.499
SWCL J222444.0—-022034 0.006 336.1832 —2.3428  0.658 0.714
SWCL J222516.4—020825 0.068 336.3192 —2.1411 0.467
SWCL J222954.14-194350 0.159 337.4729  19.7292 0.272 0.287
SWCL J232248.4+054810 0.053 350.7014  5.8036 0.244 0.244
SWCL J232725.6+263506 0.037 351.8565 26.5843  0.059 0.257

Table 2.7: List of 37 position matches comparing clusters of the SWXCS catalog
(Liu et al., 2015) to the SDSS identifications of the Swift AGN and Cluster Survey.
Both cluster surveys use Swift fields to locate extended X-ray sources as potential
galaxy clusters. We used a matching radius of 10”. The redshifts of SWXCS are
reported from various optical, X-ray and SZ catalogs (see Liu et al. (2015) for
details). For SWXCS clusters with multiple redshifts listed, we report the average
of these redshifts here. Of these 37 position matches, 23 have redshifts in both
catalogs. 22 of 23 clusters agree in redshift to dz < 0.1. The remaining position
match is different enough in redshift to be considered different clusters and thus,
not a match. 19 clusters agree within redshift 6z < 0.05.
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2.7 Confirmed Clusters Not in Current Catalog

We went through various iterations of the X-ray source selection method before
using the latest one discussed in Dai et al. (2015). There are 10 X-ray sources
selected using a previous version of our algorithm that were confirmed as galaxy
clusters using SDSS data and the method described above. These are listed in
Table 2.8. Due to slight changes in the X-ray source selection algorithm, the
significances of these sources changed to be below the significance threshold and
so are not included in the current catalog or in Table 2.2. These clusters are
worth mentioning for researchers interested in these individual clusters in future

studies.
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2.8 Summary & Discussion

In this paper, we present SDSS identifications (Table 2.2), including estimated
redshifts, X-ray and optical properties, for the X-ray selected galaxy clusters we
identified in Dai et al. (2015). We confirmed 104 of the 203 cluster candidates in
the SDSS footprint and estimate that the catalog is 80% complete up to z = 0.4.
Most of the remaining cluster candidates are expected to be at higher redshifts
where the member galaxies are too faint to use SDSS for confirmations. This sam-
ple significantly increases the number of X-ray selected clusters with confirmed
redshifts and it is one of the largest uniformly-selected cluster samples, covering
a total sky area of 125 deg?.

We observe clear red sequences and clustering of galaxies in color-magnitude
space in ~85% of the clusters. X-ray source centers and BCG locations show
good agreement, with small offsets and distributions similar to other studies. We
find clear matches with previously observed clusters. Our X-ray luminosities
correlate well with optical properties and our Lx — N, slope agrees with other
estimates. Thus, it is clear the Swift technique presented in Dai et al. (2015) is
successfully identifying extended X-ray sources that are in fact galaxy clusters.
In future studies, we will look at changing the significance threshold of the X-
ray source detection (Dai et al., 2015) as it may be too stringent currently. For
example, we list 10 clusters in Table 2.8 that were confirmed by the SDSS data
but removed from the current X-ray catalog based on the final choice for the

significance threshold.
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Our method combines X-ray and optical techniques and properties to confirm
galaxy cluster candidates and can be used for similar studies. In this way we
find 63 new galaxy clusters in the SDSS footprint that were not detected using
the optical cluster finding methods of Wen et al. (2012) and Hao et al. (2010).
The next step is to look deeper in magnitude and beyond the footprint of SDSS.
Although SDSS was a good start, the data is too shallow for higher redshift
clusters and has incomplete sky coverage. There are ~ 100 undetected Swift
extended sources in the SDSS footprint, and still ~ 250 outside, for a total of
~ 350.

We have been performing our own follow-up observations with observing pro-
grams taking photometric data at the MDM 2.4m, Kitt Peak 4m, and CTIO
(Cerro Tololo Inter-American Observatory) 4m. We have also observed candi-
dates with redshifts of z ~ 0.5 at the Magellan 6.5m and MDM 2.4m using
multi-slit spectroscopic masks. Once we derive galaxy redshifts from our data
we will use the method outlined in this paper to confirm additional clusters at
higher redshifts. Furthermore, our sample will be more statistically significant
when it is more complete, which will lead to better constraints on the cluster

mass function.
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Chapter 3

New Limits On Gamma-Ray Emission From

Galaxy Clusters

We developed a method of stacking Fermi gamma-ray count maps to constrain the
signal expected from galaxy clusters. Here we discuss the method, our results and
the impact on cosmology. In Appendix A, we discuss our revised method to study

the gamma-ray emission from luminous and ultraluminous infrared galaxies.

3.1 Introduction

Galaxy clusters are the largest gravitationally bound structures in the universe
and as such are important tools for studies of structure formation and cosmology.
Past and current methods of detection include optical and X-ray observations, the
Sunyaev-Zel'dovich effect, and gravitational lensing (e.g., Kravtsov & Borgani
2012 and references within). FEach new way of observing galaxy clusters can
reveal more about these objects, the physics involved, and the history of their
formation.

The prevailing structure formation theory suggests that galaxy clusters formed
through the hierarchical merging of smaller systems, driven by the gravity of the
dominant dark matter. During the merging process, merger shocks form in the
baryons, accelerating cosmic ray (CR) particles to ultra-relativistic speeds with

Lorentz factors I' > 1000 (e.g., VO6lk et al. 1996; Berezinsky et al. 1997). Evidence
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for this can be seen in the form of cluster radio halos or relics, spatially extended
radio emission or giant radio arcs on scales of ~1 Mpc due to synchrotron emission
by CR electrons (Feretti et al., 2012). Electrons lose energy quickly (< 10® yr)
due to the high efficiency of synchrotron emission, non-thermal bremsstrahlung,
and up-scattering of CMB radiation and so radio relics only probe recent events.

The shock models also predict that a much larger amount of energy is de-
posited in the hadronic component (ultra-relativistic protons). CR protons have
a very long cooling time (> 10'° yr) and interact with protons in the hot inter-
galactic medium (1-10 keV) of the clusters (e.g., Berezinsky et al. 1997; Berring-
ton & Dermer 2003; Kravtsov & Borgani 2012). Hadronic debris from these p—p
interactions includes neutral pions, whose main decay channel is two v-rays: 7°
— 27 (99%) (Amsler et al., 2008). This 7° decay is expected to dominate the
CR induced ~v-ray emission which is predicted to be detectable by the Ferms
Large Area Telescope and other y-ray missions (Fermi-LAT, e.g., Ackermann et
al. 2014; Vazza & Briiggen 2014, Reimer et al. 2003, Aleksi¢ et al. 2012, Arlen et
al. 2012).

Other processes that contribute to the y-ray emission are inverse Compton
scattering and relativistic bremsstrahlung emissions, but these are likely subdomi-
nant (e.g., Jeltema et al. 2009; Pinzke & Pfrommer 2010; Vazza & Briiggen 2014;
Brunetti & Jones 2014). In addition, to detect any dark matter annihilation
signal in clusters and set stringent constraints on dark matter annihilation cross-
sections, the CR emission is a background that must be characterized as part of

the spectrum (Ackermann et al. 2014; Huber et al. 2013).
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Several recent papers focus on Fermi-LAT searches for this y-ray emission;
however, no diffuse y-ray emission from galaxy clusters has firmly been detected
(Ackermann et al. 2014, Huber et al. 2013, Prokhorov and Churazov 2014 by
stacking ~ 50 clusters; Ackermann et al. 2014, Han et al. 2012, Zandanel and
Ando 2014 for individual clusters). Fermi-LAT has detected point-like ~-ray
emission from the radio galaxies at the centers of the Virgo and Perseus clus-
ters, although these are not attributed to neutral pion decay in the intergalactic
medium (Abdo et al. 2009a, 2009b). In these studies, extragalactic sources be-
yond the 2FGL catalog! (Nolan et al., 2012) could cause contamination (Han et
al. 2012, Ackermann et al. 2014, Prokhorov and Churazov 2014). The results
of the stacking analyses of Ackermann et al. (2014), Huber et al. (2013), and
Prokhorov and Churazov (2014) establish the lowest flux upper limits to date and
Huber et al. (2013) reached the lowest limits at 2.8-4.9x10~" photon cm™—2 s7*
in the 1-300 GeV band. Flux upper limits from these stacking analyses are in
partial conflict with current models of CR acceleration (e.g., Huber et al. 2013).
Vazza & Briiggen (2014) argued that the expected 7-ray emission for most clus-
ters with radio relics should be close to or above the flux limits set by these
stacking analyses.

In this Letter, we present an independent study on this topic, using a uni-
formly selected sample of nearby clusters. Our sample is unique among Fermi
cluster stacking analyses as all of the studies mentioned above use only high X-ray

flux HIFLUGCS clusters (Reiprich & Bohringer 2002). Our final selection of 78

'http://heasarc.gsfc.nasa.gov/W3Browse/all/fermilpsc.html
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clusters includes just 5 HIFLUGCS clusters and of the original 163, 33 are in the
HIFLUGCS catalog. In §2 we discuss the cluster sample, the v-ray data reduction

process and the stacking analysis, and we discuss the results and consequences

in §3. We assume Hy = 70 km s~ 'Mpc™t, k=0, Qp = 0.3, and Q, = 0.7.

110



"SI0ISTD pajoalar o) moys sosdife pal pue SISATeuR [eUY oY) Ul POPNIUL SISO SSVING

DL R/, 91} JO BAIR PUR SUOIIRIO[ 9} MOYs sosdI[[o U913 o], “ejep pozATeur oy} 10j dewr junod uojoyd ANs-[[y

ﬂoom 0004 . 000S 000€ 000T

T°¢ o3y

111



1050 1100 1150 1200

Figure 3.2: Final 0.8-100 GeV stacked image for the 78 clusters. The analysis
region is 20 Mpc in radius and we limit the flux in the central 2 Mpc source
region (black circle).
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3.2 Analysis

Our cluster sample consists of the richest, nearby (z < 0.12) clusters in the
2MASS catalog of clusters identified using a matched filter algorithm (Kochanek
et al. 2003). Like Fermi, 2MASS is also an all-sky survey, and we start with
the 163 richest clusters outside of the Galactic plane (|b] > 20°) with z < 0.12
(z = 0.08) and typical masses of Mgy ~ 6 x 101"M,. The sample is well-
characterized in richness and distance with extensive calibrations using both near-
IR and X-ray stacking analyses (Dai et al., 2007, 2010; Blackburne & Kochanek,
2012). We eventually use 78 of the original 163 clusters as discussed in §3. Details

of these clusters are listed in Table 3.1.

Name RA Decl Z Richness In Final Stack?
2MASSCL_J0330-5235 52.590 -52.585 0.060  28.758 yes
2MASSCL_J0317-4417  49.438 -44.297 0.074 13.183 yes
2MASSCL_J0108-1526  17.228 -15.435 0.053  10.392 yes
2MASSCL_J0327-5323  51.841 -53.392 0.061 16.375 yes
2MASSCL_J0343-5338  55.753 -53.643 0.059  20.109 yes
2MASSCL_J0312-4725  48.191 -47.417 0.081  10.006 yes
2MASSCL_J22354+0129 338.935 1.496 0.059 14.214 yes
2MASSCL_J0112+1611 18.103 16.196 0.061  11.029 yes
2MASSCL_J0544-2558  86.200 -25.968 0.042 15.188 yes
2MASSCL_J1311+43915 197.832 39.262 0.072  15.287 yes
2MASSCL_J115740504 179.370 5.081 0.076  11.157 yes
2MASSCL_J13354+5910 203.986 59.175 0.070  10.987 yes
2MASSCL_J0431-6124 67.809 -61.415 0.059  26.199 yes
2MASSCL_J2201-2225 330.476 -22.428 0.069 10.336 yes
2MASSCL_J1426+1641 216.664 16.699 0.053 11.816 yes
2MASSCL_J0116+1618 19.063 16.304 0.066 11.666 yes
2MASSCL_J2308-1953 347.126 -19.884 0.081 12.324 yes
2MASSCL_J2336+2106 354.081 21.101 0.058 12.712 yes
2MASSCL_J2152-1538 328.002 -15.639 0.063 11.427 yes
2MASSCL_J0358-3015  59.576 -30.259 0.097 13.264 yes
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Name RA Decl Z Richness In Final Stack?
2MASSCL_J103244010 158.067 40.175 0.072  13.507 yes
2MASSCL_J2354-1024 358.549 -10.407 0.076  19.762 yes
2MASSCL_J2158-6025 329.574 -60.426 0.075  23.248 yes
2MASSCL_J0017-3511 4.404  -35.190 0.097 17.916 yes
2MASSCL_J103940510 159.862 5.174 0.068 11.689 yes
2MASSCL_J0328-5541  52.175 -55.695 0.086  13.444 yes
2MASSCL_J0051-2830 12.838 -28.504 0.112 17.951 yes
2MASSCL_J0042-2834  10.695 -28.578 0.108  19.567 yes
2MASSCL_J1215-0650 183.792 -6.844 0.077 10.614 yes
2MASSCL_J2145-1005 326.497 -10.089 0.079  11.595 yes
2MASSCL_J135340508 208.277 5.150 0.079  15.175 yes
2MASSCL_J2312-2131 348.050 -21.526 0.109  24.831 yes
2MASSCL_J2358-6036 359.712 -60.609 0.099  18.808 yes
2MASSCL_J0908-0938 137.224 -9.643 0.054 27.751 yes
2MASSCL_J1709+3425 257.423 34.423 0.084 17.255 yes
2MASSCL_J2130-1312 322.564 -13.207 0.084 10.189 yes
2MASSCL_J2214-1021 333.632 -10.355 0.096 15.374 yes
2MASSCL_J0045-6333  11.481 -63.562 0.079 11.636 yes
2MASSCL_J2153-5745 328.475 -57.760 0.076  31.222 yes
2MASSCL_J1121+4803 170.382 48.054 0.116 25.634 yes
2MASSCL_J1552+2731 238.120 27.524 0.079 17.984 yes
2MASSCL_J10084-0004 152.250 0.071 0.095 14.101 yes
2MASSCL_J1236-3353 189.146 -33.894 0.081 15.386 yes
2MASSCL_J122740851 186.879 8.853 0.089  19.426 yes
2MASSCL_J1702+4-3330 255.707 33.505 0.088 16.891 yes
2MASSCL_J2129-5048 322.400 -50.806 0.077 11.344 yes
2MASSCL_J0006-3442 1.603 -34.703 0.113 16.636 yes
2MASSCL_J0046+0000 11.595  0.002 0.115 10.305 yes
2MASSCL_J0049+2427 12.458 24.466 0.082 18.477 yes
2MASSCL_J1200+5614 180.040 56.247 0.065 11.905 yes
2MASSCL_J114140536 175.292  5.603  0.097  10.596 yes
2MASSCL_J2202-0956 330.579 -9.947 0.079  14.990 yes
2MASSCL_J2224-0135 336.009 -1.591 0.091 12.921 yes
2MASSCL_J1620+2949 245.208 29.832 0.095  14.003 yes
2MASSCL_J1654+4-3128 253.730 31.479 0.098 10.870 yes
2MASSCL_J111945341 169.925 53.687 0.103  25.892 yes
2MASSCL_J1132-1152 173.229 -11.880 0.104 13.710 yes
2MASSCL_J151040449 227.703 4.830 0.078 16.013 yes
2MASSCL_J1330-0151 202.723 -1.866 0.087  12.033 yes
2MASSCL_J1248+6237 192.167 62.624 0.104 12.704 yes
2MASSCL_J1113+0231 168.461 2.526 0.076  10.203 yes
2MASSCL_J15584-2714 239.592 27.240 0.089  40.181 yes
2MASSCL_J1249-0142 192.301 -1.703 0.085  16.449 yes
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Name RA Decl Z Richness In Final Stack?
2MASSCL_J0020+2838  5.167  28.643 0.096  17.278 yes
2MASSCL_J0854+40040 133.639 0.667 0.107 12.482 yes
2MASSCL_J2146-5715 326.685 -57.260 0.075  29.000 yes
2MASSCL_J1518+0613 229.691 6.232 0.103  23.762 yes
2MASSCL_J0955-2933 148.793 -29.552 0.095  11.477 yes
2MASSCL_J1229+41146 187.456 11.776 0.087  11.929 yes
2MASSCL_J2131+0356 322.864 3.947 0.093 17.564 yes
2MASSCL_J0714+44525 108.635 45.431 0.055 10.817 yes
2MASSCL_J2034-3557 308.715 -35.961 0.088  11.221 yes
2MASSCL_J2041-3513 310.482 -35.226 0.090  16.545 yes
2MASSCL_J0046+2028 11.622 20.481 0.104 12.830 yes
2MASSCL_J145345416 223.490 54.271 0.099  14.337 yes
2MASSCL_J15154+0422 228.823 4.369 0.098 16.932 yes
2MASSCL_J0548-2157  87.088 -21.958 0.093  10.598 yes
2MASSCL_J1516-0048 229.061 -0.814 0.117  18.458 yes
2MASSCL_J1453+1643 223.252 16.725 0.045 10.248 no
2MASSCL_J0433-1318  68.379 -13.305 0.033  12.794 no
2MASSCL_J0721+5544 110.347 55.744 0.039  19.432 no
2MASSCL_J2338+42705 354.716 27.086 0.031 13.706 no
2MASSCL_J1347-3257 206.874 -32.956 0.039  14.885 no
2MASSCL_J0547-2533  86.968 -25.551 0.041  22.982 no
2MASSCL_J0056-0113  14.061 -1.228 0.045  17.459 no
2MASSCL_J1327-2715 201.858 -27.264 0.041  20.446 no
2MASSCL_J1952-5506 298.039 -55.100 0.060 16.974 no
2MASSCL_J0108-1534  17.246 -15.579 0.099  16.807 no
2MASSCL_J2155-5721 328913 -57.362 0.076  10.311 no
2MASSCL_J12414+1833 190.294 18.556 0.072  13.352 no
2MASSCL_J2019-5247 304.962 -52.785 0.048  17.235 no
2MASSCL_J0312-2659  48.032 -26.991 0.067  10.747 no
2MASSCL_J0627-5426  96.878 -54.444 0.050  24.705 no
2MASSCL_J2202-6011 330.579 -60.195 0.097 17.172 no
2MASSCL_J151140554 227.760 5.902 0.079  28.127 no
2MASSCL_J2051-5247 312.897 -52.792 0.045 21.389 no
2MASSCL_J1257-1724 194.367 -17.412 0.047 17.543 no
2MASSCL_J0626-5343  96.528 -53.723 0.053  17.512 no
2MASSCL_J2012-5649 303.108 -56.832 0.055  29.253 no
2MASSCL_J1215-3300 183.960 -33.009 0.090 16.507 no
2MASSCL_J1713+6403 258.295 64.057 0.080 10.898 no
2MASSCL_J171246403 258.246 64.052 0.080  35.346 no
2MASSCL_J0041-0919 10.410 -9.321 0.055 15.533 no
2MASSCL_J1713+6403 258.297 64.060 0.080 14.796 no
2MASSCL_J0023-0146 5.910 -1.783 0.085 11.675 no
2MASSCL_J1333-3137 203.430 -31.618 0.049 10.502 no

115



Name RA Decl Z Richness In Final Stack?
2MASSCL_J151140517 227.786  5.293 0.079 13.211 no
2MASSCL_J0102-2154 15.631 -21.901 0.055 10.785 no
2MASSCL_J1605+1748 241.364 17.814 0.037 16.136 no
2MASSCL_J1628+3935 247.133 39.590 0.030 16.378 no
2MASSCL_J2324+1439 351.111 14.658 0.042 12.131 no
2MASSCL_J121840515 184.743 5.254 0.077  10.532 no
2MASSCL_J1258-0146 194.692 -1.781 0.084 16.129 no
2MASSCL_J1244-1159 191.101 -11.993 0.094 10.601 no
2MASSCL_J1259+42755 194.900 27.930 0.023 21.477 no
2MASSCL_J015543354 28.785 33.904 0.088 12.073 no
2MASSCL_J1257-3021 194.277 -30.365 0.055 26.164 no
2MASSCL_J17414+1723 265.479 17.392 0.061 10.862 no
2MASSCL_J0246+3653 41.549 36.892 0.048  10.347 no
2MASSCL_J1605+1617 241.422 16.293 0.041  12.860 no
2MASSCL_J0333-6414  53.289 -64.240 0.079 11.084 no
2MASSCL_J1603+1614 240.765 16.244 0.038  28.733 no
2MASSCL_J152242741 230.619 27.696 0.072  23.001 no
2MASSCL_J15164+0703 229.188  7.055 0.038 12.301 no
2MASSCL_J1323-3142 200.997 -31.708 0.048  13.226 no
2MASSCL_J1328-3132 202.087 -31.534 0.048  50.157 no
2MASSCL_J1331-3144 202.814 -31.739 0.048 25.392 no
2MASSCL_J1332-0338 203.127 -33.135 0.049 11.461 no
2MASSCL_J170340305 255.959 3.086 0.095 11.527 no
2MASSCL_J1311-3417 197.887 -34.297 0.095 12.003 no
2MASSCL_J2305+2102 346.336 21.036 0.101 16.301 no
2MASSCL_J170347839 255.873 78.655 0.058  32.456 no
2MASSCL_J1512+0727 228.155 7.454 0.045 10.443 no
2MASSCL_J1254-2901 193.630 -29.030 0.054  17.226 no
2MASSCL_J121740337 184.390 3.624 0.077  20.523 no
2MASSCL_J0825+0429 126.463 4.499 0.101  15.061 no
2MASSCL_J0259+1337 44.751 13.621 0.074 15.832 no
2MASSCL_J1254-0238 193.720 -2.635 0.116 15.396 no
2MASSCL_J02574+1257 44.300 12956 0.072  14.641 no
2MASSCL_J0258+41320 44.586 13.347 0.074  37.626 no
2MASSCL_J2002-3005 300.638 -30.089 0.088  14.009 no
2MASSCL_J1517-0043 229.341 -0.722 0.117  35.425 no
2MASSCL_J1252-1526 193.238 -15.437 0.046  12.585 no
2MASSCL_J1849+4+7020 282.339 70.348 0.090 10.051 no
2MASSCL_J0301+3548 45.436  35.815 0.046  13.786 no
2MASSCL_J1302-0227 195.711 -2.461 0.083 12.108 no
2MASSCL_J175946912 269.784 69.206 0.082  15.738 no
2MASSCL_J2006-8316 301.516 -83.282 0.059  11.552 no
2MASSCL_J0413+1028 63.372 10.482 0.087 21.473 no
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Name RA Decl / Richness In Final Stack?

2MASSCL_J1510+3329 227.553 33.492 0.113  24.913 no
2MASSCL_J1522+2821 230.609 28.365 0.083  10.773 no
2MASSCL_J0436+1039 69.125 10.666 0.095  24.492 no
2MASSCL_J0448-2029  72.036 -20.491 0.072  19.624 no
2MASSCL_J1801+5738 270.319 57.640 0.068  14.003 no
2MASSCL_J1509+0732 227.391 7.549 0.078  15.506 no
2MASSCL_J1521+3035 230.297 30.592 0.078  15.753 no
2MASSCL_J1527+2855 231.948 28.929 0.066  14.577 no
2MASSCL_J1219-1321 184.900 -13.359 0.069  12.298 no
2MASSCL_J1259-0411 194.877 -4.197 0.082  11.736 no
2MASSCL_J0452-2039  73.210 -20.666 0.063  10.139 no
2MASSCL_J0540-4325  85.033 -43.420 0.086 13.618 no
2MASSCL_J0708+7151 107.003 71.861 0.105  14.233 no
2MASSCL_J2303+1742 345.809 17.702 0.078  12.230 no

Table 3.1: Position, redshift and richness for the 163 galaxy clusters used in our
study. The first 78 are the clusters used in the final stacked image and are ordered
by the variance of the background, starting with the lowest variance cluster. The
richness is the number of galaxies with luminosity L > L, (Kochanek et al., 2003).
Note that 5 of the 78 clusters in our final stack (33 of 163) are HIFLUGCS clusters
(Reiprich & Bohringer 2002).

We downloaded the Pass 7 LAT data from the Fermi Science Support Cen-
ter (FSSC)?, along with the Fermi Science Tools (version v9r31p1). We used
the pre-generated weekly all-sky files which span 2008-08-04 to 2013-06-20 for
a total of 255 weeks (~ 5 years) for SOURCE class photon events. We fol-
lowed the FSSC Data Preparation recommendations for our analysis. Since the
point spread function (PSF) of Fermi-LAT decreases with energy, we used a
minimum energy threshold of ~ 1 GeV so that the PSF is always more com-
pact than 0.6 deg, which also lowers the contributions of point sources. A

zenith angle cut of 100° was applied to avoid CR-produced ~-rays originating

Zhttp://fermi.gsfc.nasa.gov/ssc
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from the Earth’s atmospheric limb. Good time intervals were identified using
the recommended selection expression ((DATA_QUAL==1) && (LAT_CONGIF==1)
&& ABS(ROCK_ANGLE) <52) to exclude periods of dead time during spacecraft ma-
neuvers, software updates, and transits through the Southern Atlantic Anomaly.

We first extracted count and exposure maps for each week and then stacked
them in time to make a single count and exposure map for each cluster. We
then stacked the clusters to obtain the final stacked image. As we generate the
map for each cluster, we search for high background flares from variable -ray
sources in the weekly images, 20 above the mean photon flux (photon cm™2 s71),
and reject these time periods. We used seven logarithmically spaced energy bins
to cover the 0.8 — 100 GeV band and the exposure maps were calculated at the
mean energy of each bin.

Since clusters at higher redshifts have smaller angular sizes, we combine the
clusters over a fixed 20 Mpc radius region of interest (ROI) binned into 2 Mpc
pixels. This is more physical than stacking on a fixed angular scale as done
previously (Ackermann et al. 2014; Huber et al. 2013; Prokhorov & Churazov
2014). The cluster emission should lie only in the central 2 Mpc and the remainder
provides the background region. We also weight the clusters by 22 so that the
stacked signal is not dominated by nearby clusters. This also helps to reduce
the variance in the final, stacked image. Since the 2 Mpc extraction region can
be smaller than the Ferm: PSFs at lowest energies ~ 1 GeV, we calculated
energy-dependent aperture flux corrections, and applied them to the flux limits

calculated in all energy bands.
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We masked bright sources from the 2FGL catalog (Nolan et al., 2012) using
0% radius circles to minimize contributions from known point sources to the
background. This mask radius is larger than the PSF of point sources for all but
the lowest energies (~ 1 GeV) considered in our analysis. We tested various mask
sizes and found that 0°5 radius resulted in the smoothest background, although
there is still some contamination to the background, up to 35% of the source
signal. This contamination contributes randomly to the background and has
little effect on the final flux estimates. The masked region was then statistically
filled using the average local background, which we defined to be the annulus with
inner and outer radii of 097 and 0°9, respectively. This average local background
contains little contamination from the bright source itself (< 8% of the source
signal). For multiple bright sources, we masked from brightest to dimmest to
minimize the contamination on adjacent masks. We then visually rejected clusters
with poorly masked, bright 2FGL sources. We flattened each count map to the
average exposure near the center of each cluster to make the effective exposure
time uniform across the image. For any overlapping clusters (separation < 2 Mpc)
we excluded the more distant cluster. We also excluded one cluster where a
bright source mask completely covers the cluster region. These procedures left
us with 78 clusters (Figure 3.1) with the final stacked 0.8-100 GeV image shown
in Figure 3.2. In addition to this map we also examined maps in which we
sequentially stack the clusters in order of increasing background variance. This
“stacking by variance” method provides an alternate approach for images with

complex, multi-component backgrounds including bright sources, the Galactic
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background, and the diffuse extragalactic background.

3.3 Results and Discussion
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Figure 3.3: Photon flux upper limits [0.8 — 100 GeV] per cluster as a function of
the number of clusters included in the stack for different outer background radii
(the inner radius is fixed at 3 Mpc). The stacks are ordered by the increasing
variance of the cluster maps. The limits initially decline and then flatten. The
black solid line indicates the stacking analysis that includes all count maps not
in the Galactic plane, even those with poorly masked 2FGL sources. The trend
increases after N ~ 100 suggesting that we correctly rejected images with large
contamination.
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Within our 2 Mpc source region of the final stack of 78 count maps (see
Figure 3.2) we detect no excess y-ray emission above the background. We find an
aperture corrected 95% confidence upper limit of 2.48 x 10~*! photon cm=2 s*
per cluster in the 0.8 — 100 GeV band when we compare the source region to
500 random 2 Mpc regions in our standard background annulus (3-19 Mpc).
This Monte-Carlo approach is more general in that it does not assume a Poisson
background. The choice of the outer background radius has little effect (see
Figure 3.3). Figure 3.3 also shows how the limits depend on the number of
clusters as we stack them in order of increasing variance. There is an initial,
rapid decline and then a flattening with a minimum at N = 45-55 clusters.
Taking the median of the best upper limits from the stacking by variance method
from the four different background apertures, we obtain the final upper limit
of 2.32 x 107! photon cm™2 s™! per cluster corresponding to a luminosity limit
of 3.5 x 10" phot s in the 0.8 — 100 GeV band given the median redshift of
z = 0.0758. If we extend this to include clusters with poorly masked 2FGL
sources (black, solid line in Figure 3.3), the number of clusters increases to 155
but the limits begin to significantly worsen as we reach N > 100 clusters. This
indicates that our exclusion of these clusters was well-justified. We also constrain
the y-ray emission upper limits in a range of narrower energy bands and these
limits are listed in Table 3.2.

Figure 3.4 compares our aperture corrected 95% confidence limits for the

0.8 — 100 GeV band to the results of Ackermann et al. (2014) (1-200 GeV) and

Huber et al. (2013) (1-300 GeV). We corrected for energy band differences by
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modeling the photon flux as dN/dE « (E/Ey)> (Pfrommer & EnBlin, 2004;
Huber et al., 2013), but the corrections are very small (~ 5%). As seen in
Figure 3.4, our new flux limits are an order of magnitude stronger than those
for typical individual clusters and a factor of 2.1-1.2 improvement on the Huber
et al. (2013) stacking limits of 2.8-4.9x107 photon cm~2 s™!. Because the
Huber et al. (2013) sample is slightly closer, with a mean redshift of z = 0.052,

this results in a factor two difference in 22

compared to our sample. The mean
mass of the Huber et al. (2013) clusters is also roughly a factor of two larger at
Moo = 5.6 x 10** My, thus our mass-weighted luminosity limit is twice that of
Huber et al. (2013), but for slightly smaller systems. In the 10-300 GeV band,

our mass-weighted luminosity limit is also consistent with the constraint from

Prokhorov & Churazov (2014).
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Energy Outer Bkg. Flux UL Lowest

Range Radius (N =178) UL (N)
0.8 —100.0 16 Mpc 23.5 22.6 (N =175)
13.0 — 300.0 16 Mpc 1.32 1.24 (N =70)

0.8—-1.6 16 Mpc 20.9 17.2 (N =70)
1.6 — 3.2 16 Mpc 8.06  T7.87 (N =55)
3.2 — 6.3 16 Mpc 335  3.13 (N =50)
6.3 —13.0 16 Mpc 1.88 1.83 (N =70)
13.0 —25.0 16 Mpc 1.01 1.01 (N =T78)

25.0 — 50.0 16 Mpc 0.591 0.569 (N = 70)
50.0 — 100.0 16 Mpc 0.419 0.415 (N = 175)
100.0 — 170.0 16 Mpc 0.322 0.293 (N = 65)

170.0 — 300.0 16 Mpc 0.278 0.236 (N = 175)
Table 3.2: Flux upper limits (UL) per cluster at 95% confidence in units of
10~?photon cm~2 s~!for various energy ranges. Shown here are our results with
an outer background radius of 16 Mpc. First Column: The energy range consid-
ered. Second: Outer radius of the background annulus. Third: Upper limits for
the complete stack of 78 clusters. Fourth: Lowest flux upper limits found for the
number of clusters producing the best limit in the stacking by variance method.
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Gamma-ray emission from galaxy clusters probes the non-thermal component
of the intra-cluster gas. We can compare our flux limits to recent model predic-
tions for the y-ray emission from clusters by Huber et al. (2013), assuming that
7% decay is the main ~-ray emission source. Since our mass weighted luminosity
limit is twice that of Huber et al. (2013), we place upper limits of the CR-to-
thermal energy ratio of 8% as scaled to Huber et al. (2013), corresponding to a
CR-to-thermal pressure ratio of Por/Prn ~ 4%. These results confirm the recent
claims (Huber et al., 2013; Prokhorov & Churazov, 2014) that the CR energy and
pressure contribute only marginally to the total energy and pressure of the intra-
cluster gas. This reduces one uncertainty in estimating the hydrostatic cluster
mass using thermal X-ray emission.

Moreover, v-ray emission from galaxy clusters provides an additional window
to constrain the details of cluster formation. Large-scale cosmological simulations
have successfully predicted the mass function of galaxy clusters. However, we lack
additional constraints to test the details of these models because we generally
observe only the final stages of the merging history. Since the cooling time of
the hadronic CR component is longer than a Hubble time, the hadronic CR
component essentially accumulates in clusters (e.g., Berezinsky et al., 1997) so
that the final y-ray emission produced by the hadronic CRs depends on the full
merger history. This should be compared to the CR electron-driven synchrotron
radio emission — both are driven by the same shocks but the radio emission
depends only on recent activity due to the short CR election life times. Since

cluster merger models predict that all clusters have experienced similar shocks

126



during the assemblage history, the clusters with radio relics are considered an
evolutionary stage of clusters because of the fast electron cooling time-scale.
Thus, we can compare the y-ray flux constrained from a general cluster pop-
ulation with the radio flux from clusters with radio relics, because both the CR
components are accelerated by the same shocks. While some model predicted
v-ray fluxes from clusters with radio halos are consistent with our limits (e.g.,
Kushnir et al. 2009), using a semi-analytical model, Vazza & Briiggen (2014) cal-
culated the expected y-ray emission from clusters with radio relics (arcs) that are
evidence for shocks with Mach numbers of 2-4. Figure 3.4 (right) compares the
predictions of Vazza & Briiggen (2014) (green diamonds) to the observed limits
(arrows and horizontal lines), and, like Huber et al. (2013) our limits are well
below the typical predictions. The problem can be more severe because there
can be multiple mergers as a cluster forms. Several papers explored scenarios
to resolve this discrepancy, including over-estimated Mach numbers from the ra-
dio data, lower energy deposition rates to the hadronic CR component than in
standard diffuse shock acceleration models, and reacceleration of electrons (e.g.,

Vazza & Briiggen 2014; Brunetti & Jones 2014; Zandanel et al. 2014).
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Appendix A

Constraining Gamma-Ray Emission from

Luminous Infrared Galaxies

In this appendix, I present our Fermi-LAT analysis of luminous and ultralu-
minous galaxies. Here, we use an updated version of the method discussed in

Chapter 3.

A.1 Introduction

Gamma-ray emission provides a sensitive probe of the cosmic ray content of
star-forming galaxies. When cosmic ray protons collide with the dense ISM of
star-forming galaxies, they produce secondary electron-positron pairs, neutrinos,
and gamma-rays through pion production on a characteristic timescale t,, ~
7 x 10" yrn~!, where n is the gas density of the ISM in units of cm™ (e.g.,
Schlickeiser 2002). For average ISM densities larger than ~ 10 — 100 cm™, ¢,
may be sufficiently short that one expects most of the cosmic rays to interact
with the ISM before escaping the host galaxy through diffusion, or via advection
in a large-scale galactic wind (Loeb & Waxman, 2006). Assuming that cosmic
rays are predominantly accelerated in supernovae, if the cosmic ray escape time
is much longer than t¢,,, then one expects a one-to-one linear relation between
the gamma-ray luminosity and the star formation rate, as measured by the far-
infrared luminosity or GHz radio continuum (RC) luminosity (Thompson et al.,

2007; Lacki et al., 2010, 2011).
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The diffuse gamma-ray emission from star-forming galaxies and its contri-
bution to the extragalactic diffuse gamma-ray background has been predicted
by a number of authors (e.g., Paglione et al., 1996; Blom et al., 1999; Torres
et al., 2004; Cillis et al., 2005; Thompson et al., 2007; Pavlidou & Fields, 2001).
Observational breakthroughs occurred with the detections of nearby starburst
galaxies M82 (VERITAS, VERITAS Collaboration et al., 2009) and NGC 253
(H.E.S.S., Acero et al., 2009) by Cherenkov telescopes and Fermi (Abdo et al.,
2010a). Ackermann et al. (2012) further summarized the Fermi detections of
diffuse gamma-ray emission from local group galaxies, including the Milky Way,
M31, the LMC and SMC, and from nearby star-forming galaxies NGC 4945 and
NGC 1068. Tang et al. (2014) observed a ~ 5.50 detection from the luminous
infrared galaxy NGC 2146. Ackermann et al. (2012) also established empirical
correlations between the diffuse gamma-ray emission and both the FIR or radio
emission of star-forming galaxies, where the latter two continua are also tightly
correlated (e.g., van der Kruit, 1971; Yun et al., 2001; Sargent et al., 2010; Bourne
et al., 2011).

In this paper, we focus on Fermi observations of luminous (LIRGs; 10* <
Lir(8 — 1000um)/Le, < 10'%) and ultra-luminous IR galaxies (ULIRGs (LIRGs;
Lig(8 —1000um)/Le > 102), probing the highest luminosity regime. We assume

a flat ACDM cosmology of Hy = 70 km s_lMpc_l, Q,, =0.3, and Q) =0.7.
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A.2 Analysis

For our galaxy sample, we use infrared bright (Lig(8 —1000um) > 10" L) galax-
ies from the Infrared Astronomical Satellite (IRAS) Revised Bright Galaxy Sam-
ple (RBGS, Sanders et al. 2003). The RBGS contains all 629 extragalactic objects
brighter than 5.24 Jy at 60 pum surveyed by the IRAS. These are the brightest
extragalactic 60 pum sources (Sanders et al., 2003) and are ideal candidates for
studying gamma-ray emission in star-forming galaxies. Most of the galaxies have
low infrared luminosities Lig (8 — 1000um) < 10 L. Further excluding targets
close to the Galactic plane (|b] < 20°), where the Galactic gamma-ray background
is high, our sample contains 135 galaxies with a range of redshifts from 0.0030 to
0.082, with a median redshift 0.022. In this sample, there are 123 LIRGs and 12
ULIRGs. As discussed later in this section, we use 82 of the total 135 galaxies
by further excluding targets with high backgrounds.

Using 399 weeks (~ 7.7 years) of Fermi-LAT data, we obtain photon flux
upper limits (ULs) from individual and stacked photon count maps of galaxy po-
sitions. We follow a similar method as described in Griffin et al. (2014), where we
study Fermi-LAT count map stacks of galaxy clusters to obtain the lowest ULs
to date. Here we summarize the method and discuss any changes and updates
that are tailored to stack galaxies. For more details, see Griffin et al. (2014). In
general, galaxies have much smaller angular sizes than nearby galaxy clusters,
and considering the angular resolution of Fermi-LAT, most galaxies are unre-

solved in the gamma-ray regime. Therefore, we choose to use a fixed angular
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radius to stack the data rather than a fixed physical radius as in Griffin et al.
(2014). The corresponding background regions are in general smaller, and the
number of contaminating background sources lower. We use PASS8 LAT source
photons and determine good time intervals using the recommended expression
((DATA_QUAL==1) && (LAT_CONFIG==1)). We use the recommended zenith an-
gle cut of 90° to exclude gamma-rays from Earth’s atmospheric limb.

For each count map, we exclude weeks with high background flaring activ-
ity, where the photon flux (phot cm™2 s7!) is greater than 20 above the mean
flux. This removes the contribution to the background from variable gamma-ray
sources (Griffin et al., 2014). We use 7 logarithmically spaced energy bins across
the bandpass 0.8 — 100 GeV. We use a pixel size of 0°4 and count maps of 4° radii
to estimate the background contribution. We tested other pixel radii; however
they were either much lower than the resolution of the Fermi-LAT, or were too
large, which results in a larger background, increasing the number of contami-
nated targets. The 4° count map radius was found to be optimal to encompass
source and background regions. The lower energy bin PSFs (~ 1 GeV) are larger
than the 0%4 source radius, so we calculate an energy-dependent aperture flux
correction to apply to flux limits calculated in all energy bands.

We first co-add the exposure and count maps in the time domain so that we
have one count map and one exposure map for each galaxy position. We flatten
each count map using the average exposure measured from the center so that the
effective exposure time is uniform across each image. To minimize background

contamination from known point sources, we mask bright sources from the 3FGL
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catalog (Acero et al., 2015). We exclude any photons within 0% of the source
and populate this region with randomly placed photons using the average local
background measured in the annulus with inner and outer radii 097 to 09, respec-
tively. We visually rejected any count maps with residual contamination from
poorly masked 3FGL sources. In general, these contaminating sources are nearby
blazars or pulsars. Among the rejected cases are the previously detected LIRGs
NGC 2146 and NGC 1068 (Tang et al., 2014; Ackermann et al., 2012). In our
final sample, we have 82 galaxies where 7 are ULIRGs, including Arp 220 and
Mrk 273. The other 75 are LIRGs. The positions of these galaxies and their 4°
extent on the sky are shown in green in Figure A.1, while the rejected galaxies

are shown in red.
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A.3 Results and Discussion

Figure A.2 (left) shows the final stack of 81 photon count maps with a black
central circle indicating the 0°4 source region. We detect no excess gamma-ray
source emission above the background and find an aperture corrected 95% con-
fidence upper limit of 1.74 x 10~ photon cm™2 s~! per galaxy in the 0.8 — 100
GeV energy band (excluding Arp 220). ULs are obtained using a fixed inner
background radius of 192 and outer background radii of 2°4, 298, 3°2, and 3%,
respectively. The UL of 1.74 x 10~ photon cm~2 s™! per galaxy is the median
UL using the four background regions and is represented by the horizontal line
in Figure A.3. We find that the choice of outer background radius has little
impact on the UL, as shown in Figure A.3. We stack the count maps in order
of background variance and as expected, as we add more photon count maps
the flux ULs drop significantly and level out after ~ 50. Additionally, Figure
A.3 shows the ULs obtained from the stack of 135 count maps, including the
visually rejected point source contamination cases. This shows that we do not
see improvement from including these count maps and that the choice to exclude
these cases is valid. The sharp uptick at the right end of Figure A.3 is from
the inclusion of 2 count maps that have the pulsar PSR J1836+5925 (e.g., Acero
et al. 2015), providing strong contamination to the background. We also study
the LIRG and ULIRG stacks separately. The LIRG photon flux UL we obtain is
1.73 x 107! photon cm™2 s~! per galaxy and with a mean redshift of 0.023 for

the 75 galaxies, and we obtain a corresponding luminosity limit of 1.30 x 10*!
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ergs s~! in the 0.8 — 100 GeV energy band. The UL we obtain from stacking the 6
ULIRGs, excluding Arp 220, is 5.44 x 10~ photon cm™2 s™! per galaxy. With a
mean redshift of 0.052, we obtain a corresponding luminosity limit of 2.19 x 10%2

ergs s~ in the 0.8 — 100 GeV energy band.
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In addition to examining stacks of galaxy count maps, we study each galaxy
individually. In all but one case, we do not detect any source significantly above
the background. The one exception is Arp 220, the closest ULIRG to our galaxy,
where we detect gamma-ray emission at 3.78¢ significance above the local back-
ground in the 0.8 — 100 GeV energy band. Excluding Arp 220, we find that the
individual flux ULSs for each galaxy in the entire sample range from 8.2 x 10~ to
3.0 x 1071% photon cm™2 s™1. Of the 81 galaxies, we measure a median individual
galaxy UL of 1.4 x 107! photon cm™2 s~! and mean redshift of 0.026. We obtain
a corresponding luminosity limit of 1.3 x 10*? ergs s~! in the 0.8 —100 GeV energy
band.

Arp 220 is a two galaxy merging system with extreme conditions, and has
been studied extensively across multiple wavelengths (e.g., Smith et al., 1998;
Heckman et al., 1996; Dunne & Eales, 2001; Rangwala et al., 2011; Lacki et al.,
2011). The redshift of Arp 220 is z = 0.018, implying a distance of 77 Mpc. This
ULIRG has previously not been detected in the gamma-ray regime and one of the
galaxy nuclei might house a hidden AGN (e.g., Iwasawa et al., 2001; Rangwala
et al.,, 2011). We detect a gamma-ray signal at the location of Arp 220 that is
3.78¢ above the mean background level (Figure A.2, right), where we sample the
mean background and its standard deviation by randomly drawing 500 regions
of the same size as the source region in the background area. The off-center peak
emission seen in Figure A.2 implies some contamination from a nearby source.
This emission is not from a source in the 3FGL catalog (Acero et al., 2015). In

their analysis of Arp 220, Tang et al. (2014) suggest CRATES J153246 + 234400,
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Figure A.3: Photon flux upper limits versus stack size, sorted by background
variance. The solid lines represent the four different outer radii used for the
81 count maps in the final stack (we exclude the detection of Arp 220). As
the stack size increases, the flux ULs decrease and flatten as expected. The
dashed line represents the stacking analysis of the 135 count maps, including
those with background contaminations from 3FGL sources, namely blazars and
pulsars. The horizontal dotted line is the median flux of the final 81 count maps
stack: 1.74 x 107! phot ecm™2 s~
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a flat-spectrum radio quasar (FSRQ, Healey et al. 2007) as the likely candidate
of the contamination. The position of this source is located 0.55° from Arp 220
and aligns with the peak emission, as indicated in Figure A.2 with the thinner
black circle. We examine smaller energy bins to determine if the detection of Arp
220 is significant despite the contamination. We use the energy dependent mean
PSF's of each sub energy bin as a source radius. We mask the overlapping area
from the contaminating source and fill in that mask with a proportional count
of photons from the unaffected area of the Arp 220 signal. In so doing, we find
that the first energy bin with energies [0.8, 1.6] GeV is contaminated but the
remaining energy bands together [1.6, 100] GeV provide a 3.03¢ signal above the
background. Thus, it seems there is a significant signal from Arp 220 and we
analyze the system more closely.

We perform a binned likelihood analysis of Arp 220 using the recommended
method from the Fermi Science Support Center!. We use photons with energies in
the bandpass 0.8-100 GeV, using an ROI of radius 10° with Arp 220 at the center
and we model the emission from all 3FGL sources within 15° as point sources. We
include two additional point sources, for Arp 220 and CRATES J153246 + 234400,
modeled with power-law spectrums: dN/dE = No(E/E,) ", where 'y, is the
photon index. We model the Galactic and extragalactic backgrounds using the
most up-to-date versions: gll_psc_v16.fit and iso_.P8R2_SOURCE_V6_v06.txt. For
CRATES J153246 + 234400, we measure a TS value, photon index, and photon

flux of 20.3 (4.50), 3.472 £ 1.23 and 2.66 4= 0.78 x 1071, respectively. For Arp

1FSSC, fermi.gsfc.nasa.gov/ssc/
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220, we measure a TS value of 21.3 (4.60) with a photon index of 2.23 £ 0.46
and photon flux 2.43 4= 0.90 x 107! photon cm™2 s™! in the energy band [0.8,
100] GeV. Using the measured photon index, we find the luminosity of Arp 220
to be 8.22 4 3.0 x 10*! ergs s7!. Independent of our analysis, Peng et al. (2016)
also report a gamma-ray detection of Arp 220 (~ 6.30,I'), = 2.35 £ 0.16) in the
energy band [0.2, 100] GeV, reported concurrently with this work. Their gamma-
ray luminosity of Lo 1_100gev = 1.78 & 0.30 x 10%? ergs s—! is consistent with our
value of Ly 1_100cev = 1.57 & 0.58 x 102 ergs s~ 1.

The detection of Arp 220 is largely in agreement with previous theoreti-
cal models, including explicitly proton calorimetric estimates (Thompson et al.,
2007), and more detailed treatments (e.g., Torres et al., 2004; Lacki et al., 2010,
2011; Lacki & Thompson, 2013; Yoast-Hull et al., 2015). The implications of
the detection of Arp 220 in the gamma-ray regime, with a luminosity compati-
ble with the calorimetric limit, have been described extensively by Lacki et al.
(2011). Here, we briefly summarize. The high gamma-ray luminosity implies (1)
a low equilibrium energy density for cosmic rays with respect to the energy den-
sity required for hydrostatic equilibrium, (2) secondary electron/positron pairs
from pion production likely dominate production of the observed GHz radio con-
tinuum (Torres et al. 2004, Rengarajan 2005, see eq. 19 of Lacki et al. 2011),
(3) relativistic bremsstrahlung and ionization losses flatten the continuum syn-
chrotron spectrum (see Thompson et al. 2006), potentially providing evidence
for the “high gas surface density” conspiracy for the FIR-radio correlation de-

scribed in Lacki et al. (2010), and finally (4) star-forming galaxies contribute to
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the diffuse gamma-ray and neutrino backgrounds (e.g., Pavlidou & Fields, 2001;
Loeb & Waxman, 2006; Thompson et al., 2007; Lacki et al., 2014; Murase et al.,
2013). Gamma-rays with > TeV energies are expected to be attenuated (Torres
et al., 2004; Lacki & Thompson, 2013; Yoast-Hull et al., 2015), producing high-
energy electron/positron pairs that may contribute to the observed diffuse X-ray
emission via synchrotron radiation (Lacki & Thompson, 2013).

Ackermann et al. (2012) examined correlations in star-forming galaxies be-
tween the gamma-ray luminosity and other tracers of star formation histories.
Total IR luminosity (8-1000 pm) is one such tracer, as the ultraviolet light from
massive stars is absorbed by dust and re-radiated as infrared (e.g., Kennicutt
1998). Another tracer is the RC luminosity that originates from CR electrons
and positrons producing synchrotron radiation. With our gamma-ray flux mea-
surements of Arp 220, we can extend the correlation to the high luminosity end.
Figure A.4 compares gamma-ray luminosities to these other tracers of star for-
mation history, RC luminosity on the left and total IR luminosity on the right.
In the calorimetric limit a power-law relationship is expected in either case, rep-
resented by the dashed lines (see Ackermann et al. 2012 for details). We include
Fermi-LAT detections from the local group (Abdo et al., 2010¢,b,d), the four de-
tections by Ackermann et al. (2012), and our detection of Arp 220. Additionally,
we include our upper limits from the LIRG and ULIRG stacks. For this plot, we
convert our luminosities found in the [0.8 — 100] GeV bandpass to the luminosity
band of [0.1 — 100] GeV used by Ackermann et al. (2012), assuming a power-law

spectral shape, dN/dE = N,(E/E,)""»" and ', = 2 (e.g., Lacki et al. 2011). For
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Arp 220, we use the measured photon index of 2.23. Furthermore, we convert the
Ackermann et al. (2012) luminosities from their adopted Hubble constant of 75
km s~! Mpc~! to our adopted value of 70 km s~ Mpc~!. The measurements from
this paper are shown in red in Figure A.4. We fit the detections using x? mini-
mization assuming a simple power-law relation. The gamma-ray-IR luminosity

correlation is described by the best fit line:

lOg LO.l—lOOGoV = (125 + 003) X lOg L8—1000,um + (267 + 029), (Al)

as well as the gamma-ray—RC luminosity correlation with

IOg LO.I—IOOGOV = (122 + 003) X lOg L1.4(;HZ + (133 + 058) (A2)

Our Arp 220 detection lies right on the line for the gamma-ray-FIR fit and

above the gamma-ray-RC fit but within the uncertainties.
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As Fermi-LAT collects more data, we expect to see more detections of nearby
ULIRGs and LIRGs. Our ULs from the LIRG and ULIRG stacks are approaching
the power-law fit from the detections. If we treat this fit as a detection threshold,
we would only need to improve our LIRG UL by a factor of two and our ULIRG
UL by a factor of three to cross this threshold.

In this Letter, we have applied the method of Griffin et al. (2014) of mak-
ing and stacking Fermi-LAT count maps to study LIRGs and ULIRGs. We
present upper limits as well as a 4.60 detection of the previously undetected
Arp 220, the closest ULIRG. We compare these to similar studies, namely those
presented in Ackermann et al. (2012). Our results place further constraints on
expected gamma-ray emission from these star-forming galaxies in the more ener-
getic regime. We show that our upper limits are close to the current detection

limit of Fermi-LAT and expect to see more detections in the next few years.
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