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Abstract

The cosmological principle (CP) postulates that the Universe is isotropic and homogeneous. This implies
that the Universe has the same expansion rate toward every direction and holds similar amounts of
matter when averaged over sufficiently large scales. The CP is a fundamental building block of the
standard cosmological model and is broadly taken as an axiom in extragalactic astronomy. However, its
observational foundation remains uncertain. Multiple studies that tested the CP have been conducted
in the past, frequently returning controversial results. Since each methodology suffers from certain
limitations and potential biases, it is crucial to develop several independent tests to scrutinize the CP
further. Galaxy clusters can be an excellent probe of cosmic isotropy. They are the largest, gravitationally
bound systems in the Universe, and they contain up to thousands of galaxies and vast amounts of dark
matter. Their intracluster medium (ICM) is filled with hot ionized plasma that strongly emits X-ray
radiation. This work aims to apply a novel, powerful test for the CP using galaxy clusters. Specifically, I
use their so-called scaling relations (SCs) to probe the isotropy of the local Universe. This work consists
of two projects.

In the first project, I focus on the tight correlation between the X-ray luminosity Ly and the temperature
T of galaxy clusters. To estimate Ly from the measured X-ray flux, one needs to assume the values of
the cosmological parameters, such as the expansion rate of the Universe, H,. On the other hand, the T
measurement is nearly free of cosmological assumptions. I exploit this property to draw conclusions
about cosmic isotropy by investigating the directional behavior of the Ly — T relation. If H, is spatially
constant and no previously undetected, X-ray absorbing gas and dust clouds exist, then Ly — T should
be statistically similar toward all directions. To constrain the Ly — T relation I use a homogeneously
selected galaxy cluster sample with 313 objects. Their temperatures, metallicities, and redshifts were
measured, using observations from the Chandra and XMM-Newton telescopes. Further corrections in the
publicly available Ly values were also performed to better account for the X-ray absorption, point source
contamination, and merging clusters. By scanning the extragalactic sky, it is shown that Ly — 7 manifests
a strongly anisotropic behavior at a > 40 confidence level. The apparently preferred axis lies toward the
Galactic coordinates ([, b) ~ (280°, —=20°). A large variety of potential systematic biases that could result
in artificially observed anisotropies is inspected, including X-ray absorption effects. None of these tests
reveal any significant bias in the anisotropy detection. To further check the consistency of the results,
I repeat the analysis with two other, completely independent cluster samples. Both samples exhibit a
similar Ly — T anisotropy. When all three samples are combined, they result in 842 individual clusters.
Their joint analysis further amplifies the statistical significance of the observed anisotropy, boosting it to
a ~ 50 level. The most anisotropic direction is (I, b) ~ (303°, -27°) with a H,, variation of ~ 15% across
the sky, in agreement with several past studies, conducted with different probes. A conclusive answer on
the origin of this anisotropy, however, could not be given yet.

In the second project, I attempt to decisively identify the origin of the apparent anisotropies. To
do so, I use three more cluster properties; the total integrated Compton parameter Yg,, the infrared
luminosity of the brightest cluster galaxy, and the X-ray half-light radius of the clusters. All three are
nearly free of absorption issues. This allows for the construction of 10 multiwavelength SCs, through



which essential information on the nature of the cluster anisotropies can be obtained. Five of these
SCs are presented in the literature for the first time. I make use of nearly 570 individual clusters and I
employ advanced statistical tools to robustly assess the statistical significance of the results. Low-scatter
SCs that are sensitive only to unknown X-ray absorption issues (e.g., Lx — Yg7) and not to H,, spatial
variations or bulk flows, do not show any significant anisotropies. Therefore, the scenario of excess X-ray
absorption biasing the results is strongly disfavored. Next, I exploit SCs that only trace cosmological
phenomena and do not suffer from absorption issues (e.g., Yq, — T'). Nearly the same anisotropies
are detected as in the Ly — T relation, with a higher statistical significance due to the reduced scatter
of the new SCs. This result supports the notion that the observed anisotropies are of cosmological
origin. When all available information is combined, a 9% anisotropy in H,, is robustly detected toward
(I,b) ~ (280°,-15°), rejecting the CP at a 5.40 confidence level. Comparisons with isotropic Monte
Carlo simulations confirm the high statistical significance of the detected anisotropy. Additional tests
show that numerous, generally known biases, do not alleviate the observed tension. An alternative
explanation to the H,, anisotropy would be the existence of a ~ 900 km/s bulk flow (coherent peculiar
motion of clusters toward a specific direction), extending out to > 500 Mpc. This would also contradict
the CP, since such a motion would require a large-scale matter inhomogeneity, inconsistent with the
concordance cosmology predictions.

Since a cornerstone of concordance cosmology is in doubt, more tests are needed to provide a definite
answer. Forthcoming morphological parameters of the used clusters will help reduce the scatter of the
relations and provide more precise results. The upcoming eROSITA All-Sky Survey will also allow for
anisotropy studies with many more clusters at greater distances. This is a necessity in order to distinguish
between a cosmological anisotropy and a bulk flow.
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CHAPTER 1

Introduction

The term "cosmology" comes from the Greek words k6ouog(=the physical world) and Adyog(=logic
and speech). It refers to the quest of humanity to understand the mechanisms of the world as a whole
through reasoning. Throughout history, humankind tried to grasp the origin of the cosmos ever since the
first civilizations emerged. To reach the level of understanding we now possess about the Universe, we
stood on the shoulders of our ancestors. Hence, a brief journey through the history of astronomy and
cosmology is entailed.

1.0.1 Brief History of Astronomy and Cosmology
1.0.1.1 Prehistory and Classical Antiquity

The first attempts to explain the sky phenomena were mixed with myth and religion. The focal point
of the interaction of ancient cultures with the Universe was the solar system and the brightest stars in
the night sky. After all, the naked eye was the only astronomical instrument people possessed. In the
beginning and according to our findings, people expressed their "awareness" of the cosmos through cave
paintings; the oldest ones possibly date back to the Palaeolithic period (e.g., Krupp, Sweatman
et al.,[2018)). Later on and during the Bronze and Iron Ages, identifying and describing regularities on
the appearance of celestial bodies was the main objective. Changes in the sky were associated with
different weather and physical phenomena, timing, sailing, and agricultural activities. For instance, based
on observations of the Moon and the Sun, the 365-day calendar was first established in ancient Egypt
(2nd millennium BC) to predict the annual flooding of the Nile, which provided the nation with a surpass
of food supplies (e.g., Parker, [I974). No interpretative efforts for these phenomena are known to have
been made up to then. The given explanations were mostly related to the actions of divine beings. For
example, ancient Egyptians related the spring equinox and the winter solstice, nine months apart, with
the rebirth and renewal of the self-creating god Ra, who ruled the entire created world. This implied a
self-creating and eternal Universe for the ancient Egyptians. Both the Mayans and people of ancient India
also tracked the movement of the heavenly bodies to keep time and create calendars while attributing all
sky objects and motions to deities (e.g. Ruggles, [2005).

The transition of astronomy into a science took place in Mesopotamia after the gt century BC.
Babylonians recognized and recorded the periodicity of astronomical effects, such as eclipses and
planetary motions. These records are the oldest scientific documents that we know of. Based on these
recordings, the 18-year Saros cycle of lunar eclipses was documented for the first time by the people
of Mesopotamia (.) They were also the first to apply mathematics and construct coherent and internally
logical arithmetic models of the solar system with predictive power (e.g., calculating the apparent motion
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of Jupiter in the sky). These models were mainly used to forecast catastrophic events and notify the king
and the country. The first documentation of the well-known Halley’s comet was also possibly provided by
the Babylonians (Stephenson et al.,[I985). The sexagesimal system was also introduced in Mesopotamia,
where numerous star catalogs were compiled. The engagement of the Babylonians with the cosmos,
however, followed an empirical approach. An explanatory, theoretical model did not accompany it since
they did not seek a cause for their observations. Their cosmological view, although not much is known,
possibly referred to a multilevel Universe consisting of a plurality of heavens and earths. This sole system
was portrayed to revolve with no specific center necessarily existing (e.g., Steele, 2015).

Arguably the most remarkable contributions to cosmology and astronomy in ancient times came from
Greece (the next paragraphs have been compiled from various sources, mostly from Greek textbooks
such as Spandagos[2004] and the original manuscripts; for a review in English see for example Heath
or Dicks [I971)). Ancient Greeks developed the first scientific cosmological models, and cosmo-
logy, alongside astronomy, advanced to a highly sophisticated level. They were aware of the work of
Babylonians, on which they built to some extend. However, they mainly explored their own ideas, which
were accompanied by geometrical models and universal laws explaining their observations. The study
of the cosmos was approached based on evidence and reasoning, relied on mathematics (and especially
geometry, which progressed significantly in ancient Greece), and flourished through exchanging ideas.
For example, there was significant development on understanding the nature of our planet between the
5" and 3" century BC. The first reference to a spherical Earth was documented after observing a lunar
eclipse, the nature of eclipses was accurately described, and the rotation of the Earth around its axis was
suggested. Furthermore, ancient Greeks measured the Earth’s axial tilt (although Chinese astronomers
have already measured this in 1100 BC, Wittman 1979), and its axial precession was discovered and
estimated for the first time. They also accurately calculated the circumference of the Earth, and they
predicted the existence of falling meteors on Earth, attributing it to "heavenly objects loosening or
tearing apart" (e.g., Bailey et al.,[T986). Many ancient Greek philosophers (a term that also encompassed
scientists back then) contributed to these discoveries, but particularly Anaxagoras, Eratosthenes, and
Hipparchus stood out. The latter introduced the apparent magnitude as a measure for the brightness of
stars, which is used until today.

The cosmological perception of ancient Greeks initially consisted of the solar system and the "sphere
of motionless stars." In the 6 century BC, Pythagoras first argued that the motions of all celestial objects
obey specific numerical laws. Following the Pythagorean perception, Philolaus described a spherical
Universe where the six known planets (including the Earth), the Moon, the Sun, and the sphere of stars,
revolved around a "central fire." His theory implied that the apparent motion of heavenly bodies was,
at a large degree, caused by the motion of the observer. It is believed that this is the oldest mention in
a nongeocentric Universe. Others later discredited Philolaus’ theory since this presumed central fire
was not observed. Leucippus and Democritus suggested that everything in the Universe was made by
small, unbreakable pieces of matter, the "atoms" (Greek for "cannot be split"), and every material is the
result of the same atoms structured in different ways. Later, Anaximandros was probably the first to
describe the Earth, Sun, and Moon system based on mathematics. At the same time, around 380 BC,
Eudoxus and Callopus attempted to explain the planets’ motions by creating the first three-dimensional
geocentric model. The most widely accepted model of the Universe in ancient Greece was developed
by Aristotle, who expanded the work of Eudoxus, Empedocles, and his teacher Plato. According to
Aristotle, Earth was in the center of the cosmos, which was composed of 55 concentric terrestrial spheres
interconnected. Celestial bodies were attached to them and rotated with different velocities. The region
below the Moon consisted of four fundamental elements: Earth, water, air, and fire. It could change and
decay over time. The rest of the Universe consisted of a fifth element, aether (i.e., quintessence), and
was considered eternally unchanged. The notion of "space" did not exist beyond the final sphere of fixed



stars. The "prime unmoved mover" (TpwToVv KLvoUv axivitov), a supernatural entity, was considered to
be responsible for the eternal movement of the outer sphere with a constant angular velocity, while this
motion propagated to the rest of the spheres. The positions of the celestial objects in Aristotle’s model
are displayed in the left panel of Fig. [[.1}

The most accurate cosmological model of ancient times was developed by Aristarchus, who was not
a supporter of Aristotle’s ideas. Aristarchus first proposed the heliocentric system, with the planets of
the solar system in orbit around the Sun (e.g., Heath et al., [1913). Supporting Anaxagoras’ previous
ideas, Aristarchus also suspected that the stars were simply other suns but at much greater distances. He
explained their apparent motion as a result of the continuous rotation of the Earth. This model implied
that stellar parallaxes should be observed due to the Earth’s motion. However, none was detected due
to the naked eye’s limited resolution (75 times larger than the parallax of the closest star). This lack of
evidence was considered to disproof Aristarchus’ model at the time, who, however, explained this by
postulating that the stars were at infinite distance. Another implication of Aristarchus’ model that was
also not observed at the time was that objects falling to Earth should be swept westward. Eventually, this
model was disregarded by ancient Greeks, although Seleucious explored it further later on.

Sphere of the
e Mover

Saturn apogee

perigee

Arisfolle s Unfrerse

Figure 1.1: The Aristotelian geocentric Universe (left) and the Ptolemaic epicycle model (right). Images taken
from Kolata (2013)) and |https ://www.britannica.com/science/ equant| respectively.

The geocentric model prevailed, but its weaknesses, such as the unexplained retrograde motion of
planets and their time-varying brightness, still had to be accommodated. The use of epicycles was initially
proposed and developed by Appolonius and Hipparchus. It is believed that the latter also had a crucial
contribution to the development of the Antikythera Mechanism, which was the first analog computer in
history. The mechanism was able to predict some planetary motions, eclipses, moon phases, and other
phenomena (Freeth et al.,[2008). Three centuries later, the idea of epicycles was further formalized and
established by Ptolemy, writer of the Almagest, a grand treatise on the geocentric cosmology, epicycles,
and the entire solar system. Epicycles were circular orbits followed by planets. These circles (and
not the planets) were bound to eccentric orbits around the Earth, following concentric spheres called
deferents, centered slightly away from the Earth at the eccentric. The center of epicycles had a constant
angular velocity compared to the equant, the antipodal point of Earth with respect to the eccentric. The
mechanism of epicycles is illustrated in Fig. [[.T] (right panel). The exceptionally accurate predictions
of planetary motions by the Babylonians were of great value for constructing the epicycle model. The
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Ptolemaic cosmological model had great explanatory power and lasted for more than 1500 years.

Throughout the centuries, various other cultures made significant contributions to astronomy. For
instance, in ancient China, various star catalogs and maps were composed, and the mechanism behind
solar eclipses was proposed. Moreover, Jupiter’s satellite Ganymede was probably detected for the first
time and several supernovae explosions were recorded, including the very first one in 185 AD. Finally, in
the medieval Middle East, a description of the Andromeda galaxy and the Large Magellanic Cloud was
given, the magnitude and color of many stars were cataloged, a refinement of the Ptolemaic model took
place, and natural philosophy was distinguished by scientific astronomy. However, not much progress in
cosmology was made until the Copernican Revolution.

1.0.1.2 Renaissance and Enlightenment

The next substantial change in the standard cosmological theory came in the 16™ century from Copernicus.
He formalized the heliocentric system, removing the Earth from the center of the Universe. Within the
next century, the observations of Galileo and Brahe (who, however, developed his own, different model),
the three laws of planetary motion from Kepler, and Newton’s theory of gravity came to existence (see,
e.g., Taton, [I989] for a review). These helped to consolidate the heliocentric theory and place it on a
solid theoretical foundation. Newton realized that the Sun did not stand still at the center of the world but
orbited the common gravity center of all solar system objects. Despite some existing opposition mostly
arising from the Catholic Church, heliocentrism became the standard model of the Universe since it was
in perfect agreement with all the observational data. Using a recent invention, the telescope, the Milky
Way was resolved into faint stars, and many previously invisible ones were also discovered. Kepler
argued for a finite Universe, while astronomers such as Digges and Bruno postulated the spatial infinity
of the Universe and favored that the stars were nothing more than distant suns. Given the support by other
scientists such as Descartes, this idea was also standardized by the end of the 17 century. Furthermore,
Newton introduced the first form of the Cosmological Principle, the focal point of this dissertation. In
his Philosophiae Naturalis Principia Mathematica, he asserted that the physical laws uniformly extend to
all scales.

In the late 18" century, the idea that the Universe extends much further than previously thought started
to establish. Kant and Lambert argued for a hierarchically structured, static Universe, where the Milky
Way was a disc of stars initially formed from a large gas cloud (nebula), and that probably there are
numerous other such clouds in the Universe. Herschel provided the first quantitive estimates of the size
and shape of the cosmos by mapping our Galaxy using star counts, while together with Messier, they
discovered many more nebulae. Some of them were shown to have spiral shapes.

1.0.1.3 20" century: A Larger, Expanding Universe

Cosmology took its modern scientific form after the beginning of the 20" century. By then, the Universe
was still believed to be static and composed only of our Galaxy. In 1915, Einstein published his work
on General Relativity (GR), showing the Universe to be a dynamical system that must either expand or
contract (Einstein, [I916). Preferring to force a static solution of his (field) equations, he later added the
infamous cosmological constant A. Based on these equations, De Sitter described an empty, expanding
Universe (de Sitter, de Sitter, de Sitter, [[917). The work of Friedmann, Lemaitre,
Robertson, and Walker (FLRW) resulted in another solution of Einstein’s field equations, namely the
FLRW metric and the Friedmann equations (Friedmann, Lemautre, Robertson et al.,
Walker, [I937). These described an isotropic, homogeneous, and expanding Universe filled with matter,
radiation, and other components. Nearly 100 years later, Friedmann equations are still the foundation of



our standard cosmological model.

The plethora of observational developments in the first decades of that century served as the pillar on
which modern cosmology was (and still is) based. A key element was the realization by Leavitt that
some stars with varying brightness, called Cepheids, exhibit a clear correlation between their periodicity
and their absolute luminosity (Leavitt et al.,[T912). This made them standard candles (objects with a
known intrinsic luminosity, used to determine cosmological distances). Cepheids were later discovered
in the Andromeda nebula by Hubble, who determined its distance. He concluded that the Andromeda
nebula could not be a part of the Milky Way since it lay too far away (E. P. Hubble, [1929). Thus, it had to
be another, separate galaxy. For the first time in human history, it was strictly evident that the Universe
extends well beyond the Milky Way. Meanwhile, Slipher measured for the first time the redshiftsﬂ
of 41 spiral galaxies (still believed to be nebulae by that time). Converting them into a velocity, he
demonstrated that most of these objects were moving away from Earth (Slipher,[I917). Hubble estimated
the distances of 24 more galaxies moving away from us, using Cepheids, among other methods. He then
plotted the radial velocities of these galaxies (obtained by Slipher) against their distances (E. Hubble,
[1929). Hubble discovered that the further away a galaxy is, the faster it is moving away from us. This
correlation was later named as the Hubble’s law, and is expressed as

v=HyxD (1.1)

where v is the radial, recession velocity of a galaxy in km/s, D is its distance in Mpc (1 Mpc=3.26 million
light-years), and H,, is the Hubble constant. The latter expresses the expansion rate of the Universe and is
measured in units of velocity per distance (km/s/Mpc). His famous plot is shown in Fig. [[.2}
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Figure 1.2: Left panel: Original Hubble’s diagram of E. Hubble (1929). Full dots and solid line represent the
case where all galaxies are considered individually, while the empty circles and dashed line represent the results
after binning the galaxies into groups. The cross represents the mean result of 22 galaxies that were not analyzed
individually. Right panel: Evolution of H,, measurements with time (taken from Pritychenko[2015)). During the last
decade, the scatter has been significantly decreased.

It is worth to note that Lemaitre also provided observational evidence for this correlation, independently

! The observed shift of the emitted photon energies (spectrum) of a celestial object towards lower energies, due to the expansion
of the space between the observer and the object or due to the Doppler effect.



Chapter 1 Introduction

of Hubble and around the same timeﬁ In 2018, the International Astronomical Union voted for renaming
the Hubble law to Hubble-Lemaitre law. Both Lemaitre and Hubble obtained a much larger expansion rate
of the Universe (625 and 500 km/s/Mpc respectively) than the currently accepted one (~ 70 km/s/Mpc).
This was due to vastly underestimating the distances of the studied galaxies. The established expansion
of the Universe led Einstein to abandon the cosmological constant A from his equations.

1.0.1.4 Establishing modern cosmology: Big Bang, Dark Matter, and Dark Energy

In the first half of the 20" century, the cosmological community was divided about the dynamical
evolution of the Universe, and numerous models were proposed. However, two models stood out in
terms of popularity: the Big Bang model and the Steady-State model. The former was formulated by
Lemaitre (Lemautre, [I931b)), and described a Universe that had a beginning in time, has gone through
an ultradense and hot state in the past, and expands forever. This Universe obeys the Cosmological
Principle, being homogeneous and isotropic. This means that an observer will measure the same cosmic
properties at a given time, no matter where they are placed or towards where they look. On the other
hand, the Steady-State model was developed by Hoyle, Bondi and Gold (Hoyle, Bondi et al.,[1948),
and described an expanding Universe with infinite age, where the matter density remains constant by
continuous creation of matter. This would mean that the Universe looks the same at any given time,
obeying the perfect Cosmological Principle.

During the 1950s and 1960s, the Big Bang model prevailed due to the overwhelming observational
evidence. For instance, the existence of very distant, radio-loud quasars falsified the Steady State
model. The most crucial verification of the Big Bang model was the discovery of the Cosmic Microwave
Background (CMB) in 1964 by Penzias and Wilson (Penzias et al.,[1965). The CMB is the relic radiation
of a very early stage of the Universe, when the density and temperature of the cosmic plasma are very
high. The CMB can be observed in the microwave frequencies. Its existence was predicted by Gamow,
Alpher, and Bethe (Gamow, [I946} Alpher et al.,[1948) as a direct consequence of the Big Bang model,
while it was inconsistent with the Steady State model. From that point on, the Big Bang model has been
generally accepted by astronomers as the standard model of cosmology.

The existence of the mysterious dark matter was another significant development in cosmology during
this time. Astronomers realized that the amount of luminous matter did not correspond to the total matter
that should exist to explain various observations, assuming of course that GR is the correct theory of
gravity at all cosmological scales. Therefore, much more matter should be present in the Universe, which
we can simply not see. Speculations about invisible matter have been made since ancient times. The first
scientific arguments based on observations started to appear in the 19" century by Bessel, Le Verrier,
Secchi, and others (see Bertone et al.,[2018] for a review on the history of dark matter). In these cases,
the missing matter was revealed to be very faint (dark) stars and planets, or dark gas and dust clouds.
The first attempts to quantify the total dark matter within our Galaxy came from Kelvin, who studied
the velocity dispersion of stars. Based upon his work, Poincaré (who probably came up with the term
"dark matter" even though many times it is credited to Zwicky), Fopic, Kapteyn, Oort, and Jeans further
studied the amounts of total matter in the Milky Way. They mostly concluded that a considerable amount
of dark matter exists, but probably less than the visible matter. They considered this dark matter’s nature
to be that of ordinary matter that does not emit sufficient light and not some form of exotic matter.

In 1933, Zwicky carried out the most influential and robust estimation of dark matter amounts until

2 Hubble published his results for the first time in 1924 in The New York Times, in a non-peer-reviewed article. Lemaitre
published his peer-reviewed article in 1927 but written in French and in a low impact journal, while Hubble published his
findings in a peer-reviewed journal in 1929. Two years later, Lemaitre republished his article in English, in a higher profile

journal (Lemaitre, [T927).



then. He firstly measured the apparent velocity dispersion of several galaxy members of the Coma cluster
of galaxies (Zwicky, [I933)). Zwicky then applied the virial theorem (which relates the kinematic energy
of galaxies to the total gravitational potential energy of a system) and determined the total mass of the
Coma cluster. By also estimating the mass of the visible matter (i.e., via the total light it emits), he
concluded that the unseen mass was hundreds of times larger than the matter that could be observed.
Three years later, Smith presented similar findings by studying the Virgo cluster.

Nevertheless, some ambiguity around this topic remained for the next few decades. Nearly 40 years
later, more compelling evidence came to light in favor of large amounts of unseen matter in spiral galaxies.
Rubin and Ford studied the rotational curves of such galaxies out to large radii and saw that they do
not decline, as expected, if no additional mass existed (Rubin et al., @[) This could be reconciled
with the standard gravity theory only if a spherical dark matter halo surrounded the visible parts of the
galaxies. Within the next decades, independent analyses using various methodologies (e.g., gravitational
lensing) confirmed the need for dark matter, which appeared to be ~ 5 times more abundant than visible
matter. The remaining question was the nature of this excess matter. This debate was later settled by
observing the CMB anisotropies in greater detail, the Big Bang Nucleosynthesis predictions, and the
observed cosmic abundances of heavy elements. Dark matter cannot be ordinary, baryonic matter from
which our everyday cosmos is built of. It has to be an exotic, nonbaryonic form of matter. To this day,
the exact nature of dark matter remains unknown.

The next major addition to the standard cosmological model was the exponential expansion of space in
the very early stages of the Universe after the Big Bang. This phase is simply referred to as inflation.
Inflation was introduced as a solution to several cosmological problems (Guth, [I981} Linde, [1982}
Starobinsky, [1982)). Such problems were the inability to detect magnetic monopoles and to explain
the observed flatness of space and the horizon problem (which referred to the surprising, large-scale
isotropy of the CMB). Guth, Linde, and Starobinsky were awarded the 2014 Physics Nobel prize for their
contributions to the theory of inflation.
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Figure 1.3: Left panel: Dark matter evidence from rotation curves of seven galaxies as presented in Rubin et al.
(1978). They do not decrease with radius as expected from standard gravity theories if no dark matter existed.
Right panel: Dark energy evidence from the apparent brightness of 42 SNIa as a function of redshift, as presented
in Perlmutter et al. (I999). SNIa are further away than they should be in a matter-dominated Universe with no dark
energy. The notations of the plot will be explained in the next section.
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The final, and arguably most important, element added in the standard cosmological model is the
so-called dark energy. After the 1980s, the predominant cosmological model dictated that we live in
a spatially flat Universe, where 95% of its total mass-energy component is in the form of dark matter,
while the rest 5% is baryonic matter. However, many inconsistencies started to accumulate between
observations and theoretical predictions. For example, fewer cluster halos than expected from the
structure formation models were found (e.g., Davis et al., Bahcall et al.,[1992), the baryonic content
of clusters pointed toward a low-density Universe (e.g., White et al.,[1993), the measured Hubble constant
was larger than what was needed to reconcile the model with the estimated age of the Universe (e.g.,
Huchra, [1992), and the observed peculiar velocity field of galaxies deviated from the model expectations
(e.g., Peebles, Efstathiou et al., Kofman et al.,[1993)). To reconcile with these findings, many
studies considered that the cosmological constant A might be positive rather than zero. In other words,
a form of vacuum energy, imprinted in the fabric of space, might exist. The definitive evidence of A
being positive came by Riess et al. (I1998)) and Perlmutter et al. (I999). The two independent studies used
supernovae of type Ia (SNla, considered to be standard candles) to trace the expansion of the Universe
out to large cosmic distances. Both studies found that distant SNIa appeared fainter than expected.
This could be explained only if the expansion of the Universe is accelerating instead of decelerating as
previously thought. For this to be possible within the FLRW framework, a substance with the properties
of A should drive cosmic expansion. This substance was named dark energy and accounts for ~ 70% of
the entire mass-energy density of the cosmos. It is postulated to act opposite to gravity, "pushing" the
Universe to grow faster. This discovery established the Lambda Cold Dark Matter (ACDM) model as
the concordance model in cosmology. Riess, Perlmutter, and Schmidt were awarded the Nobel Prize in
Physics in 2011 for proving the accelerating expansion of the Universe. Unfortunately, the nature of dark
energy remains completely unknown to this day.

Since then, the growth of the science of cosmology has been stunning. Multiple experiments that cover
the entire electromagnetic spectrum have been employed to help us put tight constraints in almost all
cosmological parameters. In the 21*' century we entered the era of precision cosmology. Does this mean
we have figured out the Universe? Far from it. First and foremost, the nature of dark matter and dark
energy, which together constitute > 95% of the Universe, remains completely unknown. Aside from this,
ACDM has been proven to be a tremendously successful model, but some discrepancies persist. The most
well known is the so-called Hubble tension (e.g., Mortsell et al., [2018)). This refers to the fact that the
current expansion rate of the Universe, i.e., Hy, as inferred from the early Universe measurements (e.g.,
the most precise CMB measurements), strongly disagrees with the local, late Universe measurements
(e.g., SNIa). A similar tension exists between the CMB predictions and the observed matter structure
measurements in terms of the amplitude of the matter power spectrum (e.g., Douspis et al.,[2019; G. W.
Pratt et al.,[2019). The understanding of the exact physical processes that led to the early inflation period
is still lacking. Last but not least, several indications about a cosmic anisotropy have been recently
emerged. These anisotropies refer either to a spatially varying expansion rate of the Universe due to
primordial effects or large, coherent motions of galaxies and galaxy clusters (called bulk flows), which are
inconsistent with the predictions of ACDM. This is the focus of this dissertation, and further discussions
can be found in Chapters [3]and ]

1.0.2 The standard cosmological model

Our cosmological model is founded on two fundamental pillars; the validity of the Cosmological Principle
(CP) and general relativity (GR) being the correct theory of gravity. CP states that there is no special place
or direction in the Universe, which is statistically homogeneous and isotropic on sufficiently large scales.
Consequently, its measured properties depend only on the radial distance from an observer. Moreover,



GR is assumed to govern the gravitational interactions of matter on all cosmic scales.

1.0.2.1 Dynamical evolution, cosmological parameters, and distances

In GR, the three-dimensional space can be merged with time into one four-dimensional continuum,
called spacetime. By assuming the CP, the FLRW metric can be defined by solving Einstein’s field
equations. Simply put, this metric describes the distance between two fixed points in spacetime, and
it keeps "stretching" due to the expansion of the Universe. The change in the proper distance of two
points due to space expansion is proportional to the dimensionless cosmic scale factor a(t), where ¢ is the
cosmic time. For the present time £, the scale factor is normalized to unity, i.e., a(fy) = 1. The general
form of the FLRW metric given in spherical coordinates is

ds® = dr* — a(1)’ [dr + fz(r) (467 + sin” 0 dg”)|, (1.2)

where c is the speed of light, r is the comoving radial coordinate, and (6, ¢) are the angular coordinates.
The function fx(r) is the comoving radial distance and is given by

K? sin(K%r) (K > 0)
T =13r (K = 0) (1.3)
(—K)" sinh[(=K)2r] (K <0),

where K length_2 expresses the geometry of the Universe. The case with K > 0 corresponds to a
hyperspherical, finite Universe ("closed"), which will eventually recollapse under its self-gravity. On the
other hand, K < 0 describes a spatially infinite one with constant negative curvature ("open") that will
expand forever. The standard cosmological model, however, dictates that we live in a Euclidean-space,
infinite Universe ("flat") with K = 0, which will also expand forever.

Photons emitted with a frequency v, from an astrophysical source, travel through spacetime along light
rays (i.e., null geodesics, ds = df = d¢ = 0). Based on Eq. [[.2} one can show that they are subject to
time dilation. The latter is manifested as a decrease in their observed frequencies v,. This shift can also

. . . 1% - .
be expressed in terms of the scale factor at the time of the photon emission, as < = a(f) ! The redshift
v

0
z of a luminous source is defined as the relative change in the frequency of photons and thus it can be

related to the scale factor as:
ve—Uy 1

o Caw

z= (1.4)
Thus, for the present time z = 0, while z increases with the distance of an object, since the emitted light
needs more time to reach us and suffers a more severe time dilation. For instance, if we observe the light
emitted from a galaxy when the Universe was half its current size, a(t) = 0.5, we will measure z = 1.
This relation holds for all cosmological models.

Moreover, the expansion rate of the Universe at any point of cosmic time can be defined in terms of
a(t). This is known as the Hubble parameter H(t) and reads as

a

H() = (5); H(ty) = Hy = aliy). (1.5)

The second part describes the expansion rate of the Universe today, namely the Hubble constant H,,
which is arguably the most important cosmological parameter. As discussed above, its exact value is a
topic of intense discussion in modern cosmology (Hubble tension), but it seems to lie between 67 and 75
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km/s/Mpc (Riess, 2019). Moreover, from Eq. [[.4]and[T.3] it is evident that the Hubble parameter can be
expressed as a function of redshift as well, i.e., H = H(z). This is the most common form in modern
cosmology since z is a direct observable, while @ and ¢ are not.

The dynamical evolution of the Universe is described by the two Friedmann equations (see Sect.
. These relate a(z) and its time derivatives a(f) and a(7) to the contents of the Universe as follows:

( a )2 _ 8aGp(t) K
=T T2
aa 4nG : E (16)

3P
a” 3 [Pmr“) vz

where G is the gravitational constant. Here p,; and P correspond respectively to the total mass-energy
density and pressure of all components. These components are handled as homogeneous perfect fluids in
the Friedmann equations.

There is a certain critical value p_;, of the total density for every cosmic time, which defines a spatially
flat Universe with K = 0. Combining Eq. [[.5]and [I.6] one finds that

’

3H(t)?
pcrit(t) = —Sﬂ'G = pcrit’oE(t)z, (1.7)
— 3H; -30 3 o . 3
where p. 0 = 3G 9.5 x 107" g/cm” the critical density today (for H, = 70 km/s/Mpc) and

E() = ? the evolution of the Hubble parameter. A higher total density p,; > p.;; would result in
K>0 andoa closed Universe, while for p,; < pi; the spatial curvature would be negative (K < 0) and
the Universe would be an open one.

There are several components in the Universe that contribute to the total density. The most crucial
ones are the baryonic matter (p,)), dark matter (o-pyp), dark energy (popg, which in the case of vacuum
energy reduces to p, ), and at a lesser degree, radiation (p,). A brief description of each component is
given below.

o Radiation: Radiation is composed of relativistic, nearly massless particles. Currently, only CMB
photons are believed to contribute to the radiation component. Relativistic neutrinos can also
contribute to p.. However, neutrinos are currently nonrelativistic since they have a small but
nonzero mass. In the very early stages of the Universe, neutrinos were relativistic due to their
high temperatures and small masses, thus contributed to p,. The exact moment of this transition
is uncertain due to the unknown neutrino mass. As later discussed, the effects of the radiation in
the dynamical evolution of the cosmos are completely negligible for the vastly largest part of the
Universe’s age.

e Baryonic matter: Baryonic matter makes up for the ordinary, luminous matter of the cosmos
known to us, protons and neutrons. In cosmology, however, baryons are more loosely defined to
include all atomic matter, ignoring the minimal contribution of electrons (which are leptons) to the
total mass. Therefore, p,, include the planets, stars, neutron stars, black holes, gas, and dust of the
Universe.

o Dark matter: Dark matter is nonbaryonic matter that does not emit, absorb, or reflect electromag-
netic radiation. It is believed to barely interact with baryonic matter (if any) and be collisionless.
Its existence is inferred through its strong gravitational interaction with baryons and light. The
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true nature of dark matter remains one of the biggest mysteries in modern physics. Two main
subdivisions of dark matter exist, the hot (HDM) and cold (CDM) species. HDM consists of
particles with relativistic velocities and low masses, such as neutrinos. HDM smooths out the
small-scale structures in the early Universe, allowing large-scale structures to rise first. CDM
comprises nonrelativistic, massive particles that collapse under gravity and favor the creation of
small-scale structures before large-scale ones. Observations (e.g., large-scale structure of matter)
support that CDM accounts for the vast majority of dark matter in the Universe. Weakly interacting
massive particles (WIMPs) are the prime candidate for dark matter (e.g., Jungman et al.,[1996)),
however experiments designed to detect them have failed to do so (e.g., Aprile et al.,[2018)). Several
other dark matter candidates exist, with arguably the most popular being axions (e.g., Marsh,

[20T6).

e Dark energy: Dark energy is the hypothetical, homogeneous, perfect fluid that drives the Uni-
verse’s accelerated expansion (d), having a negative pressure and counteracting the self-gravity of
matter. The nature of dark energy is unknown, as is its behavior with time. In the standard cosmo-
logical model, dark energy is often identified as the cosmological constant A, or interchangeably
as vacuum energy. The latter is the energy of space, motivated by fluctuations of the ground state
of quantum fields.

Baryons and dark matter can be combined into one component, "matter" (o,,,), since they both interact
through gravity and have the same effects on the dynamics of the Universe. Hence, one can write

Piot = Pm + Ppg + Pr- The density parameters €, = Pi denote the relative contribution of each
Perit
component with respect to the critical density. As a result,

_ Pt _ Pm +PDE T Oy

Qo = —— =Q_ +Qpp + Q.. (1.8)
ol Perit Perit " PF '
By plugging[1.5][1.7] and[I.8]into[1.6] we get
Q. +Qpp+Q +Qr =1, (1.9)
2
where Qg = —% is the curvature density parameter. Here all the density parameters are functions of

a
time. The relation between the density p and the pressure P of each component is characterized by the
equation of state (EOS)

P = wpc?, (1.10)

where w is the dimensionless EOS parameter of each component. By plugging the EOS into the second
Friedmann equation in [[.6] and solving the differential equation one finds how the different densities
evolve with cosmic time, or equivalently the scale factor a. For a constant w, this reads:

p = poa Y, (1.11)

where p,, is the density of a component today.

Baryonic and dark matter are both pressureless, with w,, = 0. For radiation, the EOS can be found
from thermodynamics to be w, = 1/3. For the curvature "density", the definition of Qg implies that
wg = —1/3. Finally, the exact EOS of dark energy is one of the most important questions in cosmology
and a field of intense research. It is denoted as wpg and it can be either a constant or a function of cosmic
time, i.e., the scale factor [wpg(a)]. In the latter case, the second Friedmann equation has a more complex,
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as does [I.TT|consequently. In the limiting case that dark energy is in fact vacuum energy, then w, = —1,
and its density p, remains constant throughout cosmic time.

Plugging the w; values and Eq. [[.4]into Eq. [[.TT]and dividing by Eq. [T.7} one obtains each density
parameter as a function of redshift:

(1+2)°

(1 +Z)4 (1 +Z)2 (1 +Z)[3(wDE+1)]
E@?

Q =0 0 Qg =Qgo——, Qpg=Qpgy
R G 7 o Y EE?

m = mo Q =Q (1.12)
Here the index "0" indicates the value of a parameter in the present era. The contribution of each species
to the density sum rule[T.9|changes with time. The density parameter values have been well constrained
through the years, via several different methods. Although there is some small scatter around their
best-fit values, the generally accepted values are Q) o ~ 0.3, Q 5 ~ 9 X 107, and Qpg,o = 0.7 (note that
many times the notation €2, is used instead, even when dark energy is not restricted to the cosmological
constant case). The latest observations favor a rather flat Universe with Qy < 1077 (Efstathiou et al.,
Planck Collaboration et al.,[2020), although recently some contradicting results pointed towards
a slightly positively curved Universe with Qg ; ~ —0.09 (Di Valentino et al., @) Nonetheless, the
general consensus still is that of Qg , ~ 0. From now on, the "0" index will be omitted in the density
parameters, and the present time value will be implied, unless the dependance on z is explicitly showed.
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Figure 1.4: Cosmological parameter constraints on the matter and dark energy density (Q,, and Q, respectively) and
dark energy EOS (w) based on different probes. Each probe traces the underlying cosmology in a different manner
and their combination provides tighter overall constraints. Agreement across independent methods solidifies the
tested model, while possible discrepancies might reveal systematic biases in the analyses, or new physics that need
to be added in the standard cosmological model. The image is adopted from Mantz et al. @

For the EOS of dark energy there is higher uncertainty around its exact value, however most studies
support a constant value of wpg ~ —1, which points towards vacuum energy as the origin of the
accelerated expansion. This value also acts as a boundary between different possible explanations of dark
energy and different final fates of the Universe. More negative values would imply that the density of dark
energy increases as the Universe expands. This would lead to the so-called "Big Rip" scenario, where all
matter is eventually ripped apart due to the extreme expansion of space. Examples of constraints on the
above cosmological parameters are shown in Fig. [[.4

Making use of Egs. the first Friedmann equation can be rewritten in its most commonly used
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form:

H(z) = H, \/Qr(l + 2+ Q. (1 +2° + (1 + 2% + Qpp(1 + 22 =
H(z) = HyE(2),

(1.13)

where E(z) = \/Qr(l +2)" +Q,(1+2)° + Qu(l + 2> + Qpp(1 +2)°“*V. Therefore, the Hubble para-
meter describes the expansion rate of the Universe at any time (through z) as a function of its contents
and the EOS of dark energy. Furthermore, due to their very low density values, the contributions of
radiation and curvature can be ignored, leaving us with Qpp =~ 1 — Q_,. Also, in the case of ACDM,
wpg = —1, and[T.T3|reduces to a function of only two free parameters:

H(z) = H, \/Qm(l +20+(1-Q,). (1.14)

Using this formulation, one can determine the age of the Universe from Eq. [[.3] by integrating with
respect to the scale factor, from the Big Bang (a = 0) to today (a = 1):

da 1 (' da
Ha)=—>t,. =— 1.15
@ adt " H, L aE(a) (1.15)

This yields an age of ~ 13.7 billion years according to ACDM.

In a dynamical Universe, there is no one unique meaning of distance between two objects. As light
rays travel from a source to an observer, spacetime continuously evolves. There are however three
main approaches that we can consider to define a cosmological distance, namely the comoving distance
D, the luminosity distance D;, and the angular diameter distance D 4. The last two can be obtained
observationally by how bright or how large an object appears in the sky if we know these objects’ intrinsic
properties.

More specifically, the luminosity distance of a source is defined as

(1.16)

where L is the intrinsic luminosity of the source (emitted energy per time) and f is its flux (luminosity
per surface area). The latter can be easily measured, while the former has to be known. If this is indeed
the case, then D; can be determined without assuming any cosmological model. The objects for which
the intrinsic luminosity is known are called standard candles. The angular diameter distance of a source
is defined as

Dy=~ (1.17)

where R is the physical extend of the object perpendicular to the line of sight, while ® is the apparent
angular size in the sky. These two distances, together with D, can also be estimated theoretically. These
estimations are based solely on the measured redshift of an extragalactic object, the FLRW metric, and
the Friedmann equations as follows.

D is defined within the comoving coordinate system of spacetime, and as such it does not change
with time. It can be obtained from the FLRW metric in Eq. [[.2] Information travels in space in the form
of light. As mentioned before, light rays follow null geodesics with ds = d§ = d¢ = 0. Also, let us
consider a flat Universe (which will be used throughout this dissertation). Thus, Eq. [T.2]can be rewritten
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as
c

%dt, (1.18)

Tobs
a(t)drz—cdt:r:f
tem
where 7., is the time that a photon was emitted from a source, and ¢, the time it was detected by an
observer. If consider ourselves as the observers, then #,,, =now, a = 1, and z = 0. Plugging[I.4and [1.3]
into Eq. [[.T9} one can express the radial comoving distance D = r in terms of the cosmological redshift
of a source z:

¥4 ’
D¢ = if dz (1.19)
Hy Jo E@Z)

It can be shown (e.g., S. Weinberg, [1972; Amendola et al.,[2010, among many others) that D; and D,
relate to D and to each other as:

D; =(1+2) Dy =(1+2)*D,. (1.20)

This relation is independent of the assumed cosmological model. Accordingly, by measuring the
cosmological redshift of a source through its observed spectrum, one can calculate the different types of
distances of this source for any cosmological model.
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Figure 1.5: Cosmological distances as a function of redshift. The luminosity, angular diameter, and comoving
distances are shown in green, red, and blue respectively. The Hubble-Lemaitre law distance is shown in black
(denoted as "Hubble’s law" for convenience).

Fig. [[.3]compares the evolution of the three distances with z for the ACDM model. The pure Hubble-
Lemaitre law [Eq. [I.I]] is also shown. It is clear that at low z, the different types of distances do not
significantly deviate. This strongly changes with increasing z. D, shows a counterintuitive behavior at
z 2 1.3, where it starts to decrease again. Qualitatively, this happens because the Universe gets much
smaller at high z, and an object of fixed size occupies a larger fraction of the overall space, which makes
it appear larger in the sky.

Finally, one can compare an object’s observed distance, which is determined independently of any
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cosmological model, to the theoretically expected distance, which is based on the measured z. The
cosmological parameter values that make the two distances match can then be obtained. Using a large
number of extragalactic objects, one can obtain reliable estimates for the cosmological parameters. This
is the standard methodology of how these values are constrained based on measured distances.

1.0.2.2 Growth of structures

In the Friedmann equations, the Universe is an entirely homogeneous place. The density of matter does
not have a positional dependence, it is only a function of time. Of course, this is not a true description of
the cosmos. The initial density perturbations created at the early cosmic times grow with time due to
their self-gravity. This gravitational instability amplifies the matter structure formation, and, fortunately
for us, planets, stars, galaxies, and clusters of galaxies are eventually created. The so-called "cosmic
web" also consists of filaments and sheets of galaxies and gas and immense voids with very little dark
and baryonic matter within them.

Overdense regions continuously accrete more mass from their surroundings, forming dark matter
halos that trap baryons, eventually creating luminous objects. As these regions are created close to
each other, they undergo mergers due to their gravitational attraction, forming even larger structures.
This hierarchical structure formation from small overdensities to larger ones is called the bottom-up
scenario. As argued before, this constitutes strong evidence that the dark matter is composed of massive,
slow-moving particles instead of relativistic ones. In Fig. [T.6] an example of the cosmic web is shown as
obtained by the Millennium simulation (Springel et al.,[2005]). The evolution of large-scale structure is
clear with redshift and cosmic time.

125Mpch 125 Modh

Figure 1.6: Example of large-scale structure evolution from the Millennium simulation at z = 5.7 (left), z = 1.4
(middle), and z = O (right). Each plot side is ~ 400 Mpc.

The growth of structure formation can be studied analytically. Let us define the density contrast
parameter 6:

5(,-’;) = /M, (1‘21)

(1))

which compares the density p(r) of a region with radius r with the mean density of the Universe (p).
As long as density fluctuations are small (6 < 1), one can use linear perturbation theory. Some other
necessary (but reasonable) assumptions made are that dark energy is collisionless and homogeneous, that
radiation is insignificant compared to the pressureless matter, and that the considered perturbations are
much smaller than the horizon scale (= ¢/H(z), = 4 Gpc today) at a given time. Matter is also treated
as a fluid. One can now use the well-known continuity, Euler, and Poisson equations (describing the
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conversation of matter, momentum, and the gravitational potential respectively) and combine them with
Eq. [[.Z]] Then, one determines the way that the density contrast of a region changes with time:

3HQ,,

6+ 2HS - 3

§=0. (1.22)

2a

Here the expansion of the Universe factors in through the so-called the "Hubble drag", 2Hé. This

term tries to prevent the overdensities from collapsing into structures, acting as friction. Moreover, the

3HIQ
Za% .

The time dependance D, (r) and the spatial dependance A_(r) of Eq. [[.22]can be separated:

m

¢ term results in an acceleration of the the collapse under the self-gravity of the spherical region.

or,t) =D, () A,(r)+ D_(t) A_(r), (1.23)
where the "+" and "—" solutions denote the growing and decaying solution, and are linearly independent.
It can be shown that the decaying solution dies out quickly as the size of the Universe increases and only
D, (hereafter D) survives. Now one can replace o(r, ) with D(¢) in Eq. @ and solve the differential
equation to find the redshift dependancy of D (in the case of wpg = —1). D(z), which is called the growth
factor, is normalized so D(z = 0) = 1 for Q_, = 1, Q, = 0 (called an Einstein-de Sitter, ES, Universe)
and is given by
(1+27)
EQZY
The growth factor does not depend on H,,, but it strongly depends on the density parameters. Also, D(z)
decreases with increasing z. This demonstrates that as the cosmic time passes, the density contrast of
structures increases. Qualitatively, overdense regions with ¢ > 0 will suffer a greater self-gravitation than
aregion with average density. The expansion of the overdense region then slows down compared to the
average Hubble expansion, and § increases further. Accordingly, underdense regions with 6 < 0 will
expand faster due to the lack of self-gravity and they will become less dense with time.

D(z) =259, E() f B dz’. (1.24)

A spherical overdensity reaches its maximum radius before it starts collapsing. This is called the
turnaround radius. In linear perturbation theory and for a EdS model, the necessary density contrast
for this to happen is 6%{“ ~ 1.06, at any given cosmic time. In reality, however, the evolution of the
density fluctuations is nonlinear. It can be found that the respective nonlinear turnaround density contrast
is ohon. ~ 4.55. Utilizing the virial theorem and energy conservation, one can find that a spherical
overdensity will collapse and reach virial equilibrium when its radius is half of the turnaround radius.
Subsequently, its density will increase by a factor of 8. The time needed for an overdensity to reach the
turnaround point equals the time needed to collapse. Thus, for an EdS model, it can be easily shown
that the average background density will decrease by a factor of 4 due to the Hubble expansion. Overall
then, the nonlinear density contrast for a gravitationally bound structure will be amplified by 32 times,
becoming 5§gﬂlin ~ 178 times denser than the rest of the Universe. This value will be much lower for a
ACDM Universe; nevertheless a density contrast of 200 is still used to distinguish between collapsed
halos (i.e., galaxy cluster halos) and the Hubble expansion. The properties of a halo within the sphere
that its average density is 200 times larger than the average density of the Universe is denoted with a

"200" subscript (e.g., My, for the halo mass within the sphere with the virial radius Ry).

The study of the abundance of the gravitationally bound halos can unveil valuable information about
cosmological parameters, such as Q, . One can measure the halo mass function, namely how many halos
exist per mass and per redshift, and one can compare this to the theoretical expectation based on the
growth of structure, which depends on the assumed cosmology (e.g., Reiprich et al.,[2002; Schellenberger
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et al.,[2013)). This method is independent of the geometrical tests, which study cosmological distances
and thus provides a complementary and powerful test for any cosmological model.

Figure 1.7: Peculiar velocity field (arrows) and matter density field (color coded) of the local Universe (~ 100 Mpc
per plot side), taken by Courtois et al. (2013).

Since inhomogeneous structures arise at small scales, it is expected that gravitational attraction will
vary in different directions. This would cause nearby galaxies and galaxy clusters to move towards their
most massive neighbors due to this excess gravity. Their motion will be characterize by their peculiar
velocity v. Consequently, if one knows the density contrast field 6(x, a) of a region, the peculiar velocity
field v(x, a) can be predicted. For the present epoch (a=1), the peculiar velocity field is given by

90.6 , X —x
Vpee(X) = - H f S5(x )md%’. (1.25)
This theoretical prediction can also be used to put constraints on the cosmological parameters. One
can compare this to the measured peculiar velocities of the galaxies in the local Universe. The peculiar
velocities can be obtained by comparing their measured redshift with the cosmological redshift that they
should have based on their distance, which can be measured independently of cosmology (e.g., standard
candles). The radial peculiar velocity u,. of a source directly relates to the redshift z, it causes due to

the relativistic Doppler effect as
l1+u,../c
pec
Zoee = 1/——1. (1.26)
bee 1= upec/c

A coherent motion of a sphere of galaxies and clusters towards a particular direction is called a bulk
flow. A reconstruction of the peculiar velocity field and the matter over- and underdensities in the local
Universe is displayed in Fig. [[.7} One can see that at the scales of the plot, a bulk flow of our local
neighborhood towards the overdense region of the Great Attractor exists. This bulk flow is further
amplified by the lack of gravity from the void in the opposite region.
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1.0.2.3 Timeline of the Universe

The Universe came into existence = 13.7 billion years ago with the hot Big Bang (BB), when all
space, time, and energy were created from a cosmic singularity. The first ~ 107 s (hereafter all time
and temperature scales are considered to be approximate estimations) are characterized as the Planck
epoch. Our physical theories for these times are largely undefined. However, it is believed that the
four fundamental forces of nature (gravity, the strong and weak nuclear forces, and the electromagnetic
force) were unified. By the end of the Planck epoch, the temperature of the Universe was Tyy,; = 10%
K (10" Gev equivalently in terms of particle energy). The Grand Unification Epoch (GUT) followed,
with gravity becoming distinct from the other three forces unified under the hypothetical electronuclear
force. At 107 s, when Ty, ~ 10*" K, the strong nuclear force was also separated from the rest,
releasing vast amounts of energy and marking the end of the GUT epoch. It is speculated that this
led to a symmetry-breaking phase transition, favoring the production of matter over antimatter in the
Universe. This process is called baryogenesis. The immense discharge of energy during this phase is
believed to have led to the exponential expansion of the Universe by 26 orders of magnitude during the
inflation period, which lasted from 107 s to 107*? s after the BB. This rapid expansion is postulated
to have magnified the initial density quantum fluctuations in the Universe over cosmic scales. This can
explain the causal contact between widely separated regions in the later Universe. It also flattens out the
curvature of spacetime, leading to a currently flat Universe, almost regardless of the initial conditions.
After inflation, the electroweak era started and lasted until 10™'? s after the BB. During that time, the
weak nuclear force decoupled from the electromagnetic force, while the hypothetical dark matter particles
with masses of > 100 GeV stop producing since cosmic temperature drops below that threshold. These
particles also freeze-out, halting any interactions, halting most interactions with other particles, and they
start forming a homogeneous background. Up to that point, no known baryons or hadrons have been
formed. As the Universe cooled down to 1 GeV, it entered the particle epoch, when hadrons and baryons
such as protons and neutrons were formed, followed by the formation of leptons, such as electrons and
neutrinos. Annihilation of matter and antimatter took place, leaving a small surplus of matter (tracing
back to the GUT epoch). As the particle epoch was coming to an end and the particle energies were
~ 1.4 MeV, the timescale of the weak interactions between neutrinos and the rest of the particles became
larger than the age of the Universe, and thus neutrinos stopped interacting with the other particles. Up to
that point, neutrons and protons were in equilibrium through the (inverse) 8 decay. After the decoupling
of neutrinos, inevitably, the inverse 8 decay (which converts protons into neutrons) could not continue,
and neutrons could no longer be produced. At the same time, they continued to decay into protons, and
as such, their abundance dropped significantly. Shortly after, electron-positron pairs could also not be
created since the photon energies generally dropped below the electron rest mass (= 0.5 MeV).

The Big Bang Nucleosynthesis (BBN) epoch started roughly one minute after the BB, when the
temperature dropped below 10° K or 0.1 MeV. After that, the tail of photons’ energy distribution did not
surpass 2.22 MeV, which is the binding energy of the deuterium nucleus. Therefore, the latter started to
form undisrupted by photons. The formation of helium nuclei followed, which bounded almost all the
available neutrons. Some minimal amounts of lithium and beryllium were also formed, but no heavier
elements. BBN lasted for roughly 10 minutes, and the standard cosmological model correctly predicts
the final abundances of the produced elements. The BBN time is succeeded by the plasma era, where
photons were coupled with baryons and electrons, interacting mostly through Compton scattering. No
major events took place during that time, which lasted for 380, 000 years.

In the early Universe, there was a significantly higher number of photons than baryons. Neutral
hydrogen had not yet formed. The electron binding energy of hydrogen is 13.6 eV. Until the temperature
of the Universe dropped to ~ 3500 K (or 0.3 eV), there was a sufficient number of photons in the tail
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of the energy distribution to prevent electrons from getting (and staying) captured. As the Universe
expanded and the temperature dropped below that threshold, electrons started coupling successfully with
protons to form hydrogen. This process is called recombination and occurred at redshift z ~ 1100 and
lasted for = 40, 000 years. The density of free electrons rapidly decreased, and photons were able to
stream freely to cosmic distances. This process produced the last scattering surface, and clearly, these
photons are the most ancient light one can observe. Today we are indeed able to observe this surface in
the form of the CMB, which has the spectrum of a perfect blackbody with a temperature of 2.73 K. From
its small temperature fluctuations, we can infer that the density fluctuations at z ~ 1100 were in the order
of 6 < 107*. These fluctuations were the seeds that would eventually cause the structure of the Universe
to form.

Figure 1.8: Temperature anisotropies in the CMB as observed by the Planck satellite (Planck Collaboration et al.,
[2014). The hotter temperatures are shown in red.

After recombination and until the first structures to appear, a few hundred million years passed. This
period is referred to as the dark ages, due to the lack of astrophysical objects able to produce light (e.g.,
stars). The Universe was almost completely dark, with the only existing light to be the CMB photons and
the 21 cm radiation emitted from neutral hydrogen. Roughly 300 Myr years after the BB, the first stars
and galaxies started to form. As they started radiating energy, the produced photons started to ionize
the intergalactic neutral gas once more. This time is referred to as reionization and is placed roughly at
z ~ 7.8, 650 Myr after the BB (Planck Collaboration et al.,[2020). From then on, the large-scale structure
kept developing, with the first protocluster of galaxies arising shortly after. Due to the bottom-up scenario,
however, the majority of galaxy clusters formed more recently, within the last 8 billion years (z < 1).

The timeline of the Universe can also be subdivided into epochs based on its dynamical behavior.
The latter depends on which species (radiation, matter, or dark energy) dominated the total mass-energy
density at any time. Using Eq. [[.I2} one can equate the density parameters to determine the time that
each component was more abundant than the rest. Doing so, the radiation-matter equality redshift is
found:

Qr(Z) = Qm(z) = Q‘r(l + Zrm,eq)4 = 'Qm(l + Zrm,c:q)3

(1.27)
q ~ 52000 years.

= Zeg ¥ 3340 and ¢

€

Thus, the radiation-dominated era (Q, > €, ) started after the BB and lasted until that time. In the very
early Universe when Q. > Q_, the size of space was increasing with time as a o« 12, but the expansion
was decelerating (¢ < 0). This can be seen by the two Friedmann equations, (Eq. [I.6). That era was
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succeeded by the matter-dominated era (Q,, > Q., Q. > Qpg). Nearly 40 Myr after the BB, the radiation
practically stopped influencing the dynamics of the Universe, since its density had dropped to negligible
levels. Dark energy would still not emerge as a significant element of the Universe for a few billion years.
Consequently, cosmic evolution strongly resembled that of an EdS model with Q_ ~ 1. Space expanded
asa o *° still in a decelerating manner.
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Figure 1.9: Timeline of the Universe (taken from [https ://map.gsfc.nasa. gov/[).

Assuming wpg = —1, the expansion of the Universe started accelerating ~ 7 billion years ago (z < 0.8).
Note that we are still in the matter-dominated era, but dark energy had already become the driving force
of cosmic expansion. Following the same reasoning as in Eq. [[.27} one can compute when the dark
energy-dominated era began. One finds that the density of dark energy surpassed that of matter during the
last = 3.7 billion years of the Universe, (z < 0.33). After Q,, becomes negligible Qp ~ 1, the expansion
will become exponential, a « e’

1.0.2.4 Cosmological Principle and the importance of testing it

The CP supports the lack of directionality in the Universe, and it is implied throughout the standard
cosmological model. Cosmological parameters, and subsequently cosmic evolution, depend only on time.
When one estimates the distance of an extragalactic source, only its redshift is taken into account and not
its direction. In a nutshell, no primordial preferred axis is assumed to exist, and the expansion rate and
contents of the Universe are taken to be statistically equivalent towards all directions. This property is
called isotropy and plays a vital role in modern cosmological research.

Standard cosmology assumes the CMB rest frame to be the same as the matter rest frame; in other
words, one should observe an isotropic behavior of the large-scale structure if one observes an isotropic
CMB. When we do observe the CMB, a large dipole anisotropy in its temperature is found. This dipole
anisotropy is believed to be caused purely by the Doppler shift of the CMB due to our random peculiar
motion with respect to the Hubble expansion frame. We infer this motion to be 369 km/s towards the
Galactic coordinates (I, b) = (264°, +48°) and we properly Doppler-boost all the measured redshifts to
account for that. Thus, we finally expect to see an isotropic Universe. However, the fact that the entire
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CMB dipole is considered a result of our local motion is an assumption that we accept since, in principle,
at least a part of this anisotropy could have a primordial origin. As such, the CMB and the large-scale
structure might not share the same rest frame. This would constitute a violation of isotropy since a
preferred axis would exist in the Universe.

A form of observed anisotropy can occur, however, even in an intrinsically isotropic Universe if strong
bulk flows exist around the observer and not taken into account. This is due to the following reason. The
observed redshift of a source is a combination of two phenomena; its cosmological redshift z ., due
to the expansion of space and the redshift z,.. due to its peculiar motion with respect to the observer,
which is caused by the Doppler effect. Under a bulk flow, extragalactic objects within a sky region
have a z, that is systematically altering the overall measured z towards higher or lower values. If not
corrected for, this phenomenon will result in inferring wrong cosmological redshifts for celestial objects,
thus wrong distances and cosmological parameters. However, the standard cosmological model and
CP predict that no significant bulk flows should exist at scales of > 200 Mpc, simply because of the
homogeneous distribution of matter (homogeneity). Simply put, the average peculiar velocity of such
volumes compared to the CMB rest frame should be negligible. These predictions arise from the structure
formation model and its application to reconstruct the peculiar velocity field (Eq. [[.23). Therefore, any
possibly detected strong bulk flows that extend at larger scales would be in direct conflict with ACDM.

The importance of looking for deviations from isotropy in cosmological data lies in the three possible
outcomes. Firstly, the CP can be independently confirmed by different methods, which will provide
more concrete evidence about the validity of our cosmological theories. Secondly, a study might observe
anisotropies, inconsistent with other studies. This could eventually reveal previously unknown systematic
biases, affecting numerous other studies of similar methodologies. In the era of precision cosmology, a
full understanding of systematics is critical. Thirdly, a repeating verification of observed anisotropies
from independent studies could eventually lead to a major paradigm shift in our cosmological theories
and force us to rethink how much we understand the Universe after all.

The hypothesis of isotropy has been scrutinized in the past, but with contradicting results. An extended
discussion on previous studies can be found in Sects. 3.1} 3.9.1) {.1] and[#.9.7]

1.0.3 Galaxy clusters

Clusters of galaxies are powerful tools to study a variety of extragalactic astrophysical topics. Their
application to study the CP is the focus of this dissertation. The literature contains innumerable sources
from which one can obtain information about galaxy clusters. For the following sections, Sarazin (1986),
Rosati et al. (2002)), Schuecker (2005)), S. W. Allen et al. (2011)), Kravtsov et al. (2012), Giodini et al.
and and Reiprich et al. and references therein have been advised.

1.0.3.1 Definition and components

Galaxy clusters are the largest gravitationally bound systems in the Universe. They form at the overdense
regions of the cosmic web, such as the intersections of filaments, where the most massive dark matter
halos are found. They accrete mass from their surroundings, forming aggregates of galaxies and gas.
Baryons are then trapped under the self-gravity of the dark matter halo, making clusters closed systems.
After the collapse of matter slows down significantly and any merging processes halt, galaxy clusters are
usually considered to be in virial and hydrostatic equilibrium (to first approximation). They are detached
from the Hubble expansion, and they are generally defined within their R, radius. The typical mass
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of galaxy clusters is 10" - 10" M@EI and their typical diameter is 1 — 5 Mpc. Clusters with masses of
< 10" M, are usually referred to as galaxy groups, although their initial distinction was based on their
galaxy number.

Galaxy clusters are built from four main components:

o Galaxies: First defined as accumulations of galaxies, clusters contain from a few, up to ~ 1000

luminous galaxy members (many more dwarf galaxies can be embedded). Clusters of galaxies with
< 50 galaxies are categorized as galaxy groups. Overall, galaxies account only for the ~ 5% of
the total mass of a galaxy cluster. Galaxies are the optical and infrared components of clusters. In
general, elliptical galaxies are more abundant within galaxy clusters than in the less dense cosmic
field. More elliptical galaxies are created within these dense environments for two reasons. Firstly,
due to the frequent collisions between galaxies, which eventually transforms them into ellipticals.
Secondly, due to the stripping of their gas and dust due to ram pressure, as they travel within the
intracluster medium, following the gravitational well of the halo. Galaxy members exhibit typical
velocity dispersions of ~ 300 — 1200 kmy/s. Their number density increases towards the cluster
center, where ellipticals dominate the population. Towards the cluster outskirts, the fraction of
spiral galaxies increases since these members have been captured by the cluster more recently. The
Brightest Cluster Galaxy (BCG) is a characteristic property of galaxy clusters. It is usually found
close to the cluster center, but its exact position depends on the dynamical state of the cluster. The
vast majority of BCGs are giant elliptical galaxies that have devoured other galaxies in the past,
and their size roughly scales with the cluster mass.

Intracluster medium: Most of the baryonic matter in galaxy clusters (= 80%) is in the form of hot
plasma distributed smoothly across the intracluster medium (ICM). Due to the halo’s deep potential
well, the gas falls rapidly toward the cluster center and releases gravitational potential energy.
It then undergoes adiabatic compression and shock heating, increasing the ICM temperature to
typical values of kzT = 1 — 10 keV (in X-ray astronomy, usually the Boltzmann constant kj is
omitted, and particle energies are referred to as temperatures 7°), or 107 -10* K equivalently. ICM
is collisionally ionized, consisting of free electrons and ions which follow a Maxwell-Boltzmann
distribution. Hydrogen is the most abundant element in clusters (and in the Universe); therefore,
most of the ICM ions are simply free protons. Ionized helium also contributes to the ICM, while
a small fraction of heavier elements, generally referred to as "metals," also exists. The chemical
enrichment of the ICM takes place mainly through supernova explosions, which eject their material
out of the host galaxy. The fraction of metals in the ICM varies from Z ~ 0.2% to Z ~ 1.5%, with
the cluster centers being more metal-rich than the outskirts. These metallicities are expressed in
terms of the solar metallicity Z, and so Z ~ 0.1 — 1 Z. Moreover, the hot plasma is optically
thin with particle densities of n,, ~ 107 - 107" /em?, increasing towards the center. The ICM
accounts for ~ 10 — 15% of the total cluster mass and is the main X-ray component of clusters.

Dark matter: The bulk of a cluster’s total mass is in the form of dark matter (~ 80 — 85%). Since
it does not interact with light, it is only detectable indirectly via its gravitational effects, such as the
deflection of light from background galaxies (strong and weak gravitational lensing), the velocity
dispersion of galaxies, and the effect it has in the equilibrium state of the ICM. The dark matter
density follows a decreasing gradient from the cluster center to the outskirts.

o Relativistic particles: a tiny fraction of a cluster’s energy is usually encompassed within charged

3 The quoted typical ranges of cluster properties refer to the majority of clusters. Of course there are some clusters lying outside
of these ranges.
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particles with relativistic velocities that travel along the magnetic field lines of the cluster (e.g.,
Willson, [I970). Due to their acceleration, they emit synchrotron radiation. It is believed that these
particles are accelerated in ICM shocks and by Active Galactic Nuclei (AGN) jets.

Figure 1.10: Overlaid X-ray (diffuse emission) and optical (individual galaxies) image of the Coma cluster. Taken
from |https ://www.esa. 1nt/}

1.0.3.2 Applications

Being at the crossroads of astrophysics and cosmology, galaxy clusters are excellent cosmic laboratories.
Their different components are observed nearly throughout the full electromagnetic spectrum. As a result,
they provide valuable insights to a wide variety of extragalactic physics problems.

Arguably the most important applications of galaxy clusters is putting constraints on cosmological
parameters. The abundance of halos per mass and per redshift is very sensitive to the cosmological
parameters as discussed in Sect. [I.0.2.2] Clusters can also trace the total mass of the Universe through
their mass-to-light ratio. They can also be used to estimate the universal baryon density, since their
contents are representative of the overall baryons-dark matter fraction of the cosmos. In addition,
the luminous part of clusters can be utilized to trace the total matter power spectrum. The nature of
dark matter, as well as alternative theories of gravity, can be tested through phenomena such as the
Bullet cluster merger (e.g., Robertson et al.,[2017). Dark energy can also be probed through the cluster
turnaround density (Pavlidou et al.,[2020).

Distance measurements can be achieved with galaxy clusters as well and the cosmological parameters
can be constrained as discussed in previous sections. For instance, their gas mass fraction within a given
aperture depends on the angular diameter distance. The latter can be also estimated observationally
by combining microwave and X-ray observations of clusters, making them standard rulers, while the
luminous part of clusters can be utilized to trace the total matter power spectrum. Scaling relations of
galaxy clusters (which will be discussed in detail later) also allow for the observational estimate of the
luminosity and angular diameter distances. Last but definitely not least, they can be used to test the
isotropy of the Universe and the existence of large bulk flows.
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Besides assessing the values of cosmological parameters, galaxy clusters address other interesting
astrophysical topics as well. The metal enrichment and evolution of the Universe can be traced, since
clusters trap their gas, and act as cosmic reservoirs. The distribution of metals help us draw conclusions
on their origin and how they are ejected from the systems they were initially created in. The evolution of
galaxies within clusters can be compared to that of the field, and the environmental effects can be assessed.
Analysis of emission processes of chemical elements that take place only under extreme conditions can
be of great value for atomic physics, while the physical properties of AGN can be correlated with those
of the host cluster. Finally, the origin of large-scale magnetic fields can be studied through their extended
diffuse synchrotron emission.

Of course the possible applications of galaxy clusters are only limited by the imagination of researchers.

1.0.3.3 X-ray emission of galaxy clusters

Galaxy clusters are the brightest extended X-ray sources in the extragalactic sky, showing diffuse emission.
Three main processes that produce X-ray photons take place within the ICM; thermal bremsstrahlung
emission (free-free), deexcitation emission (bound-bound), and recombination emission (free-bound).
The overall emissivity €, is defined as the luminosity L = dE/df (emitted energy per time), per volume V
and per photon frequency v:

dL
6V
dvdy

The contribution to the total € from every emission mechanism is described below.

Bremsstrahlung radiation occurs when a free electron is accelerated by the Coulomb field of an ion. A
photon is emitted by this interaction at the expense of the total system’s energy. The electron remains
free afterward. The energy and the number of the induced photons depend on the kinetic energy and the
electrons’ density, and thus Bremsstrahlung radiation produces a continuum spectrum. For clusters with
electron temperatures of kg7, 2 2 keV and typical metal abundances of < 1 Z, Bremsstrahlung is the
primary radiation mechanism due to the high kinetic particle energies. The emissivity of this process ef
is expressed as a function of photon energy hv (where / is the Planck’s constant):

(1.28)

hv
e = A(e, my.kg) ga(Zi, Tor v) ZT# o ksTe -
o (1.29)
Eif oc ngTe_l/Ze_kBTe,

where A is a constant that depends on the absolute electron charge e, electron mass m,, and on the
Boltzmann constant k. Also, gg ~ 1 is the so-called Gaunt factor, accounts for quantum effects, and
has only a weak dependancy on T, and v. Finally, Z; is the charge of the ions, and n,; are the number
densities of the electrons and ions respectively. It is evident that fewer photons are emitted with high
energies (hv > 2 keV) than with lower ones, showing an exponential cutoff in their energy distribution
(i.e., spectrum). The emissivity of the high energy-end of the spectrum also increases with increasing T',.
By integrating over all photon energies, one can find that the fofal bremsstrahlung emissivity el of a fully
ionized plasma can be approximated as

e o 7202, (1.30)

Therefore, the density of the ICM gas plays a key role for the X-ray luminosity of a massive galaxy
cluster, while the temperature is also important.
Deexcitation emission occurs when an electron is bound to an atom and transitions to a lower energy

24



quantum state. The energy difference between these two bound states is released as a photon. This
process produces photons with specific energies, leading to line emission. These spectral lines can
broaden in the observed spectrum due to the Doppler shift of the photon energy, which originates from
the gas motions within the ICM. Only metals contribute to line emission since the level transitions of
hydrogen, helium, and lithium electrons emit photons with lower energies. The bulk contribution in
the ICM emission lines comes from the iron L and K shell line complexes (~ 1 keV and ~ 6.7 keV,
respectively). Other significant lines come from oxygen (~ 0.7 keV), magnesium (~ 1.4 keV), silicon
(~ 1.9 keV), sulphur (~ 2.6 keV), and other metals. Line emission is the dominant process for clusters
with k5T, < 2 keV.

Recombination emission is produced when an ion captures a free electron and the residual energy is
emitted as a photon. Since the exact photon energy depends on the electron’s kinetic energy, this process
results in continuum radiation. Recombination emission becomes important only for cooler clusters with
kpT, < 1.5 keV and for high energy photons of hv > 3 keV (e.g., Kaastra et al., Bohringer et al.,

2010).
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Figure 1.11: Galaxy cluster X-ray spectral models for three different electron temperatures; 1 keV (black), 3 keV
(red), and 9 keV (green). All spectra have the same metallicity, density, and absorption. The spectra include
bremsstrahlung, deexcitation, and recombination emission. Taken from Reiprich et al. (2013]).

The total emissivity for ICM temperatures of k3T, < 2 keV, can be roughly approximated as
€ o T, %02, (1.31)

The dependance of the emissivity on the electron temperature is opposite than for more massive clusters
and the bremsstrahlung radiation (Eq. [T.30).

The final X-ray spectrum of a galaxy cluster is a combination of all these effects. Three X-ray model
spectra are illustrated in Fig. [[.TT] All three have the same metallicity (0.4 Z) and density, while they
undergo no X-ray absorption. They show, however, three different ICM temperatures; 1 keV, 3 keV, and
9 keV. As expected, the most prominent characteristics of the spectra are clear. Hotter clusters show
much higher emissivity at high photon energies and slightly fewer photons at low temperatures. Line
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emission, while irrelevant for high electron temperatures, becomes important for low temperature clusters.
Interestingly, the total emissivity within the 0.1-2.4 keV energy band and for clusters with kg7, 2 2 keV
is rather insensitive to the temperature and depends mainly on the gas density:

€0.1-24 keV &€ ”3: (1.32)

The typical cluster X-ray luminosity within the 0.1-2.4 keV band is Ly ~ 10* - 10% erg/s.

1.0.3.4 X-ray absorption

X-ray photons travel through the interstellar medium (ISM) of the Milky Way before they reach our
telescopes. Heavy elements in the ISM can interact with these photons through photoelectric absorption.
As a result, the observed X-ray spectrum is distorted compared to the emitted one. To avoid biased
measurements of cluster properties, one has to account for this absorption. For that, the column density
of metals along the line of sight of a cluster is needed, together with their absorption cross-section
as a function of photon energy. However, it is not trivial to accurately quantify the metal abundance
of every sky direction. Instead, the neutral hydrogen column density Ny is used as a proxy for the
metal column density. Ny can be determined by 21-cm emission line radio observations, as done by the
Leiden/Argentine/Bonn survey (LAB, Kalberla et al.,[2005). By assuming the fraction of hydrogen and
metals in the ISM to be that of the Sun, one can estimate the number of absorbing particles towards a
line of sight. The solar metal abundance has been studied extensively in the past (e.g., Asplund et al.,
[2009). The photoelectric absorption cross-section as a function of the X-ray photon energy is displayed
in Fig. One sees that this cross-section is significantly larger for soft X-ray photons. The observed
spectrum /¢ is then a function of the amount of hydrogen Ny, the cross-section o-(E), and the emitted
spectrum of the source [

emit*

Lps(E) = &7 My

emi

(E). (1.33)

Moreover, it has been shown that the total hydrogen (neutral+molecular) column density Ny, is a
more accurate tracer of the true amount of absorbing material than neutral hydrogen alone. Although
the amount of molecular hydrogen is difficult to be measured, several empirical methods have been
employed to estimate Ny, such as the X-ray afterglow of gamma ray bursts and far-infrared all-sky
maps (Willingale et al.,[2013)). In general, more molecular hydrogen is found in regions with more neutral
hydrogen.

The main limitations of the methodology to trace the true X-ray absorption using the hydrogen as a
proxy are fourfold. Firstly, radio surveys such as LAB have a limited spatial resolution, within which
the true Ny can still slightly vary. Secondly, the solar chemical composition still encompasses some
uncertainties that propagate in the X-ray absorption models. Thirdly, radio surveys detect hydrogen
only within a certain velocity range of the gas and dust (e.g., ~ +400 km/s). Absorbing material with
velocities outside this range will not be detected, and accounted for. This is particularly important for
the hydrogen outside of the Milky Way, but still in our cosmic neighbourhood, such us the Magellanic
system (see an extended discussion of that in Sect. [3.6.3). Arguably the most important limitation, is the
fact that the metallicity of the ISM is not spatially constant, as assumed to be. As a result, a fixed Ny
does not always correspond to the same, true X-ray absorption. This can create biases that are discussed
in detail in Sects. [3.6.3] Despite of these limitations, the absorption correction of X-ray data is crucial
for the subsequent scientific conclusions. This can be seen from Fig. [I.13] where three X-ray model
spectra are plotted for different (uncorrected) absorptions. Low energy photons (E < 1 keV) are severely
absorbed, distorting the real spectrum of the source. At the same time, higher energy photons are not
strongly affected by X-ray absorption.
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Figure 1.12: Inner panel: Photoelectric absorption cross section per hydrogen atom of the ISM (units: 1 Mbarn=
107"® ¢m?) as a function of the incoming X-ray photon energy. Solar metallicity of the ISM has been assumed.
Outer panel: Same as the inner panel, after multiplying the cross-section with E? for display purposes, and showing
the spectral positions of heavy elements. Taken from Wilms et al. qm_mp

1.0.3.5 Sunyaev-Zeldovich effect

Space is filled with CMB photons with energies of ~ 0.2 meV. When these photons travel through the
ICM of a cluster, a small fraction of them experience inverse-Compton scattering by the highly energetic,
free electrons. Therefore, the photon energy is boosted, creating a unique distortion in the CMB spectrum
toward the cluster sky position. This is the so-called Sunyaev-Zeldovich (SZ) effect, discovered by
Sunyaev et al. and and Sunyaev et al. (I972)), and is displayed in the left panel of Fig. [[.14} In
the right panel of Fig. [[.T4] one sees that the intensity of the CMB spectrum is amplified at > 217 GHz
frequencies by the SZ effect, and reduced at lower frequencies, as CMB photons shift to higher energies.
In Fig. [[.T3] the image of a galaxy cluster is displayed for different frequencies.

The exact intensity of the SZ effect is expressed by the Compton parameter y and depends on the
state of the ICM, namely its gas density p and temperature 7. With higher p, more photon "kicks" take
place by electrons, while with higher 7', these kicks transfer more energy to the CMB photons. This
dependancy is given by Eq. ff.T]in Sect. [f.2.1] where more details on the technical aspect of this effect
can be found. In brief, y increases with ICM density and clusters size, i.e., the mass of a cluster. It is
also integrated over the entire solid angle of a cluster to give the integrated Compton parameter Y. For
simplicity, one can think of this value as the microwave analog of a cluster’s flux. Finally, Y is multiplied
by D} in order to derive the intrinsic intensity of the SZ signal of a cluster Y5, = ¥ x D3, known as
the fotal integrated Compton parameter. This is eventually the value that scales with the other cluster
properties, as I show in the second project of this dissertation, and in Sect. [I.0.3.6]

Finally, the SZ effect have two components. The therma component (tSZ), which is the one described
until now, and the kinetic component (kSZ). The latter has a much lower amplitude than the tSZ effect,
and usually its contribution can be ignored. kSZ is the result of the peculiar velocity of a cluster with
respect to the CMB frame, which causes an average Doppler shift to the scattered photons. While the
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Figure 1.13: Galaxy cluster X-ray spectral models for three different hydrogen column densities (i.e., absorptions);
no absorption (black), 3 x 1020/ cm? (red), and 10! / cm? (green). All spectra have the same metallicity, density,
and temperature. The spectra include bremsstrahlung, deexcitation, and recombination emission. Taken from
|https ://astro.uni-bonn. de/~re1pr1ch/}

kSZ effect can be used to detect bulk flows, its weak signal requires the stacking of many clusters to
detect the effect (see Sect. {.9.2).

1.0.3.6 Scaling relations

One of the most fundamental aspects of galaxy clusters are their scaling relations (SCs). These express
the correlation between several cluster properties as simple power laws. SCs are of paramount importance
for cosmological studies and for understanding the physical processes taking place within clusters. For a
review, see Giodini et al. (2013).

SCs were theoretically predicted by (Kaiser, [I986)), under the so-called self-similar model, which
adopted certain assumptions and simple mathematical formalisms. The main assumption is that the
gravitational potential energy is the only energy transferred to the ICM during the collapse of a cluster.
Furthermore, the density of the Universe changes as in Eq. withp « E (z)*. Since cosmic overdensities
still need to reach a specific density contrast to collapse into clusters, halos that formed earlier in the
Universe must be denser than collapsed halos today. This redshift evolution can be scaled appropriately
with E(z), and when one does so, then all clusters have the same mean (scaled) density. Considering all
the simplifications of the self-similar model, one concludes that all clusters are scaled versions of each
other, and have the same behavior despite their redshift or mass.

Based on that model, one can predict several SCs. For instance, one can relate the total cluster mass
M5, within the Ry, radiusﬁ with the gas temperature 7. The mass is given by

45
Mspg = =500 PeritoE(2) R (1.34)

* As a reminder, this is the radius within which the mean density of the cluster is 500 times larger than the critical density of the
Universe.
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Figure 1.14: Left panel: Scattering of CMB photons from hot ICM electrons in the SZ effect (taken from
lhttps://astro.uni-bonn.de/| Right panel: Intensity difference of the CMB spectrum caused by the SZ effect,
along the line of sight of a cluster. The spectral distortion is shown as a function of photon frequency, and for five
different ICM temperatures. Taken from Erler et al. (2018).
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Figure 1.15: CMB maps towards the sky position of a galaxy cluster, at different frequencies. The temperature
difference is shown color-coded (blue is cold). Taken from Erler et al. @

where pi 0 E (z)? is the critical density at the redshift z of the cluster. The choice of the density contrast
radius (Rs) serves as an example, and this exercise can be repeated for any density contrast. Thus, from
now on "500" will be omitted.

We can now assume that the ICM is in virial equilibrium and isothermal. Applying the virial theorenﬂ

> 2K + U = 0, where K is the thermal energy, or internal kinetic energy, of the gas, and U its gravitational potential energy.
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M
to the cluster gas particles, we find that 7" « ' Plugging this into Eq. [1.34]it follows that

M o« E(z) ' T3, (1.35)

Hence, from the self-similar M — T relation, one concludes that clusters with fixed mass are hotter in the
past.

The X-ray luminosity-temperature L — T relation can also be predicted according to the self-similar
model. From Eq. [I.36] integrating over all frequencies, one can express the X-ray luminosity as a
function of emissivity and volume V, i.e., radius: Loc e V < € R Plugging in Eq. , it follows that

M2
Loam, TR «po TP R o % T'? R, (1.36)

where we used the proportionality between the number density of electrons and total gas density

M
(ng o pgyq) and the fact that pg,, o %, where M, is the gas mass. Furthermore, fy,, = Ag/[as is the
gas fraction. Plugging this, Eq.[T.34] and Eq. [[.35]into Eq. [T.36]one derives that
L E@z) T, (1.37)

where f,, is ignored since it is constant in the self-similar model. Thus, the self-similar L — T relation
predicts that clusters with fixed temperatures were more luminous in the past (because they were denser).
Note here that if one initially used the X-ray luminosity Ly within 0.1-2.4 keV, one would need to use
Eq. instead of Eq. This would result in a less steep self-similar slope, Ly o< E(z) T3/

The total integrated Compton parameter Yy, is another interesting quantity with important SCs for

this work. It is easier to investigate the correlations of Yy via its X-ray analog, Yx = My, T. Therefore,

3

Yx <« M T E(z)"'T%*T. Since Yy o« Yg, this rewrites as

Ys; « E(x)"' T2 (1.38)
Finally, one finds easily that
Ly < EQ°Y). (1.39)

The SCs between many different properties can be predicted in a similar manner. Others however
are not trivial to be formulated. For example, the optical and infrared luminosity of a cluster’s BCG
scales with the mass, X-ray luminosity, and temperature of that cluster. However, the exact nature of
the BCG is not predicted by the self-similar model, and thus one does not know what to expect for the
BCG scaling relations. Moreover, the X-ray half-light radius Rsq, of a cluster (radius within half of the
total flux is emitted) should scale with the other properties, but not in the same fashion as the absolute
cluster radius, since it depends on several factors. Although possible, it can prove quite challenging to
predict the scaling laws that govern the relation of Rsyq, with the other cluster properties. Finally, the
observed scaling relations many times deviate from the self-similar expectations, due to the additional
physical processes taking place within the ICM, such as AGN feedback and supernovae-driven winds.
Discussions about previous observational studies on these SCs can be found in Sect. {.4]
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1.0.4 Morphology

One of the most frequent categorization of galaxy clusters is based on their dynamical state. Is a cluster
relaxeaﬁ or disturbed? There is not one unique definition of relaxed and disturbed clusters. In principle,
relaxed clusters have a nearly spherical and symmetric structure. They only show limited (if any)
subclustering across their volume and they are in virial equilibrium. They have not undergone any merger
activity in their recent past and they appear to have smooth density and surface brightness profiles, both
increasing toward the cluster core. Due to their lack of interaction with other objects, the BCG is usually
found in the bottom of the gravitational well, in the cluster center. This position usually coincides with
the peak of the X-ray emission. Generally, relaxed clusters are a better representation of the idealized
self-similar model. On the other hand, disturbed clusters usually show a more asymmetric, complex
morphology. They are characterized by more and lumpier substructures which are probably the result of
recent interactions with other galaxy clusters. Furthermore, their surface brightness profile is usually less
peaked towards the core, i.e., a lower fraction of their total X-ray emission comes from the center of the
cluster than for relaxed clusters.

Arguably the most common division of galaxy clusters is based on the state of their core region.
Cool-core (CC) clusters are characterized by a very dense center and a strong central peak in their surface
brightness profile. Their name originates from the fact that their temperature is lower towards their core
than in its surroundings. Due to their high, central ICM density, CC show an enhanced emissivity in their
cores, which makes them more luminous in X-rays than other types of clusters. Noncool-core (NCC)
clusters on the other hand do not show a drop in their central temperature or such a strong central peak in
their surface brightness profile. They also exhibit less dense cores than CC clusters. In Fig. [[.16] the
X-ray images of relaxed, disturbed, CC and NCC clusters are displayed.

CC and NCC clusters can be divided based on several properties. For instance, the concentration
parameter is widely used, which describes the fraction of X-ray emitting light of the very core, compared
to the entire cluster (or a fixed fraction of the cluster). With a higher the concentration parameter, a
cluster emits more X-ray photons from its center, which increases the probability that it is a CC cluster.
One of the most efficient parameters to distinguish between CC and NCC clusters though is the cooling
time ..., which is the timescale on which the ICM cools down. . is defined as the ratio of the internal
energy density u « n.T, and emissivity €. For ICM temperatures of T, > 2 keV, bremsstrahlung is the
dominate emission process and € =~ €. In that case, the cooling time is a function of the electron density
and temperature:

33 12
by~ 1S x A2 n:m ( 1071;1\7) Gyr. (1.40)
The ICM beyond the core of a cluster, almost always has 7, larger than the age of the cluster, and hence
the gas is not cooled down. Within the core however, due to the high n,, it is possible that there is enough
time for the gas to cool. Strong CC clusters are usually defined as the ones with 7., ,; < 1 Gyr, and NCC
fe00 = 10 Gyr, with the intermediate clusters labelled as weak CC clusters (D. S. Hudson et al.,[2010).
As CC clusters emit large amounts of energies, the kinetic energy of the particles decreases, resulting in a
lower temperature in their centers. There are some mechanisms however that reheat the ICM around the
core, such as AGN feedback (e.g., McNamara et al., [2007).

Finally, there is a strong correlation between the CC/NCC and relaxed/disturbed cluster divisions. More
specifically, CC are more closely related to relaxed clusters, while NCC clusters are usually disturbed

clusters (see Sect. [{.7.1).

® Some times relaxed clusters are referred to as regular.
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Figure 1.16: X-ray images in the 0.5-2 keV band from a relaxed, CC cluster (S1063, top left), a relaxed, but
NCC cluster (A3301, top right), a slightly disturbed, NCC cluster (A0761, bottom left), and a highly disturbed,
NCC cluster (A3570, bottom right). The clusters were observed by the XMM-Newton telescope. The count-rate
(equivalent to X-ray flux) is shown color-coded, with the same range in all images.

1.0.5 Telescopes

Telescopes act as our eyes to the Universe. They are being used to observe various astrophysical objects
in different wavelengths and obtain valuable data that help us constrain cosmological parameters. Here |
give a brief summary of the telescopes that have been employed to obtain the data I use in this dissertation.

1.0.5.1 ROSAT

The ROentgen SATellite (ROSAT) was an X-ray observatory developed by Germany, the United States,
and the United Kingdom (Briel et al.,[1996). It was launched in 1990 and put into a low Earth orbit,
from where it operated until 1999. Two telescopes were placed on board of ROSAT; one designed for
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the soft X-ray band (0.1-2.4 keV) and one for the extreme ultraviolet band (0.06-0.2 keV). The X-ray
telescope consisted of two Position Sensitive Proportional Counters (PSPC) detectors and one High
Resolution Imager detector. The data I use come solely from the PSPC detectors, and thus, hereafter,
the reference to these detectors will be implied when "ROSAT" is referred. The spatial resolution of an
X-ray telescope depends on several things, such as photon energy, off-axis angle of a source, etc., but
in average, the spatial resolutimﬂ of ROSAT was < 1 arcmin at 1 keV. For the same photon energies,
its spectral resolution was ~ 400 eV. Moreover, the field of view (FOV) had a ~ 2° diameter with a
maximum on-axis effective area of ~ 250 cm? at 1 keV. Within half a year from its launch, ROSAT
completed the first all-sky survey in the soft X-ray band, detecting ~ 150,000 X-ray sources. This
allowed for the construction of multiple catalogs of galaxy clusters and point sources, which led to
significant advancements in X-ray astrophysics. The primary cluster sample used in this dissertation was
created based on this survey. Moreover, ROSAT performed pointed observations of X-ray sources as
well.

1.0.5.2 XMM-Newton

The X-ray Multi-Mirror Mission (XMM-Newton) is the largest X-ray observatory developed and being
operated by European Space Agency (ESA Jansen et al.,[2001). It was launched in 1999 and placed at a
highly elliptical orbit, moving between a medium and a high Earth orbit. XMM-Newton is equipped
with three telescopes, each one nesting 58 mirror shells. It carries three European Photon Imaging
Cameras (EPIC), which are at the prime focal point of each telescope. Two of them are Metal Oxide
Semi-conductor (MOS1 and MOS2) CCD arrays. The third one is a p-n (PN) junction CCD array based
on a newly developed CCD technology with a higher quantum efficiency. The EPIC system provides
a large effective area of 2150 cm?, which is one of the main strengths of XMM-Newton compared to
other X-ray observatories. Its FOV is 30" while it covers a broad energy range of 0.2 — 12 keV. Its
spatial and spectral resolution are ~ 14" and ~ 50 eV respectively, both at 1 keV. XMM-Newton has
performed both full scans of parts of the sky and a plethora of pointed observations with a very high
sensitivity. Furthermore, XMM-Newton offered for the first time the opportunity to simultaneously
observe a source in X-rays and in optical and ultraviolet wavelengths due to its Optical Monitor (OM),
which carries on board. Finally, it also carries two Reflection Grating Spectrometers (RGS), which can
provide high-quality spectral information in the 0.4 — 2.5 keV band, with a spectral resolution of < 5 eV
at 1 keV energies.

1.0.5.3 Chandra

The Chandra X-ray telescope (named after Subrahmanyan Chandrasekhar) was designed and launched
by NASA in 1999 (Weisskopf et al., [2000), under which still operates. It was placed at an elliptical,
high Earth orbit and had two main operative instruments; the Advanced CCD Imaging Spectrometer
(ACIS) and the High Resolution Camera (HRC). These two nest inside them a High and a Low Energy
Transmission Grating (HETG and LETGQG), respectively. ACIS, which is the main instrument used to
obtain the data used in this work, consists of 10 CCD chips with an operating energy range of 0.2-10 keV
and a spectral resolution of ~ 100 eV (at 1 keV). It also has a total (not circular) FOV of 640 arcmin?.
ACIS maximum effective area reaches ~ 600 cm? at 1.5 keV. On the other hand, HRC consists of 2
microchannel plate detectors and can observe within the 0.1-10 keV band, with a total FOV of ~ 1400
arcmin® with an effective area of ~ 230 cm? at 1 keV. Chandra constituted a breakthrough for X-ray

astronomy mostly due to its very low (yet unmatched) spatial resolution of ~ 0.5”. It conducted surveys

7 The quoted spatial resolution for all X-ray instruments is the half-energy width (HEW).
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on parts of the sky, while its focal point is pointed observations. All the above allowed Chandra to detect
and identify X-ray point sources, such as AGNs, very efficiently. This remains its main advantage against
other X-ray telescopes up to this day, while, of course, extended X-ray sources such as galaxy clusters
are also studied by Chandra with high precision.

1.0.5.4 ASCA

The Advanced Satellite for Cosmology and Astrophysics (ASCA) was designed by Japan, with scientific
payload contributions from the United States as well (Tanaka et al.,[1994). ASCA was launched in 1993
and was placed at a nearly circular, low Earth orbit, from which it degraded with time. The satellite
operated successfully until 2000. The main breakthrough of ASCA was the use of CCD detectors for
the first time as the focal plane detectors in X-ray astronomy. These detectors were the Gas Imaging
Spectrometer (GIS) and the Solid-State Imaging Spectrometer (SIS). ASCA consisted in total of four
identical X-ray telescopes, each one equipped with an imaging spectrometer. ASCA provided an effective
area of 350 cm?, a FOV of 50’ diameter (GIS), and a spectral resolution of ~ 100 eV (SIS), all at 1 keV,
while it had a rather poor spatial resolution of 3. Its covered energy range was 0.4-10 keV. ASCA’s main
objective during its seven and a half years of operation was conducting pointed observations.

Figure 1.17: Artists’ impressions of the five telescopes: ROSAT (top left), XMM-Newton (top center), Chandra
(top right), ASCA (bottom left), and Planck (bottom right). Credit for all the images: https://www.nasa.gov/).

1.0.5.5 Planck

The Planck space telescope was deployed by ESA to probe the CMB anisotropies with unprecedented
accuracy (Tauber et al., 2010). It was launched in 2009 and placed at the second Lagrangian point
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of the Sun-Earth system (L.2), from where it operated until 2013, before the mission came to an end.
Planck carried two instruments, the Low Frequency Instrument (LFI) and the High Frequency Instrument
(HFI), covering a total of nine different frequencies within the 30-857 GHz range. The detectors of
the instruments were kept at temperatures close to zero by an advanced cryogenic system. The spatial
resolution of Planck decreased with frequency, going from 32" down to 5. Its primary objective was to
perform an all-sky survey at the nine frequencies. It did so with unprecedented accuracy, completing
five full scans with HFI and eight and a half scans with LFI. Planck’s survey allowed cosmologists to
study the very early stages of the Universe and further uncover the strengths and the weaknesses of the
standard cosmological model.
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CHAPTER 2

X-ray data reduction and spectral analysis

In this Chapter, I present the work I have conducted to reduce 100 XMM-Newton observations and
extract the spectral information (temperature, metallicity, and redshift) for 91 galaxy clusters. These
measurements are used in the next Chapters of this dissertation.

2.1 EPIC X-ray background

To obtain reliable cluster measurements from X-ray observations, one needs to properly treat the different
background components that contaminate an XMM-Newton EPIC observation. As discussed below,
some of the components are reflected and focused by the telescope’s mirrors, while others penetrate
the shielding and hit the detectors directly. The EPIC background can be separated into the particle
background, the electronic noise, and the cosmic X-ray photon background (e.g., A. M. Read et al.,[2003}
Carter et al., and references therein).

Particle background

The particle background can be subdivided into soft-proton background and cosmic-ray-induced back-
ground. Soft protons originate from the Sun and are accelerated by magnetospheric reconnection events
up to several hundred keV energies. They are trapped by the magnetosphere of our planet and are then
captured by the grazing mirrors of XMM-Newton. They are highly variable (showing fluctuations up to
1000%) and unpredictable, contaminating up to 40% of the XMM-Newton’s observation time. Generally,
the frequency of these flares is crudely proportional to the distance of the Earth from the Sun. The
intrinsic spectrum of the solar flares is a continuum, resembling a power law. However, when soft protons
hit the detectors, they can cause fluorescence lines due to the interaction with the telescope’s material.
These particles need a narrow incidence angle to hit the detector by going through the entire telescope
system. Thus, they occur mostly inside the FOV, similarly to X-ray photons, but with a flatter vignetting.
Naturally, their intensity is much lower in the unexposed corners of the cameras (Kuntz et al., 2008). Soft
protons are the primary contaminant in times of high background levels.

Moreover, internal cosmic ray induced events are produced from high-energy particles interacting with
the detector and causing instrumental fluorescence lines. Also, these high energy particles might directly
produce charge in the CCDs. They are less variable than soft protons, ~ +10% during an observation.
They cause a relatively flat continuum spectrum, unchanged at > 2 keV, with small fluctuations in the
fluorescence lines. For instance, the Al-K line at 1.4865 keV appears in both MOS and PN, while the
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Si-K at 1.7397 appears in MOS. The internal instrumental background caused by cosmic rays is not
vignetted and has a strong presence in the unexposed corners.

Electronic noise

The electronic noise originates from bright pixels at low energies (< 0.3 keV), readout noise, and artificial
low energy enhancements in the outer CCDs of the MOS detectors. The bright pixel component is
relatively constant throughout an observation, while it can greatly vary between different observations.
The artificial low energy enhancements are usually observed at < 0.5 keV and affect ~ 20% of the
observations. The cause of this enhancement remains ambiguous.

Cosmic X-ray photon background

This component has an astronomical origin, and it is independent of the used telescope. It can be
subdivided into the soft X-ray and the hard X-ray background photons. Soft X-ray background photons
mostly originate from the Local Hot Bubble and the Galactic disk and halo. The Local Hot Bubble (LHB)
is considered to be a hot relic in our Galactic neighborhood dating to the last nearby supernova. LHB
provides an explanation for the prevalent presence of the soft X-ray diffuse emission in our Galactic
neighborhood, which peaks at ~ 0.6 keV and becomes negligible at > 1 keV (e.g., Mernier et al., 2015).
Moreover, the Galaxy’s hot plasma shows a thermal diffuse X-ray emission that peaks at £ ~ 0.8 keV
and can be practically ignored after > 1.5 keV. Some emission lines are also seen in low energies. Both of
these components are vignetted and constant with time. However, they can spatially vary up to +£35% for
different sky coordinates. Some components with a minor contribution to the cosmic X-ray background
might exist, such as the Solar Wind Charge Exchange, but due to their low energy produced photons and
the weak emission are irrelevant to this analysis (e.g., Snowden et al.,[2004)). Finally, the hard cosmic
X-ray background photons mainly originate from unresolved AGNs within the FOV. It is the dominant
cosmic X-ray photon background component at £ > 1 keV (De Luca et al.,[2004). It is vignetted and
rather constant spatially.

2.2 XMM-Newton data reduction

To reduce the 100 XMM-Newton observations, I implemented an X-ray cluster reduction pipeline
developed by Dr. Florian Pacaud, which was adjusted according to this work’s needs. For clusters with
multiple observations, the one with the longest exposure time was considered first. If the quality of he
observation did not allow for a temperature measurements (according to the criteria presented below),
then the observation with the second longest exposure time was considered, and so on. Throughout the
data reduction, the XMMSAS v16.0.0 and HEASOFT v6.20 softwares were used.

Flare filtering

The XMM-Newton cluster observations data files (ODFs) were retrieved from the XMM-Newton archiveﬂ
Using the emchain and epchain task from XMMSAS, I generated calibrated event lists from the ODFs
for the MOS and PN cameras, respectively. These event lists need to be cleaned from the time-varying,
soft-proton solar flares which contaminate the observations. Therefore, the light curves (photon counts as
a function of time intervals) of the three cameras are created within the 0.3-10 keV energy band. For
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2.2 XMM-Newton data reduction

MOS1 and MOS?2, the detected good events are binned per 52 s, and per 26 s for PN. The histogram of
the counts per time bin is produced, and a Poisson function is fitted to it. All the events outside the 30
range from the peak of the distribution are excluded. The remaining events are the good time intervals
(GTIs), which are considered to be nearly free from any soft-proton contamination, although, in practice,
a significant component of flares can survive the filtering. Depending on the observation, this process
can reject almost all the observing time as contaminated, or none at all. Moreover, disagreements in the
soft-proton contamination might appear between the MOS and the PN cameras due to their different
sensitivities. In Fig. [2.1] the light curves of three clusters are displayed for MOS1 and PN. One sees that
for the cluster A0500, ~ 100% of the exposure time is characterized as GTI. For A3122, ~ 70% of the
total time is GTI, and thus this cluster can also be efficiently used. On the other hand, the MS1111.8
observation is completely contaminated by solar flares and, hence, useless.

After this flare filtering process, some leftover soft-proton contamination might still be present. To
assess if the flared time intervals are successfully discarded, the so-called IN/OUT ratio is determined
(De Luca et al.,[2004). This is the ratio of the events that occurred within the FOV (IN) over the ones that
occurred in the unexposed parts of the detectors (OUT), i.e., the corners. The IN/OUT ratio is estimated
two times, one before the flare filtering and one after, only for the GTIs (IN/OUTgyy). For the IN events,
the 10 arcmin around the center are excluded, and only the photons with > 6 keV are considered for
MOS, and > 5 keV for PN. This ensures that any contribution from the observed source, the Galaxy, or
from unresolved AGNss is eliminated due to the low effective area of the detectors so far away from their
center and for such high photon energies. Consequently, the observed counts can only be induced by soft
protons and cosmic rays. On the other hand, the OUT counts are obtained when the filter wheel of the
detectors is closed. Soft protons and X-ray photons cannot penetrate it and can only hit the corners of the
detectors. They do not reach the telescope’s focal plane in that case. Therefore, the collected counts are
produced only by cosmic rays. As a result, an IN/OUT ratio significantly higher than unity (> 1.3, De
Luca et al.[2004) indicates that soft protons strongly contaminate the event lists. This is many times the
case before the flare filtering. For example, the IN/OUT ratio for A3122 before filtering is 2.9 and 2.1 for
MOST1 and PN, respectively. For the filtered GTIs, the IN/OUT ratio should be < 1.15 to consider an
event list cleaned from solar flares.

Based on that process, one can characterize each XMM-Newton observation and evaluate if it can
be further used. Certain conditions are established in order for a detector’s GTI to be used as a good
observation. These are:

e No significant residual soft-proton contamination should exist, i.e., INJOUT gy < 1.15.

e The only exception is if 1.15 <IN/OUTgy; < 1.2 for a detector (e.g., PN), but INJOUTg < 1.15
for the other two detectors (e.g., MOS1 and MOS?2).

e The GTI should be at least > 30% of the total exposure time.
e The GTI should be at least > 4 ks.

If at least one of these conditions is not met, then the specific detector is discarded from the following
analysis. If no detector meets these thresholds, then the entire observation is discarded. Finally, many
times the longest cluster observation had a usable GTI for one or two detectors, but more than one
pointed observation existed for that cluster. In that case, I repeated the flare filtering for the next longest
observation as well and decided which one provided the best data.

I repeated this process for 45 XMM-Newton observations in total. 55 additional observations by Dr.
Florian Pacaud and Dr. Miriam Ramos-Ceja.
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Figure 2.1: Detected counts per time bins for A0500 (top), A3122 (middle), and MS1111.8 (bottom). In the bottom
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2.2 XMM-Newton data reduction

Anomalous state and out-of-time events

Next, I perform some diagnostics to identify noisy CCD behavior that might interfere with the following
analysis. A pattern of such problems, the so-called anomalous state, has been found in the past for the
MOS detectors (and not the PN), and appropriate test were developed (Kuntz et al.,[2008). Anomalous
state results in an increased background level at energies below 1 keV. To identify the problematic
detector chips, I implement the Kuntz & Snowden test. The hardness ratio of the count-rate (2.5-5.0
keV)/(0.4-0.8 keV) is plotted against the 0.3-10.0 keV count-rate. Low values for this ratio (abnormally
increased signal in the 0.4-0.8 keV band) indicate the presence of the anomalous state, and the chips that
suffer from this are excluded from the rest of the processing. Fig. [2.2]displays the anomalous state of
CCD 5 of the MOS?2 detector for the A1631 cluster (left) and the lack of any such problems in the MOS1
camera for the A1918 cluster. After excluding the events coming from the problematic CCDs, new, clean
event lists are generated.

CCD5 ccba

CccD1

\ge 2

0.0316 0.0322 0.0335 0.036 0.0411 0.0512 0.0712 0.112 0.192 0.0124 0.0127 0.0132 0.0142 0.0162 0.0201 0.028 0.044 0.0755

Figure 2.2: Anomalous state affecting the 5th CCD of the MOS2 camera of the A1631 observation (left), while the
A1918 observation does not show any anomalous behavior for MOS|1 (right).

Another instrumental artifact is the out-of-time events (OOT) coming from the PN detector, the CCDs
of which show a fast readout time. As a result, besides the actual integration interval, photons are also
registered during the readout of the CCDs. Obtaining the list of these events, they are then added to the
instrumental background and eventually subtracted from the clean event lists.

Masking of point sources and substructures

When extracting and modeling the clusters’ spectra, one needs to consider only the photons emitted from
the cluster and not from other sources. In every XMM-Newton frame, however, tens of point sources
lie within the FOV, in their vast majority being AGNs. These need to be masked, and their photons
need to be discarded from the later-derived spectra. To do so, the images of the three EPIC detectors
are coadded and corrected for the spatially varying exposure time across the FOV. The biggest effect of
the time exposure correction is that it removes the apparent gaps in the coadded images caused by the
physical gaps between the different chips. Afterward, a two-step procedure follows. Firstly, the coadded
image in the 0.5-2 keV band is used by the pipeline to identify and mask point sources, as described
in Pacaud et al. (2006). In a nutshell, a wavelet-based source-detection algorithm is employed, which
removes the noise, and the sources become clearly distinct. The source catalog from the filtered image is
then extracted using the SEXTRACTOR software (Bertin et al.,[1996). The detected sources are masked,
and the photons from their sky positions are discarded.

Not all point sources are detected by this procedure, however. To ensure that the point source
contamination is entirely eliminated, I visually inspected the coadded image in the soft 0.5-2 keV band
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Figure 2.3: Cleaned, exposure time-corrected X-ray images in the 0.5-2 keV band of RBS1842 before masking
(left) and of A2443 after masking (right).

the hard 2-10 keV band. AGNs are more luminous in the hard band while the cluster’s brightness dims,
and thus the hard band offers a better insight into the point source population within the FOV. I manually
masked all the remaining AGNSs, stars, and extended substructures that might interfere with the cluster’s
spectral analysis later on for all 100 XMM-Newton observations. The images of two clusters, RBS1842
and A2443, are displayed in Fig. 23] before and after the masking.

Instrumental background correction

The instrumental background must be subtracted from the clean images before one extracts the spectrum.
For that, I utilize the filter wheel closed (FWC) observations, which are dominated by the instrumental
background. The FWC observations have a different exposure time from CCD to CCD and from the main
observation. They also show a different particle background level. For that, FWC observations were
renormalized to match the background level of the cluster exposure. This is done independently for every
CCD of the EPIC system by using the events from their unexposed corners, following Kuntz et al. (2008).
For the central CCDs without unexposed corners, the rescaling factor is assessed from the corners of the
neighboring CCDs. The count-rate within the 2.5-5 keV (MOS and PN) and the 8-9 keV (MOS) energy
bands is considered for this calibration to avoid certain fluorescence lines that appear in the detectors. The
derived instrumental background level is then reprojected to the main observation frame and is subtracted
from the images. Finally, to account for an imperfect instrumental background subtraction, Gaussian
emission lines are included during the spectral fitting to model the possible residuals. The instrumental
background image of A2377 is displayed in Fig. 2.4]as an example.

Cluster center

The cluster centers are needed to determine the region around it from which the spectra are extracted. I
considered the X-ray emission peak as the center. The clean, background-subtracted, coadded image of
the cluster is used in the 0.4-1.25 keV energy band. The image is first smoothed by a Gaussian function
with a full width half maximum (FWHM) of 75 arcsec, worsening its resolution intentionally, and an
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Figure 2.4: Instrumental background of the A2377 observation. Note the detector gaps that are obvious before the
exposure time correction is applied.

initial X-ray peak is determined. This is done to ensure that the X-ray peak is not selected based on a
single hot pixel or a poorly removed AGN. The resolution is then iteratively improved in small steps to
look for a more precise peak location within a box of side ten times the previous FWHM. This is done
until a final resolution of 7.5 arcsec is reached. The brightest X-ray pixel’s coordinates are then assigned
as the cluster’s center.

I performed all the intermediate parts from the flare filtering to here for 76 XMM-Newton observations,
while Dr. Miriam Ramos-Ceja reduced the rest 24 observations.

Spectra extraction

The spectrum of a region is the number of observed photons (or counts) as a function of the photon energy
bin. For every cluster, I extracted three spectra; the astrophysical background spectrum, the spectrum
within < 0.2 Rs, (cluster core), and the spectrum from the 0.2 — 0.5 R5(, annulus. The selection of the
regions from which the background spectra were extracted are described in Sect. [3.3] These regions are
plotted in Fig. [2.5]for three clusters with different apparent Ry, values.

For every spectral extraction, the photon redistribution matrix file (RMF) and ancillary response file
(ARF) are generated. The RMF contains information about the detector’s response as a function of
energy. In other words, it gives the probability of assigning a photon to a given energy channel as a
function of the captured photon’s energy. The ARF defines the instrument’s quantum efficiency across the
FOV as a function of photon energy averaged over time. The RMF and ARF files are generated for every
detector separately and used to properly calibrate the detected spectra to obtain the true spectra emitted
from the source. Each spectrum is then binned according to the photon energies. Every bin contains at
least 25 photons, so the X2 minimization can be used when fitting the appropriate models to the data.
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Figure 2.5: Cleaned, exposure time-corrected X-ray images in the 0.5-2 keV band of S0555 (left), A3104 (middle),
and A0022 (right). The red circle corresponds to the 0.2 Rs, radius, the yellow circle corresponds to the 0.5 Ry,
radius, and the region outside the white circle corresponds to the background region. The white circle marks the
0.9 Ry, R5g, and 1.6 Rs, radius respectively.

2.3 Spectral fitting

By fitting the X-ray spectrum of the ICM, one can constrain several cluster properties, such as the
temperature, metallicity, and redshift. The temperature 7' can be found by the height of the high energy,
exponential cutoff of an X-ray spectrum, as shown in Fig. [[.TT} The width of the emission lines is also
affected. The metallicity Z can be constrained by the amplitude of the emission lines, while the redshift z
by their observed energy shift.

For the spectral analysis, the XSPEC v12.9.1 software was used (K. A. Arnaud, [I996)). The model
that accounts for the X-ray emission of collisionally-ionized diffuse gas is the so-called apec model,
and is a function of 7', Z, z, and the normalization a,.. (in units of cm™> which will be implied from
now on). The latter is simply the integral of the ICM particle density squared over the emitting volume
and scaled by the source’s distance. a,,.. was usually left free to vary (as a nuisance parameter) since
it is of no interest for this analysis. However, its value was checked for all fits to ensure that it did not
return erratic values, which could jeopardize the reliability of the fits. Moreover, the so-called phabs
model accounts for the photoelectric X-ray absorption. Its only free parameter is the Ny, while the
metal abundances and cross sections are adopted from Asplund et al. (2009). The so-called pow model
describes a power-law emission coming from AGNs. It depends on the spectral power index 3 and its
normalization Apow (measured in photons/keV/cmz/s at 1 keV, from now on the units will be implied).
Finally, the "gaussian" components account for various emission lines, coming from recombination or
deexcitation emission or residual instrumental fluorescence lines.

The 0.7 — 7 keV part of each spectrum was used for the fitting. This was done to be consistent with
the Chandra measurements, where the same energy range was used. That way, one avoids a stronger
dependence of T on the exact absorption correction, which mostly affects low energies (Fig. [I.13). Also,
the Ni, Cu, and Zn fluorescence lines in the PN detector within the 7.4-9 keV energy range are avoided.
The fitted model to each extracted spectrum is:

model =A X [apec| + phabs X (apec, + pow + apecs) + gaussian + gaussian+ @1
+ B X phabs X apec, '

The different components of this model are described below:

e A, B: normalization constants for the calibration of the background and the cluster emission
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models.

e apec;: accounts for the X-ray emission from the LHB, which is the least important component of
the photon background for this analysis due to the selected energy range 0.7 — 7 keV for fitting the
spectrum. For the emission of the LHB, we adopt 7 = 0.099 keV, Z = 1 Z, and z = 0. At start,

Agpec Was set to 1.7 X 10°°.

e phabs: accounts for the absorption from the Galaxy. The input, fixed Ny, value was adopted
from Willingale et al. (2013)) as already mentioned before.

e apec,: accounts for the diffuse X-ray emission of the Galaxy. I used T = 0.225 keV (McCammon
etal.,|2002), Z = 1 Z,, and z = 0. Initially, a was set to 7.3 x 107",

apec

e pow: accounts for the continuum emission of unresolved AGNs. I fixed its spectral power index to
B =145 (De Luca et al.,|2004). The normalization was initially set to ap,,, = 5 X 1077

e apec;: accounts for the residual cluster emission in the background spectrum (when relevant). Its
redshift is kept fixed to the cluster’s known redshift. Its normalization was kept fixed to zero when
no residual cluster emission was expected in the background region (see Sect. [3.3]for more details).
Otherwise, 7', Z, and a,,,.. were initially kept fixed to some expected values based on the a-priori
known properties of each cluster.

e gaussian: accounts for two fluorescence lines; the Al K-alpha line at 1.4865 keV and the Si
K-alpha line at 1.7397 keV.

e apec,: accounts for the ICM cluster emission.

One needs to constrain the background components first, and its spectrum was fitted in the beginning.
For that, I set B = 0 to ignore the cluster’s main emission since it is irrelevant for the background spectrum.
At first, all parameters were kept frozen except for a,,,, which is the only component that affects the high
energies. After it was constrained, it was frozen to its best-fit value. Next, when applicable, the apec;
component was fitted (T, Z, and a,..), and then kept fixed to its best-fit solution. Following the same
reasoning, the gaussian instrumental lines and the normalizations of the apec, and apec; components
were constrained.

Next, the cluster properties need to be obtained. For that, the spectrum from the 0.2 — 0.5 Rs(, annulus
was used. The photons coming from this region originate both from the cluster’s emission and the
background. Consequently, the entire model from Eq. [2.1]is fitted. The obtained best-fit values for the
background components were used as starting points, and they were allowed to vary within a restricted
range. The apec, model is left completely free to vary and its T', Z, and a,,. are constrained. If any
spectral fitting returned /\/2 > 1.3, the initial values of the normalization were shifted to ensure they do
not bias the result. Eventually, observations that returned a worse fit than this threshold were discarded.

From that procedure, I obtained the 7" and Z values for the 91 clusters which I use in this dissertation’s
projects. 76 of them are used as the default values for the respective clusters, while the rest 15 are
used for comparison purposes with Chandra temperatures (see Sect. [3.11)). On top of these results, I
also constrained z and Ny based on the X-ray cluster spectra. For that, the spectra from the cluster
cores (< 0.2 Rsqy ) were included in the model as an extra apec component with independent 7 and
Z. Additionally, z and Ny were left free to vary but they were linked between the < 0.2 Rs, and the
0.2 — 0.5 Rsq spectra, and the background spectra. Overall, the X-ray z was constrained for all 76
clusters, while Ny; was constrained for 44 clusters (more details are given when these measurements
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Figure 2.6: X-ray spectra in the 0.7 — 7 keV energy band for six clusters; starting from left to right and from
top to bottom (like reading), A0458, A0602, A1205, A1451, A2811, and A2941. In every plot, the two highest
spectra correspond to the PN spectra for the < 0.2 Ry and 0.2 — 0.5 Rs regions, respectively. The next four
spectra correspond to the MOS detectors for the two regions. Finally, the three bottom spectra correspond to the
background obtained from MOS1 (red), MOS2 (black), and PN (deep green).
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Figure 2.7: Same as in Fig. for A3396, A3694, A3814, A4010, Pegasusll, and RXCJ13144-2515.

47



Chapter 2 X-ray data reduction and spectral analysis

0.1 L

counts s keV-!
:
iz counts s~ keV-

0.1

normalized counts s~ keV:

normalized counts s keV-!
o
=

10

r

(data-model)/error

-1

(data-model)/error

2 "
Energy (keV) Energy (keV)

Figure 2.8: Top panel: Same as in Fig. for NGC1650 and RXCJ13534-2753. Bottom panel: Same as in Fig.
[2:6] but only for the 0.2 — 0.5 Rs, and the background regions. On the left, the MOS1 and MOS2 spectra of the
A0076 cluster are displayed (the fewest counts of all analyzed clusters). On the right, the spectra from the A2163
cluster (the hottest cluster used in this work) are shown, from all three detectors.

are used later in Chapters [3|and[d)). In Figs. 2.6] 2.7} and 2.8] (top panels), the spectra from both cluster
regions and their background regions are displayed for 14 clusters, as an example. Clusters of different
temperatures, metallicities, fluxes and exposure times are considered in order to give a representative
picture of the spectral analysis process. In the bottom panels of Fig. 2.8] the spectra only from the
0.2 = 0.5 R5 regions and the background are plotted for two clusters with opposite observation qualities.
A0076 has a very low GTI (4.1 ks) with a few detected counts, and the PN camera is excluded due to a
hight IN/OUT ratio after the filtering. Its constrained 7 has a 29% uncertainty. On the other hand, the
observation of A2163 has a quite high GTI (98 ks), with many detected photons, and low IN/OU ratios
after the filtering for all three cameras. It is the hottest cluster within this work, and one of the hottest
clusters known (7" ~ 15 — 19 keV, depending on the telescope). Its best-fit T as given by the displayed fit
has an uncertainty of only 1.3%.
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CHAPTER 3

Probing cosmic isotropy with a new X-ray
galaxy cluster sample through the L, — T
scaling relation

This Chapter presents the first project of my thesis. I probe the isotropy of the X-ray luminosity-
temperature relation of galaxy clusters and attempt to draw conclusions on possible spatial variation of
the cosmic expansion rate. The spectral information for the clusters observed by Chandra was provided
by Dr. Gerrit Schellenberger. This Chapter has been published as Migkas et al. (2020) (Migkas, K.,
Schellenberger, G., Reiprich, T. H., Pacaud, F., Ramos-Ceja, M.E., and Lovisari, L., 2020, A&A, 636,
A15) with the journal Astronomy & Astrophysics (link: fhttps://doi.org/10.1051/0004-6361/

201936602] Bibcode: 2020A&A...636A..15M).

Abstract

The isotropy of the late Universe and consequently of the X-ray galaxy cluster scaling relations is an
assumption greatly used in astronomy. However, within the last decade, many studies have reported
deviations from isotropy when using various cosmological probes; a definitive conclusion has yet to
be made. New, effective and independent methods to robustly test the cosmic isotropy are of crucial
importance. In this work, we use such a method. Specifically, we investigate the directional behavior
of the X-ray luminosity-temperature (Ly — T') relation of galaxy clusters. A tight correlation is known
to exist between the luminosity and temperature of the X-ray-emitting intracluster medium of galaxy
clusters. While the measured luminosity depends on the underlying cosmology through the luminosity
distance Dy, the temperature can be determined without any cosmological assumptions. By exploiting
this property and the homogeneous sky coverage of X-ray galaxy cluster samples, one can effectively
test the isotropy of cosmological parameters over the full extragalactic sky, which is perfectly mirrored
in the behavior of the normalization A of the Ly — T relation. To do so, we used 313 homogeneously
selected X-ray galaxy clusters from the Meta-Catalogue of X-ray detected Clusters of galaxies (MCXC).
We thoroughly performed additional cleaning in the measured parameters and obtain core-excised
temperature measurements for all of the 313 clusters. The behavior of the Ly — T relation heavily depends
on the direction of the sky, which is consistent with previous studies. Strong anisotropies are detected at a
> 40 confidence level toward the Galactic coordinates (1, b) ~ (280°, —20°), which is roughly consistent
with the results of other probes, such as Supernovae Ia. Several effects that could potentially explain these
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strong anisotropies were examined. Such effects are, for example, the X-ray absorption treatment, the
effect of galaxy groups and low redshift clusters, core metallicities, and apparent correlations with other
cluster properties, but none is able to explain the obtained results. Analyzing 10° bootstrap realizations
confirms the large statistical significance of the anisotropic behavior of this sky region. Interestingly,
the two cluster samples previously used in the literature for this test appear to have a similar behavior
throughout the sky, while being fully independent of each other and of our sample. Combining all
three samples results in 842 different galaxy clusters with luminosity and temperature measurements.
Performing a joint analysis, the final anisotropy is further intensified (~ 5¢7), toward (I, b) ~ (303°, -=27°),
which is in very good agreement with other cosmological probes. The maximum variation of D; seems
to be ~ 16 + 3% for different regions in the sky. This result demonstrates that X-ray studies that assume
perfect isotropy in the properties of galaxy clusters and their scaling relations can produce strongly biased
results whether the underlying reason is cosmological or related to X-rays. The identification of the exact
nature of these anisotropies is therefore crucial for any statistical cluster physics or cosmology study.

3.1 Introduction

The isotropy of the Universe on sufficiently large scales is a fundamental pillar of the standard model of
cosmology. The most important consequence of isotropy is that the expansion rate of the Universe as
well as the physical properties of all astronomical objects must be the same regardless of the direction in
the sky. Due to the high significance of this hypothesis, it is necessary that it is robustly scrutinized and
tested against different cosmological probes using the latest data samples.

What was initially introduced as a repercussion of general relativity and the Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric was later supported by observations. The most crucial of them is
arguably the cosmic microwave background (CMB) as observed by Cosmic Background Explorer (COBE,
Efstathiou et al., [1992)), the Wilkinson Microwave Anisotropy Probe (WMAP, Bennett et al., 2013),
and the Planck (Planck Collaboration et al., [2016)) telescopes. CMB shows a remarkable isotropy at
small angular scales (high multipoles), whilst some anisotropies are still present in lower multipoles. The
most prominent one is the so-called CMB dipole which, if one assumes its purely kinematic origin, is
caused by the Doppler shift due to the motion of our Solar System with respect to the CMB rest frame.
This indicates that the Solar System moves toward the Galactic coordinates (I, b) ~ (264°, +48°) with
a peculiar velocity of ~ 370 km/s (Kogut et al., Fixsen et al., with respect to the CMB
rest frame. Another anisotropic feature present in the CMB is the dipole power asymmetry detected
in both WMAP and Planck with a significance of ~ 2 — 3.50 toward (I, b) ~ (230°,-20°) (Eriksen
et al., Hanson et al., Bennett et al., Akrami et al., Planck Collaboration et al.,
[2014}; Planck Collaboration et al.,[2016). Its nature still remains relatively unclear. The interpretation
of the significance of these results differ between papers. Other potential challenges for the isotropy
of the Universe found in the CMB is the parity asymmetry, ~ 30 toward ([, b) = (264°,—17°) and the
unexpected quadrupole-octopole alignment and the existence of the Cold Spot at (I, b) = (210°, -57°)

(Tegmark et al.,[2003}; Vielva et al.,[2004; Kim et al.,[2010} Aluri et al.,[2012} Cai et al.,[2014} Planck
Collaboration et al., Planck Collaboration et al., Schwarz et al., 2016).

The CMB is a great tool to study the behavior of the early Universe. However, it can be quite
challenging to extract information about the directional behavior of the late Universe based on that probe.
This problem intensifies when one considers that according to ACDM the late Universe is dominated by
dark energy whose effects are not directly present in the CMB spectrum. Moreover, since the nature of
dark energy is still completely unknown, one can only make assumptions about the isotropic (or not)
behavior of dark energy. Consequently, it becomes clear that other cosmological probes, at much lower
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redshifts than the CMB, are needed in order to search for possible anisotropies in the late Universe. There
are indeed many probes that have been used for such tests.

For instance, Type Ia Supernovae (SNIa) have been extensively used to test the isotropy of the Hubble
expansion with many results reporting no significant deviation from the null hypothesis (Lin et al., 2016}
Andrade et al.,[2018}; Sun et al., Y.-Y. Wang et al.,[2018). Other studies however, claim to detect
mild-significance anisotropies in the SNIa samples that more often than not approximately match the
direction of the CMB dipole (Schwarz et al., Antoniou et al.,[2010} Colin et al.,[201T; Mariano
et al., Kalus et al., Appleby et al., C. A. P. Bengaly J. et al., Javanmardi et al.,
[2015} Migkas et al., 2016} Colin et al.,[2017). Generally, the reported results from SNIa strongly depend
on the used catalog. Moreover, the robustness of SNIa as probes for testing the isotropy of the Universe
based on the current status of the relative surveys has been recently challenged (Colin et al.,
Beltrdn Jiménez et al., Rameez, [2019). This is mainly because of the highly inhomogeneous spatial
distribution of the data (most SNIa in the latest catalogs lie close to the CMB dipole direction), their
sensitivity to the applied kinematic flow models which readjust their measured heliocentric redshifts, as
well as the assumptions that go into the calibration of their light curves.

Other probes that have been used to pinpoint possible anisotropies or inconsistencies with the ACDM
model are the X-ray background (Shafer et al.,[I983} Plionis et al., [T999), the distribution of optical
(Javanmardi et al., Sarkar et al.,[2019) and infrared galaxies (Yoon et al.,[2014} Rameez et al.,

2018)), the distribution of distant radio sources (Condon, [1988} Blake et al.,[2002} Singal, 2011} Rubart

et al., 2013} Tiwari et al., : C. A. P. Bengaly et al.,[2018} Colin et al.,[2018} C. A. P. Bengaly et al.,
2019), GRBs (Ripa et al., 2017L Andrade et al., [2019), peculiar velocities of galaxy clusters (Kashlinsky

et al., 2008} Kashlinsky et al., 2010} Watkins et al., 2009} Kashlinsky et al., 2011} Atrio-Barandela
et al., and of SNIa (Appleby et al., etc. While some of them find no statistically significant
challenges for the null hypothesis of isotropy, others provide results which are unlikely to occur within
the standard cosmological model framework. The use of standard sirens for such tests in the future has
also been proposed (cai).

Since the outcome of the search for a preferred cosmological direction remains ambiguous, new and
independent methods for such tests should be introduced and applied to the latest data samples. In
Migkas et al. (2018)) (hereafter M18), the use of the directional behavior of the galaxy cluster X-ray
luminosity-temperature relation is described as a cosmological probe. It is well-known that galaxy
clusters are the most massive gravitationally bound systems in the universe, strongly emitting X-ray
photons due to the large amounts of hot gas they contain (~ 10% of their total mass) in their intra-cluster
medium (ICM). Their physical quantities follow tight scaling relations, for which Kaiser (I986) provided
mathematical expressions. Specifically, the correlation between the X-ray luminosity (Ly) and the ICM
gas temperature (7') of galaxy clusters is of particular interest since it can be used to trace the isotropy
of the Universe, which is a new concept for such cosmological studies. The general properties of the
Ly — T scaling relation have been extensively scrutinized in the past by several authors (e.g., Vikhlinin

et al.,[2002} Pacaud et al., G. W. Pratt et al.,[2009} Mittal et al., Reichert et al., Hilton

et al.,[2012} Maughan et al.,[2012; Bharadwaj et al.,[2015} Lovisari et al., 2015} Giles et al.,[2016} Zou
et al.,[2016; Migkas et al.,[2018} Ebrahimpour et al., 2018).

In a nutshell, the gas temperature, the flux and the redshift of a galaxy cluster do not require any
cosmological assumptions in order to be measuredﬂ Using the flux and the redshift together with the
luminosity distance, through which the cosmological parameters come into play, one can obtain the

! Only indirectly when the selection of the cluster relative radius within which the used spectra are extracted is based on a
cosmological distance, such as the X-ray luminosity-mass scaling relation (Ly — M) and the conversion of the radius from
Mpc to arcmin, where the luminosity and angular diameter distances enter. Nevertheless, even in these cases, the dependence
happens to be very weak.
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luminosity of a cluster. The luminosity however can also be predicted (within an uncertainty range) based
on the cluster gas temperature. Hence, adjusting the cosmological parameters, one can make the two
luminosity estimations match. This can be repeatedly applied to different sky patches in order to test the
consistency of the obtained values as a function of the direction. The full detailed physical motivation
behind this is discussed in M18. There, it is shown that the directional behavior of the normalization of
the Ly — T relation strictly follows the directional behavior of the cosmological parameter values. This
newly introduced method to test the Cosmological Principle (CP) could potentially prove very effective
due to the very homogeneous sky coverage of many galaxy cluster samples (in contrast to SNIa samples),
the plethora of available data as well as large upcoming surveys such as eROSITA (Predehl et al., 2016)
which will allows us to measure thousands of cluster temperatures homogeneously (Borm et al., 2014).
For studying the isotropy of the Universe with the future surveys, it is of crucial importance that any
existing systematic biases that could potentially affect the Ly and 7" measurements of galaxy clusters
would have been identified and taken into account by then.

In this paper, we construct and use a new galaxy cluster sample in order to identify regions that share a
significantly different Ly — T relation compared to others. This could lead to pinpointing an anisotropy
in the Hubble expansion or discover previously unknown factors which could potentially affect X-ray
measurements of any kind. Except for the high quality observations and measurements, another advantage
of our sample is the small overlap with the XCS-DR1 (Mehrtens et al., and ACC (Horner,
samples used in M18. There are only three common clusters between our sample and XCS-DR1 (< 1%)
and only a 30% overlap with ACC. Since we reanalyze the XCS-DR1 and ACC sample in this paper as
well, using the same methods we use for our sample in order to perform a consistent comparison, all
the common clusters between the different catalogs are excluded from XCS-DR1 and ACC. Our cluster
sample does not suffer from any strong archival biases in contrast to ACC. Throughout this paper we use
a ACDM cosmology with H, = 70 km s"'Mpc™', Q. =0.3and Q, = 0.7 unless stated otherwise.

The paper is organized as follows: In Sect. [3.2) we describe the construction of the sample and how we
derive the properties of the clusters. In Sect. [3.3] we explain the steps we follow for the data reduction
and the spectral analysis of the observations. In Sect. 3.4 we present the modeling of the Ly — T
relation together with the parameter fitting procedure. We also explain how we identify possible spatial
anisotropies and assign their statistical significance. In Sect. f.4] we present the first results, including the
overall Ly — T results and the 1-dimensional (1D) and 2-dimensional (2D) anisotropies of our sample. In
Sect. [3.6] we investigate several X-ray and cluster-related causes that could possibly produce the observed
anisotropic signal in our sample. In Sect. [3.7] we examine the case where the anisotropies in our sample
have a cosmological origin instead, assuming there are no systematics associated with X-ray photons or
cluster properties. In Sect. [3.8] we combine our results with those obtained from ACC and XCS-DR1.
We express these joint-analysis anisotropies in cosmological terms. In Sects. [3.9]and f.10] we discuss our
findings and their implications, compare with other studies and summarize.

3.2 Sample selection and cluster measurements

The cluster sample used in this work is a homogeneously selected one based on the Meta-Catalogue of
X-ray detected Clusters of galaxies (MCXC, Piffaretti et al., @;ﬂ) Initially it consisted of the 387 galaxy
clusters above an unabsorbed flux cut of f, ;_5 4 v = 3 X 10™ ergs/s/cm2 excluding the Galactic plane
(1b] < 20°), the Magellanic clouds and the Virgo cluster area. The flux for every MCXC cluster is found
based on the given X-ray luminosity and redshift, combined with a reversed K-correction (the necessary
temperature input was found by the Ly — T relation of Reichert et al. (201T). The MCXC luminosities
(and therefore the calculated fluxes on which our sample is based) were corrected for absorption based
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on HI measurements (see Sects. [3.2]and [3.2).

The parent catalogs of the clusters we use are The ROSAT extended Brightest Cluster Sample (ebcs),
The Northern ROSAT All-Sky (NORAS) Galaxy Cluster Survey (Bohringer et al., and the ROSAT-
ESO Flux-Limited X-Ray (REFLEX) Galaxy Cluster Survey Catalog (Bohringer et al.,[2004). They are
all based on the ROSAT All-Sky Survey (RASS, Voges et al.,[1999).

Another selection criterion was for the clusters to have good quality Chandra (Weisskopf et al.,[2000)
or XMM-Newton (Jansen et al.,[2001)) public observations (as of July 2019). This criterion is satisfied
for 331 clusters. The rest 56 clusters for which such observations were not available have a sparse sky
distribution and similar average properties with the 331 clusters (as discussed later in the paper) and
therefore their inclusion is not expected to alter the results.

We reduced these 331 available observations, analyzed them and extracted cluster properties as
described below. This sample includes a large fraction (~ 85%) of the eeHIFLUGCS (extremely
expanded HIghest X-ray FLUx Galaxy Cluster Sample Reiprich, Pacaud et al. in prep.) sample
clusters. eeHIFLUGCS is a complete, purely X-ray flux-limited sample with similar selection criteria.
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Figure 3.1: Sky distribution of the 313 clusters in Galactic coordinates, with the colorbar indicating their redshift.
There are two clusters at z > 0.3 but the scale is set in such way so the color contrast is optimal.

The final sample we use for this paper consists of 313 galaxy clusters. The other 18 clusters are
not used because of the following reasons. Firstly, we excluded 11 clusters from our analysis that we
identified as apparent multiple systems (out of a total of 15). This is due to the fact that clusters in rich
environments tend to be systematically fainter than single clusters (M 18 and references therein), thus
biasing the final results. Moreover, some of these seemingly multiple systems are located at different
redshifts but projected in our line of sight as real double and triple systems (see Ramos-Ceja et al.,[2019]
hereafter R19). When these different components are accounted as one system in MCXC the flux of the
"single cluster" is overestimated. As a result, some of these systems falsely overcome the selected flux
limit while none of their true individual components has the necessary flux to be included in our catalog.
On the other hand, there are cases where one of the individual extended components has enough flux to
be kept in our sample and at the same time it is located at a different redshift than the other components
of the system (it does not belong to the same rich environment). In this case, these extended sources were
kept in the catalog and their Ly values were adjusted correspondingly (see Sect. [3.2) while the other

53



Chapter 3 Probing cosmic isotropy with a new X-ray galaxy cluster sample through the Ly, — T scaling
relation

component(s) were excluded. Since we use Chandra and XMM-Newton observations while the MCXC
Ly — T values come from ROSAT observations, some minor inconsistencies between these values and
our own measurements are expected. In order to account for this, we consider it as an extra source of
uncertainty and adjust the confidence levels of the final cluster fluxes and luminosities accordingly as
described later in the paper.

Furthermore, we identify nine clusters to be strongly contaminated by point sources, likely Active
Galactic Nuclei (AGN). We confirm that by the absence of significant extended emission around the
suspected point sources and by fitting a power-law (constraining the power index and the normalization)
and an apec model to the spectra of the bright part of the point source using XSPEC (K. A. Arnaud,
[1996). If the pow model returns a better fit than the apec model we mark the source as an AGN. Moreover,
we search the literature for known stars and AGNs at these positions. For three of these nine clusters
(A2055, A3574E, RXCJ1840.6-7709) the point sources are located close to the (bright) cores of the
clusters and cannot be deblended. Thus, we chose to exclude these clusters since their MCXC Ly values
would be overestimated and would add extra bias to our analysis. For another cluster (A1735) there is
a strong AGN source and a galaxy cluster with extended emission with an angular separation of ~ 7.
This system has been identified as one cluster in the MCXC catalog centered at the AGN position, which
has the higher contribution to the X-ray flux. Therefore, this system was also excluded since the single
extended emission component does not surpass the necessary flux limit. For the rest five clusters, using
the Chandra and XMM-Newton images the point sources are easily distinguishable from the cluster
emission while the MCXC objects are centered close to the extended emission centers. For these five
systems we calculate the flux of the point source using its spectra from one of the two aforementioned
telescopes and a pow model, and subtract it from the MCXC flux in order to see if the extended emission
alone overcomes the flux limit. This procedure results in the exclusion of three clusters (A0750, A0901,
A2351), while the other two (A3392, S0112) stay above the desired flux limit and are considered in our
analysis after appropriately decreasing their MCXC luminosity values (Sect. [3.2).

Since ~ 50% of the clusters included in our sample have been observed by both Chandra and XMM-
Newton, we decide to analyze these common clusters with the former. This is due to the fact that
Chandra data are generally less flared than XMM-Newton data. As a result, 237 clusters are analyzed
using Chandra observations while 76 clusters are processed using XMM-Newton observations. For both
telescopes, we extract and fit the spectra within the energy range of 0.7 to 7 keV. The cross calibration of
the two satellites is discussed in Sect. [3.2] Using Chandra data for ~ 75% of our sample offers another
advantage as well. As mentioned before, in M18 two samples are used: ACC which consists only of
ASCA observations, and XCS-DR1 which consists only of XMM-Newton observations. Subsequently,
mostly using a third independent telescope to built our sample and study the anisotropy of the Ly — T
eliminates any systematics that might occur in the results because of telescope-specific reasons.

Consequently, the sample with which this analysis is performed consists of 313 single galaxy clusters.
For these clusters we have self-consistently measured their gas temperatures 7' and their uncertainties, as
well as their metallicities Z and their X-ray redshifts z. Furthermore, we know their optical spectroscopic
z, their fluxes fy and their luminosities Ly within the 0.1-2.4 keV energy range together with their
uncertainties, their Galactic (/, b) and Equatorial (RA, Dec) coordinates and the atomic and molecular
hydrogen column density Ny, in their direction. The exact information for every parameter and where it
comes from is described in the following subsections. Their spatial distribution together with the redshift
value used for each cluster can be seen in Fig. [3.I] The vast majority of these 313 galaxy clusters are
included in the eeHIFLUGCS sample.
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Redshift

For 264 out of the 313 clusters the given MCXC redshifts are used. We have checked that all these
clusters have at least seven galaxies with optical spectroscopic redshifts in the NASA/IPAC Extragalactic
Database (NED) and that agree with the assigned MCXC redshift. The median number of galaxies per
cluster is 52 for these cases. For seven other clusters we reassigned a redshift based on the already-
existing optical spectroscopic data when the offset between the apparently correct redshift value and the
MCXC redshift is Az > 0.007, corresponding to ~ 2000 kmy/s.

The remaining 42 clusters either do not have enough optical spectroscopic data in order to trust the
given redshift or the distribution of the galaxy redshifts of the cluster is inconclusive. In that case, the
redshift of the cluster was determined from the available X-ray data. For that, we extracted and fit the
spectra within the 0 — 0.2 Rso(ﬂ circle and within the 0.2 — 0.5 Rs,. Using two apec models (one for
each cluster region) with the temperature and metallicity parameters free to vary for both, the redshift is
also fit simultaneously but linked for the two regions (same z for both regions). In Sect. [3.3|the technical
details of the spectral fitting process are discussed.
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Figure 3.2: Top: Comparison between the safe optical redshifts and the X-ray redshifts obtained from this analysis.
Bottom: Redshift distribution of the final sample.

In order to make sure that the obtained X-ray redshifts are trustworthy, we also determined them
for the 264 clusters with safe optical redshifts. The comparison of the optical and X-ray redshifts is
displayed in the top panel of Fig. [3.2] By comparing the well-known optical redshifts with the X-ray
ones, we see that there is only a very small intrinsic scatter of Az = 0.0014 (~ 420 km/s) with the
agreement being remarkable. It is noteworthy that only 10% of the clusters have a deviation of more
than Az/(1 + z,,) = 0.01 between the X-ray and the good quality optical redshift, whilst only 3% deviate
by more than Az/(1 + z,,) = 0.02. Therefore, using the X-ray determined redshifts for the 42 clusters
without optically spectroscopic redshifts seems to introduce no bias. The final redshift distribution is
shown in the bottom panel of Fig. [3.2] Moreover, in the Appendix is further shown that using or not the
clusters with X-ray redshifts one derives very similar results. The redshift distribution of our sample
covers the z = (0.003 — 0.45) range while the median redshift of the sample is z = 0.075 (z = 0.072
for the excluded clusters). All the aforementioned redshifts are heliocentric. The clusters for which we
changed their z values compared to the ones from MCXC are displayed in Table [3.4] with a star (*) next
to their names.

% Rsyo=the radius within which the mean density of the cluster is 500 times greater than the critical density of the Universe
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Hydrogen column density

The value of Ny enters in both the determination of the Ly (as done in the parent catalogs) and in the T
determination that is performed in this analysis. Hence, an inaccurate treatment of the input Ny values
could potentially bias both parameters mostly in the opposite direction and eventually affect our results.

In the calculation of the Ly of every cluster, the REFLEX and NORAS catalogs used the neutral
hydrogen Ny values coming from Dickey et al. (thereafter DL90), while the (e)BCS catalog
used again Ny values but as given in Stark et al. (I992)). As shown in Baumgartner et al. (2006) and
Schellenberger et al. (S15 hereafter) the total hydrogen column density Ny, (neutral+molecular
hydrogen) starts to get significantly larger than Ny for Ny > 6 X 10 /cm?. If this is not taken into
account it would result in a misinterpretation of the total X-ray absorption due to Galactic material
and hence to underestimating Ly while generally overestimating 7. In order to account for this effect,
we used the Ny, values as given by Willingale et al. (hereafter W13) in all the spectra fittings
we performed and for correcting the MCXC Ly values as described in the following subsections. The

comparison between the Ny used in the parent catalogs and the Ny, values we use is displayed in Fig.
3.3]
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Figure 3.3: Comparison between the atomic hydrogen column density Ny; as given in DL90 and the total one Ny,
as given in W13 for the 313 clusters.

One can see that for certain clusters Ny, < Ny, something that seems counter-intuitive. This happens
because in the calculation of Ny, W13 use the Ny from the LAB survey (Kalberla et al.,[2005) and not
from DL90. The LAB survey has a better resolution and tends to give slightly lower Ny; values than
DL90 for the same sky positions, something that can create these small inconsistencies for clusters where
the molecular hydrogen is not yet high enough. As stated above, we corrected these inconsistencies
for all the 313 clusters. The LAB survey covers the velocity range of (=450 km/s, +400 km/s), within
which all neutral hydrogen is supposed to be detected. This velocity range naturally propagates to the
Ny values we use and any amount of hydrogen outside of this velocity range is not accounted for. The
median Ny, for the 313 clusters is 3.81 x 10°°/cm? (4.35 x 10*°/cm? for the excluded clusters).
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Luminosity

We chose to use ROSAT luminosity measurements for the simple reason that the entire Ry, area of
the clusters is observed in the RASS. On the contrary, the field of view (FOV) of XMM-Newton and
(especially) Chandra does not cover the full Ry, for most of our clustersﬂ It has been shown though
that the ROSAT Ly values are fully consistent with the ones from XMM-Newton within the ROSAT Ly
uncertainties (Bohringer et al., Y. -.-Y. Zhang et al., (see Sect. [3.11]in Appendix for further
tests)

Our estimates for the cluster X-ray luminosities used the reported X-ray luminosities in the MCXC
catalog as a baseline. These luminosities were homogenized for systematics between the different parent
catalogs, and were aperture-corrected to reflect the flux within Rs, (for more details see Piffaretti et al.

1
2011), Chapter 3.4.1). For the relative luminosity uncertainty o, we assumed o7~ = where
N
Cy 1s the RASS counts from the parent catalogs. We applied further corrections to the MCXC cluster

luminosities.

Firstly, we calculated K-correction factors to account for the redshifted source spectrum when observed
in the observer reference frame. We derived these factors in two iterative steps in XSPEC using the
scaling relations by Reichert et al. for the input temperatures, and the 49 updated redshifts. The
changes that occurred are much smaller than o . Secondly, the Ly values were adjusted accordingly
for the 49 clusters for which we used new redshifts. The uncertainties of the fitted X-ray z (both
statistical and intrinsic) were propagated to the Ly uncertainties and added in quadrature to the already
existing ones. Next, we corrected the MCXC Ly for changes in the soft-band X-ray absorption by
using the combined molecular and neutral hydrogen column density values as described in Sect. [3.2]
We first derived an absorbed Ly by reversing the absorption correction from Piffaretti et al. (201T),
and then derived updated unabsorbed Ly values in XSPEC employing the cluster temperatures and
metallicities derived in this work. Finally, the redshift-derived distances of nearby clusters might be
biased by peculiar velocities. For the five most nearby clusters (500" Mpc, z < 0.0116) we used redshift
independent distance measurements from NED (published within the last 20 years) to derive the Ly from
the unabsorbed, k-corrected flux. The standard deviation of these distance measurements was propagated
to the uncertainty of the luminosity. The average change in the distance compared to the redshift distances
is ~ 7%. For one cluster (S0851), no redshift independent distance was available and thus we adopted
the redshift-derived distance but added an uncertainty of 250 km/sﬂ due to possible peculiar motions,
which propagated in the o7 as well.

The comparison between the MCXC Ly values and the values used in this analysis is shown in Fig.
@ As seen there, for 301 clusters (96% of the sample) the change in Ly is < 25%. Since the intention
of this paper is to look for spatial anisotropies of the Ly — 7 relation in the sky we need to ensure that
we do not introduce any directional bias through all of our Ly corrections. To this end, we compare the
fraction Ly o,s/Lx mcxc (the latter is the value given by MCXC) throughout the sky and we find it to
be consistent within +4%. Similar results are obtained if one considers the fraction Ly yicxc/Lx parents
where Ly 1,en 18 the value given in the parent catalogs (more details in Sect. of the Appendix).

The final Ly range of the clusters we use is Ly = (1.15 X 10" - 3.51 x 10%) erg/s while the median
value is 1.45 x 10 erg/s (1.10 x 10 erg/s for the excluded objects). The median o7 is 10.6%.

3 For this particular study, another advantage of using ROSAT measurements is that we excluded the possibility of a XMM-
Newton-related anisotropic bias, since such anisotropies have already been detected for XCS-DR1, a sample constructed
purely by XMM-Newton observations (see M18).

* Average difference between recession velocity as obtained by redshift-independent distances and measured heliocentric
velocities for the other four clusters.
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Figure 3.4: Comparison between the Ly values after all the corrections we applied and the MCXC values for the
313 clusters.

Cluster radius

The radii of the clusters were used for selecting the region within which the temperature and metallicity
were measured. The Ry, values of the clusters as given in MCXC were determined using the MCXC Ly
value and the X-ray luminosity-mass scaling relation Ly — M as given in M. Arnaud et al. (2010}, which
results in Ly ~ Ry, Since we applied certain changes to the MCXC Ly values it is expected that also
the respective Rsq, should (slightly) change. Therefore, we used the same scaling relation to calculate
the new R, in Mpc units. After that, the appropriate conversion to arcmin units was required, using
the angular diameter distance (D,). Since there is only a weak Rs, dependency on Ly when the latter
changes only because of alternations in the Ny absorption, the new Rs, value does not significantly
differ from the MCXC one (all changes < 5%, since D, remains fixed). However, when Ly changes
because of a modification in the used z value then also D, changes, as well as the normalized Hubble
parameter E(z) = [Q,(1 + z)3 +Q A]l/ 2 and the critical density of the Universe p_.(z) ,which are also

included in the Ly — Rs relation. This has a stronger impact on the final RE2™" (Rs, in arcmin units)

than the absorption case alone. Nonetheless, the new RE"™ eventually changes by more than 10% only
for 5 out of 313 clusters. At the same time, 294 clusters (> 94% of the sample) show a < 4% relative
change in RSy, . Therefore, the direct use of the MCXC R§,"" values is practically equivalent to our

new values.

Temperature

We determined the temperature of each cluster within the 0.2 — 0.5 Ry, annulus of every cluster in
order to have self-consistent temperature measurements that reflect the other cluster properties (e.g.,
Ly) in a similar way. The cores of the clusters are excluded due to the presence of cool-cores, which
significantly bias the temperature measurement and potentially increase the scatter of the Ly — T relation
(e.g., D. S. Hudson et al., 2010). As previously stated, here we used the Ny, values in order to fit
the spectra and obtain 7. Since the new Rs, values do not considerably vary compared to the MCXC
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ones, we used the latter for the spectra extraction with one exception: when the difference between the
two values was > 10% (only five clusters as stated above) then we used the redetermined Rs, value.
Generally, the temperature shows only a weak dependance to such small changes in R, since the vast
majority of the spectral extraction regions remains unchanged. The relative difference in the obtained
temperature for these five clusters when we use both ours and the MCXC Rs, is by average ~ 8%.

It has been shown that the Chandra and XMM-Newton telescopes have systematic differences in the
constrained temperature values for the same clusters (S15). Thus, one has to take into account these
biases when using temperature measurements from both telescopes. To this end, for the 76 clusters
in our sample for which we use XMM-Newton data since we do not have Chandra data, we converted
their measured temperatures to Chandra temperatures adopting the conversion relation found in S15. To
further check the consistency of this conversion, we applied this test ourselves choosing 15 clusters in an
XMM-Newton temperature range of 1.2 — 8.5 keV (same range as for the 76 XMM-Newton clusters) which
have been observed by both telescopes. We constrained their temperatures with both instruments and we
find that the best-fit relation provided by S15 still returns satisfactory results (Fig. 3.32]in Appendix).
The final temperature range of these 313 clusters is 7 = (0.83 — 19.24) keV with the median value being
T = 4.5 keV, while the median uncertainty is oy = 4.9%. Clearly the temperature range is considerably
wide which significantly helps the purposes of our study. The suspiciously high temperature of 19.23
keV occurs for the galaxy cluster Abell 2163 (A2163) when the Asplund et al. (2009) abundance table
is used. A2163 also lies in a high absorption region with Ny, = 2 X 10%!/em®. For other abundance
tables, A2163 returns a temperature of ~ 13 — 16 keV. This large difference is mainly driven by the
phabs absorption model and the change of the Helium and Oxygen abundances. Generally, the average
difference between the obtained temperature values between different abundance tables do not vary by
more than ~ 3 — 5% and thus, this cluster is a special case. For consistency reasons we use the 19.23 keV
value. Excluding this cluster from the sample does not affect our results significantly since it is not an
outlier in the Ly — T plane.

Metallicity

The metallicity of each cluster was determined simultaneously with the temperature. The two different
telescopes are not shown to give systematically different metallicity values for the same clusters (although
the intrinsic scatter of the comparison is relatively large), and thus no conversion between the XMM-
Newton and Chandra values was needed. The metallicity range of the used sample is Z = (0.04 - 0.87) Z
except for two clusters with Z = 1.533:39 Zyand Z = 3.861'8:% Z, where the metallicity determination
of the latter is clearly inaccurate while the former is consistent with typical metallicity values within the
1o uncertainties. Excluding these two clusters from our analysis has no significant effects on the derived
results. Finally, the median value is Z = 0.37 Z_ with the median uncertainty being o, = 23.1%

3.3 Data reduction and spectral fitting

Data reduction

The exact data reduction process slightly differs for the two instruments. For the Chandra analysis, we
followed the standard data reduction tasks using the CIAO software package (version 4.8, CALDB 4.7.6).
A more detailed description is given in Schellenberger et al. (S17). For the XMM-Newton analysis,
we followed the exact same procedure as described in detail by R19 (and more analytically in Chapter 2).
In a nutshell, every observation was treated for solar flares, anomalous state of CCDs (Kuntz et al., @]),
instrumental background and exposure correction. For both instruments, the X-ray emission peak was
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determined and used as the centroid for the spectral analysisﬂ, while bright point sources (AGNs and
stars), extended structures unrelated to the cluster of interest (e.g., background clusters) and extended
substructure sources were masked automatically and later by hand in a visual inspection. For this analysis,
the HEASOFT 6.20, XMMSAS v16.0.0 and XSPEC v12.9.1 software packages were used.

Background modeling

For the Chandra clusters, complementary to the S17 process, the ROSAT All-Sky survey maps in seven
bands (Snowden et al., were used to better constrain the X-ray background components. The
background value in each of the seven bands was determined within 1° — 2° around the cluster.

For the XMM-Newton clusters, the only difference with the process described in R19 is the background
spectra extraction region. The X-ray sky background was obtained when possible, from all the available
sky region in the FOV outside of 1.6 Rs, from the cluster’s center. In this case, no cluster emission
residuals were added in the background modeling. This was done mostly for the clusters located at
z 2 0.1 which have a small apparent angular size in the sky. For most clusters, a partial overlap of the
background extraction area with the 1.6 R circle is inevitable and thus, an extra apec component to
account for the cluster emission residuals was added during the spectral fitting, with its temperature and
metallicity free to vary. The normalizations of the background model components were also left free to
vary during the cluster spectra fitting as described in detail in R19.

Spectral fitting

For the spectral fitting, the same methods were used as in R19 (apecxphabs+emission and fluorescence
lines) with only some small differences which are described here. Firstly, the 0.7 — 7 keV energy range
was used for all spectral fittings for both instruments. This way we managed to exclude the emission lines
close to 0.6 keV which originate from the Solar Wind Charge Exchange and cosmic X-ray background
(S15, R19 and references therein). Moreover, we avoid the events produced by the fluorescent lines at
7.5, 8 and 8.6 keV which appear in the spectra of the pn detector of XMM-Newton. Furthermore, Chandra
has a small effective area for energies higher than 7 keV. For all the spectral fits the Asplund et al. (2009)
abundance table was used. Finally, for the 237 Chandra clusters the best-fit parameters of the spectral
model were determined from an MCMC chain within XSPEC, while for the 76 XMM-Newton clusters
the )(z-statistic was used.

3.4 The Ly — T scaling relation

For obtaining the best-fit values of the Ly — T relation parameters and comparing them for clusters
located in different directions in the sky, we use a similar approach to M18. Here the strong dependance
of the Ly on the cosmological parameters should be stressed again, combined with the fact that 7' can be
measured without any cosmological assumptions (see Appendix for the exact Rs,, and 7' dependance on
the chosen cosmology).

3.4.1 Form of the L, — T scaling relation

We adopt a standard power-law form of the Ly — T scaling relation as shown below:

% Good agreement with MCXC for the vast majority of clusters.
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B

), 3.1)

EGz)~ —Ax(

1044 erg/s 4 keV

where the term E(z) = [Q,,(1 + z) +Q A]l/ 2 scales Ly accordingly to account for the redshift evolution
of the Ly — T scaling relation. The scaling of the temperature term was chosen to be close to the median
T = 4.5 keV. The exact constant scaling of the Ly values (1044 erg/s) is not important since it is only a
multiplication factor of the normalization. The exact scaling correction for the redshift evolution of the
Ly — T relation [E(z)] is also not particularly significant for consistent redshift distributions and low-z
samples like our own, as discussed later in the paper. In order to constrain the best-fit parameters the
)(Z—minimization method is used and applied to the logarithmic form of the Ly — T relation,

log Ly =logA + BlogT’. (3.2)
Here, Ly and T’ are defined as
Ly=—%  Eoyl and T = L (3.3)
X7 0™ erg/s ¢ ~ 4keV’ ’

3.4.2 Linear regression

The exact form of the y*-statistic used to find the best-fit A, B, Oy and Hy, values is given by

i 108 [Ly gbs| — 10g [Li (T, p>]) )

2
=1 O-long +B ><O-logTz + Oip

where N is the number of clusters used for the fit, Ly ,, and 7" are the measured luminosity and
temperature values respectively (scaled as explained above), L;mh is the theoretically expected value for
the luminosity based on the measured temperature in addition to the fitted parameters p (A and B, or H).
Furthermore, 04, 1 7; are the Gaussian logarithmic uncertainties which are derived in the same way as in

M18 ﬂ while o, (Which was not included in M18) accounts for the intrinsic scatter of the relation.

The latter is fitted iteratively, startm from 0 and increasing step-by-step until there is a combination of
p that gives Xfed 1, as in Maughan ( 00 7)), Maughan et al. li and and Zou et al. (2 etc. Under
certain conditions, this procedure might return slightly underestimated o, values. However, this should
not be a concern since the exact values of o, are not of particular importance for this analysis and they
are only used to derive trustworthy parameter uncertainties from our )(2 model.

Additionally, the 1o~ uncertainties of the fitted parameters are based on the standard Ay* = y* — szin
limits (A)(2 < 1 or 2.3 for one or two fitted parameters respectively). In the case of the slope being free to
vary, the projection of the x-axis uncertainties to the y-axis also varies. This fitting method is comparable
to the BCES Y|X fitting method described by Akritas et al. (1996).

Finally, we should stress that H;, and A cannot be simultaneously constrained since they are degenerate.
One can put absolute constraints only on the product A X H. Therefore, one needs to fix one of the
parameters to investigate the behavior of the other. In Sect. 4.4{ we use a fixed H, = 70 km s_lMpc_1
investigate the behav1or of A. In Sect. B 7] we fix A to its best- ﬁt value and study the directional behavior
of H,, through the X —minimization procedure described aboveﬂ

0 Ologx = considering its
68.3% uncertamty

7 This is equivalent to directly converting A values to H, values, since the product A x Hg remains unchanged.
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3.4.3 Pinpointing anisotropies via sky scanning

With the purpose of studying the consistency of the fitted parameters throughout the sky and identifying
specific sky patches that seem to show a significantly different behavior than the rest, we follow the
method described below. We consider a cone of a given radius 6 (we use 6 = 45°, 60°, 75° and 90°) and
we only consider the clusters that lie within this cone. For instance, if we choose a § = 60° cone centered
at (1, b) = (150°,30°) then the subsample of clusters consists of all the clusters with an angular separation
of < 60° from these specific coordinates. By fitting the Ly — T scaling relation to these clusters, we
obtain the normalization (or H,), slope and intrinsic and total scatter for these clusters. The extracted
best-fit value for the fitted parameter is assigned at these coordinates.

Shifting this cone throughout the full sky in steps of Al = 1° and Ab = 1° in Galactic coordinatesﬂ we
can obtain the desired parameter values for every region of the sky. We additionally apply a statistical
weighting on the clusters based on their angular separation from the center of the cone. This is given by

0
simply dividing their uncertainties by cos (El X 900), where 6, is the above-mentioned angular separation.

Hence, the weighting cos term is calibrated in such way that it shifts from 1 to 0 as we move from the
center of the cone to its boundaries, independently of the angular size of the cone. This enlargement
of the uncertainties results in an artificial decrease of the o, which is not of relevance here since, as
explained before, o, mostly acts as a nuisance parameter. Nevertheless, we perform tests to ensure this
does not bias our results, as explained in[3.9.2]

All the A maps are plotted based on the A/A_; value, where A, is the best-fit A when all the clusters
are used independently of the direction. Finally, the maps have the same color scale for easier comparison,

except for the 6 = 45° cone maps for which the color scale is enlarged for better visualization.

3.4.4 Statistical significance and sigma maps

With the desired best-fit values and their uncertainties for every sky region at hand, it is easy to identify
the direction that shows the most extreme behavior and assess the statistical significance of their deviation.
For quantifying the latter in terms of number of sigma for two different subsamples we use:
No.of o= —PL=P2 (3.5)
ol + ol
Py P2
where p; , are the best-fit values for the two different subsamples and (712)1'2 are their uncertaintieﬂ
Each time we constrain the anisotropic amplitude of the most extreme dipole in the sky, while we
also compare the two most extreme regions in terms of the fitted parameter, regardless of their angular
separation. This is done by calculating the statistical deviation (in terms of o) between all the different
cone subsamples. The two sky regions for which the largest deviation (highest no. of o) is found between
them, are the ones reported in the following sections as "the most extreme regions". In addition, a
percentage value (%) is displayed next to each o deviation. This value comes from the difference of
these two extreme regions over the best-fit value for the full sample.
In order to create the significance maps, we use Eq. [#.7]to compare the best-fit result p; of every cone
with the best-fit result p, of the rest of the sky. The obtained sigma value is assigned to the direction at

8 360 x 181 = 65160 different cones

This formulation assumes that p; and p, are independent, which is true when the two subsamples do not share any common
clusters. This is mostly the case for our results with few exceptions of < 10% common clusters between some compared
subsamples. However, this does not significantly affect the significance especially when one considers that the weighting of
these clusters is different for each subsamples based on their distance from the center of the cone.

©
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the center of the cone. All the significance maps have the same color scale for easier comparison. For
the majority of cases, the two most extreme regions as defined above match the highest o regions in the
significance maps.

Finally, as an extra test we also create 10° realizations using the bootstrap resampling method in order
to check the probability of the extreme results to randomly occur independently of the sky direction. The
followed procedure is described in detail in Sect. [3.9.2] Using all these estimates, one can determine the
consistency with what one would expect in an isotropic universe.

3.5 Results

3.5.1 The L, — T scaling relation for the full sky

Before we search for apparent anisotropies in the sky we constrain the behavior of the Ly — T scaling
relation for the full sample. We do not account for any selection biases in our analysis since we believe
that their effects are not important for this work. This is because we wish to study the relative Ly — T
differences between different sky regions (or from the overall best-fit line). If we indeed corrected for
selection effects we would constrain the "true" underlying Ly — T relation which would not represent
our data (but the true distribution). This might cause wrong estimates for the relative Ly — T differences.
Therefore, we need to constrain the relation that describes our 313 clusters best. Nevertheless, in Sect.
[B.6.4 we discuss the possible effects of selection systematics and find that there is no indication that they
compromise our results.

We use the aforementioned 313 clusters and fit Eq. (3.I) obtaining the best-fit normalization and slope
of the Ly — T relation as well as its intrinsic scatter. The results are:

_ +0.044 _ _
Ay = 111475004 B 1 = 2.102 + 0.064, and o, = 0.242 dex. (3.6)
100 , : : : 5 1.5
Chandra temperatures (68.3%, 99.7%)
XMM-Newton temperatures (68.3%, 99.7%)
10
13
w <
[ c
@ K=
Lo 5
z ©
= £ 11}
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This work (XMM-Newton)
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Eckmiller+11
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1 2 r 1‘0 2‘0 15 1.7 1.9 2.1 23 25 2.7 2.9
T (keV) Slope B

Figure 3.5: Top: Ly — T relation for the 313 clusters (red) with their best-fit model (black). Ly is measured within
the 0.1 — 2.4 keV energy range. The best-fit models of other studies are displayed as well (dashed lines). The
best-fit solution when XMM-Newton temperatures are used is shown as well (solid green). Bottom: 10 (68.3%) and
30 (99.7%) confidence levels of the normalization and slope of the Ly — T relation as derived using Chandra- or
XMM-Newton-converted temperatures for all 313 clusters (purple and green respectively). As shown the best-fit
values for the same data can shift by ~ 30~ depending on the instrument used.
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The statistical uncertainties for A and B are limited to ~ 3 — 4% which highlights the precision of our
results based on the number and the quality of the data, combined with the large covered temperature
range of the clusters. Moreover, the total scatter (statistical+intrinsic) of the Ly — T is 0, = 0.262 dex,
which means that the statistical uncertainties of the clusters contribute to only 7% of the total scatter. The
Ly — T fit of our sample is displayed in Fig. 3.5 (top panel).

The best-fit slope is slightly steeper than the expected value from the self-similar model. Naively, the
slope best-fit value (~ 2.1) might seem surprising since most studies find a Ly — T slope of B ~ 2.3 - 3.6
(see references in Sect. [3.I). However, the exact value depends on multiple aspects such as the energy
range for which Ly was measured, the instrument used, the sample selection (when no bias correction
is applied), the temperature distribution of the used sample, the cluster radius within which parameters
were measured etc. Generally, it is expected that bolometric Ly values return a steeper slope than soft
band Ly values, such as the 0.1 — 2.4 keV band we use. This happens due to the fact that the bolometric
emissivity € of the ICM for thermal bremsstrahlung (which is the dominant emission process for 7' > 3
keV)is € x ngT 03 (where n, is the electron density), while € in the soft band (0.1-2.4 keV as used here)
is rather independent of 7 for T > 3 keV (e « nf). Therefore, one very roughly expects the slope of the
Ly — T relation to be smaller by ~ 0.5 in the 0.1-2.4 keV band; that is Ly ~ 7'~ in the self-similar case.
In general, the best-fit Ly — T relation tends to change slightly when one corrects for selection biases
(see references in Sect. [3.Tabout the Ly — T relation).

If we now convert all the measured temperatures to XMM-Newton temperaturesEl using the relation
given in S15, we obtain a slope of B ~ 2.38, shifting by 2.80- compared to our main result, while the
normalization remains the same. This result is consistent with the previously reported values that used
the 0.1-2.4 keV luminosities (e.g., Chen et al., Eckmiller et al., Lovisari et al., In
the bottom panel of Fig. [3.3]the 68.3% and 99.7% confidence levels (1 and 30 respectively) of the fitted
parameters are shown for Chandra-converted temperatures and XMM-Newton-converted temperatures. It
should be clear that this is done just for the sake of comparison and that the Chandra temperatures are
used for the rest of the paper.

A comparison between our results and the derived Ly — T scaling relation from other works is also
shown in the top panel of Fig. [3.5} We note that Ly corresponds to the 0.1 — 2.4 keV energy band for all
the compared studies, while the results from the BCES (Y|X) fitting method were used when available.
Additionally, the Ly — T results for the full samples were used without any bias corrections. From this
comparison, it is clear that all the derived results agree in the Ly — T normalization value. In terms of the
slope, our Chandra fit is more consistent with the high-T part of the distribution, while our XMM-Newton
fit is quite similar to the results of Eckmiller et al. (2011)) and Lovisari et al. (2015).

3.5.2 1-dimensional anisotropies

As a first test for the potentially anisotropic behavior of our galaxy cluster sample, we recreate the
normalization against the Galactic longitude plot as presented in M 18 (Fig. 3 in that paper). For this test,
we consider regions centered at [ with a width of Al = 90°. At the same time, the whole Galactic latitude
range b € (-90°, +90°) is covered by every region.

Firstly, we allow both A and B to vary simultaneously. The behavior of these two parameters as
functions of the Galactic longitude are displayed in Fig. [3.6] One sees that the slope remains relatively

'°The measurements of the 76 XMM-Newton clusters are kept as they are while the measurements of the 237 Chandra clusters
are converted to XMM-Newton temperatures based on S15.

"For Lovisari+15 we display the bias-uncorrected result when all the clusters and the Y|X fitting procedure are used. For
Eckmiller+11 the shown result is for all the available clusters as well. The result from Chen+07 uses all the clusters and the
hot temperature component as the 7 value.
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constant throughout the sky, varying only by 18% from its lowest to highest value, and with a relatively
low dispersion. Also, the largest deviation between any two independent sky regions is limited to 1.8c-.
No obvious systematic trend in the slope as a function of the galactic longitude can be seen since all the
regions return slope values consistent with the full sample at < 1.20~. At the same time, this variation for
the normalization reaches 31% with a higher dispersion and a clear trend with galactic longitude, while
the strongest tension between two independent sky regions appears to be 3.20.
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Figure 3.6: Best-fit normalization A (top) and slope B (bottom) of the Ly — T relation for every sky region over the
best-fit results for the full sample (A, and B,;) as functions of the Galactic longitude. The 10 (68.3%) uncertainties
are also shown. Every region covers a sky area of Al = 90° and Ab = 180°. The x-axis values represent the central
[ value for every bin.

Based on these results, the slope is kept fixed at the best-fit value for the whole sample and only
the normalization of the Ly — T relation is free to vary. In the top left panel of Fig. [3.7] the best-fit
normalization value A for every region is displayed with respect to the best-fit A,;; for the full sky (all 313
clusters). The same is also done for ACC and XCS-DR1 with the results displayed in the top and bottom
left panels of Fig. [3.7]respectively. The only difference with the M18 results for these two samples is that
here the intrinsic scatter term is taken into account as well during the fitting as shown in Eq. 4.3]

Surprisingly enough, the pattern in the behavior of the Ly — 7" normalization for our sample strongly
resembles the results of both ACC and XCS-DR1, despite being almost independent with XCS-DR1,
sharing only ~ 30% of the clusters with ACC and following different analysis strategies. Specifically,
the region with the most anisotropic behavior compared to the rest of the sky (2.9¢0 significance) is the
one with the lowest A lying within / € [210°,300°]. This region exactly matches the findings of M18 for
XCS-DR1, while the lowest A region for ACC is separated by 40°. Here we should remind the reader that
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the 313 clusters we use share only three common clusters with XCS-DR1 and 104 with ACC as these
samples were used in M18. The opposite most extreme behavior (highest A) is detected in [ € [-20°,70°]
(same brightest region in ACC as well, 25° away from XCS-DR1’s brightest region) with a deviation of
2.50 compared to the rest of the sky and 3.40- compared to the lowest-A region, which is similar to the
two other samples.
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Figure 3.7: Best-fit normalization A of the Ly — T relation for every sky region over A,; as a function of the
Galactic longitude. The 1o (68.3%) uncertainties are also shown. The results correspond to this work’s sample
(top left), ACC (top right), this work’s sample excluding all the common clusters with ACC and XCS-DR1 (bottom
left) and XCS-DR1 (bottom right).

In order to verify that the observed behavior is not caused by the few common clusters between our
sample and ACC or XCS-DR1, we exclude all 104 of them from our sample and repeat the analysis. The
result is shown in the bottom left panel of Fig. [3.7] One can see that this systematic trend persists and
does not significantly depend on the common clusters between the two samples. The region with the
largest deviation from the rest of the sky remains the same as for the full sample with an even higher
significance of 3.1¢. This striking similarity between the three different samples in the 1D search for
anisotropies should be investigated in more depth in order for its exact reason to be identified.

3.5.3 2-dimensional anisotropies

In order to identify the exact regions with the highest degree of anisotropy, we should consider every
possible direction in the sky. Different size regions should be considered as well, thus systematic
behaviors can be detected. To this end, we use scanning cones (solid angles), as described in Sects. [3.4.3]
and [3.4.4] The slope is fixed to the best-fit value since the variations of the normalization are much
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stronger. This choice does not bias our results, as shown in Sect. [3.6.5]

0 = 90° cone

To begin with, we choose a scanning cone with § = 90°, meaning we divide the sky in all the possible
hemisphereEl combinations. The lowest number of clusters in any hemisphere is 109 toward the
(1, b) = (150°, —=2°) direction, with 204 clusters located in the opposite hemisphere. Constraining A for
every hemisphere, one obtains the A and significance color maps displayed in the top left panels of Fig.

[-8|and Fig. B.9]respectively.
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Figure 3.8: Best-fit normalization A of the Ly — T relation for every sky region over A, as a function of the position
in the extragalactic sky. The maps are created with cones of § = 90° (top left), & = 75° (top right), 8 = 60° (bottom
left) and 6 = 45° (bottom right, only region with > 35 clusters are shown). The first three maps have the same color
scale (85% — 120%), while the 6 = 45° map has a wider color scale (70% — 130%).

As shown in the plots, there is mainly one low A region within ~ 20° from (I, b) ~ (270°, -5°) with
a rather strong behavior. There is also one high A peak. It is noteworthy that the two most extreme
regions in the map (deep purple and bright yellow) are located close to the Galactic plane (within ~ 20°),
where there are no observed clusters. The clusters toward the Galactic center in particular seem to be
overluminous compared to other sky regions. Of course the color differences are not visually strong here
since the color scale was chosen based on the largest deviations, appearing in later maps.

In detail, the most extreme hemispheres are found at ([, b) = (272°, —8°) with A = 1.062 + 0.048 and
at (I,b) = (47°,+22°) with A = 1.236 + 0.047. The angular separation between them is 135° while
they deviate by 2.590 (16 + 6%) from each other. Although they are not completely independent, the
contribution of the common clusters is not the same to both subsamples due to the applied statistical
weighting based on the distance of every cluster from the center of the cone. The most extreme dipole (2
independent subsamples separated by 180° in the sky) appears at (I, b) = (230°, —20°) with a significance

Where by "hemisphere” we mean any half of the sky and not "Northern", "Southern" etc.
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Figure 3.9: Statistical significance of the deviation of every sky region compared to the rest of the sky as a function
of the position in the extragalactic sky. The maps are created with cones of 8 = 90° (top left), § = 75° (top right),
6 = 60° (bottom left) and = 45° (bottom right, only regions with > 35 clusters are shown). The value of every
point is extracted by using all the clusters in the same cone. All maps have the same color scale (—50, 307). The
minus ("-") sign indicates that the corresponding sky region has a lower A than the rest of the sky.

of 1.90c0. This dipole is separated by 75° from the CMB dipole, although a dipole interpretation is
obviously not reflecting the maximum apparent anisotropies in that case.
6 = 75° cone

If an anisotropy toward one direction exists, the clusters lying close to that direction would be the most
affected ones and as we move further away from that direction, the anisotropic effect on clusters would

(ewBys) soueoyuBlS

(ewbys) eoueoyubls

fade. Therefore, such anisotropic behaviors are better studied if one uses smaller solid angles in the sky.

To this end, we decrease the radius of the scanning cone first to # = 75°. Indeed, the fluctuations of
A as well as the significance of the anisotropies increase, while the general behavior of the directional
anisotropies in the § = 75° map however remains relatively unchanged compared to the previous map
with a larger cone. The results are displayed in the top right panels of Fig. [3.8and Fig. 3.9}

For the 6 = 75° cones, A varies from A = 0.999 + 0.050 at (, b) = (274°,-22°)to A = 1.288 + 0.061
toward (1, b) = (17°,-9°). These two regions are separated by 99° and deviate from each other by 3.640
(26 +7%). Furthermore, the most significant dipole that appears is the one centered at (/, b) = (263°, -21°)
at 3.220, 68° away from the CMB dipole.

0 = 60° cone

Further decreasing the size of the solid angles, we use § = 60° cones. We see that the behavior of the
sky regions suffers some changes whilst staying generally consistent with the previous results. The
most prominent change is the existence of a low A region close to (1, ) ~ (120°, +20°), although its
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statistical significance (as displayed in Fig. [3.9) is lower than the other, main low A region since it only
contains ~ 45 clusters. Another change in the 60° map is that the brightest part of the sky is shifted
toward (I, b) ~ (170°, —10°). However, as one can clearly see in Fig. the most statistically significant
region with a high normalization remains in the same area as in the previous cases, namely toward
(1, b) = (34°, +4°) with 78 clusters and A = 1.346 + 0.069.

At the same time, the lowest normalization value A = 0.940 + 0.051 is located at (/, b) = (281°, —16°)
(84 clusters). The most extreme regions deviate from each other by 4.730 (36 + 8%), which constitutes a
considerably strong tension. The most extreme dipole in this case is found toward (I, b) = (260°, —36°)
with a statistical significance of 3.77¢-.

If we now exclude these two most extreme low and high A regions and their 159 individual clusters
from the rest of the sky, we are left with 154 clusters. Performing the fit on these clusters, we obtain
A = 1.138 + 0.048. We see that the rest of the sky is at a 2.49¢ tension with the bright region toward
(I,b) = (34°,+4°), and at a 2.850 tension with the faint region toward (I, b) = (281°,-16°). Thus, the
anisotropic behavior of the faint region is somewhat more statistically significant than the behavior of the
bright region.

0 = 45° cone

The last cone we use has § = 45°. Since there are many regions mostly close to the Galactic plane, with
fewer clusters than needed in order to obtain a trustworthy result, we enforce an extra criterion. We only
consider regions with > 35 clustersEl The A and o maps are shown in the bottom right panels of Fig.
[B-8land Fig. 3.9 respectively. The white regions show the regions without enough clusters for a reliable
fit. The most extreme regions are found toward (1, b) = (280°, +1°) (42 clusters) and ([, b) = (32°, +14°)
(40 clusters) with A = 0.822 + 0.067 and A = 1.413 + 0.095. The statistical discrepancy between the
rises to 5.080 (53 + 10%) being the most statistically significant result up to now.

Additionally, the most extreme dipole is centered at (I, b) = (255°, —53°) with a significance of 4.220.
However, it should be beared in mind that many regions that appeared to have the maximum dipoles for
other cones are excluded now due to low number of clusters. This could lead the maximum dipole to
shift toward lower Galactic latitudes on the low normalization side. Moreover, due to the low number
of clusters in these regions the results are more sensitive to outliers, especially when these outliers are
located close to the center of the regions where they have more statistical weight than other clusters.
Nevertheless, the large statistical tension cannot be neglected.

Excluding once again the two extreme regions from the rest of the sample we are left with 234 clusters
which have a best-fit of A = 1.107 = 0.041. Thus, they are in a 2.960 tension with the brightest region
and in a 3.630 with the faintest region. Once again, the region toward (/, b) = (280°, +1°) seems to be
more anisotropic than the one toward (I, b) = (24°, +16°).

3.5.4 Overview of results

As a summary of the above, we identify the clear existence of a region with galaxy clusters appearing
systematically fainter than expected based on their temperature measurements. This region is roughly
located at (I, b) ~ (277° +5°,—=11° + 12°). On the contrary, the systematically brightest region is found
toward (1, b) ~ (32° + 15°,+8° + 17°). Their angular separation in the sky is ~ 115°. The statistical
tension between these two regions rises significantly while narrower cones are considered, reaching
~ 50 for the smaller cones. The same is true for the dipole anisotropies, going up to ~ 4o-. Interestingly

13 Arbitrary low limit number that provides a satisfactory balance between number of regions available and sufficient insensitivity
to outliers
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enough, the same behavior for this sky patch is also detected for ACC and XCS-DR1 (see Sect. 3-8).
Another interesting trend is the systematically bright region at (I, b) ~ (175° + 15°,+5° + 20°, which
appears to have the same behavior in all three maps with the larger scanning cones. Unfortunately, not
enough available clusters lie there for the 45° map to return reliable results.

The most statistically significant dipole anisotropy is consistently found toward (I,b) ~ (253° +
13°,-32° + 15°), lying ~ 30° + 25° away from the systematically fainter sky region. Finally, the
correlation of these results with the CMB dipole is not strong since the faintest regions of our analysis
are found ~ 55° — 75° away from the CMB’s corresponding dipole end, while the strongest anisotropic
dipoles of the Ly — T relation are located ~ 70° — 85° away from the CMB one.

3.6 Possible X-ray and cluster-related causes and consistency of
anisotropies

Galaxy clusters are complex systems where many aspects of physics come into play when one wishes to
analyze them. Thus, we have to investigate if the apparent anisotropies are caused by any systematic
effects. With a purpose of trying to identify the reason behind these strong Ly — T anisotropies, we
perform an in-depth analysis using different subsamples of the 313 clusters which are chosen based
on their physical properties. If the best-fit Ly — T relation of galaxy clusters significantly differs for
clusters with different physical parameters (e.g., low and high T or Z clusters, different Ny, values etc.),
a nonuniform sky distribution of such clusters could create artificial anisotropies.

3.6.1 Excluding galaxy groups and low-z clusters

It has been shown that the low-T clusters (mainly galaxy groups) can sometimes exhibit a slightly
different Ly — T behavior compared to the most massive and hotter systems (e.g., Lovisari et al., 2015}
and references therein). We wish to test if this possibly different behavior has any effects on the apparent
anisotropies.

Hence, we first excluded all the systems below T < 2.5 keV. Moreover, all the clusters within ~ 130
Mpc (z < 0.03) were excluded in order to avoid the peculiar velocity effects on the measured redshift (the
vast majority of these clusters are already excluded based on the T < 2.5 keV limit). This resulted in the
exclusion of 67 objects.

We applied the necessary correction to convert our heliocentric redshifts to "CMB frame" redshifts.
This conversion is not expected to cause any significant changes in our results for two reasons. Firstly,
the spatial distribution of our sample is rather uniform, therefore only ~ 25% of this subsample’s clusters
are located within 30° from the CMB dipole for which this correction might have a notable impact.
Secondly, due to the low-z cut we apply here, the CMB frame redshift correction is much smaller than
the cosmological recession velocity (< 4%). Hence, the final propagated correction to the Ly values
is far less than the observed anisotropies. Nevertheless, we transformed the redshifts for the sake of
completeness.

When we fit the Ly — T relation to all the 246 clusters with 7 > 2.5 keV and z > 0.03, we obtain the
following best-fit values:

A =1.114*001, B =2.096 + 0.078, and oy, = 0.218 dex. (3.7)

It is noteworthy that A and B remain unchanged compared to the case where all the 313 clusters are
considered. This indicates that a single power law model can be an efficient option for fitting our sample.
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The most clear difference of this subsample fitting is the decrease of the intrinsic scatter by 10%. The
total scatter also goes down by the same factor (o,,=0.236 dex). The 30 solution spaces for the entire
sample and for these 246 clusters are displayed in Fig. being entirely consistent.

Performing the 2D scanning of the full sky using 6 = 75°, the A map shown in the bottom panel of
Fig. 3.10]is produced. A similar pattern with the previous maps persist, although there are some changes.
The main differences are that the —statistically insignificant— bright region toward (, b) ~ (170°, -10°)
vanishes whilst the behavior of the faint region toward (1, b) ~ (120°,+10°) seems to be amplified.
Despite of that, the most statistically significant low-A regions approximately remains in the sky patch
that was found before, toward (/, b) = (288°, —=35°) with A = 1.016 + 0.045 (110 clusters). The most
extreme high-A sky region is again consistent with our previous findings, lying at (I, b) = (10°, +16°) with
A =1.371+0.061 (113 clusters). The statistical discrepancy between these two results is 4.680 (32 +7%),
not being alleviated by the exclusion of these groups and local clusters. Their angular separation in
the sky is 93°. The most extreme dipole for this map is found toward (/, b) = (196°, —34°) with 3.27¢,
shifted compared to the previously found most extreme dipole regions by ~ 45° + 28°.

+90° 2 +90° 3

+45°-

Galactic latitude
Galactic latitude

-45°

-90° ® 085

0°
Galactic longitude Galactic longitude

Figure 3.10: Normalization A of the Ly — T relation (left) and statistical significance of the deviation of every sky
region compared to the rest of the sky (right) as functions of the position in the extragalactic sky for = 75° when
only the 246 clusters with T > 2.5 keV and z > 0.03 are used, as well as CMB frame redshifts.

To further scrutinize the effects of low-7 systems on our results, as well as the effects of local clusters
and their peculiar velocities, we wish to restrict our sample even more by expanding the lower limits of T
and z. To this end, we excluded all the 115 objects with 7 < 3 keV or z < 0.05 (~ 210 Mpc). This left us
with 198 clusters. The best-fit results are:

A= 11727083, B=2.049 +0.077, and oy, = 0.205 dex. (3.8)

The best-fit Ly — T relation slightly changes compared to the full sample results, but remains consistent
within 1.10. At the same time, o, further decreases, being 15% lower than the full sample’s o-,,. In Fig.
[3.30] the comparison between the 30~ solution spaces for the full sample and for these 198 clusters is
displayed. In the panel of Fig. [3.11|the A map is displayed for this subsample of clusters, with a 6 = 75°
cone. The significance map is shown in the bottom panel of the same figure.

The behavior of A throughout the sky remains consistent with the previous results, even after excluding
more low-T clusters and using only clusters with z > 0.05 with CMB-frame z values. The lowest
A = 1.081 +0.054 is found toward ([, b) = (286°, —36°) (85 clusters) while the highest A = 1.445 +0.070
is located toward (1, b) = (9°, +15°) (91 clusters). The statistical tension between these two results is
4.120 (31 + 8%). The most extreme dipole on the other hand is centered toward (I, b) = (223°, —47°) with
a relatively low significance of 2.27¢0. This highlights the fact that the most extreme behavior in the sky

is not found in a dipole form, and this becomes more obvious as we go to higher redshifts. Consequently,
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Figure 3.11: Same as in Fig. for the 198 clusters with with T > 3 keV and z > 0.05.

it is quite safe to conclude that this anisotropic behavior is caused neither by the galaxy groups or the
local clusters nor by the use of heliocentric redshifts.

3.6.2 Different cluster metallicities

A slightly nonsimilar behavior of the Ly — T relation for varying metallicities of clusters can be expected
mainly due to two factors. Firstly, in the parent catalogs from which our cluster sample has been
constructed, the conversion of the count-rate to flux was done by using a fixed metal abundance of 0.3 Z.
When the true metallicity of a cluster deviates from this fixed value, small biases can propagate in the
flux and luminosity determination. In general, the measured luminosity of clusters with Z > 0.3 Z,
might be eventually slightly underestimated. However, this overestimation is only minimal. For instance,
for AZ ~ 0.4 Z_ between fixed and true Z, the final flux changes by ~ 0 — 2%, where the exact change
depends on the other cluster parameters, such as the temperature.

The second and most important factor is that clusters with higher Z values tend to be intrinsically
brighter when the rest of the physical parameters are kept constant. This can be shown through an apec
model simulation in XSPEC. Even for a small deviation of AZ ~ 0.1 Z the flux of a cluster can fluctuate
by = 17% for a cluster with T < 1 keV, while this fluctuation becomes only < 1% for a cluster with
T > 8 keV. Therefore, a randomly different metallicity distribution between different sky regions could
in principle cause small anisotropies. However, in order for the observed anisotropies to be purely caused
by that, strong inhomogeneities in the metallicity distribution should exist, which, if detected, would be a
riddle of its own.

Core metallicities within 0 — 0.2 X Rj5,

Galaxy clusters do not show a single metallicity component. Since we wish to focus first on the effects
that a varying metallicity could have on the luminosity, we consider the metallicity of the core of the
cluster (Z,., where by "core" we mean 0 — 0.2 X Rs) from where the bulk of the X-ray luminosity
comes from. It is also expected that the clusters with the higher Z_,. values would have a higher fraction
of cool-core members, which are generally more luminous than non cool-core clusters for the same T
(e.g., Mittal et al.,[2011).

In order to investigate the behavior of the Ly — T relation as a function of the metallicity of the galaxy
clusters, we divided our sample into three subsamples based on their Z_. value. Our only criterion for
this division was the equal number of clusters in each subsample. These subsamples are 105 clusters with
Zeore <0452 7, 104 clusters with 0.452 Z, < Z.. < 0.590 Z, and 104 clusters with Z_, . > 0.590 Z.

core — core — core
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For each subsample, we perform the fitting letting A and B to vary. The following results are not

particularly sensitive to the exact Z_ . limits.

The 1o solution spaces for each subsample are shown in Fig. .12} One can see that all the three
subsamples share a very similar Ly — 7 solution. The maximum statistical deviation of ~ 1.120" is
found between the two subsamples with the lowest and highest Z_ ., with the latter being slightly more
luminous on average. Furthermore, the intrinsic scatter for the two subsamples with the lower Z_ .. is
it ~ 0.260 dex while for the high-Z . subsample is o, ~ 0.197 dex.

ore
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Figure 3.12: 10 (68.3%) confidence levels of the normalization and slope of the Ly — T relation as derived for the
105 clusters with Z_,. < 0.452 Z (purple), the 104 clusters with 0.452 Z < Z_.. < 0.590 Z, (green) and the 104
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Figure 3.13: Same as in Fig. for the 209 clusters with Z.. < 0.590 Z,,.

Although it is not expected that the high Z_ . subsample would cause any apparent A anisotropies
with a possibly nonhomogeneous spatial sky coverage, for the sake of completeness we excluded all
the 104 clusters with Z_,. > 0.590 Z, and scanned the sky again with a 75° radius cone. The produced
A and significance maps are illustrated Fig. [3.13] The obtained directional behavior of A completely
matches the results of the full sample. The lowest A = 0.927 + 0.064 and highest A = 1.274 + 0.071 are
found toward (1, b) = (264°, —18°) (83 clusters) and (1, b) = (30°, +23°) (88 clusters) respectively. Their
deviation is 3.630 (32 + 9%), staying unchanged despite the smaller number of available clusters. The

most extreme dipole is found toward (I, b) = (261°, —20°) with 3.410 significance.
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Outer metallicities within 0.2 — 0.5 x R,

The metallicity Z,, of the 0.2 — 0.5 X Rsy, annulus might not affect the final Ly as strongly as the
core metallicity. However, it could in principle correlate with the measured temperature of a galaxy
cluster since these two quantities were fitted simultaneously. To check if there is an inconsistent Ly — T
behavior based on Z_, we follow the same procedure as for Z_ ., dividing the full sample into three
subsamples similarly with before. These subsamples are 105 clusters with Z,, < 0.320 Z, 104 clusters
with 0.320 Z, < Z,,, < 0.426 Z, and 104 clusters with Z_, > 0.426 Z.

In the top panel of Fig. [3.14]the 99.7% (307) solution spaces for the three subsamples are shown. It is
obvious that the 104 clusters with the highest Z_ , share a significantly different Ly — T solution than
the 105 clusters with the lowest Z ;. The statistical deviation between these two subsamples is ~ 4.3c.
However, as shown in the bottom panel of Fig. [3.14] the main source of deviation are the local, low
temperature groups. Excluding objects with 7 < 2 keV and z < 0.02, the deviation between low and
high Z clusters drops to 2.5¢0-, which is still a nonnegligible tension. At the same time, the medium Z_
subsample seems to be consistent with the low Z subsamples while also being in tension with the high Z
clusters. Furthermore, the intrinsic scatter remains similar for all three Z, subsamples (~ 0.230 — 0.245

dex).
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Figure 3.14: Top: 30 (99.7%) confidence levels of the normalization and slope of the Ly — T relation as derived for
the 105 clusters with Z_, < 0.320 Z, (purple), the 104 clusters with 0.320 Z, < Z_, < 0.426 Z, (green) and the
104 clusters with Z, > 0.420 Z (cyan). Bottom: Ly — T relation for the 105 clusters with Z; < 0.320 Z, (red)

and for the 104 clusters with Z_,, > 0.420 Z (black) with their best-fit models.

ut

With the purpose of examining whether the strong A anisotropies are affected in any way by these
Z-dependent different Ly — T behaviors, we once again excluded all the 104 clusters with Z,, > 0.426 Z,
and performed the usual sky scanning with a 75° radius cone. In Fig. the results are displayed.

The similarity with the full sample 6 = 75° result is striking. The lowest and highest A directions are
(1,b) = (270°, —14°) (80 clusters) and (I, b) = (24°, +15°) (93 clusters). The direction (/, b) = (174°,-12°)
(58 clusters) is actually brighter by ~ 3% but its statistical significance is lower, which is similar to
the results of previous maps. The A values of the most extreme regions are A = 1.035 = 0.069 and
A = 1.390 £ 0.066 respectively with a tension of 3.720 (30 + 8%), not relieved despite the exclusion of
the Z_, subsample with the significantly different Ly — T behavior. The most extreme dipole is located
toward (1, b) = (265°, —16°) but with a lower statistical significance of 2.260~. Consequently, the derived
anisotropies persist when the high Z clusters are excluded, while the significance of the dipolar anisotropy
drops by ~ 1o compared to the full sample results.
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Figure 3.15: Same as in Fig. for the 209 clusters with Z, < 0.426 Z,.

3.6.3 X-ray absorption correction

Another possible systematic effect resulting in the observed anisotropies could be the inaccurate treatment
of the Ny, column density correction in our apec model. This could lead to systematic differences in
the Ly — T values of clusters in directions with different Ny. Since also the most extreme regions always
lie within 35° from the Galactic plane, we have to ensure that the apparent anisotropies are not caused
by such effects. There are two main cases for which a systematic bias could be introduced through the
absorption correction and they are described in the following subsections.

Consistency throughout Ny;,; range

The first case is that the Ny, value does not trace the true absorption consistently throughout the full
Ny range. Thus, clusters in regions with different amounts of hydrogen get a systematically different
boost in their Ly — T values after the applied correction.

This can be easily checked by comparing the Ly — T scaling relation for the clusters with low and
high Ny To this end, we divided our sample into three subsamples of equal size based on their Ny,
values. These samples are the 105 clusters with Ny, < 2.53 X 10 /cm?, the next 104 clusters with
Ny < 5.16 X 10%° /cm? and finally the 104 clusters with Ny > 5.16 x 10%/cm?,

We fit the full Ly — T relation for these three independent subsamples. As shown in the top panel
of Fig. [3.16] clusters in high and low Ny regions show completely consistent Ly — T behaviors with
each other. The only noticeable difference between the three subsamples is their intrinsic scatter. Going
from the low to the high Ny, subsamples, the intrinsic scatter is o, = 0.214,0.242 and 0.258 dex
respectively. This is not surprising since the high Ny, clusters undergo stronger corrections based on
the molecular hydrogen column densities of W13. However, one should not forget that these molecular
hydrogen values are approximations and thus some random scatter around the true values is expected,
which then propagates to the Ly values. In any case, this does not constitute any source of Ny,-related
bias since the overall A and B behavior is similar for different Ny, values (see also Sects. [3.6.4and
B-6.4.

As an extra test, we excluded the 104 clusters with the highest absorption (N, > 5.16 X 10 /em?)
and repeated the 2D sky scanning with = 75° in order to see if we observe the same anisotropies. The
results are shown in Fig. 3.17] The previously detected anisotropic behavior persists, with the lower
A = 0.879 +£0.059 (65 clusters) found toward ([, b) = (242°, —27°), which is consistent within ~ 30° from
the previous findings. The brightest part of the sky remains unchanged compared with the full sample
case, namely toward (I, b) = (35°, —15°) (93 clusters) with A = 1.368 + 0.069. These two regions share a
statistical tension of 5.390 (45 + 8%), the most statistically significant result we found up to now. The
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Figure 3.16: 1o confidence levels (68.3%) of the normalization and slope of the Ly — T relation for Ny, <
2.53 % 10%° /em? (purple), 2.53 x 10% /cm? < Niior < 5.16 X 10%° /em? (green) and Niior > 5.16 X 10 /em? (cyan).
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Figure 3.17: Same as in Fig. for the 209 clusters with Ny, < 5.16 X 10%°/em?.

most extreme dipole anisotropy on the other hand is found toward (I, b) = (221°, -33°) with 3.55¢.

Subsequently, the detected > 3.5 — 40 apparent anisotropies not only do not result due to the different
amounts of absorbing material throughout the sky and its effects on X-ray photons, but they significantly
increase to a > 50 level when the 104 clusters with the highest absorption are excluded. This is mostly
due to the decrease of the intrinsic scatter of the clusters left, which leads to a decrease in the final A
uncertainties.

Extra absorption from undetected material or varying metallicity of the Galactic material

The second case is that the exact amount of X-ray absorbing material is not accurately known and a
higher or lower absorption correction is needed than the one applied. Such problems could occur for
example if not all the absorbing material in the line of sight of a galaxy cluster has been detected by the
radio surveys such as LAB, either because it is outside of the velocity range of the radio survey or for
other unknown reasons (e.g., more than expected hydrogen in ionized or molecular form).

Another possible reason could be the varying metal abundance of the ISM throughout the Galaxy. The
applied X-ray absorption correction is mostly applied as this: the amount of hydrogen detected is used as
a proxy for the total amount of absorbing material that exists toward a given direction. The elements
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of this material that contribute the most in the absorption of the X-ray photons are heliurrﬂ and metals
such as oxygen, neon, silicon etc. Based on the detected Ny, value, a Solar metal abundance is assumed
for the Galactic interstellar medium (ISM) in every direction in order to quantify the number of metals
absorbing X-ray radiation. However, throughout the Galaxy the true metal abundance might diverge from
this approximation since there are metal-rich and metal-poor regions. Consequently, the same amount of
detected hydrogen could correspond to different amounts of X-ray absorption from metals, which is not
taken into account by our current absorption correction models. It needs to be checked if the apparent
anisotropies could in principle be caused by such effects.

In order to test this, one can estimate the needed absorption using two ways. Firstly, one can calculate
the necessary "true" Ny, in order to fully explain the observed anisotropies. Secondly, one can fit the
extracted X-ray cluster spectra and leave Ny, to vary. Then, the obtained best-fit Ny, can be compared
with the ones we use, which come from W13.

Necessary N, to fully explain Ly — T anisotropies Any existence of X-ray absorbing "dark
clouds" in certain parts of the sky could potentially explain the observed anisotropies. Approximately
quantifying how much extra (or less) hydrogen column density would cause such an effect, one could
see if this value can realistically be missed by radio surveys. Since any such clouds is unlikely to cover
significantly large portions of the sky (more than 90° width) it is more appropriate to first look for them
in the smallest radius cones.

To this end, we consider the region with the lowest normalization A for the 8 = 45° cone at (I, b) =
(280°, +1°) which includes 42 clusters. Its A value is 29 + 7% lower than the rest of the sky (the fitting for
the rest of the sky is performed without any distance weight) and therefore its clusters would need to be
more luminous by the same degree in order to be consistent with an isotropic behavior. To quantify how
much extra Ny, is required to make these clusters more luminous by ~ 29% and explain the apparent
anisotropy, we performed the following:

We selected 25 clusters from the region of interest with varying temperatures and metallicities. For
each cluster we used an apec model in XSPEC, reproducing the current absorbed Ly value. For several
Ny Values we found the new unabsorbed Ly. For the same clusters, we refit their X-ray spectra and
constrained the new T for the same Ny, values as above. For every cluster and for every Ny, change
compared to the W13 values, we thus knew the relative change of Ly and T compared to the standard
values. Next, we were able to find the average relative change of Ly and T for every tested Ny,,,. Of
course this change is not identical for every cluster since it depends on the exact T and Z. However,
the actual average value of this change (~ 20%) is much larger than its variation between clusters with
different properties (+4%). Assuming the slope to be B = 2.102, we could obtain the relative change
of A for every sky region based on the tested Ny, values. Consequently, we found how much extra or
less Ny one would actually need toward the apparently anisotropic sky regions in order to explain their
behavior.

We find that an extra Ny, = 3.3 £ 0.9 X 10%°/em? is required in order to make the above-mentioned
low A region consistent with the rest of the sky. For its 37 clusters, the average Ny is ~ 7 X 10°°/cm?,
Thus, the final Ny, which would explain the low A value of this region is ~ 48% larger than its current
value. If we express this difference in terms of metal abundance of the existing Galactic ISM (and not just
larger amounts of ISM material), the absorbing elements toward that direction should have a metallicity
of Z ~ 1.5 Z to create such apparent anisotropies due to extra absorption.

The same analysis for the bright region toward (1, b) = (24°, +16°) (which deviates by 31 + 10% from
the rest of the sky) yields that 3.5 + 1.1 X 10%° / cm” less hydrogen would be needed toward that direction.

“When we refer to metals from now on, helium is also included for convenience.

77



Chapter 3 Probing cosmic isotropy with a new X-ray galaxy cluster sample through the Ly, — T scaling
relation

This would mean that we falsely applied a higher absorption correction, systematically increasing the
unabsorbed luminosities of the clusters lying in that part of the sky. For these 42 clusters included in
that cone, the average total hydrogen column density is ~ 6 X 10%/cm? (the actual individual values
vary significantly within 0.9 — 20.6 X 10%°/cm?). Therefore, ~ 60% less absorbing material should exist
toward this direction, in order for the A value to match the rest of the sky. This seems considerably
unlikely. In terms of varying metallicity, the hydrogen cloud that was detected there should be metal-poor
(Z ~ 0.4 Z,) to explain the obtained discrepancy.

This seems rather unlikely since it has been shown that toward the central bulges of spiral galaxies,
and the Milky Way specifically, the metallicity of the ISM is expected to be higher (Boissier et al.,[T999;
Schoénrich et al., Spina et al., than the metallicity in regions further away from the Galactic
center. While these studies focus more on the Galactic plane and we do not use any clusters within 20°
from the latter, they indicate that the high-A regions are expected to be more metal-rich than the low-A
regions, instead of ~ 3 — 4 times more metal-poor (which could potentially explain the anisotropies).
Since X-ray absorption models do not account for these effects that could potentially bias the extracted
cluster properties, further testing will be needed in the future. Following the same reasoning for the
6 = 60° cones results in quantitatively very similar result

Another possible explanation for the behavior of the low-A regions would be the existence of nearby
dwarf galaxies (e.g., McConnachie, [2012a), that contain sufficient amounts of X-ray absorbing material
to cause such dimming to the clusters, for which we do not account for. However, these systems would
need to fulfill some conditions such as having a large apparent size in the sky and containing absorbing
material not detected by LAB. For the latter to happen, the absorbing material would need to either have
a line-of-sight velocity outside of the LAB range or its hydrogen content to be limited compared to the
existing metals (as explained before). Even though this "hidden" absorption by nearby galactic systems
would still not explain the behavior of the bright, high-A regions, the statistical significance of the latter
would drop since clusters from other parts of the sky would see an increase in their Ly.

As an overview of this analysis, we see that such large differences between the detected and the true
amount of Ny, (if this is the only reason behind the apparent anisotropies), are relatively difficult to occur,
but definitely worth further checking. The necessary metallicities of the ISM to explain the behavior of
the anisotropic regions seem quite unlikely as well, since one would expect oversolar metallicities close
to the Galactic center, and not undersolar ones.

Free to vary Ny results from literature A direct way to check if any of the above cases seems pos-
sible to explain our results is to try to estimate the absorption using only the X-ray spectra independently
of the Ny, measurements that were used above. This can be done by leaving the Ny, parameter free to
vary when fitting the cluster spectra. Comparing these estimations to the W13 Ny, values, one can see if
there is a systematic difference for sky regions that show extreme A behavior, indicating lower or higher
absorption than the one previously adopted. These potential differences can reflect either differences in
the actual amount of the ISM material as calculated before or differences of the true metallicity of that
material, compared to the universally-assumed Solar one. Of course if different instruments are used for
this estimation (e.g., Chandra and XMM-Newton), calibration issues must be taken into account.

In our case, the spectral fitting was performed only with a fixed Ny, as described in previous sections.
The results for a varying Ny, will be presented in future work. For now, we use the Ny, measurements
as obtained by Lovisari et al. who fit the X-ray spectra of 207 nearby galaxy groups and clusters,

'SWe should note here that if the Ny, of the extreme e.g., low—A region, was indeed changed, then the needed offset of the
opposite bright region would decrease, since the overall Ly — T best-fit would shift closer to the bright region Ly — 7. However,
this effect would not change the overall conclusion since it is rather weak.
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determining their metallicity radial profiles using only XMM-Newton observations. We assume that the
determination of Ny, does not strongly depend on the physical properties of the fitted cluster spectra,
and thus only the sky coordinates of each object is of interest for our test. There are 142 overlapping
clusters between these 207 clusters and our 313 clusters.

We plot the difference D = Ny o — Ny s a function of Ny, for two regions: a cone with 45°
radius centered at (I, b) ~ (273°,-19°) and the same cone centered at ([, b) ~ (26°,+9°. The selected
coordinates are the average values of all the results from the analysis up to now. The results are illustrated

in Fig. [3.18]
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Figure 3.18: Difference between Ny, as obtained from the X-ray spectra fit in Lovisari et al. (2019) and in
W13. The difference is displayed as a function of the W13 Ny, value for two sky regions. Within 45°from
(I,b) ~ (273°,-19° and from (/,b) ~ (26°,+9°).

As one can see, there are no significant differences of D between the two extreme regionsEl Moreover,
the existing deviations between the free absorption and the previously assumed one are not large
enough to explain the apparent anisotropies. For the low-A region, the median value of D is D, 4 =
~0.28 x 10%° /cmz, while it would need to be D > +3 x 10%° /cm2 to alleviate the existing statistical
tension. For the high-A region, the result is D ~0.22 x 10*°/ecm?, while the anisotropies could be
explained if D < —4 X 10/ cm?.

All in all, using the X-ray cluster spectra of Lovisari et al. (2019) as a first indication we see that the
true, total absorption, does not seem to significantly deviate from the adopted absorption from W13. If a
significant deviation between true and "currently-measured” absorption is detected in the future, it could
potentially explain the observed anisotropies of the Ly — T relation in the sky. For now though, such an
explanation seems unlikely.

med —

Absorption from the Magellanic system

The Magellanic system is comprised of the Large Magellanic Cloud (LMC) galaxy, the Small Magellanic
Cloud (SMC) galaxy, the Magellanic Stream (MS), the Magellanic Bridge (MB) and finally the Leading

'6Systematics such as the specific abundance table used or calibration issues are expected to affect both regions in the same
way (since the physical properties of the clusters are similar). Thus, even if the absolute value of D changes after all possible
corrections, it would still be similar for both regions while one would need very different values to explain the apparent
anisotropies.
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Arm (LA). All these objects are known to contain sufficient amounts of neutral hydrogen which could
potentially interfere with our measurements if not taken into account. However, the very vast majority of
the hydrogen of the Magellanic system is well within the velocity range for which the Ny, values are
extracted (velocity range of LAB). Thus, it should already be included in the results of the Sect. [3.6.3]
and taken into account during the correction of the Ly — T values for the absorption.

In addition, it has been shown (e.g., D’Onghia et al., Choudhury et al., and references
therein) that the Magellanic system is metal-poorer (~ 10% — 50%) than the Solar metallicity assumed in
the absorption correction models. As a result, the latter will overestimate the absorption effects caused by
the Magellanic systenﬂ eventually overestimating the unabsorbed Ly values of the clusters in these
regions. Combining with the fact that the Magellanic system mostly covers sky regions in which clusters
appear to be fainter than expected (low A anisotropies), one sees that is unlikely that the Magellanic
system has any effects on our anisotropic results. Nevertheless, we examine all the above-mentioned
components to see where they lie in the sky and if they correlate with the anisotropic behavior we observe.

The LMC is located at ([, b) ~ (281°, —33°), within the low normalization regions, and moving away
from us with +262 km/s (McConnachie, 2012b). This velocity implies that the LAB survey would
have not detected only the neutral hydrogen with a peculiar velocity of > +140 km/s compared to the
LMC center, and toward our line of sight. Moreover, its Ny distribution is peaked close to the stellar
population, covering a "circle" with a ~ 3° — 4° radius in the sky, centered at the above coordinates
D’Onghia et al. (thereafter D16). From the 313 galaxy clusters we use, only two are within 15°
from LMC, but only one is dimmer than expected based on its temperature (however within the intrinsic
scatter limits). The Ny, value toward the LMC as given by W13 is 3 X 10%! /em?. Therefore, based on
all the above, it is safe to conclude that the LMC system does not bias our analysis since we would need
multiple systems to be affected by that and appear underluminous.

The SMC is located at (I, b) ~ (303°, —44°) (where Ny, = 3 x 10*!/cm?), further away than LMC but
still moderately close the low normalization regions. Its line of sight velocity compared to us is 145.6
km/s, therefore the greatest parts of its hydrogen components are expected to have been accounted for
from the LAB survey. Its angular size is ~ 50% of LMC and the Ny distribution still seems to be mostly
concentrated within its optical counterpart (D16). From our sample, only two clusters are within 10° of
SMC and five are within 15°. From these five clusters, three have minimal random residuals from the
best-fit Ly — T relation for the whole sample, one is up-scattered and the last one is low-scattered. Thus,
once again we can safely assume (mainly because of its low relative velocity and the normal Ly — T
behavior of the few clusters) that SMC does not cause any significant bias to our results.

The MS extends over 100° on the sky, starting from LMC and spreading toward the south Galactic
pole. Then it moves up to Galactic latitudes of b ~ —40°, for [ ~ 100° (Fig. 1 in D16) covering 2700
deg2 in total. However, its Ny; density linearly decreases more than 20°away from LMC. Generally, MS
is not expected to affect our results for two reasons. Firstly, the fraction of the sky it covers does not seem
to correlate with low Ly — T normalization regions, since it lies at fairly low Galactic latitudes and to
positions where high normalization regions are also located. Secondly, according to D16, its velocity
range varies within —450 km/s to +180 km/s, so practically all of its hydrogen component is expected to
be accounted for in the LAB survey.

The MB connects the LMC and SMC systems and unlike MS, it contains a stellar component as well.
Its central coordinates are (I, b) ~ (294°,-37°) and there are only three clusters within 15° of these
coordinates. However, all these three clusters are already included in the 10° circles of LMC and SMC
we considered before. The main velocity of MB with respect to us is ~ 225 km/s, therefore it should be
included in the LAB results.

"For the detected hydrogen only, since the undetected is not taken into account
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Finally, the LA extends in the opposite direction compared to the MS, starting from LMC and extending
up to the northern Galactic hemisphere (for [ ~ 250° — 280°). Its angular size is ~ 60° (D16). It is
the least massive component of the Magellanic System while its velocity range is relatively constant,
~ 180 — 270 km/s. The fact that a large part of the LA lies within 20° of the Galactic plane, where no
galaxy clusters exist in our sample, combined with its velocity range, indicates that no bias can occur for
our results.

3.6.4 Systematics, selection effects, and correlation of results with cluster
properties

Some cluster properties are usually associated with potential systematic effects. For instance, one might
expect that clusters with a lower RASS exposure time might be generally up-scattered and vice versa.
This is due to the fact that brighter clusters are more likely to be detected than fainter ones for the same
exposure time. On the other hand, when the RASS exposure time is large enough, fainter clusters should
also meet the detection thresholds set by the parent catalogs. If such a systematic indeed exists it might
translate to higher and lower A values for the two cases respectively, creating artificial anisotropies. As
shown in the next sections, this has no impact on our results.

Similar systematics might occur near the X-ray flux limit of our sample. For a similar temperature,
intrinsically brighter clusters are more likely than other clusters to overpass the flux limit and be included
in the final sample (Malmquist bias). Thus, if this applies to our sample and an excess of such clusters
exist within a sky region, this will possibly result to higher A. As again shown in the following sections,
our sample and analysis do not suffer of such effects.

A third possible systematic is the detection of clusters in high Ny regions since the difference between
Nipor and Nygp can have an impact on the selection of every X-ray flux-limited sample (including the parent
catalogs). These selections are based on the unabsorbed flux, corrected only for Ny;. This flux will be
underestimated for clusters lying in high Ny, and therefore they might not overcome the flux threshold
set by each sample. A > 10% underestimation is expected for regions with Ny, — Ny > 4 X 10%°/em?.
The Galactic plane is usually excluded from such cluster selection processes. Nevertheless, there are still
many sky regions with high Ny, within which clusters could be missed. This could cause unaccounted
selection biases and affect the completeness of the samples (which is not important to our study as
explained before).

On the other hand, the high Ny, clusters that overcome the flux limit of a sample might be intrinsically
brighter in average (in order to be detected even though their estimated flux is biased low). This is
"revealed" only when we correct their Ly for the molecular absorption. As a result, these clusters might
be upscattered in the Ly — T plane and potentially jeopardize our results. In Sect. [3.6.3] we showed
however that there is no such bias in our analysis. In the next sections we provide further evidence for
this.

Correlations between A and subsample average parameters

As a generalization of the above, the apparent anisotropies in the behavior of the Ly — T relation could
be in principle caused by different cluster subpopulations in the different regions. In practice, this would
mean that these subpopulations might have different (average) physical properties, leading to the derived
directional behavior of A. To investigate this, we perform a bootstrap resampling analysis. We drew
10° random subsamples of 65 clusters (typical number for the # = 60° cones) independently of the
direction. For every subsample, we find the best-fit A and the weighted mean of the temperature, redshift,
core and outer metallicity, flux, luminosity, Ny, intrinsic scatter and RASS exposure time. Thus, we
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can study if any correlation between the average values and A exists. Such a correlation, combined
with a different parameter distribution in the most extreme regions could (at least partially) explain
the observed anisotropies. Additionally, we created another 10° subsamples with a random number of
clusters (between 35 and 170) in order to test if a correlation between the number of data and A exists.
In order to check for any possible correlations, we plot the A value against all these parameters
parameters for every one of the 10° subsamples. The most characteristic of these plots are displayed

in Fig. 3-T9] while the rest can be found in the Appendix (Fig. [3.23). We also calculate the Pearson’s
correlation coefficient r,,,, given by Eq. 3.9}

nY. Xy, — XX 2y
Feorr = 3.9

2 2 2 2
\/ani—(Zx,-) nZyi —(Xy)
where x and y are the two quantities for which we wish to study their correlation, and n = 10° is the

number of subsamples used. Depending on the obtained value of r,. one can assess if there is indeed
some correlation between the value of A and some average property of the different cluster subsamples.
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Figure 3.19: Correlation between the best-fit A value and the average Ly (left) and Z ,, (ICM metallicity as
measured within 0.2 — 0.5 Rsg, right) as obtained for every one of the random 10° subsamples of 65 clusters. The
Pearson’s correlation coeflicient is also displayed.

The only physical parameters that seem to mildly correlate with the behavior of the Ly —7 normalization
A are the average subsample luminosity (r,, = +0.239+0.006) and the average 0.2—0.5 X Rs, metallicity
(Zouts (Feorr = —0.248 £0.005). As shown, the best-fit A tends to slightly increase for clusters with a higher
average Ly, which is expected. Subsamples with randomly more up-scattered clusters in the Ly — T plane
will naturally return a higher A. Hence, pure randomness can produce similar small anisotropies, which
are highly unlikely to explain the observed spatial Ly — T anisotropies (see additionally Sect. [3.9.2).

If randomly up- and down-scattered Ly values were not the reason behind the weak A — Ly correlation,
then a similar (positive) correlation would exist between A and average T. However, there is no correlation
between these parameters as shown in Fig. [3.25] (r,,; = +0.005 + 0.006). Here we should also note
that the weighted T average of the highest and lowest A regions is similar, shifting between ~ 5.1 keV
and ~ 5.7 keV for both of them, depending on the cone radius. Hence, we can safely conclude that the
observed anisotropies do not arise due to any different T distribution.

On the other hand, a slight decrease in A can be seen with an increasing average Z_,,. One can clearly
conclude though that the obtained anisotropies of A cannot be attributed to this mild correlation since the
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highest and lowest A regions have similar average Z,, values (Z,,, ~ 0.40 Z).

A rather weak correlation is observed between A and average redshift (r,, = +0.198 +0.007), although
the brightest and faintest regions have again a very similar average z (~ 0.09—0.1 for both). This indicates
that the exact choice of the redshift evolution parametrization in the Ly — T relation (e.g., E (z)_l) is not
particularly important, since any parametrization would approximately have the same effect in the two
most anisotropic regions. Indeed, if one tries different x priors for the E(z)" term, the significance of the
final anisotropies fluctuates only by +0.10- compared to the used self-similar case (Appendix, Sect. B.TT).

Another weak correlation of A is observed with o (.o = —0.194 £ 0.006). However, this trend
cannot explain the apparent anisotropies since o, does not strongly differ for the highest and lowest A
regions (0.10 dex and 0.13 dexEl respectively for the & = 60° cones). No correlation is observed between
the A value and Ny, no. of clusters, RASS exposure time, Z_. and flux.

As an overview, no correlation of A with an average parameter (including systematics) can explain the
apparent anisotropies. In the future, the correlation of A with combinations of these average parameters
will be explored as a possible explanation behind the discrepancies, even if this seems unlikely based on

the results up to now.

Ly — T fitting residuals as functions of cluster properties

As a further, secondary check, we tested the correlation between the cluster properties and their log Ly
residuals compared to the overall best-fit Ly — T modeﬂ As expected, similar results with the bootstrap
analysis were obtained. Thus, to avoid repetition we do not go into a detailed presentation of all the
results, but instead focus on the ones usually related to systematic biases. The full discussion is found in
Sect. 3111

In a nutshell, no strong systematic behavior of the log Ly residuals is observed for varying RASS exp.
time, Ny, and z (Fig. [3.26). A mild systematic behavior of the residuals exists in terms of the flux and
the statistical uncertainties (o,,) of the clusters. However, this has no effect in the derived anisotropies
since the strongly anisotropic sky regions have similar flux and o, distributions. Finally, the residuals
versus the outer cluster metallicity are also displayed in the same figure since there is a mild systematic
behavior between these quantities. We already showed that this does not significantly affect our results in
previous sections.

3.6.5 Fixed slope vs free slope

In our analysis until now we fixed the slope to its best-fit value for every subcategory of clusters, before
we study the spatial anisotropies of A. This choice is motivated by the fact that B does not significantly
fluctuate throughout the sky for the 1D analysis (Fig. [3.6] similar results obtained for a 2D scanning).
Moreover, a significant correlation between A and B is not expected, due to the pivot point of the Ly — T
relation being close to the median 7'. To investigate the possible biases that a fixed B introduces to our
analysis, we perform the following:

e Case 1: we scan the sky using 6 = 75° while we treat B as a nuisance parameter. We allow B to
vary simultaneously with A, within its 20" limits from its overall best-fit value. We then marginalize
over B to study the spatial behavior of A. The 10 uncertainties of A are again extracted based on
the A)(z < 1 limits since there is only one parameter of interest.

'8Here we remind the reader that o, is this case is reduced because of the increase of the statistical uncertainties, due to the
random weighting of the clusters as explained earlier in the paper.

9This test is equivalent to the bootstrap analysis correlation test in the previous section, but we include it for the sake of
completeness
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e Case 2: We repeat the procedure but this time we allow B to vary freely. We again study the A
anisotropies and quantify the statistical significance using the A)(z < 2.3 limits (2 parameters of
interest) for the 10~ parameter uncertainties.

For Case 1, the maximum anisotropy is found between the regions (I,b) ~ (272°,-21°) (A =
0.977 + 0.050) and ([, b) ~ (26°,-13°) (A = 1.274 + 0.062). The statistical significance of the tension
is 3.740 (27 £ 7%), slightly larger than before despite the marginalization over B. One sees that the
results are entirely equivalent to the case where B is kept fixed, in terms of both statistical significance
and direction. This strongly demonstrates the robustness of our method and the independence of the A
constraints from B.

For Case 2, the A map is portrayed in Fig. [3.20] (top panel). The spatial fluctuations of A slightly
intensify (~ 34% between the most extreme values) and its directional pattern remains the same as when
B is kept fixed. This once more illustrates that the derived A sky pattern does not depend on the true B
values of the different sky regions.

As already shown for the 1D analysis, the fluctuations of B are smaller (~ 19%) than the ones of A.
Every sky region is consistent within < 20 with the rest of the sky, making the behavior of B fairly
consistent throughout the sky. The largest A anisotropy is found toward the same regions as for Case 1
(drifting by < 6°) and now slightly drops to 2.780 (30 + 11%). This is due to the enlarged uncertainties
obtained from the 2-parameter A)(2 < 2.3 limits. These two regions return very similar slope values
(B=12.256+0.110 and B = 2.109 £ 0.119 for lowest and highest A respectively). Their Ly — T plot is
displayed in the bottom panel of Fig.
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Figure 3.20: Left: Best-fit normalization A of the Ly — T relation for every sky region over A as a function of the
position in the extragalactic sky when the slope B is left completely free to vary. The cone size used is 8 = 75°.
Right: Ly — T relation for the 136 clusters within 75° from (I, b) ~ (26°,—13°) (red) and for the 124 clusters within
75° from (1, b) ~ (272°,-21°) (black). Their best-fit models are displayed as solid lines.

These results confirm that the choice of keeping the slope fixed for the bulk of our analysis does

not introduce any biases in the directional behavior of A or the statistical significance of the observed
anisotropies.

3.7 Cosmological constraints
Many reasons that could potentially lead to a biased anisotropic behavior of the Ly — T relation were

tested until now. These tests explored the possibility that the apparent anisotropies could appear due to
systematic differences of the subsamples in different patches of the sky or that unknown effects could
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influence the observed X-ray photons coming from specific extragalactic regions. Furthermore, we tested
if possible systematics, such as RASS exposure time, Malmquist bias close to the flux limit etc., could
bias our results. The observed anisotropies seem to be consistent and are not significantly alleviated by
such tests.

During our analysis up to now, we assumed fixed cosmological parameters toward all the directions
in the sky when deriving the normalization and slope of the Ly — T relation. On the contrary, one can
reasonably assume that the physics within the ICM of galaxy clusters that determine the correlation
between Ly and T should be the same regardless of the direction. As a result, the true normalization and
slope of the Ly — T relation should not depend on the coordinates and should be fixed to their best-fit
values.

Consequently, the last thing to be checked is if any apparent anisotropies could occur because of an
anisotropic Hubble expansion. In practice, this would mean that the luminosity distance would differ
toward varying directions for a fixed z. These differences can be expressed in terms of the cosmological
parameter H, which enters in the luminosity distance through the conversion of the X-ray flux to
luminosity.

To explain the behavior of faint Ly — T regions we would need a higher D; for the same z (thus higher
2

1
Ly). For z < 0.3 it is known that D; = F[Z + Z3(1 —qp) + 0(13)], where ¢ is the deceleration parameter.
0
Hence, a lower H), implying a lower current expansion rate, would return a hiﬁr D, for a fixed z. The

same would be true for a more negative g, implying a higher acceleration rat

One could also study the directional behavior of €, but for low redshift objects (like the clusters we
use), D; is not very sensitive to this parameter. Therefore, large deviations from region to region would
be needed in order to explain the anisotropies (see results of M18). Moreover, Q,, variations would
have a different effect to higher and lower redshift (and thus temperature) clusters, changing both the
normalization and the slope of the Ly — T relation. Other effects that have to be taken into consideration
in such a case is the higher (lower) matter density of the Universe toward different directions, leading to
more (less) structures. Structured environment can alter the behavior of the Ly — T relation as we have
shown in M18. Based on that, a robust directional study of €, is not ideal for our sample and method.
On the other hand, the effect of H, on D; does not depend on z and hence variations of smaller amplitude
than Q_, could result in the observed anisotropies. Also, since H,, variations will have the same effect on
the Ly of every cluster independently of its z (and thus T'), the slope of the Ly — T will remain unchanged.

Therefore, we fix A = 1.114 and B = 2.102 and fit H,, as the only free parameter (together with o)
as described in Sect. [3.4.2} It should be noted that here we investigate the relative change of H, due to
spatial anisotropies of the cosmic expansion, and absolute values of H, are arbitrary.

The H, map as produced using 6 = 75° is portrayed in Fig. As one can see the H, and A maps
show exactly the same behavior for the reasons explained above. We do not plot the significance map in
this case since it is identical to the significance map of A using § = 75°, as shown in Fig.

The apparently maximum acceleration direction is found toward ([, b) = (274°,-22°) with H, =
66.20 + 1.72 km/s/Mpc while the most extreme opposite behavior is found at (1, 5) = (17°,-9°) with
Hy =75.17 £ 1.81 km/s/Mpc. Their deviation from each other is at 3.590 (13 + 4%). The most extreme
dipole is centered at (I, b) = (263°, -21°) with a 3.150 significance. One sees that these three directions
completely match the directions for the normalization analysis using the 75° radius cones, highlighting the
ability of the normalization of the Ly — T relation to trace possible cosmological anisotropies. Moreover,
the sigma values also match the ones from the normalization map as expected.

2With this paragraph we aim to make clear to the reader that a lower expansion rate is equivalent with a higher acceleration
rate, which might seem counter-intuitive.
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Figure 3.21: Best-fit H;, value as obtained through the Ly —T relation as a function of the position in the extragalactic
sky for 8 = 75° cones using all the 313 clusters in our sample.

3.8 Combination with ACC and XCS-DR1

3.8.1 H, results for each sample

For the ACC and XCS-DR1 samples only the 1D analysis is presented in M18. In order to see if the
behavior of the Ly — T relation for these two samples is comparable to the one of our sample in the
2D space, we repeat the analysis described in this paper using these two samples. Prior to the analysis,
the 104 common clusters between our sample and ACC are excluded from the latter. Since the focus
of the paper is on the cluster sample we build and use, here we only present the results for § = 75°.
Nevertheless, we cannot use more narrow cones to either sample. This is due to the fact that ACC does
not have enough clusters (168 in total, after the exclusion of the 104 common clusters) for such small
cones, while the spatial distribution of the XCS-DR1 clusters is not entirely uniform. This results in the
number of clusters falling below 30 for many regions when 60° cones are used. The results for both
samples can be seen in Fig.

For ACC the highest and lowest H|, (brightest and faintest respectively in terms of A) regions are at
(I,b) = (77°,+15%) and (I, b) = (317°, —14°) respectively. These two directions are relatively consistent
with the general behavior of our sample, with a ~ 40° separation compared to the results of our sample.
We remind the reader that the two samples are completely independent. The H|, values of these extreme
regions are Hy = 78.76 £4.15 km/s/Mpc and H, = 58.12 + 2.68 km/s/Mpc deviating by 4.180 (30 = 7%).
Their angular separation is 122°, which is similar to the ones for the extreme regions of our sample. The
most extreme dipole is found toward (, b) = (327°,-21°) with a 3.68c. It is noteworthy that the low
H, is much more statistically significant in this sample than the high H,, region, indicating a monopole
anisotropy. One obtains similar results for ACC when B is left free to vary within its 20 limits as a
nuisance parameter, but with a decreased statistical significance. In that case, the statistical significance
of the anisotropy slightly drops to 3.120 (from 4.180 for a fixed B) toward similar sky directions.

For XCS-DRI1 the most extreme regions are located at (,b) = (31°,+25°) (brightest) and (1, b) =
(281°,+24°) (faintest) separated by 117°. Their respective H,, values are H, = 77.91 + 2.20 km/s/Mpc
and H, = 63.56 + 2.32 km/s/Mpc deviating by 4.520 (21 + 5%). One can see that this discrepancy
is larger than the one in our sample or the one obtained from ACC. However, XCS-DR1 has some
properties that might lead to overestimating the anisotropies between different sky region. For instance,
overluminous clusters tend to have smaller statistical uncertainties (M18), and when these clusters are
in the center of the cones (higher statistical weight), this can lead to artificially high H;, (or A). Thus,
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Figure 3.22: Top: Best-fit H, value as a function of the position in the extragalactic sky for 8 = 75° cones for ACC
(left) and XCS-DRI (right). Bottom: Significance map of the anisotropy between every sky region and the rest of

the sky for ACC (left) and XCS-DRI (right).

one has to be conservative when interprenting the statistical significance of the anisotropies found in the

XCS-DRI1 sample.

Interestingly, the direction for the lowest H;, (which corresponds to the maximum cosmic expansion
rate) is separated only by 28° from the CMB dipole. Since XCS-DRI is a high redshift sample (median
z ~ 0.35), naively one would not expect any effects on the XCS-DR1 results due to the peculiar velocity
of the Solar System compared to the CMB frame and therefore there is no obvious reason why these two
directions should be close. The most extreme dipole for XCS-DR1 is located toward (I, b) = (211°, +14°)

with a 2.750 significance.

Now we allow B to vary within its best-fit 20~ limits. Some changes are observed, although the general
directional behavior of H, remains relatively consistent. The statistical significance of the maximum
anisotropies significantly decreases from 4.52¢0" to 2.82¢-. This is due to the fact that the median 7 = 2.7
keV of the XCS-DR1 sample is smaller than the pivot point (4 keV) of the Ly — T relation, and thus A and
B values are more correlated than for our sample (or ACC). These small differences between the results of
the two cases can be avoided if one chooses the pivot point to be ~ 2.7 keV for the XCS-DR1 modeling.
Despite of these small alternations, the most extreme region is still found toward (1, b) ~ (292°, +23°),
only ~ 10° away from the previously found direction, and still with a ~ 30" significance.

3.8.2 Combining the H| results for the three samples

Remarkably, ACC and XCS-DR1 roughly agree with our sample on their Ly — T anisotropic behavior
despite the fact that they do not share any common clusters. While at first sight it might seem that the H,
maps of ACC and XCS-DR1 look different, the location of their most extreme regions is still consistent

within ~ 40° — 55°.
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In total, they contain 842 different galaxy clusters. Consequently, any constraints on the fitted
parameters would be much stronger if we combined them. While, the normalization values of the three
samples are quite different (cluster populations, used energy range for Ly, T constrain method etc. vary
significantly), H,, is a global parameter that should not depend on specific samples or even cosmological
probes. The normalization and slope values of the three different samples can be set in such way so the
best-fit [, value considering the entire sample is H,, = 70 km/s/Mpc. Nevertheless, we see that the three
samples return a different H, range. As shown before ACC and XCS-DR1 show a larger variation of H,,
(£ ~ 20%) than our sample (+ ~ 9%). This correlates with the larger scatter of the other two samples
and it can be attributed to randomness (since the H uncertainties of ACC and XCS-DR1 are ~ 2 - 3
times larger than the ones of our sample), reasons that we have not yet identified or a combination of the
above (the significance however remains similar for the three samples).

By performing the H, scanning analysis, one obtains three different and independent estimations of
the likelihood of the H, parameter for every region. Multiplying these three likelihoods gives us the
combined most likely H|, value for every region in the sky. In order to consistently use the three samples,
we use the smallest possible cone radius (75°) for which we have enough data for all three catalogs in
any cone, and we use the same parameter fitting range (H, € [50, 90] km/s/Mpc) as well. Therefore, the
H, map displayed in the left panel of Fig. [3.23]is obtained, while the significance map is shown in the
bottom panel of the same figure (we also overplot the results of other studies, as discussed in Sect. [3.9.1]
and Table 3.3).

From the combined H, results, the lowest value H, = 65.20 + 1.48 km/s/Mpc occurs toward (I, b) =
(303°,-27°) (237 clusters) while the highest value H, = 76.64 + 1.41 km/s/Mpc is found at (1, b) =
(34°,+26°) (302 clusters). Therefore, the null isotropy hypothesis between these two regions is rejected
with a remarkable significance of 5.59¢0 (16 + 3%). The angular separation of these two regions is 103°.
On the other hand, the strongest dipole occurs toward (/, b) = (265°,-20°) (57° away from the CMB
dipole) with a significance of 4.060.

We repeat the joint analysis considering the obtained H, results from every sample when B was left
free to vary as a nuisance parameter. As expected, the overall behavior of H,, persists with some limited
changes. The statistical significance of the maximum anisotropy drops to 4.550 (from 5.590), and is
found between (I, b) ~ (312°,-21°) and (I, b) ~ (45°, +21°). Consequently, the choice of keeping B fixed
slightly overestimates the exact statistical significance of our findings but does not affect the general
conclusion.

All these results demonstrate clearly that the similar anisotropies in all three independent samples are
extremely unlikely to be random and that there is an underlying reason causing the Ly — T relation to
show a strong directionally depended behavior.

3.9 Discussion

The significance of cosmic isotropy for the standard cosmological paradigm is undisputed. Designing
scrutinizing methods to test this hypothesis is vital since much new information about the Universe can
be revealed through such tests.

One can assume that the isotropic expansion of the Universe holds, but a cosmological probe could
still consistently show a significantly anisotropic behavior. This could result in the identification of yet
unknown factors with a surprisingly strong impact on the data collection, analysis, or both. Since these
factors are not accounted for in previous studies using similar wavelengths (e.g., X-rays) or the same
astrophysical objects, these biases could in principle extrapolate to many aspects of relative research
fields.
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Figure 3.23: Combined results of H;, as obtained through the Ly — T relation using all three independent samples
(this work’s sample, ACC and XCS-DR1), as a function of the position in the extragalactic sky for 8 = 75° cones.
Top: Most likely H,, value for every sky region. Bottom: Combined significance map of the anisotropy between
every sky region and the rest of the sky. We note that the color scale (=50, +50) is wider than the other significance
maps since the amplitude of anisotropies is larger in this case. The most anisotropic directions as found in our
analysis and other studies are overplotted. Larger symbols correspond to higher statistical significance. The order
of the symbols (studies) follow the same order as in Table@

89

(odw/s/w) OH

(ewbBis) asueoiubis



Chapter 3 Probing cosmic isotropy with a new X-ray galaxy cluster sample through the Ly, — T scaling
relation

For instance, the anisotropy of the Ly — T scaling relation found in this paper could have multiple
implications for other studies using X-ray galaxy clusters or other X-ray objects. Since the strong
anisotropies do not strongly depend on the specific sample, X-ray satellite etc. the vastly more probable
scenario is that the underlying reason is not a sample-specific systematic.

Moreover, the amplitude and direction of the anisotropies are preserved even after excluding several
cluster subcategories, such as low-T systems, local clusters, clusters with high absorption, metal-rich
clusters, high flux ones etc. Thus, different subpopulations of clusters toward different directions is not
a likely explanation as well. Additionally, possible biases due to selection effects do not explain the
findings. Therefore, if this is eventually proven to be caused by an unknown (extra)Galactic effect acting
on X-ray photons, previously published results would need modifications correcting for this effect.

Such an example would be the galaxy cluster masses obtained through the X-ray luminosity-mass
scaling relation Ly — M. If we assume a typical scaling relation slope of Ly ~ M 13 then the masses of
the clusters toward the faint regions of our analysis would be underestimated by ~ 10 — 20% while the
clusters in the bright regions would end up with masses overestimated by the same amount. As a result,
the cosmological parameters obtained via the halo mass function could be biased if the sky coverage
of the clusters is not uniform. Even in the latter case, the scatter of the final results would increase. It
is characteristic that without applying any statistical weighting in the clusters and performing the sky
scanning using § = 60°, ~ 72% of the subsamples in the different directions show a lower o, than the
full sample results. This indicates the potential increase of the scatter in X-ray scaling relations when the
full sky is used as if galaxy clusters were showing the same behavior everywhere. Possibly biased results
when the used samples do not cover the full sky homogeneously can clearly occur to any other studies as
well, if these use measured X-ray luminosities (or temperatures) of galaxy clusters.

Another useful test would be to study the dependance of these anisotropies on the exact energy range.
This will be particularly helpful in order to check if the observed anisotropies could be the result of
absorption effects, such as strong variations in the galactic ISM metallicity, metal-rich nearby dwarf
galaxies etc. However, in Sect. [3.6.3] we showed that this is unlikely, but further testing is needed.
Nevertheless, checking if these Ly — T anisotropies also appear in the hard X-ray band alone, where the
absorbing effects are minimal, would provide us with valuable information about their exact nature. This
will be feasible with the upcoming eROSITA all-sky survey. Here we should remind the reader that while
we only use the 0.1 — 2.4 keV energy range for Ly, the ACC and XCS-DR1 samples (which also show
similar anisotropies), use the bolometric energy range.

In the Ly measurements used for this study the cluster cores are not excluded, since this is very difficult
to do with ROSAT data due to its large PSF. It has been shown however that core-excised luminosities
scatter less in their scaling with temperature (e.g., Markevitch, G. W. Pratt et al.,[2009; Maughan
et al.,[2012] etc.). Such values would be optimal for our analysis since a lower scatter in the Ly — T
relation would decrease the uncertainties of the derived A values. This could eventually allow the
detection of spatial anisotropies with an even higher statistical significance and strengthen our results.
This will be possible with eROSITA data and with possible future XMM-Newton and Chandra-based
samples that provide core-excised luminosity values.

The summary of the best-fit A, B and o, values is shown in Table[3.1} The directions of the most
extreme regions for every subsample, together with the statistical significance of the anisotropic signal
between these two regions and the direction and significance of the most anisotropic dipole are shown in
Table

The consistent value of the slope throughout the different subsamples is noteworthy. The largest
difference (~ 10) is found between the Z_; < 0.426 Z and the Ny, < 7.37 X 10%°/em? subsamples. On
the other hand, A deviates by ~ 20 between the T > 3 keV, z > 0.05 and the Ny, < 7.37 X 10 /cm?
subsamples, while it is quite consistent between the rest. As expected, the lowest scatter is found for the
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Table 3.1: Best-fit normalization A and slope B values of the Ly — T relation with their 1o~ (68.3%) uncertainties.
The results for different examined subsamples are displayed as well as for the full sample. Also, the XCS-DR1 and
ACC results are displayed, where for the latter the 7 — Ly fitting is performed (denoted by *) as described in M18.
The intrinsic and total scatter are also shown for comparison.

Clusters (No.) A B i (dex) O (dex)
Our sample
All (313) 111470030 2.102 + 0.064 0.239 0.262
T >25keV,z>0.03(246)  1.1147007  2.096 +0.078 0.218 0.236
T >3keV, z > 0.05 (198) 117245033 2,049 +0.077 0.205 0.228
Zeore < 0.590 Z (209) 11357390 2,034 + 0.082 0.252 0.270
Zow < 0.426 Z,, (209) 119710027 2.006 + 0.073 0.231 0.254
Nyor < 5.16 x 102 /cm? (209)  1.08470032  2.082 + 0.072 0.226 0.249
Other samples
XCS-DR1 (364) 1.31570988 2,462 +0.086 0.206 0.379
ACC* (168) 2.660°0750  3.635+0.135  0.101 (o7,)  0.119 (o7

subsamples with the highest 7" and z. On the contrary, the subsample where the high Z_ . clusters were
excluded returns the largest scatter, still consistent though with the other subsamples. We should also
note here the significantly lower total scatter of our sample against XCS-DR1 and ACC (after converted
to Ly — T scatter).

Generally, as 6 decreases, the statistical significance of the results increases, as we are able to pinpoint
the anisotropies more effectively. However, the amount of available data is not yet enough to use even
narrower angles. This will change with future surveys such as the upcoming all-sky eROSITA survey
which will provide us with a larger number of observed clusters with temperature measurements (Borm
et al.,[2014). Nevertheless, the existence and consistency of these apparent Ly — T anisotropies are
already on solid ground granting these results, especially when one combines all three independent
samples with a > 50 anisotropy emerging from this. This holds even when the slope is left free to vary
(within a limited range) from region to region, and then marginalized over. It is also quite interesting that
the maximum anisotropic directions in almost every tested case seem to prefer an angular separation of
~ 80° — 120° instead of a dipole form. The most extreme observed dipole anisotropies have a statistical
significance of ~ 40, with an angular distance of ~ 50° — 100° from the CMB dipole direction. At the
same time, the faintest parts of the maps are slightly closer (~ 35° — 90°) to the corresponding end of the
CMB dipole.

Here we should discuss some possible reasons for caution when one interprets the large statistical
significance of the observed anisotropies. Firstly, while we have tested a large number of potential X-ray
and cluster-related reasons and systematics that might cause such a spatially inconsistent behavior, we
only tested them one by one. If one takes into account two or more such reasons simultaneously the
statistical tension might decrease. Although it seems improbable that the observed anisotropies can be
attributed purely to such effects (since three independent samples show similar behavior), one cannot
discard the possibility of an overestimation of the anisotropies due to the (unchecked) combination of
systematics. Secondly, the derived statistical significance of the results is based on the AX2 limits of the
fit. While the applied bootstrap method returns similar results (see Sect. [3.9.2)), one still has to consider
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Table 3.2: Directions of the most statistically significant lowest and highest A and H,, sky regions are displayed
together with their statistical deviation from one another. Additionally, the direction and statistical significance of
the most anisotropic dipole is displayed. The results are shown for the same subsamples as in Table 3.1} For the
results labeled as "Case 1" and "Case 2" see Sect. [3.6.3]

Clusters (6) Lowest Highest Anisotropy ~ Max. dipole Dipole
A/H, (,b) A/H, (I,b) significance (I,b) significance
Our sample
All (90%) (272°,-8%) (47°,+22°%) 2.590 (230°,-20°) 1.900
All (75°%) (274°,-22°%) (17°,-9%) 3.640 (263°,-21°) 3210
All (60°) (281°,-16°) (34°, +4°) 4.730 (260°, -36°) 3770
All (45°) (280°, +1°) (32°,+14°) 5.090 (255°,-53°) 4.220
All (75°, varying B - Case 1) (272°,-21°) (26°,-13°) 3740 (262°,-21°) 3.290
All (75°, varying B - Case 2) (269°,-17°) (23°,-10°%) 2.78c (262°,-22°%) 2.360
T >25%keV, z> 0.03 (75%) (288°,-35°) (10°,+16°) 4.680 (194°,-34%) 3270
T >3 keV, z > 0.05 (75 (286°,-36°) (9°,+15°%) 4.120 (223°,-47°) 2270
Zeore £0.59 Z, (75%) (264°,-18°) (30°,+23°%) 3.630 (261°,-20°) 3410
Zow <0.426 Z,, (75%) (270°,-14°) 24°,+15°%) 3. 720 (265°,-16°) 2.260°
Nior < 5.16 x 10° /em? (75°)  (242°,-27°) (35°,-15% 5.390 (221°,-33°) 3.550
Other samples
ACC (75°) (314°,-17°) 77°,+15°%) 4.180 (327°,-21°) 3.680
XCS-DR1 (75°%) (281°,4+24°) (31°,+25°% 4.520 (211°,+14°) 2.750
Our sample+ACC+XCS (75°)  (303°,-27°) (34°,+26°) 5.590 (265°,-20°) 4.060
Same (varying B - Case 1) (312°,-21°) (45°,+21°) 4.550 (271°,-15°%) 3.320

the so-called cosmic variance. To do so, one can use Monte Carlo simulations to draw similar samples
from an inputted isotropic universe and, following the same method as in this paper, check how often
such large anisotropies appear. This will be done in future work.

3.9.1 Comparison with other studies

Except for identifying previously unknown factors that can significantly affect the determination of
physical parameters of astrophysical objects as discussed above, testing the isotropy of the Universe
has of course another aspect as well. If many independent cosmological probes agree on a similar
anisotropic direction and amplitude, while all known biases have been accounted and corrected for, then
the hypothesis of cosmic isotropy should be reconsidered. This could eventually lead to a major shift in
the standard cosmological model.

The direction we identify as the one with the maximum acceleration (or minimum expansion rate as
explained before) if the anisotropies were indeed only of cosmological origin, agrees well with many other
studies that used SNIa and other probes to look for possible anisotropies in the Hubble expansion. Several
examples of such studies are shown in Table[3.3] together with their the most anisotropic directions and
their significance.

Generally, it is usual that the anisotropies found in SNIa come mostly from z < 0.1 and they are
attributed to local bulk flows, arising due to the Shapley supercluster at (,b) ~ (306°,+30°) with
z ~ 0.04 —0.05. We should note however that the anisotropic results of SNIa strongly depend on the used
sample since studies that have been performed with the latest SNIa compilations tend to find consistency
with isotropy as discussed in Sect. 3.1} Moreover, the rather inhomogeneous SNIa coverage of the sky
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Table 3.3: Several examples of different probes and methods indicating similar anisotropic results to ours.

Reference Used method Maximum Significance  Angular distance from Comments
anisotropy (/, b) our combined results
This work Clusters Ly — T (75°) (303°,-27°) 5.590 - Combination of all samples
This work Clusters Ly — T (60°) (281°,-16°) 4730 23° Our sample
J. Bengaly C. A. P. et al. (2017) Infrared galaxies (323°,-5°) p = 0.064 22°
Yoon et al. (2014) Infrared galaxies (310°,-15°) ~2.50 13°
Yang et al. (2014) SNIa (307°,-14°) p = 0.046 13°
Kalus et al. (2013) SNIa (325°,-19°) 95% 22° 7 < 0.2 SNIa
Feindt et al. 1@' SNIa (298°, +15°) p =0.010 41° z < 0.035, probably bulk flow
Mariano et al. ( SNIa+Quasars (315°,-15°) ~99% 16°
Colin et al. (2011 SNIa (309°,+19°) p =0.054 45° z < 0.06, probably bulk flow
Webb et al. Quasars (334°,-13%) 420 33° 022 <7<4.18,
Schwarz et al. (2007) SNIa (290°, —24°%) > 95% 11° z<0.2 SNIa

can create problems in the search of a preferred cosmological axis.

Within an isotropic FLRW background the directions of peculiar velocities are expected to be randomly
distributed. However, a coherent bulk flow toward a massive structure due to gravitational attraction, it
would affect the redshifts of local objects in a systematic way. If not taken into account, the luminosity
distance (calculated through z) of clusters would be over or underestimated depending on their position
in the sky. This could inevitably lead to apparent anisotropies arising from local probes.

Although these local flow motions are not expected to extent beyond ~ 200h"! Mpc, the studies shown
in Table 3.3] (among others) detect bulk flows (or anisotropies) further away than this scale and with
amplitudes which are hard to explain within ACDM. This detection is performed by different independent
probes. The statistical significance however decreases compared to local probes due to the limited number
of data in certain sky patches. An example of studying the scale of bulk flows is given in Carrick et al.
who find a 50~ bulk flow of ~ 160 km/s extending over 200k~ Mpc toward (1, b) ~ (304°, +6°).
The structures that could fully explain such a bulk flow motion have not been identified yet. Moreover,
the direction of the anisotropies of more distant probes tends to converge with the one from the CMB
dipole, but often with a slightly larger amplitude.

The consistency of the apparent anisotropies beyond ~ 21007 Mpc (z > 0.05) can be also seen in our
results, where the tension with the null hypothesis of isotropy does not decrease. Another effective test
could be to perform our Ly — T anisotropy analysis with clusters at z > 0.2, beyond the effects of the
recent large-scale bulk flow detections. Currently there are not enough data for such a test though, but
this is expected to change with the upcoming all-sky eROSITA survey. Finally, if the only reason behind
the anisotropies we observe in the Ly — T behavior was local or cosmic coherent flow motions, one
would expect to retrieve mostly dipole anisotropies, whether we have shown that anisotropies separated
by ~ 90° — 120° are more significant in our analysis. However, a more in-depth testing is needed to draw
safe conclusions about this scenario.

3.9.2 Statistical significance validation by bootstrapping

In order to further investigate the statistical significance of our results and if they could be attributed to
pure chance we perform a bootstrap resampling analysis. We consider two cases:

In the first case, we used all the 313 clusters covering the whole sky. We drew 10° random subsamples
of the same size as the region we want to test its significance. We assigned random statistical weights
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in the drawn clustersEl to simulate the method we use during the sky scanning analysis. There, the
weights were assigned based on the distance of every cluster from the center of the scanning cone. This
test demonstrates how often our cluster sample can reproduce such low or high A values randomly and
independently of the direction, when having the same number of clusters as in the extreme regions.

In the second case, we excluded the subsample of interest and performed the 10° resamplings based on
the rest of the clusters. This way, we can estimate how many times the extreme result of the excluded
subsample can occur randomly from data in other directions. The random statistical weighting is used
here as well.

Both cases also offer a direct comparison with the deviations occurring from the AXZ limits, from which
the reported statistical significance for every result comes from. In order to have minimal overlapping
between the 10° realizations, we choose to perform this analysis for the results occurring for 6 = 60°.
The number of clusters in the extreme regions is small enough so there is no significant overlapping,
while it is large enough to be relatively insensitive to strong outliers.

Drawing and analyzing 10° subsamples of 84 clusters from the full sample, we find that only 0.68% of
the results have a lower A than the one found for the (1, ) = (281°, —-16°) direction (A = 0.940 + 0.051).
This corresponds to a p—value of p = 0.007 for the null hypothesis, or in a Gaussian significance of
2.710. Now we repeat the analysis with a subsample size of 78 clusters, same as the brightest region
for a @ = 60° cone toward ([, b) = (34°, +4°). We find that 10% (p = 0.010, 1.650") of the results have a
higher A < 1.346 compared to the aforementioned bright region. Therefore, the statistical significance
of the fainter region toward ([, b) = (281°,—-16°) is much higher in that case. The statistical deviation
of these two extreme regions based on the based on the A)(z limits as shown in Eq. is 4.730 (Table
B2). As found from the bootstrap resampling method however is ~ 3.9, slightly decreased but still
significant. Finally, the most probable value for these 10° realizations is A ~ 1.118 + 0.115, which is
consistent with the results of the full sample fitting.

For the second case, we first excluded the 84 clusters within 60° from ([, b) = (281°,-16°) and we
only considered the rest 229 clusters. Following the same procedure as before, we find that only 0.32%
of the subsamples have A < 0.940 (p = 0.003, 2.950), the same result as the one we obtained from
sz limits in Sect. Doing the same for the 78 clusters (full sample except these 78) toward
(1, b) = (34°, +4°) we see that an A > 1.346 value is reproduced only for 0.45% of the 100000 subsamples
(p = 0.005, 2.850), again consistent with our previous findings. In this case where only clusters from the
rest of the sky are considered, the probability of the high A result to occur randomly drops significantly
compared to the case where the full sample is used. This indicates that these 78 clusters strongly affect
the bootstrap results when all 313 clusters are used.

Repeating the analysis for the results when § = 45°, first we used the full sample with all the 313
clusters. For the results described in Sect. [3.5.3] we obtain a probability of 0.45% for the lowest A value
to occur randomly from the whole sample, and a probability of 8.71% for the highest A value. The
deviation between these two results is ~ 3.9¢. This is displayed in the left panel of Fig. 3.24]

Excluding these two extreme subsamples one at a time as we did in the second case before, the
probability decreases to 0.09% (p = 9 X 1074, 3.330) for the faintest region and to 0.67% for the
brightest region. The results are once again consistent with the deviations obtained from the A)(Z in Sect.
3.6.3]

If one excludes both subsamples simultaneously and only considers the 234 left, it results in a
probability of 0.21% and 0.69% of the null hypothesis to reproduce the A results of the faintest and
brightest regions respectively. The result can be seen in the right panel of Fig. [3.24] The deviation of the
two extreme results is at ~ 5.40, slightly higher from the 5.080 value predicted from the AX2 limits.

' These weights follow the average 1/ cos (...) distribution of weights applied throughout the sky scanning method.
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Figure 3.24: Ly — T normalization results for 10° realizations of 40 clusters randomly drawn from the full
sample (left panel) and from the 234 clusters left after the exclusion of the two extreme 6 = 45° regions at
(1,b) = (280°, +1°) and (I, b) = (32°, +14°) (right panel). The statistical significance of these two regions is also
displayed with the black vertical lines.

Finally, as discussed in Sect. [3.4.3] in order to ensure that the artificially low values of o, do not affect
our results, we repeated the bootstrap analysis without including the o, term in our model (Eq. [.5).
For that we also found the A value of the extreme regions without accounting for o7,,. The significance
of the bootstrap results remains high, decreasing only by ~ 5 — 12% for every case (e.g., from ~ 3.90
to ~ 3.7¢ for the 6 = 607 case and from ~ 5.40 to ~ 4.80 for the 0 = 45°) since outliers are now more
likely to cause extreme A behaviors.

This analysis strongly demonstrates the high statistical significance of the results. Also, it is shown that
the apparent anisotropies are very unlikely to be attributed to randomness, as well as that the statistical
deviations obtained through A)(z limits match the ones from bootstrapping.

3.10 Conclusions

In this work, we constructed and analyzed a new, large homogeneously selected X-ray galaxy cluster
sample of 313 objects, with the purpose of probing the anisotropic behavior of the Ly — T scaling relation
as first found in Migkas et al. (M18). Through the strong correlation between the X-ray luminosity
and temperature and the null hypothesis that the Ly — 7" behavior must be similar throughout the sky, one
can probe the existence of up-to-now unknown factors affecting the behavior of X-ray photons, galaxy
clusters or both, for different sky directions. Furthermore, one can estimate how isotropic the Hubble
expansion seems to be by constraining the cosmological parameters for different sky patches. This can
be done due to the inclusion of the cosmological parameters in the X-ray flux-luminosity conversion,
where we take advantage of the fact that the determination of the temperature is cosmology-independent.
A necessary requirement however is to verify that no underlying unknown systematics exist, affecting the
X-ray observations and the galaxy cluster scaling relations in particular.

We tested the consistency of the Ly — T relation for different directions by scanning the full sky using
cones of different sizes, and quantify deviations in terms of the normalization parameter A, or the Hubble
constant H,. A consistent and strong directional behavior of these parameters emerged. Dividing the
sky into hemispheres, we first found that the hemisphere with its pole located at (I, b) = (272°,-8°)
seems to be fainter (lower A or lower H,;) compared to the opposite hemisphere at a 2.58¢" level. With
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our cluster sample having a quite uniform spatial distribution we could pinpoint apparent anisotropies
more effectively with narrower cones. Using cones with 75° down to 45° radius we found that the sky
region toward (I,b) ~ (277°,—11°) systematically returns a lower A/H,, compared to the sky region
toward (I, b) ~ (32°,+15°) with a significance of ~ 3.6 — 50 (99.97 — 99.9999%). The main bulk of
the deviations though come from the faint region rather than being balanced between the two extreme
regions.

Surprisingly, the maximum dipole form anisotropies are systematically weaker by ~ 0.4 — 0.90
compared to these ~ 110° anisotropies, although still significant. Moreover, the region close to (1, b) ~
(170°, +15°) is also systematically brighter with values comparable to the (I, b) ~ (25°, +4°) region but
with lower significance due to fewer clusters.

We examined multiple reasons, mostly related to galaxy cluster physics, X-ray analysis and systematic
biases, that could provide us with an explanation about the derived anisotropies. For instance, the Ly — T
behavior of different cluster population was studied. We found that clusters in low absorption regions
show the same behavior with clusters in high absorption regions after the proper corrections have been
applied. Excluding the latter subcategory, the anisotropies remain. Moreover, excluding galaxy groups
and clusters with T > 3 keV and redshifts of z > 0.05 do not significantly affect our results, as can be
seen in Table[3.2] Dividing our cluster sample according to the metallicity values of our clusters (both
core and outer regions) and performing the sky scanning also does not seem to explain our findings. The
same is true if one allows the slope to vary within limits during the sky scanning, and then marginalizes
over the slope values. We also checked if our analysis is biased by selection effects related to the RASS
exposure times of the clusters, the applied flux limit and high molecular hydrogen regions, not finding
any indication for such effects. However, all these tests were done one at a time. One can argue that a
combination of such effects may partially decrease the high statistical significance of the anisotropies. Of
course this is still a presumption since the full magnitude of the anisotropies seems unaffected by the
different tests, but it is worth checking in future work.

Furthermore, we discussed the possibility of extragalactic, metal-rich systems causing X-ray absorption
that is not accounted for in the LAB survey. The case where the true metal abundance in the Galaxy’s
ISM shows strong spatial variations, possibly biasing the applied absorption correction and causing these
anisotropies, was also discussed. Even though we showed that the last two cases are unlikely to be the
reason behind the apparent Ly — T anisotropies, it is worth checking if this behavior persists also in the
case where Ly is only measured in the hard X-ray band. In these photon energies the X-ray absorption is
not significant and one would not expect any anisotropies caused by such effects. The eROSITA all-sky
survey would be a great tool that will allow us to test that.

As a final test, we created 10° random bootstrap subsamples and investigated the correlation of the
average properties of their clusters with the best-fit A value. No strong correlation was found, while the
most extreme regions tended to have similar average properties. This bootstrapping method we used
further verified the statistical significance of our results, while it hints to the faint sky region as the most
statistically unique one. In future work, simulated isotropic samples similar to the one in this work will
be used to test the frequency with which such strong anisotropies appear.

Some useful by-products of our analysis have to do with the general Ly — T scaling relation behavior,
such as the decrease in the scatter for higher T and z clusters, the slightly larger scatter of low core
metallicity clusters compared to the rest, the ~ 30 discrepancy in the Ly — T slope when Chandra or
XMM-Newton were used, the excellent agreement between X-ray and optical redshifts, as well as the
strong Ly — T inconsistency between clusters with low and high metallicities within the 0.2 — 0.5 X Rs,
annulus.

When our sample is combined with the ACC and XCS-DR1 samples as used in M18, we see that
their sky behavior agree well with each other even without having even one common cluster among
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them. Moreover, the fact that the observations of the three samples come mostly from three different
telescopes and the sample have been compiled by different authors and sharing different properties
(such as the z distribution) should be kept in mind. Creating a full-sky H, map using the 842 individual
clusters included in these three catalogs, a ~ 5.50 anisotropy was obtained between the sky regions
toward (I, b) ~ (303°,-27°) (H, ~ 65 km/s/Mpc) and (1, b) ~ (34°,+26°) (H, ~ 77 km/s/Mpc). These
values were obtained keeping the slope fixed. When the slope is free to vary one obtains similar results
at a ~ 4.50 level. This could either mean that indeed the explanation of the anisotropies might be of
cosmological origin (including strong bulk flows) or that there is a hidden (extra)Galactic factor that
affects X-ray cluster measurements independently of the used sample. The direction of the anisotropies
strongly correlates with results from other independent probes as shown in Table [3.3]

The assumption of the isotropic nature of X-ray galaxy cluster scaling relation is common, even though
this had not been observationally tested and confirmed before. The possible discovery of systematics
which X-ray cluster studies do not account for until now, could considerably alter the way X-ray scaling
relations are used and interpreted. If this anisotropic behavior persists in other X-ray wavelengths as well,
it could indicate that also other X-ray astronomy studies might need readjustments.

On the other hand, the cosmic isotropy still remains an ambiguous topic since several independent
cosmological probes have been found to have an anisotropic behavior recently. While there are results
not reporting any significant anisotropies, others claim to detect ~ 2 — 30" anisotropies either in the
local Universe (z < 0.1) or to larger distances. To assess this question, independent methods such as
the Ly — T test are needed to be applied and their results to be compared. If no biases are identified
as the reason behind the anisotropies we observe and other probes seem to consistently agree, then the
explanation might indeed be of cosmological origin. Such examples would be an anisotropic dark energy
nature leading to different expansion rates for different directions in the late Universe, coherent bulk flow
motions up to certain cosmic scales affecting the cosmological redshift measurements etc. Irrelevantly
of the actual reason, studies dealing with X-ray cluster measurements are potentially affected from our
findings.

3.11 Appendix A: Extra tests

Effect of redshift evolution parametrization

During this analysis, we choose a fixed prior of £ ()" for the redshift scaling of the Ly — T relation as
shown in Eq. [3:2] If the true scaling is not self-similar and if two separate subsamples have a different
redshift distribution, artificial normalization anisotropies might be induced. As already discussed in
Sect. [3.6.4]though, the two most anisotropic sky regions (brightest and faintest) share a similar redshift
distributions and are not expected to be affected by such possible biases. Also, the cluster redshifts are
relatively low and thus E(z) does not rise to high values in order to significantly affect our results.

Nevertheless, we wish to test the dependance of our results on the exact E(z) prior selection. To this
end, we repeat the & = 75° analysis for the full sample, for four different cases, E (z)_z, E (z)_l‘s, E(Z)_O'5
and for no redshift evolution (keeping B fixed to the best-fit value obtained for every case separately).
The location of the most extreme regions, both faintest and brightest, fluctuate only by < 9°. The
statistical significance for the anisotropy between these regions maximizes for the E (z)_2 case (3.750)
and decreases gradually to 3.570 for the case without any redshift evolution. The A and the significance
maps for all four E(z) scenarios do not practically differ from the maps shown in the upper left panels of
Fig. 3.8 and Fig. 3.9 respectively and thus we do not display them.
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Correlations and systematics

As discussed in Sect. [3.6.4] we examine the possible correlations that might exist between A and the
average physical parameters of every region subsample. In Fig. [3.23]the rest of the correlations are
shown. None of the physical parameters seems to have a significantly enough correlation with A to
explain the observed anisotropies.
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Figure 3.25: Correlation between the best-fit A value and the average parameters of the subsamples as obtained for
every one of the 10° random subsamples. The correlation coefficient is also displayed in every plot. The parameters,
moving from left to right and from top to bottom are: redshift, temperature, total hydrogen column density, flux,
core metallicity, number of clusters, intrinsic scatter and RASS exposure time.

As also explained in Sect. [3.6.4] we look for any possible systematic behavior between the properties
of our 313 clusters and their logarithmic luminosity (log Ly) residuals from the overall best-fit model. To
this end, we fit the behavior of the residuals against every cluster property. Thus, we can quantify the
significance of the possible deviation from the case of no systematic behavior. This method cannot be
applied to the bootstrap realizations since the significance depends on the number of data points, and one
creates as many realizations (data points) as one wishes.

The log Ly residuals as a function of various cluster properties are displayed in Fig. [3.26

No systematic behavior of the cluster Ly — T residuals arises for different RASS exposure times. This
also holds true for the absorption correction measure Ny,,,. The only noticeable feature there is toward
large Ny, values where the clusters seem to be weakly upscattered compared to the overall Ly — T best
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Figure 3.26: log Ly residuals of the 313 clusters as a function of their RASS exposure time (upper left), total
hydrogen column density (upper center), flux (upper right), redshift (bottom left), statistical uncertainty (bottom
center) and outer metallicity (bottom right). The best-fit relation between the residuals and these quantities is also
plotted with its 10~ uncertainty (green area). The black line represents the best-fit model for the full sample against
which the residuals are calculated.

fit model. The effect of this in our observed anisotropies has been quantified in Sect. [3.6.3] There we
found that if one excludes these clusters, the significance of the anisotropies actually increases, since
these clusters lie in relatively low-A sky regions. The residuals seem to be consistent throughout the z
range as well, with the exception of z < 0.025. In Sect. [3.6.1] we extensively show that excluding these
clusters neither alleviate the statistical tension between the oppositely anisotropic regions nor changes
their sky direction.

A mild systematic behavior can be seen for high flux clusters, being upscattered in average. This is
the opposite behavior than the one expected due to selection biases. In low fluxes, one can see that the
residuals are randomly distributed. This limited number of upscatered high flux clusters would only
affect our anisotropy results if they were not randomly distributed in the sky (which they are). Despite of
that, we excluded the 37 clusters with f > 2.6 X 107! 1erg/s/cm2 (after which this systematic behavior
becomes clear) and repeated the sky scanning process with # = 75°. The maximum anisotropy actually
increased from 3.640 to 3.910 (for this cone size), and is found between the regions (I, b) = (272°,-26°)
and (1, b) = (39°,-7°).

Another mild systematic behavior is observed for the clusters with low statistical uncertainties (07, =

\/0-120g L+ B x o-logTz, with B = 2.102), as they tend to be intrinsically brighter than average. Based
on the distance-weighing method we follow during the sky scanning process, when such a low o,
bright cluster is close to the center of a cone, the best-fit A value of that cone can be biased high to
roughly match the behavior of this particular cluster. Consequently larger anisotropies might be obtained.
However, this effect is limited in this work due to the inclusion of the intrinsic scatter term o7, in our
model.

To test this, we excluded the 39 clusters with oy, < 0.035 dex and repeated the analysis for 6 = 75°.
While the most anisotropic low-A region was found again toward (I, b) = (272°, —18°), the brightest
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region shifted toward ([, b) = (75°,+22°). The statistical significance of their in-between anisotropy
slightly decreased to 2.850 (from 3.640°). This small change is expected since for this test we discard
from our sample the clusters with the best-quality measurements, marginally increasing the uncertainties
of the derived A. Despite of that one sees that the significance of the anisotropies remains high. If we
repeat the test for the & = 60° cones, the maximum anisotropy found is 3.760 (from 4.73¢ initially).
Finally, the clusters with high metallicities in the 0.2 — 0.5 R5, annulus appear to be systematically
fainter. This result and its effects on the apparent anisotropies have been extensively discussed in Sect.

Chandra-only clusters

In order to make sure that the anisotropic behavior of the Ly — T relation is not the result of a systematic
bias coming between Chandra and XMM-Newton clusters (even if we calibrate the temperatures properly
as described in the paper), we reproduce some of the A color maps using only the 237 Chandra clusters.

All clusters (313)

0.7 - i

A/A,,

1 lllllh ﬂ'lm

1] I il
e R L

Galactic longitude

Figure 3.27: Normalization of the Ly — T relation as a function of the Galactic longitude for all the 313 clusters
(top) and for the 237 clusters with Chandra temperatures (bottom). The green lines represents the best-fit values
for the full samples

In Fig. [3:27)and Fig. 3-28]is shown that both the 1D and the 2D analysis yield similar results to the full
sample. In the 2D map the faint regions tend to shift to lower Galactic latitude. However, the lowest A is
found toward (1, b) = (294°, —34°) which is only 10° away from the combined lowest result found when
all three independent samples were used. The location of the brightest regions is at ([, b) = (25°, -11°).
The statistically deviation between the two most extreme regions is 2.820", somewhat decreased compared
to the full sample (3.640°) but not relieved.

Optical redshifts only

Finally, we check if the use of X-ray redshifts affect our results somehow. This is not expected to happen
since there is an excellent agreement between the two types of redshifts as discussed in Sect. [3.2]
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Figure 3.28: Same as in Fig. for the 237 clusters with Chandra temperatures.
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Figure 3.29: 30 confidence levels (99.7%) of the normalization and slope of the Ly — T relation for the full sample
(purple) and for the 271 clusters with optical redshifts only (green).

As shown in Fig. [3.29] the A and B solution space remains identical when we considered all the 313
clusters or only the 271 clusters with optical z. Consequently, clusters with X-ray z do not bias the results
and agree well with the rest.

Solution space excluding low T systems

If one excludes the low T and low z clusters, one can see that they do not strongly affect the overall
Ly — T solution of the sample. This is shown in Fig. [3.30| where the 3¢ solution spaces are shown for the
cases where we exclude all the clusters with 7 < 2.5 keV and z < 0.03 (left) and T < 3 keV and z < 0.05
(right), compared to the solution of the full sample.

While in the first case the two solutions are entirely consistent, in the second case they are consistent
within ~ 1o. Therefore, adding to all the tests done in the main sections of the paper, we can safely
conclude that these systems do not affect our anisotropic findings.

REFLEX vs NORAS L, — T behavior

Our sample consists mainly of clusters from the REFLEX (185 clusters, 59%) and NORAS (105, 34%)
clusters. A possible systematic difference between the two catalogs in their cluster population or in the
flux measurements could artificially create apparent anisotropies and bias our findings. Here we should
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Figure 3.30: 30 (99.7%) confidence levels of the normalization and slope of the Ly — T relation as derived using

the full sample (purple) and only clusters with 7' > 2.5 keV and z > 0.03 (green, left) and 7 > 3 keV and z > 0.05
(green,right).

note that the two catalogs were constructed by the same team and analyzed in a similar way, so naively
significant discrepancies should not be expected.

In order to test the consistency of the Ly — T behavior of the clusters coming from these two catalogs,

we fit A and B for both subsamples, and compare the results. The 30~ contour plots for the two subsamples
are shown in Fig. [3.31]
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Figure 3.31: 30 (99.7%) confidence levels of the normalization and slope of the Ly — T relation as derived using
the 105 clusters coming from NORAS (purple) and the 185 clusters coming from REFLEX (green).

The best-fit results are consistent for the two subsamples at a 1.40 level. It is clear that this discrepancy
is not the reason behind the observed anisotropies when the full sample is used. The NORAS clusters
seem to be slightly more luminous than the REFLEX clusters, but this seems to be due to the existence of
the strongest low-A anisotropic region in the REFLEX part of the sky (south ecliptic hemisphere). If one
excludes the clusters within 25° from the lowest A sky direction as found for the § = 75° cones (Table
[3:2), then the discrepancy between the two subsamples drops to 0.8c, which is negligible.
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Systematic temperature differences between Chandra and XMM-Newton

As explained in Sect. [3.2] the Chandra and XMM-Newton telescopes show systematic differences in the
temperature determination. In order to consistently use the measurements from both telescopes, one has
to take this into account. To this end, we converted all the temperatures measured with XMM-Newton
into "Chandra" temperatures, using the relation found in S15. To verify that this relation sufficiently
describes the needed conversion for our sample as well, we measured the temperature of 15 clusters with
both instruments and compare the results, which are shown in Fig. [3.32}

10

Best-fit ——
Schellenberger+15
11 ——

TxMM-Newton (keV)

10

TChandra (keV)

Figure 3.32: Comparison between the measured temperatures of 15 clusters using both Chandra and XMM-Newton
data. The best-fit line for the relation between the two temperatures is shown (purple) together with the derived
relation of S15 (orange) where more clusters were used. Also, the equality line is displayed (black).

As shown, the conversion relation found by S15 using 64 clusters is consistent with our results and thus
used for the necessary temperature conversions. The statistical uncertainties of the S15 best-fit relation as
well as the given scatter are taken into account in the final converted temperature values we use.

Isotropic L, processing throughout catalogs

The Ly values have gone through several steps of processing (RASS to REFLEX/NORAS/eBCS to
MCXC to our values). If the values suffered an anisotropically biased analysis during this multiprocessing,
this would propagate to our results.

Firstly, we need to ensure that the Ly corrections we applied to the respective MCXC values did
not introduce any artificial anisotropy. For this purpose, we check the directional behavior of the
fraction between our luminosity estimated Ly ., and the MCXC Ly yjcxc- This is done with the same
methodology as the A scanning of the sky, for = 75° cones. Each cluster is assigned a statistical weight
based on its distance from the center of each cone and the average Ly ,./Lx mcxc 18 obtained. The
produced map is displayed in the upper panel of Fig. [3.33] In order to directly compare with the observed
anisotropies of the Ly — T, the same color scale is used.

One can see that the corrections we applied to the Ly ycxc values did not introduce any spatial
anisotropies. The lowest fraction Ly o,/Lx mcxc = 1.005 is found toward (1, b) ~ (320°, —46°) while
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Figure 3.33: Top panel: Fraction of the luminosity values Ly . used in this analysis over the values coming
from MCXC (Lx pcxc) over the full extragalactic sky. All the 313 clusters of our sample were used. The same
distance-weighting was used as for the main A analysis. The color scale is the same as for the A/A,; maps
throughout the paper. Bottom panel: Same as in top panel, for the fraction of Ly yicxc over the luminosity values
coming from the parent catalogs Ly yren-

the highest fraction Ly_,..s/Lx mcxc = 1.071 is found toward (I, b) ~ (147°, -15°).

Next, we test the isotropy of the processing step from the parent catalogs to MCXC. We follow the
same procedure as before, using the 313 clusters of our sample. As shown in the bottom panel of
Fig. @ the MCXC homogenization of the original Ly .y 1s greatly isotropic. The lowest fraction
Ly mexc/Lx, parent = 0-964 is found toward (1, b) ~ (148°, —17°) while the largest Ly ycxc/Lx, parent =
0.999 is found toward (, b) ~ (156°, +54°).

Thus, no anisotropic bias was introduced going from the original catalogs to our sample. The last
step to be tested is the original Ly measurement from REFLEX, NORAS and eBCS using the RASS
data. Such a procedure clearly cannot be checked unless we remeasure the cluster fluxes from the RASS
data ourselves. However, there is no obvious reason why such a directional behavior would exist in the
original analysis, especially since for the vast majority of clusters (~ 88% of the sample) the analysis
was conducted in a self-consistent way by the same authors (REFLEX/NORAS).

ROSAT vs XMM-Newton L, measurements

It has already been discussed that ROSAT and XMM-Newton return consistent Ly values for the same
clusters. As an additional test, we compare our Ly ¢ values with the one derived by G. W. Pratt et al.
(2009) (Lx pratio9 XMM-Newton values) for the 19 common clusters between the two samples. For that,
we calibrated our values using the same z as for Ly p.,09- The comparison is portrayed in Fig.

The weighted mean for the Ly s/ Lx praoo fraction is 1.001+0.150 and highlights that the luminosity
measurements values based on the two different telescopes and studies agree with each other. There is no
cluster more than 20~ away from the 1:1 line. Finally, the five clusters that are located in low-A regions
in our analysis do not show a different behavior (weighted mean Ly ,.s/Lx praoo = 0.954 = 0.116)
compared to the rest of the clusters.

R.,, and temperature dependence on cosmology

The most useful feature of the X-ray galaxy cluster Ly — T scaling relation for cosmological isotropy
studies is that the determination of the temperature is insensitive to cosmology. The only way that 7' can
be affected by cosmological parameters is through the angular diameter distance D, and the apparent
size of Rsy,. The latter is used to select the area from which the spectrum is extracted and the X-ray

104



3.11 Appendix A: Extra tests

1.6 -

g Fjrjfj] ***** i

0.8 -

Ly ours/Lx pratiog
—
I
' 1
Dl

0.4 -

Ly ours (10** erg/s)

Figure 3.34: Fraction of the Ly s used in this analysis over the ones derived in G. W. Pratt et al. (2009) (Ly prano9)
for the 19 common clusters between the two samples. The clusters lying in statistically significant low A regions
are displayed with black. Also, the equality line is displayed (solid green) with its 1o scatter (dashed green).

cluster parameters are constrained. Below we show that the way Rs, is determined and used in our work
is almost independent of changes in cosmological parameters (in particular H, which we fit), which
propagates to the 7' determination.

The apparent size of Rs,, which we use, is in arcmin. Thus, it is equal to the physical size of R, in

Mpc over D,. Moreover, the RI;/(I)%C is derived based on the Ly ~ E )" 3M51(‘)604 relation of M. Arnaud et al.

(2010) and the fact that M5y, ~ Rgoo H(%E(z)z. With the measured redshift z of the clusters remaining
unchanged and the cosmological parameters €, and Q, fixed to global values (as done in Sect. [3.7), this
can be written as a function of H, as shown in Eq. .11}

Mpc 1/3 0.203
garemin _ R0 (MSOO] LI S (3.10)
500 D, H D,  HYS D,

The luminosity Ly depends on H,, only through the luminosity distance D; ~ 1/H,. This dependance
writes as Ly ~ D% ~1/ HS. Moreover, it also holds that D, ~ 1/H,,. Plugging these two relation in Eq.
E. 1Tl results in:

—-0.406
arcmin 0 arcmin -0.073
RSOO ~ WHO . RSOO ~ HO . (311)
HO

Consequently, a 20% in H, which is similar to the H,, deviations we obtain in Sect. [3.7] it would only
cause a ~ 1% change in R5;"" with a similar change in the measured 7. At the same time, it would cause
a ~ 45% change in Ly. Additionally, due to the above, the angular radius within which Ly 5, is measured
does not significantly change as well. Thus, one can safely neglect the impact of H, anisotropies on the
measured flux through the selection of the apparent radius.

All these strongly demonstrate the usefulness of the Ly — T relation for cosmic anisotropies studies.
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3.12 Appendix B: Table of galaxy cluster data.
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Table 3.4: Properties of the 313 clusters used in this work. Columns: (1) Cluster name. (2) Redshift (X-ray redshifts
noted with "*", redetermined redshifts based on optical spectroscopic data noted with "**". (3) Galactic longitude
(®). (4) Galactic latitude (°). (5) Temperature within 0.2 — 0.5 Rs (keV). (6) X-ray luminosity within R, for the
0.1-2.4 keV energy range (1044 erg/s). (7) Uncertainty of X-ray luminosity (%). (8) X-ray flux (10712 erg/s/cmz).
(9) Neutral + molecular hydrogen column density (102O/cm2). (10) Metal abundance within 0.2 — 0.5 Rs (Z,).
(11) Instrument used for analysis.

Cluster z [ b T Ly Ly f Nyior V4 Instrument
Y] (2) (3) (4) (5) (6) (7) (3) ) (10) (11)
Coma 0023 57227 87993 7410700 3457 124 28800 0.88 0417700  Chandra
A3526% 0009 302399 21561 3401700 0466 39 24000 1220 0436'092  Chandra
A3571 0039 316320 28561  7.362'213% 3932 100 109.00 508 0597*9%0  Chandra
A1367 0021 235084 73015 381270910 1.083 60 107.00 1.89 0333'00:2  Chandra
A2199 0030 62931  43.694 40367002 1908 2.6 9390 091 03650  Chandra
2A0335 0035 176261 -35054 321970032 3.031 3.1 8930 3050 0.385'005;  Chandra
A1060 0013 269.596 26488 27887005 0326 65 8790 618 0486’00  Chandra
A0496 0.033 209.585 -36.485  4.63870087 1869 37 7670 599  0.537°00:%  Chandra
A0085 0056 115231 -72.029 72347004 5006 32 7150 310  0389'0012  Chandra
A0262 0016 136571 -25.090  2.196'003% 0444 40 7060  7.14 03880019 Chandra
A3667 0056 340.861 -33391 638070017 4870 53  68.00 526 0.409°00%  Chandra
A2029 0077 6438  50.534 844670125 8966 7.1 6310 373 04017003  Chandra
NGC5044% 0009 311.233  46.095 126770010 0138 231 6260 625 028270030 Chandra
A1795 0062 33822  77.184 64207005 5486 28 6060 123  0311*50%  Chandra
A3558 0048 311987 30726  5831°01% 3300 39  59.10 484 0.334'007  Chandra
A2142 0089 44222 48685 11.633°01% 10803 3.0 5600 436 0473’00  Chandra
A2052 0035 9412 50120 28797001 1447 36 5080  3.03 04307003  Chandra
A4038 0030 25139 -75.861  2.843'0050 1035 38 5050 164 0398°0038  Chandra
A3266 0059 272.127 -40.134 991903 4012 1.8 4920 172 0340°00%  Chandra
A2147 0035 28970 44535 42627018 1369 7.0 4790 338  0420°003%  Chandra
NGC4636%* 0004 297745 65470  0.826709% 0014 251 4730 207 04427001 Chandra
A0401 0074 164.185 -38.870  7.064'01% 6866 65 4720 152  0394*008  Chandra
NGCI1550 0013  190.972 -31.847 12097001t 0200 6.1 4600 162 026600  Chandra
A2256 0058 111.014 31759 8234006 3664 2.1 4510 495 0365005  Chandra
A0780 0054 242925 25096 38477000 2720 9.1 4020 553  0334'0013  Chandra
A2063 0036 12812  49.681 333770008 1.143 46 3970 297 0381*004  Chandra
A0478 0088 182433 28286 10.89570%2 8764 5.1 3890 2570 0437')00;  Chandra
Al644 0.047 304878 45450  5253%00%  1.886 100 3680 510 03617004,  Chandra
A1736 0046 312569 35024 33367005 1684 65 3450 549  0513*000  Chandra
A3158 0059 265052 -48934  5417°09% 2791 33 3400 140 0.517°003%  Chandra
MKW3s 0.044 11394 49458 33067005 1469 5.1 3290  3.00 0441')03%  Chandra
A0119 0.044 125714 -64.062 582470172 1487 53 3190 398 0313')0i  Chandra
A4059 0047 356360 -76.081 4395709 1640 55 3130 126 0490*0%S  Chandra
A3581 0023 323.139 32856  1.703°093¢ 0377 58 3020 532 0313'003  Chandra
RBS0540 0.040 203300 -36.161 27747015 1293 58 2990 1240 0412°)052  Chandra
A0399 0072 164315 -39.458  6.6867015 4146 54 2920 168  0249'00Y  Chandra
A3112 0075 252934 -56.076 5.486'013 3820 39 2860 138  0387°09%  Chandra
A2589 0042 94620 41200 3.56070%°9 098 112 2520 353  0390°005  Chandra
A2657 0040 96720 -50.259  3.755701%  1.000 60 2470 817 03197003  Chandra
S1101 0056 348.329 -64.811 244770919 1761 72 2440 117 02307003  Chandra
A3562 0049 313328 30357  5.104°013% 1378 6.6 2420 447 04257008 Chandra
A2204 0.151  21.083 33236 102417038 14253 48 2370 728 03780055  Chandra
RXJ0123.6+3315 0016 130.646 -29.127  1.32070018 0147 152 2330 637 03070032  Chandra
A0576 0038 161364 26247 42747016 0792 70 2280 7.03 0487393  Chandra
A1651 0084 306726 58.618 7471703 3840 60 2250 163 06553132  Chandr

A2065 0072 42837 56617 659370113 2687 55 2120 339 042800  Chandra
RXCJ1504.1-0248 0215 355076  46.198 103087037 27.156 53 2070 839 040470573  Chandra
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Table 3.4: Properties of the 313 clusters used in this work (continued).
Cluster b4 1 b T Ly Ly f Nyor z Used instrument
(1) (2 (3) ) (5) (6) (7 (8) ) (10 (1)

A2597 0.085 65341 -64.854 44437095 3503 58 2050 275 034470058 Chandra
A2634 0031 103479 -33.086 3.70670119 0457 51 2040 620 05227003 Chandra
A1650 0.084 306676 61.062 57247005 3461 6.1 2030 143 03237008 Chandra
A3376 0047 246519 26084 58917022 1027 48 1970 584 074370118 Chandra
Zwli215.140400  0.077 282503  65.186  7.600703% 2768 54 1970  1.88 042370103 Chandra
A0133 0057 149.524 -84.154 42517008 1463 67 1930 165 0364*00% Chandra
A2255 0081 93931 34924  7.0087030 2976 42 1890 274 04917004 Chandra
A3391 0051 262377 -25.149  5893'0237 1246 38 1890 759 03417005 Chandra
A2163 0203 6768 30465 192367050 24421 64 1880 2060 03137000 Chandra
MKW4 0020 276.888 62370  1.727°00i 0167 60 1880 1.87 03937007 Chandra
A2244 0095 56789 36312 59947013 4037 38 1860 201  0.366%00%5 Chandra
A3532 0.055 304426 32478 4627703 1428 240 1850 844  0.705%013 Chandra
UGC03957 0.034 162219 28934 2318020 0488 75 1850 504 02577002 Chandra
A3827 0098 332222 -46379  7.521703% 4223 63 1820 295  0.501%00% Chandra
RXCJ1539.5-8335%  0.064 307.564 -22.294  3.610°0%9  1.842 175 17.80 1070 0318703 Chandra
RXJ0341.3+1524  0.031 172183 -30.786  2.072700% 0480 7.5 17.80 2660 0.2557003 Chandra
A0400 0.024 170271 -44954 225070058 0249 205 1730 1310  0.647'00% Chandra
Zwl742.143306 0076 57910  27.645  4252'01% 2384 46 17.00 447  0.438700% Chandra
A2151a 0.037 31478 44658  2.098°00% 0519 7.0 1630 391 0266700 Chandra
A2107 0041 34401 51527  4017°202 0625 157 1610 535 05037097 Chandra
A3528S 0054 303784 33.643 4316703 1164 160 1580 823  0.39170 1% Chandra
A3695 0089 6702  -35548  6.693704% 2945 124 1540 346  0.162*01% Chandra
S0540 0036 246416 -30291 279970018 0444 52 1530 333 0.626700% Chandra
A2420 0.085 46485 -49.454 63997038 2706 7.5 1500 426 036470130 Chandra
A3822 0076 335589 -46.457 50817034 2133 68 1490 253 0335013 Chandra
A0193 0049 136915 -53.268 3.9087014 0835 193 1480 492 0466005 Chandra
NGC6338i 0028 85802 35401 20127098 0251 154 1470 243 024170038 Chandra
A1689 0.183 313361  61.129  10442'323% 12583 80 1450 198  0.381*003 Chandra
A3558B 0049 312396 30565  3.609701%  0.828 300 1440 462  0302°00% Chandra
RXCJ2014.8-2430%  0.154 18329  -28512  7.750°030  9.674 140 1440 11.60 0.4697013% Chandra
A2877 0.024 293.051 -70.847 3.284'01% 0180 80 1420 198  0.446'00% Chandra
A2415 0.058 53.978  -45.108 2497'01%> 1187 162 1400 640  0.405%0]3 Chandra
A3560 0049 312721 28953  3.5947018 0797 93 1400 516  0.3287010% Chandra
RXCJ1252.5-3116  0.054 303216 31.603  2.022°02% 1003 78 1400 749 01457012 Chandra
RXCJ1558.3-1410%  0.097 356517 28.672 54001073  3.665 98 1400 1680 0.61970 001 Chandra
NGC5846%%% 0006 0427 48794 12847008 0012 253 1390 512  3.858°0500 Chandra
A2593 0.043 93448  -43.178 3474703 0594 145 1370 477 03537018 Chandra
AO548E 0042 230259 24417 33577039 0546 62  13.60 163 0433015 Chandra
S0405* 0.049 296421 -32488  5.019°0% 0732 353 1360 737 05357013 Chandra
USGCS152 0015 262763  40.402 09207005 0071 68 1360 455  0.081700% Chandra
A2069 0.115 46901 56489  6.599°0%2 4251 142 1330 204 02807000} Chandra
A2665 0056 96949  -53.626 425570373 1017 117 1320 750  0.249*01% Chandra
A3921 0.094 321953 -47.965 6.1667035 2809 85 1320 260 0347008 Chandra
A2061 0078  48.130  57.161  4.668701%  1.873 144 1310 1.80  0.368700% Chandra
IC1365 0049  53.513  -29.830 44487030 0757 89 13.00 738  0.623'013% Chandra
A0376 0.049 147.108 -20.546 50457033 0725 66 1290 727  0.552%01% Chandra
A2572a 0042 93.858 -38.801  3.0387033 0547 153 1270 597  0.124*09% Chandra
RXCJ2344.2-0422%  0.080  84.840  -62.163  4.66070359  1.941 149 1260 3.82  0.546701% Chandra
RXJ01232+3327 0015 130.500 -28.943 094370900 0063 235 1250 648  0.2667005 Chandra
108  A1914 0171 67204 67456  9.055793% 9214 52 1230 110 0316092 Chandra




3.12 Appendix B: Table of galaxy cluster data.

Table 3.4: Properties of the 313 clusters used in this work (continued).

Cluster z l b T Ly TL, f Nyior z Used instrument
(1) (2) (3) (4) (5) (6) ) (®) ) (10) (11)
MKW8 0.026 355494 54791  2.853*0¢M 0194 87 1230 268 04477004 Chandra
A1750 0.085 322.606 59.485  4.5657035; 2143 116 1220 267 03397033 Chandra
CANO10* 0.045 151.856 -75.045  2.520703%0 0579 287 1220 199 0247015 Chandra
A1307 0.083 243.664 67753 538670395 2109 82 1210 326  0.44570130 Chandra
A2426 0.098  49.685 -49.489  53888*033% 2862 87 1200 480  0.142% 15 Chandra
A2734 0062 19.563 -80.985  4.405707%  1.076 9.0 1200 145 02427008 Chandra
A3128 0062 264800 -51.123  3.8237033% 1101 55 1200 153  0.589%0301 Chandra
Al1413 0.143 226184 76785 87307034 6123 64 1190 197 03637003 Chandra
A1775% 0075 31955 78714 36210080 1504 167 1190 107  0.6157000 Chandra
A1767 0070 112443  57.001 57107030 1373 54 1180 196 0.309%015 Chandra
AWM4 0.033  39.940 46490 24207007 0303 979 11.80 642 043770032 Chandra
1C1262 0031  69.523 32072 195370088 0244 51 1170 1.89  0.336700% Chandra
S0861 0.051 345831 -34282  2973704% 0697 96 1170 493  0313700%  XMM-Newton
A2249 0080 57.591 34944 58377038 1772 61 1160 238 02367015 Chandra
A2626 0056 100448 -38435 3.223'007% 0878 7.5 1160 459 038770034 Chandra
A1831* 0.078 40068  74.948  3411*0233 1682 289 1150 142  0430%013 Chandra
A1835 0253 340387 60586 1090970373 19729 73 1150 224 04117008 Chandra
A3911 0.097 336.589 -55.433 64677032 2536 97 1140 1.14  0.557°0]% Chandra
A3341 0038 235171 -31.090 34157034 0370 73 1130 159 0546707 Chandra
A0970 0.059 253.046 36.859  4.516'035 0922 88 1120 559 03247013 Chandra
A2034 0.113  53.580  59.530  7.79370007 3526 64 1120  1.62 04307000 Chandra
A2495 0.077 81204 41952  4.6397035 1595 357 1110 612 07617030 Chandra
A3888 0.151 3938  -59.428 12242*090 6422 89 11.10 138 029670 % Chandra
ZwCl1235 0.083 120731 38437  3.840'03%%  1.848 164 11.10 422  0.496%0 10 Chandra
RXCJ1524.2-3154  0.103  337.056  20.659  4.195'03% 3418 154 11.00 1540 0367 0% Chandra
A4010 0.096 359.039 -70.604 43617055 2440 221 1100 1.62  0.641701%  XMM-Newton
A3880 0058 18.003 -58.506 27017011 0861 82 1090 121 02967018 Chandra
A2457 0.059  68.629  -46.585 372610300 0928 157 1070 724 03457015 Chandra
IVZw038 0017 126849 -30288  1.8157008t 0073 189 1070 655  0.501%007 Chandra
A0665 0.182 149767 34700  10.34970937  9.000 7.5 10.60 506  0.285701% Chandra
A2837 0.114  302.863 -36.862  3.274705% 3454 212 1060 7.12  0.300%0%) Chandra
A3392+ 0.043 243456 -19.963  2.095703% 0453 396 1032 796  0.306%)7%5 Chandra
A2390 0233  73.949 27817 14419704 15674 103 1030 839  0.558°007 Chandra
RXJ1720.142638  0.164 49222  30.859 82247020 7067 64 1030 389 04967015 Chandra
A2219 0228 72621 41469 12.119°0%1 14189 52 1020 187 035770930 Chandra
Pegasusll 0.042 84146 47545 37437037 0441 83 1020 6.04 02847003  XMM-Newton
RXJ1205.143920  0.038 158229 74447 133770139 0350 74 1010 292  0.098%00% Chandra
A0168 0.045 135647 -61.953  2.779*)1% 0469 93 1000 333 0416700 Chandra
A3530 0.054 303.991 32,533  3.621'0330 0729 104 996 803 02897007  XMM-Newton
ZwCl1665 0029 219738 22364  1.681701%  0.188 254 9385 253 0404707 Chandra
A0550 0.099 226157 -21.948  6.596704% 2369 68 981 487 02037013 Chandra
A2110 0098 48791  53.194  4.003'032) 2268 107 973 249  0305703% Chandra
A3404% 0.167 263.670 -22.546  9.35070%50  7.092 162 973  7.62 01517013 Chandra
A3528N 0.054 303709 33.845  S5.1437037 0715 200 971 815 02687015 Chandra
A1668 0064 323376  81.649  3.08970%1¢ 0941 81 960 239 034270133 Chandra
A2670 0076 81335  -68530  4.449*017 1344 121 958 299 03907008 Chandra
A2811 0.108 357.977 -87.509  5.891*)%%0 2759 98 958 179  03647093%  XMM-Newton
A1084 0.134 256393  44.037 45187037 4378 122 957 389 03317003  XMM-Newton
A1991 0059 22787 60496  2.641%0003 0779 9.0 956 272 0.500700% Chandra
A0194 0018 142065 -62.999  1.830°019¢ 0072 141 955 480  0.667°0%%  XMM-NehdSh
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Table 3.4: Properties of the 313 clusters used in this work (continued).
Cluster z 1 b T Ly L, f Nyior V4 Used instrument
(1) () (3) ) (5) (6) (7N (3) 9) (10) (1)
A1800 0075 40626 77.139 4716042 1270 82 954 120 0262%92 Chandra
S0780% 0235 340910 35074 94307010 14755 182 944 10.10  0.179*31% Chandra
S0810 0073 319494 27513 328370350  1.192 181 942 7.0  0.203700:]  XMM-Newton
A1285% 0095 275200 43.877 640070350 2007 177 939 388 0487012 Chandra
S0753 0013 319611 26536 179670037 0038 144 921 668 031470053 Chandra
A0007 0107 113289 -29.710 46747035 2565 9.1 917 545 01577013 Chandra
A3866 0.154 9408  -56.946  4.69970%3 5530 88 9.6 1.10  0.65570%4 Chandra
ZwCl8338 0050 77722 26708 29477015 0541 50 916 475 0317108 Chandra
RXCJ2104.9-5149  0.049 346393 -41.376 208170357 0511 123 911 280 04217000  XMM-Newton
A3809 0062 356.057 -49.524 32977035 0803 110 896 155 05617035 Chandra
A0076 0040 117.861 -55.941  3.809710% 0318 215 894 370 0300700  XMM-Newton
A2261 0224 55591  31.861  891370%4 12001 66 893 363 06237014 Chandra
A2009 0.153  28.894  60.141 678570437 5405 185 890 3.89  0.521*)1% Chandra
RXCJ1304.2-3030  0.012 306203 32275  1.0587003) 0030 13.6 886 885 024570033 Chandra
A2667* 0233 34017 -76.609 10010735 12652 10.1 881 185 0.253%01% Chandra
A0957 0.045 242902 42.839  2.857°0%% 0403 128 879 387  0403')13 Chandra
A2033 0082 7309 50795  5.09970% 1439 178 879 335  0.469'01% Chandra
A3378* 0.148 241785 24012 580070830 4092 98 875 482 039605 Chandra
NGC1650 0036  213.871 -34941 32127052 0254 103 858 534 03337005  XMM-Newton
A2428 0.083 51381 -49.328 33457031 1509 101 857 565 02450033 XMM-Newton
A3733 0038 17771  -39.604 2205703 0311 115 849 977 0221700  XMM-Newton
1ES0657 0296 266.025 -21.248 1577170355 20510 79 842 644 0378003 Chandra
A3694 0094 8793  -35204 3.697703%; 1772 142 835 348 02467002  XMM-Newton
A3998 0.089 348313 -66.442  4311'095 1609 133 834 166 049570097  XMM-Newton
RXCJ1926.9-5342  0.057 343.814 -26.671 130970114 0667 266 833 500 026670013  XMM-Newton
A3541 0.129 306.515 38.535 51227007t 3980 125 832 132 02877004 Chandra
RBS1847 0095 324525 -44980 56197092 1836 89 827 245 0579'03% Chandra
A3126 0085 269309 -49.884  5.087°03 1352 7.6 825 162 041592 Chandra
A0189 0018 140.101 -59.993 12697003 0062 23.1 821 332 02757000 Chandra
A1437 0.134 273601 63262 792370331 3723 86 821 229  0.346%013 Chandra
A3104 0072 255328 -56297  3.556703e4 0947 95 820 203 04147008  XMM-Newton
A2556 0087 41352 -66966 45727032 1508 180 818 197 0466715 Chandra
NGC7556 0027 76065 -56279 140570005  0.132 106 812 419 022970018 XMM-Newton
A0514 0072 219486 -35910  3.0867035 1051 88 810 440 02957131 Chandra
NGC4325 0026 279578  72.198  1.0417001% 0125 78 808 254  0364'00% Chandra
A0545 0.154 214598 22706  8.1107035, 5684 87 799 163  0.179%01% Chandra
A2409 0.147 77897 26625 676870359 4882 120 7.96 9.02  0.528%0302 Chandra
A2717 0049 349329 76489 24887013 0444 178 794 122 0489700, Chandra
A3825 0075 331962 -45782  4.239'097 1069 103 7.82 328  0.299%00%  XMM-Newton
RXCJ0340.6-0239  0.035 189216 -42735 125870197 0221 106 7.82 733 02117007  XMM-Newton
A1068 0.137 179119 60.121 47207029 3725 83 779 178  0347°01% Chandra
HCG62 0015 303.620 53669 128170017 0039 132 778 381 03357004 Chandra
A2566 0082 44835 -67.242 3.134'033 1205 182 7.67 198  0.409%0%%  XMM-Newton
A1033 0.126 189.303 59229 63337032 2892 1Ll 765 173 0296700 Chandra
A2384 0094 33.541  -48431 5830703 1661 200 7.56 301 0.754%033¢ Chandra
RXJ0352.9+1941% 0111 171034 25776 33707030 2747 123 754 2190 0.460*01%8 Chandra
A1205 0078 255066 56.002 519771313 1088 92 751 440 04970148 XMM-Newton
A0586 0.171 187.537 21946  7.045703% 5620 9.1 750 584 0279002 Chandra
A3651 0060 342.826 -30.498 58157035 0622 170 743 472 0417038 Chandra
110 A3364 0.148 236934 -26.646  7.799'03%5 4363 75 736 227 0212°01% Chandra




3.12 Appendix B: Table of galaxy cluster data.

Table 3.4: Properties of the 313 clusters used in this work (continued).

Cluster z 1 b T Ly L, f Nhior V4 Used instrument
(1) ©) (3) ) (5) (6) (7 (®) ) (10) (1)
A3301 0054 242414 37413 4832°092 0471 100 729 223 03017007  XMM-Newton
Zw1021.0+0426 0285 239.399  47.957  9.254'034 17966 82 726 270 023970904 Chandra
A0990 0.144 165071 54123  8.04470750 3858 82 722 085 0.189%01% Chandra
S0805 0015 332248 -23.600 1.017°005 0038 261 722 824  0.062°00% Chandra
NGC1132 0023 176442 -51.078 11797003 0097 162 719 670  0.266 003 Chandra
A0907* 0.164 249368 33268  6.820°0710 5121 93 702 6.67 047170079 Chandra
CID36 0039 230415 -26019 3432703 0247 89 712 170 03867003  XMM-Newton
A0520 0203 195810 24327  8.6037013% 8049 106 7.0 687  0.349%0053 Chandra
Al1132 0137 149227 54182 99377532 3504 73 708 063 06927033 Chandra
S1063 0347 349483 -59.933 1420070575 26677 109 7.04 128 0433709 Chandra
A2175 0097 49323 44378 58187045 1634 84  7.03 287 0493701 Chandra
AWMS 0034 49017 35928 204070400 0192 82 7.00 637 0351005 Chandra
S0301 0023 229003 -63.960 1.37370037 0087 86 699 256  0.2767004 Chandra
A0655 0.127 172.661 35155  4776°9%%% 2779 109 695 439 0218703 Chandra
A2377 0081 45090 -43.191 52077035  1.114 416 695 460 077970173  XMM-Newton
A0646* 0.127 172652 34585  6.16577302 2871 9.1 694 471 1531455 Chandra
A1190 0079 172773 65321 40617035  1.048 103 690 139  0.3307074 Chandra
50555 0.044 243544 26290 233470235 0310 109 688 393 03047007  XMM-Newton
UGC09480* 0097 28192 64419 409270733 1556 9.0 683 259 02547008 XMM-Newton
S0112 0066 301951 -50.303  3.614703%  0.687 360 681 237 035170075  XMM-Newton
S0592 0227 263.134 23433 104577035 10.106 8.1 679 828  0.408%0s Chandra
A0795 0.136  217.084 40.152 539670353 3254 9.6 677 362 02567013 Chandra
A2124 0065 57.691 52300 51657035,  0.688 226 674 185 0352013 Chandra
A2104 0153 2818 39212  9.443"03 4862 101 672 1450  0.401*015 Chandra
A0021 0094 114819 -33711 61347058 1428 116 668 446  0.6247034 Chandra
RXJ1740.5+3539  0.043  60.603  29.071  2.149'02% 0280 68 658 264  0.1607003  XMM-Newton
Zwl14202+4952 0072 91322 61677 2283031 0797 80 657 209 0.197°0%2  XMM-Newton
A3856 0.141 2744 56171 69317033 3395 102 655 118  0.4327014 Chandra
A3490 0070 287.732 26484 58177031 0833 156 651 969 03727008  XMM-Newton
A0602 0062 191462 25516  3.872°0%% 0585 210 650 399  0331700%  XMM-Newton
A3806 0076 336952 -45734 4.854'0%) 0926 346 649 286 032470085  XMM-Newton
A3638* 0080 355356 -24.025 29807038 1.025 241 644 736 02607008  XMM-Newton
Al631 0.046 303.574 474890 130670117 0317 149 642 399 00767001  XMM-Newton
A3444 0260 266827 25078 81307080 12548 97 641 697 0576013 Chandra
RXJ2129.6+0005 0235 53670  -34474  7.139°03%8 10004 112 637 421  0390°217 Chandra
A3497 0.068 290.256  30.199  3.0067033 0727 324 623 690 0.168700  XMM-Newton
A1185 0031 202971 67749 19637013 0139 261 615 195 0.125700%2 Chandra
RXJ1347.5-1145% 0447 324035 48812 16753754 35140 104 614 582 03547000 Chandra
A0500 0067 220577 -38.484 50107043 0673 161 612 353  0483700%¢  XMM-Newton
A2041% 0.121 285500 -62262  7.301705% 2214 169 609 291  0488700:5  XMM-Newton
A1451 0.199 288265 39.973 97047109 6605 214 606 448 02697005  XMM-Newton
A2622 0061 102790 -32.498 2416703 0543 200 604 575 0366700  XMM-Newton
A3122 0.064 247581 -56.069 4.854'0432 0582 97 603 157 028200  XMM-Newton
Zw1703.8% 0097 18.813 22409 698970792  1.666 21.0 597 19.00 042870017  XMM-Newton
A2443 0.107 80387  -33224  6305701¢; 1813 200 594 631  0.425700% Chandra
A1757* 0123 315371 38565  6.52670%2 2344 936 591 940 03817008 XMM-Newton
A1927+ 0095 34784  67.662 67837127 1288 105 590 254  0.320°03% Chandra
A3814 0.118 16602 -50212 439970431 2035 129 590 210 042570037 XMM-Newton
A2064* 0065 79.876 54049 37007030 0590 234 586 171  0.3267035 Chandra
A2218 0.171 97744  38.127  6750°03%2 4623 44 585 283 03337017 Chandral 11




Chapter 3 Probing cosmic isotropy with a new X-ray galaxy cluster sample through the Ly, — T scaling

relation
Table 3.4: Properties of the 313 clusters used in this work (continued).
Cluster b4 1 b T Ly Ly f Nhior V4 Used instrument
(1) (2 (3) ) (5) (6) (7 (3) ) (10) (11)
A3854 0.149 8457  -56330 6.15670.c 3449 107 584 125 02107019 Chandra
A1553 0.165 285589 72733  7.650°087 4189 109 583 229 05580337 Chandra
A0013 0094 72276 78455 471970195 1246 113 582 213 0332703 Chandra
MKW11 0022 335015 72244 10617093 0066 134 582 227 0285700 Chandra
S0868* 0061 22879 -29.105 3.630'03s 0502 206 581 585 038470091  XMM-Newton
RXCJ0510.7-0801  0.220 208598 -26.006  8.638'0%525  7.876 107 580 888  0.607°01% Chandra
APMCC772* 0089 336029 -51.363 3.817°0%%  1.007 244 577 190 02657055  XMM-Newton
S0384* 0061 246009 -51.760  3.0257033% 0491  21.6 574 129 04997000  XMM-Newton
CID28* 0039 217445 -33.625 24507010 0210 237 572 491 0871%01% Chandra
A3836* 0.113 342543  -50.959 528570545 1753 175 570 177 05347051  XMM-Newton
A2399 0058  49.815 -44.541  3915703% 0446 190 568 341 05707005  XMM-Newton
RXCJ1314.4-2515 0244 309.482 37317  10.62870947 10676 165 568 895 03587005  XMM-Newton
S0851 0010 350900 -32.639  0.913'001S 0012 304 567 463  0453'00% Chandra
RXJ0228.2+2811%  0.043 147.571 -30.009 14497097 0272 204 566 1070  0.041%00% Chandra
A0407 0046 150614 -19.933 250470135 0343 261 561 1750 0.338%0(% Chandra
A3570 0038 314850 23711  2242*3213 0194 338 561 637 03457003  XMM-Newton
A0022 0.141 42851  -82.977 741470783 2897 121 559 255 02657098  XMM-Newton
A0773 0217 166093 43368 89177035  7.21 9.0 555 134 0610703 Chandra
A2254 0.178 41438 29107  7.548°0% 4810 93 553 553 02950040  XMM-Newton
A1918 0.139 106401  50.819 54897047 2573 112 552 142 0277°0%% Chandra
A1035 0079 179316 58472  2277°03% 0811 104 552 112 04337011  XMM-Newton
A2402% 0081 47528 -45776 291670321 0886 144 552 424 046070055  XMM-Newton
ZwCl4905 0075 276859  66.152 39327037 0743 104 550 154 04157004  XMM-Newton
A1763 0228 92660 73452  9.198%0%2 8111 81 547 084 0574030 Chandra
A1837 0070 329236 48130  3.872703%5  0.638 134 547 520 03547003  XMM-Newton
S0987 0069 30308 -51.402 2.627704% 0616 150 545 242 01977008 XMM-Newton
A2721 0.115 352146 -77.668  6.32370870 1822 136 545 138 03237097  XMM-Newton
A3653 0.107 346336 -30319 473270475 1581 143 542 499  0.529%03% Chandra
A0697 0282 186363 37261 145277155 11.803 156 541 328 05187035 Chandra
A1204 0171 230.650 65454 39747033 4034 108 540 136  0.106%008) Chandra
A0458 0.106 218.840 -50.783 42957042 1443 100 540 128  03597003%  XMM-Newton
RXCI2124.3-7446% 0062 317.663 -35777  3.112°04% 0511 220 540 7.5 0351709  XMM-Newton
A2496* 0.121 47720 -60.153  7.098703% 2015 210 537 327 052570095  XMM-Newton
HerA 0.154  23.057 28942  4.199°0%% 3490 108 536 860 0.51070% Chandra
RBS0653* 0286 244366 -32.130  10.09070%%) 11926 92 536 226 045970058 Chandra
A2312 0.093 98978 24852 5596704 1110 54 535 576  0.195701% Chandra
A3140 0.173 245471 -53.610  6.675705% 4126 154 535 144 02757015 Chandra
A3984 0.197 358974 -67.268 84897422 5382 216 534 167 04307042  XMM-Newton
A0543 0.171 225559 27266 6210755 3991 112 532 261 04917035 Chandra
A3396 0.176  249.893 -21.649  6.312705% 4330 92 530 695 0.507°010  XMM-Newton
S1136 0064 13116  -73.048  2.123"0%7 0505 205 529 128 03707008  XMM-Newton
A0980 0.158 163712 53546 745670528 3408 92 528 083 04607035 Chandra
RXCJ1215.4-3900%  0.114 295335 23326 67907033 1837 473 524 976 03597004 Chandra
A2328* 0.143 28730 -33.561  7.03670493 2675 158 523 542 030170085  XMM-Newton
Zwl717.9+5636  0.114  84.866 35068 3509703  1.668 85 522 239  0.189"15% Chandra
A3558C 0045 312796 30287 3986705 0249 320 521 446 07027012 Chandra
50520 0295 262246 -35377  9.522°0%1 10385 215 521 221 0334017 Chandra
RXCJ1353.4-2753  0.047 319304 33.003 170970302 0271 208 521 581  0.1597003  XMM-Newton
RBS1842* 0.138  39.954 -53.125  4.563704% 2472 196 521 227 044670073 XMM-Newton
112 A3739% 0.159 0409  -41.860  6.760°070 3291 170 520 348  0.624'03% Chandra




3.12 Appendix B: Table of galaxy cluster data.

Table 3.4: Properties of the 313 clusters used in this work (continued).

Cluster b4 1 b T Ly L, f Nhior V4 Used instrument
(1) (2 (3) ) (5) (6) (N (®) 9) (10) (11)
A0761% 0.091 240.373 24548 49057030 1.030 149 520 549 036670052  XMM-Newton
A1348* 0.113 277351  47.091 4.631'0HS 1601 150 519 298 042870030  XMM-Newton
A1648% 0075 304978 36.175 1.978°02% 0741 336 518 868 0.1687005  XMM-Newton
RXCJ1742.8+43900%  0.042 64471  29.408 13527019 0221 176 517 374  0.191°503  XMM-Newton
ZwCI3179 0.143 228,640 53.054 7.817°0%5 2881 94 514 408 022808 Chandra
Zw0959.6+3257  0.050 193.759  53.241  2311%03% 0300 111 513 176  0.617'93% Chandra
A2533% 0.110  53.801  -63.036 3.712°03% 1539 267 513 291 03227008  XMM-Newton
RXCJ1337.4-4120% 0051 312.148 20713 21113013 0338 210 511 852  0457'00¢)  XMM-Newton
A0209 0206 159.877 -73.507 9.25070335 5681 104 510 151 0370701 Chandra
Al1758a 0280 107.128 65292 88307039 11.024 95 508 1.06 0.263700% Chandra
A3744 0038 21436  -40.136  3.010701% 0173 118 508 600 0570710 Chandra
A2442 0.090 56917 -49.823 4.177°034% 1040 143 508 640 0297'00%  XMM-Newton
ZwC12701 0214 163870 48.543  6.116'0%82 6074 174 507 080 0374'31% Chandra
Al142 0.035 240076  59.151  2.029701% 0144 137 506 244  0.192700% Chandra
A2259 0.164 50386  31.163  6.65570559 3.508 8.6 505 3.82  0.649703% Chandra
MS1306.7% 0084 312143 60939 3.4847042 0858 151 505 1.88 0223'043  XMM-Newton
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CHAPTER 4

Cosmological implications of the anisotropy of
ten multiwavelength galaxy cluster scaling
relations

This Chapter presents the second project of my thesis. Here I extend the work of the first project by
utilizing various new cluster measurements and probing the isotropy of nine more cluster scaling relations,
covering several different parts of the electromagnetic spectrum. Significantly more information on the
observed cluster anisotropies is extracted. This offers valuable insights into the cosmological phenomena
from which the anisotropies probably originate. The integrated Compton parameter measurements,
the half-light radii, and the BCG magnitudes were provided by Dr. Jens Erler, Dr. Florian Pacaud,
and Nhan Nguyen, respectively. This Chapter has been submitted for publication to the Astronomy &
Astrophysics journal, to which was published (after the submission of this dissertation) as Migkas, K.,
Pacaud, F., Schellenberger, G., Erler, J., Nguyen, N., Reiprich, T. H., Ramos-Ceja, M.E., and Lovisari,
L., 2021, A&A, 649, A151 (link: https://doi.org/10.1051/0004-6361/202140296| Bibcode:
2021A&A...649A.151M).

Abstract

Most cosmological studies, including galaxy cluster ones, adopt the assumption that the Universe is
isotropic and homogeneous. Bulk flows are also often presumed to be negligible compared to the Hubble
expansion, even at local scales. Their effects on the redshift-distance conversion are hence usually
ignored. Any deviation from this consensus can strongly bias the results of such studies, and thus the
importance of testing these assumptions cannot be understated. Scaling relations of galaxy clusters
can be effectively used for that. In previous works, we observed strong anisotropies in cluster scaling
relations, whose origins remain ambiguous. By measuring many different cluster properties, several
scaling relations with different sensitivities can be built, and nearly independent tests of cosmic isotropy
and large bulk flows are then feasible. In this work, we make use of up to 570 clusters with measured
properties at X-ray, microwave and infrared wavelengths, to construct 10 different cluster scaling relations
(five of them presented for the first time to our knowledge), and test the isotropy of the local Universe.
Through rigorous and robust tests, we ensure that our analysis is not prone to generally known systematic

biases, X-ray absorption issues, etc. By combining all available information, we detect an apparent 9%

anisotropy in the local H,, toward (/, b) ~ (280°3§:, —15°38:). Using isotropic Monte Carlo simulations,
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we assess the statistical significance of the anisotropy to be > 5¢. This result could also be attributed
to a ~ 900 kmy/s bulk flow which seems to extend out to at least ~ 500 Mpc. These two effects are
indistinguishable until more high—z clusters are observed by future all-sky surveys, such as eROSITA.

4.1 Introduction

The isotropy of the late Universe has been a question of great debate during the last decades, and a
conclusive answer is yet to be given. As precision cosmology enters a new era with numerous experiments
covering the full electromagnetic spectrum, the underlying assumption of isotropy for widely adopted
cosmological models has to be scrutinized as well. The importance of new, independent tests of high
precision cannot be understated. A possible departure of isotropy in the local Universe could have major
implications for nearly all aspects of extragalactic astronomy.

Galaxy clusters, the largest gravitationally bound objects in the Universe, can be of great service for
this purpose. Due to the multiple physical processes taking place within them, different components of
clusters can be observed almost throughout the full electromagnetic spectrum (e.g., S. W. Allen et al.,
[201T). This provides us with several possible cosmological applications for these objects.

Such a possible application for instance comes from the so-called scaling relations of galaxy clusters
(e.g., Kaiser, [I986). These are simply the correlations between the many cluster properties, and can be
usually described by simple power-law forms. Some of their measured properties depend on the assumed
values of the cosmological parameters (e.g. X-ray luminosity), while others do not (e.g. temperature).
Utilizing scaling relations between properties of these two categories can provide us with valuable
insights about different aspects of cosmology.

More specifically, the cosmic isotropy can be investigated using such methods. In Migkas et al. (2018)
and in Migkas et al. (2020) (hereafter M18 and M20 respectively) we performed such a test with very
intriguing results. We studied the isotropy of the X-ray luminosity-temperature (Ly — 7T') relation, which
we used as a potential tracer for the isotropy of the expansion of the local Universe. In M20 we combined
the extremely expanded HIghest X-ray FLUx Galaxy Cluster Sample (eeHIFLUGCS, Reiprich,
Pacaud et al. in prep.) with other independent samples, and detected a ~ 4.50" anisotropy toward the
Galactic coordinates (1, b) ~ (305°, —20°). The fact that several other studies using different cosmological
probes and independent methods find similar anisotropies toward the same sky patch makes these findings
even more interesting.

Multiple possible systematics were tested separately as potential explanations for the apparent aniso-
tropies, but the tension could not be sufficiently explained by any such test. Therefore, the anisotropy of
the Ly — T relation should be attributed to an underlying, physical reason. There are three predominant
phenomena that could create this: unaccounted X-ray absorption, bulk flows, and Hubble expansion
anisotropies. Firstly, the existence of yet undiscovered excess X-ray absorption effects could bias our
estimates. The performed tests in M20 however showed that this is quite unlikely to explain the apparent
anisotropies. Further investigation is needed nonetheless to acquire a better understanding of these
possibilities.

Secondly, coherent motions of galaxies and galaxy clusters over large scales, the so-called bulk flows
(BFs), could also be the cause of the observed cluster anisotropies. The objects within a BF have a
peculiar velocity component toward a similar direction, due to the gravitational attraction of a larger mass
concentration such as a supercluster. These nonrandom peculiar velocities are imprinted in the observed
redshifts. If not taken into account, they can result in a biased estimation of the clusters’ redshift-based
distances, and eventually their other properties (e.g., Ly). The necessary BF amplitude and scale to
wash away the observed cluster anisotropies by far surpasses ACDM expectations, which predicts that
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such motions should not be present at comoving scales of > 200 Mpc (see references below). If such a
motion is confirmed, a major revision of the large scale structure formation models might be needed. BFs
have been extensively studied in the past with various methods (e.g., Lauer et al., M. J. Hudson

et al.,[2004} Kashlinsky et al., 2008} Kashlinsky et al.,[2010; Colin et al., 2011} Osborne et al., 2011}
Feindt et al., 2013} Appleby et al., Carrick et al.,[2015} Hoffman et al., Scrimgeour et al.,
Watkins et al., Peery et al., [2018} Qin et al.,[2019)). However, most of them used galaxy

samples which suffer from the limited scale out to which they can be constructed. No past study has used
cluster scaling relations to investigate possible BF signals to our knowledge. A more in-depth analysis to
determine if such effects are the origin of the observed cluster anisotropies is thus necessary.

The vast majority of cluster studies ignores the effects of BFs in the observed redshifts assuming the
peculiar velocities to be randomly distributed. The frequent use of heliocentric redshifts in local cluster
studies (instead of CMB-frame redshifts) might also amplify the introduced bias from BFs. Hence, such
discovered motions could strongly distort the results for most cluster studies, and their cosmological
applications.

The third possible explanation for our results is an anisotropy in the Hubble expansion, and the
redshift-distance conversion. To explain the observed anisotropies obtained in M20 solely by a spatial
variation of H,, one would need a ~ 10% variation between (/,b) ~ (305°,-20°) and the rest of the
sky. This scenario would contradict the assumption of the cosmological principle and the isotropy of the
Universe, which has a prominent role in the standard cosmological model. This result was derived in
M20 based on relatively low—z data, with the median redshift of all the 842 used clusters being z ~ 0.17.
Hence, for now it is not possible to distinguish between a possibly primordial anisotropy or a relatively
local one purely from galaxy clusters. New physics that interfere with the directionality of the expansion
rate would be needed in that case, assuming of course that no other underlying issues cause the cluster
anisotropies. Many recent studies have tackled this question, with contradicting results (e.g., Bolejko
et al.,[2016} C. A. P. Bengaly et al., Colin et al., Soltis et al., 2019} Andrade et al.,[2019; Hu
et al.,[2020} Fosalba et al.,[2020; Salehi et al.,[2020; Secrest et al.,[2020] see Sect. [.9]for an extended
discussion).

The interplay of the different possible phenomena and the effects they may have on cluster measure-
ments can make it hard to identify the exact origin of the anisotropies. Additionally, maybe a combination
of more than one phenomena affects the cluster measurements, since, for instance, the existence of a dark
gas cloud does not exclude the simultaneous existence of a large BF. In order to provide a conclusive
answer to the problem, other tests with the same cluster samples must be utilized. These new tests should
have somewhat different sensitivities than the Ly — T relation. This way, we can cross check if the
anisotropies also appear in tests sensitive to X-ray effects only, BFs or cosmological anisotropies only,
etc.

In this work, alongside Ly and 7', we also measure and use the total integrated Compton parameter
Yg, the half-light radii of the clusters R and the infrared luminosity Lpcq of the brightest galaxy of each
cluster (BCGs). This allows us to study 10 different scaling relations between these properties and test
their directional dependance. Based on these results, we try to fully investigate the nature of the observed
anisotropies and provide conclusive results. Throughout this paper we use a ACDM cosmology with
Hy =70 km s_lMpc_l, Q. =0.3and Q, = 0.7 in order to constrain the scaling relation parameters,
unless stated otherwise.

The paper is organized as follows: in Sect. f.2] we describe the measurements of the used samples. In
Sect. 3] we describe the modelling of the scaling relations and the statistical methods and procedures
used to constrain their directional behavior. In Sect. .4} the full sky best-fit parameters for the 10 scaling
relations are presented. In Sect. f.5] we study the anisotropic behavior of scaling relations which are
sensitive only to X-ray absorption effects, and not cosmological factors. In Sect. f-6] the focal point of
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this work is presented, namely the anisotropy of scaling relations which are sensitive to cosmological
anisotropies and BFs. In Sects. [4.7] and [A.8] the possible systematic biases are discussed, and the
comparison of our results to the ones from isotropic Monte Carlo simulations is presented. Finally, in
Sects. f.9]and 10| the discussion and conclusions of this work are given.

4.2 Sample and measurements

As a general basis, we use the eeHIFLUGCS sample. The only exception is the use of the full Meta-
Catalog of X-ray detected Clusters of galaxies (MCXC, Piffaretti et al.,[201T)) for the Ly — Y relation.
This is done in order to maximize the available clusters (since both Ly and Yg, are available beyond
eeHIFLUGCS). From eeHIFLUGCS, a slightly different cluster subsample is used for different scaling
relations (the vast majority of the subsamples naturally overlap), where all available measurements for
both quantities that enter the scaling relation are considered. For the four scaling relations that include
T, we use the same sample as in M20. In a nutshell, the sample includes 313 galaxy clusters, the vast
majority of which are part of the eeHIFLUGCS sample. It is a relatively low redshift sample with median
z = 0.075 (z € [0.004,0.45]), which includes objects with an X-ray flux of fx o o4 ey = 5 X 107"
erg/s/cmzﬂ The Galactic plane region (b < |20°|) and the regions around the Virgo cluster and the
Magellanic clouds were masked, and no clusters are considered from there. The spatial distribution of
the sample in the rest of the sky is quite homogeneous. The X-ray luminosity Ly, the temperature 7', the
redshift z, the Rsq, the metallicities of the core Z . and of the 0.2 — 0.5 R5, annulus Z_, are obtained
as described in M20. The only change we make in the sample is the spectral fit of NGC 5846. When
Z,, 1s left free to vary it results to unrealistically large values, affecting also the measured 7 and making
NGC 5846 a strong outlier in the Ly — 7" plane. Thus we repeat the spectral fitting with a fixed value of
Zouw = 0.400 Z, (sample’s median), which returns 7 = 0.927 + 0.013 ke V.

For the rest of the scaling relations, the number of clusters used depends on the availability of each
measurement, which is described below and summarized in Table [d.2]

4.2.1 Total integrated Compton parameter Y,

Galaxy clusters can be observed in the submillimeter regime through the thermal Sunyaev-Zeldovich
effect (tSZ). The tSZ is a spectral distortion of the CMB toward the sky positions of galaxy clusters
caused by inverse Compton scattering of CMB photons by the hot electrons of the intracluster plasma.
This causes a decrement (increment) in the observed temperature of the CMB at frequencies below
(above) ~ 217 GHz. The amplitude of this spectral distortion is proportional to the Comptonization
parameter y defined as

v =% [ty T @)
mec Los.

where o1 is the Thompson cross section, m, is the electron rest mass, ¢ is the speed of light, kg is the
Boltzmann constant, n, the electron number density, 7, their temperature and l.o.s. denotes the line of
sight toward the cluster. The product of kgn,(r)T,(r) represents the electron pressure profile P (r). We
adopted the form of the latter from the widely used Generalized Navarro-Frenk-White (GNFW) pressure
profile (Nagai et al.,[2007). The necessary values of R, and M5, are taken from MCXC.

A common technique for the extraction of the tSZ signal from multifrequency datasets are matched
multifilters (MMFs). MMFs allow us to construct a series of optimal spatial filters that are build from the

! Measured by (ROSAT).
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SED of the tSZ together with a spatial template computed from the expected pressure profile of clusters.
MMFs have been widely used in blind cluster searches by the ACT, SPT, and Planck collaborations
(Hasselfield et al., Bleem et al., Planck Collaboration et al., respectively) and allow for
the estimation of the integrated Comptonization parameter Ysgs, Where Ysps00 = f y dQ, with Q being
the chosen solid angle. We measure the Y55, values with MMFs that are build by using the relativistic
tSZ spectrum (e.g., Wright, Itoh et al., Chluba et al., [2012), and have zero response to
the kinematic SZ (kSZ) spectrum. Values of Yszso, obtained using standard MMFs derived from the
nonrelativistic tSZ spectrum without additional kSZ removal were also tested, with completely negligible
changes in the results. The exact details of the processes used to extract the Ysps, values are presented
in detail in Erler et al. E19 hereafter) and in Appendix [f.11}

We measure Yspsq for all the 1743 entries in MCXC. We derive a signal-to-noise (S/N) of > 1 for 1472
clusters , S/N> 2 for 1094 clusters, S/N> 3 for 746 clusters, and S/N> 4.5 for 460 clusters. The latter
matches the threshold set by the Planck 2nd Sunyaev-Zeldovich Source Catalog Planck Collaboration
et al. (PSZ2, hereafter A16). We compare our derived Ysgso, values with the ones from PSZ2
in Sect. .11} For our work, we only kept clusters with S/N> 2 to avoid using most measurements
dominated by random noise, but without losing too many clustersﬂ We always check if increasing the
S/N threshold alters our results.

Finally, the cluster quantity that enters the cluster scaling relations is the total integrated Comptonization
parameter Y, which is given by

Yo, [kpc?] = Yspsoolarcmin®] x (L)z x D3 (4.2)
where D, is the angular diameter distance of the cluster in kpc. The dependance of Yy, on the cosmolo-

gical parameters therefore enters through D .

4.2.2 Half-light radius R

The apparent angular size within which half of a cluster’s X-ray emission is encompassed, is a direct
observable. By using a cosmological model, this observable can be converted to a physical size of a
cluster, the half-light radius R. The size of a cluster correlates with many other cluster properties and can
be used to construct scaling relations. We measured R for all eeHIFLUGCS clusters, and additionally for
all MCXC clusters with fx 5154 ey = 4.5 X 10™'% erg/s/cm?. This led to 438 measurements.

To measure R, the ROSAT All-Sky Survey (RASS) maps were used. The count-rate growth curves
were extracted for all eeHIFLUGCS clusters, and additionally for all MCXC clusters with fx o1 54 kev =

45%x 10712 erg/s/cmz. By a combination of applied iterative algorithms and visual validation by six
different astronomers, the plateau of the count-rate growth curves (i.e., the boundaries of cluster X-ray
emission) were determined. The radii R within which half of the total emission is enclosed were then
found. The exact details of this process will be presented in Pacaud et al. (in prep.).

The point spread function (PSF) of the XRT/PSPC imager of ROSAT varies with the off-axis angle and
the photon energies. In general, it is < 1.5". To avoid strong biases due to PSF smearing, we excluded all
the clusters with R < 2. This left us with 418 cluster measurements with a median R = 3.76’. Residual
PSF smearing effects are still expected to affect the measurements. Since the scaling relations including
R are anyway currently inconclusive (see Sect. f.12)), we neglect these effects for now. In future work,
any PSF effects will be fully taken into account. eROSITA will also be able to provide R values rather

% This S/N threshold is a safe choice since we already know galaxy clusters exist at these sky positions, through their X-ray
detection.
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insensitive to PSF effects, due to its better spatial resolution.

4.2.3 Near infrared BCG luminosity L

The BCGs were found for the 387 clusters of the eeHIFLUGCS sample. To determine the BCG for all
clusters, we used the optical/near infrared (NIR) data from the SDSS (York et al., , Pan-STARRS
(Kaiser et al.,[2002; Kaiser et al.,[2010), VST ATLAS (Shanks et al.,[2015]), DES (Abbott et al.,[2018),
2MASS (Skrutskie et al., and WISE (Wright et al., catalogs. The redshifts of the galaxies
were either taken from the SDSS catalogue or the NASA/IPAC Extragalactic Database (NED)’} All the
galaxy magnitudes were corrected for Galactic extinction and the proper k-correction was applied. The
exact details on the BCG selection are described in Appendix .11}

For this work, we use the magnitudes coming from the 2MASS catalog for two reasons. First and
foremost, 2MASS returns the largest number of available BCGs for our sample. Out of the 387 clusters of
eeHIFLUGCS, we detected the BCG in 2MASS for 331 of them. Secondly, the infrared BCG luminosities
are not strongly sensitive to extinction effects, minimizing the potential risk of unaccounted absorption
biases. We exclude all BCGs with z < 0.03, as they appear to be systematically overluminous based
on all Lycq scaling relations, indicating a flattening of the Ly relations as low cluster masses. This
flattening was also observed by Bharadwaj et al. (2014).

Additionally, the redshift evolution of the BCG luminosity versus the other quantities is unknown.
Due to the large scatter of the Ly scaling relation as shown later in the paper, the applied evolution
cannot be left free to vary simultaneously with the other scaling relation parameters, since no reliable
constraints are obtained. Subsequently, we opt to also exclude all clusters with z > 0.15. This allows
us to ignore any evolution during the model fitting. Even if this added a small bias in our estimates, it
would not be expected to affect the anisotropy analysis, since the cluster redshift distributions of different
sky regions are similar (see M20). As such, any potential bias would cancel out when comparing cluster
subsamples from different sky regions. These criteria eventually leave us with 244 clusters with 2MASS
Lgcg measurements with a median redshift of 0.069.

4.2.4 X-ray determined N, ..

We determined the total hydrogen column density Ny x;,, using the X-ray spectra of the 313 clusters
from M20. The exact details of our methodology can be found in Appendix .T1] Overall, we were able
to obtain a safe estimation of Ny x.,, for 156 clusters. Several systematics might creep in during the
whole process, hence we approach the analysis done with these measurements conservatively.

4.2.5 X-ray luminosity L, and redshift z for clusters not included in M20

For the 1430 MCXC clusters not included in the M20 sample, we started from their Ly values given in
MCXC which are corrected for the absorption traced by the neutral hydrogen column density only. We
further corrected them in order to account for the total hydrogen absorption based on the Willingale et al.
hereafter W13) Ny, values. The procedure is exactly the same as the one followed in M20. The
only difference here is the use of fixed 7 = 5 keV and Z = 0.4 Z values for all clusters in the XSPEC
(K. A. Arnaud, [1996)) apec-phabs model, since we do not have spectral measurements for these clusters.
The redshift values were adopted from MCXC.

3 Ihttps ://ned.ipac.caltech. edu/l
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4.3 Scaling relations

4.2.6 ACC sample

We measured Yy, for the ACC sample as well, after we excluded all the clusters already included in
any of our different subsamples. We also excluded the 55 clusters with Y, S/N< 2. This results in 168
clusters with X-ray luminosity and temperature values, with 113 of them having a Y5, measurement with
S/N> 2. Cross-checking the results of a completely independent cluster sample with our sample’s results
is crucial in order to understand the origin of the observed anisotropies (e.g., to exclude that sample
selection effects may bias our results). The properties of the ACC sample as we use it are already given
in detail by M18 and M20. In a nutshell, it mainly consists of massive galaxy clusters, spanning across
z € [0.009, 0.839], with a median redshift of 0.226 (for the 113 clusters with Y, measurements). The
temperatures are obtained by a single-thermal model for the whole cluster, while the X-ray luminosities
L, are given in the bolometric band, within the R, of the cluster (measured within 0.5-2 keV and
within a "significance" radius, and then extrapolated). All measurements are performed by Horner
and the ASCA telescope, while we corrected the L, for the total absorption similarly to our sample’s Ly
corrections. The necessary Rs, values to measure Y5, were obtained using the mass-temperature scaling
relation of Reichert et al. (2011). The latter mostly uses XMM-Newton-derived temperatures, which
might differ from the ASCA temperatures in general. Thus, we compared the ACC temperatures with our
temperatures for the common clusters between the two samples, and applied the necessary calibration
factors before calculating Rs.

4.3 Scaling relations

We study 10 cluster scaling relations in total, namely the Ly — Yq, the Ly — T, the Yq, — T, the Ly — Lgcg,
the Lgcg — T, the R — Yg,, the R — Ly, the R — Ly, the R — T, and the Y, — Ly relations.

The first nine relations are sensitive to either additionally needed X-ray absorption corrections (1), BFs
(2), or possible cosmological anisotropies (3). The Yy, — Lgcg cannot trace any of the above effects (4),
as explained in Sect. [#.12} An observed anisotropy then could point to systematics in the measurements
or methodology, which may affect the other nine scaling relations of interest.

In principle, it’s quite challenging to distinguish cases (2) and (3) since their effects on the observed
scaling relations are similar. One way to distinguish between the two is to perform a tomography analysis,
analyzing redshift shells individually and see if the anisotropies persist at all scales. Evidently, the power
with which each scaling relation traces a possible effect varies, since it depends on the relation’s scatter
and the exact way each effect might intervene with each measurement. The information of what effect
each scaling relation can detect is given in Table[d.I] The exact explanation on how a scaling relation
detects (or not) an anisotropy origin is given in Sects. [f.5]and 4.6

The form of the studied scaling relations between some measured cluster quantities Y and X is

B
Y X Yx
gEm = anx(g ) -
Y X

where Cy is the calibration term for the Y quantity, the term E(z) = [Q,(1 + 2)3 + Q) A]l/ 2 accounts for
the redshift evolution of the Y — X relation, yyy is the power index of this term, Ayy is the normalization
of the relation, Cy is the calibration term for the X quantity, and Byy is the slope of the relation. The
calibration terms Cy and Cy are taken to be close to the median values of ¥ and X respectively. They are
shown in Table .2} together with the assumed (self-similar) values of yyy.
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Table 4.1: Possible anisotropy causes that can be traced by each cluster scaling relation. 1: Unaccounted X-ray
absorption effects. 2: Bulk flows. 3: Cosmological anisotropies. 4: Expected to look isotropic if no systematics
exist in the measurements or methodology. The star * means that the detection of an underlying effect is rather
weak, and cannot be achieved by current samples.

Measurement Ly Y, R Ly T
Ly 1 273 1 1,2,3
Yy, 2°,3" 4 1°,2,3
R 2°3" 17,23
Lycg 17,2,3

4.3.1 Linear regression

Similar to M20, in order to constrain the scaling relation parameters we perform a linear regression in the
logarithmic space using a )(2 minimization procedure. We consider two separate cases.

The first case is when we assume to know the universal, isotropic cosmological parameters (or when
they do not matter due to canceling out between the two parts of the scaling relation) and wish to constrain
the normalization, slope and scatter of a scaling relation. We then constrain the desired parameters by
minimizing the expression

2
N (log Y] —logAyy — Byx X log X;
Xy = Z Log™ l)z’ @4

, 2 2 2
i=1 Ology; + Byx X Ologxi + Tingyx

Y(z, Hy) X(z, Hy)

. . . . Y- . . CX . . . .
logarithmic uncertainties for ¥ and X respectively (derived as in M20), and o, y is the intrinsic scatter
of the Y — X relation with respect to (wrt) Y, in orders of magnitude (dex). Following Maughan (2007),

Tineyx 18 iteratively increased and added in quadrature as an extra uncertainty term to every data point

where N is the number of clusters, Y’ = E), X = Tiog y and 0y,  are the Gaussian

until the reduced X?ed ~ lﬂ Toryx 18 the total scatter, equal to the average value of the denominator
of Eq. 5] for all considered clusters. Finally, we always choose Y to be the quantity with the largest
measurement uncertainties.

The second case applies only when there is a strong cosmological dependency on the best-fit scaling
relations (i.e., all the T scaling relations). Here we assume the normalization and slope of the scaling
relation to be known and direction-independent. This is a reasonable assumption since these two quantities
are associated with intrinsic properties of the clusters, and as such there is no obvious reason why they
should spatially vary. In this case, the free parameters we wish to constrain are the Hubble constant H,,
or the BF amplitude and direction ugg. To do so, we minimize the following equation:

2
) u (Di,obs(Y’X’AYX’BYX’y) — D; (Hy, z, ugp) )
Xp=) . : 4.5)
i=1

2
O_D,-,Obs + Tint,D

* X does not depend on z and H, when X =temperature 7.

> Qur analysis and conclusions are rather insensitive to a (small) systematic over- or underestimation of Cinyx- This was tested
by repeating our anisotropy analysis using 20% smaller or larger o, yx. The exact values of o, yy are relevant only in Sect.
@(Malmquist bias), but a systematic small bias on o7, yx would again minimize the effects on this test as well.
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where D is either the luminosity distance D; (e.g., for Ly — T') or the angular diameter distance D, (e.g.,
for Yy — T), D, is the observed distance given the measurements ¥ and X and their exact scaling
relation Y — X, Dy, is the theoretically expected distance based on the cosmological parameters (e.g.,
Hy), the redshift z and the existing BF ugg, o D ons is the statistical uncertainty of the observed distance
(which is a function of the measurement uncertainties of ¥ and X), and o7, , is the intrinsic scatter of the
relation in Mpc units. The observed distance D, enters every scaling relation differently. Generally, it
is given by

AYX X’Byx k

Dy, = :
Y

obs

X Dy 70 (4.6)

Here Dy _q is the distance found for H, = 70 km/s/Mpc, which enters in the calculation of Y. Its use

for

here cancels out this cosmological contribution to Y. For this, we need k = (1 /2,1/2,1,— 7B
TL
Ly —T,Ysq; —T,R~-T,and Lgcg — T respectively. This leaves us with X-ray flux (in the cluster’s rest

frame), apparent size in arcmin, Yspsq,, and BCG flux respectively.

We should stress that when searching for cosmological anisotropies, the calculated H,, variations
express relative differences between regions. The absolute H, values cannot be constrained by cluster
scaling relations only since a fiducial H, value was assumed to calibrate the relation initially. Hence, the
H, anisotropy range always extends around the initial H, choice. Apparent H,, fluctuations could also
mirror other underlying cosmological effects we are not yet aware of.

4.3.2 Bulk flow detection

We follow two different methods to estimate the best-fit BE. Firstly, we fit the scaling relations to all
the clusters, adding a BF component in our fit, as in Eq. £.5] The free parameters are the direction
and amplitude of the BF, and the intrinsic scatter. Ayy and Byy are left free to vary within their 1o
uncertainties of the considered (sub)sample, when no BF is applied. Every cluster’s redshift (and thus
Dy,) is affected by the BF depending on the angle between the direction of the cluster and the BF direction.
Since the spatial distribution of clusters is nearly uniform, any applied BF does not significantly affect
the best-fit Ayy and Byy, but it does affect the scatter. This procedure essentially minimizes the average
Y residuals around each scaling relation (i.e., we get )(fed ~ 1 for a smaller o yx), and is thus labeled as
"Minimum Residuals" (MR) method.

The second method we follow to detect the best-fit BF is that of the "Minimum Anisotropies" (MA)
method. When we add a BF component directly toward the most anisotropic region, other regions start
altering their behavior and might appear anisotropic. Absolute apparent isotropy cannot then be achieved.
Therefore, the amplitude and direction of the BFs are found so that the final, overall anisotropy signal
of the studied relation is minimized. For this, we repeat the anisotropy sky scanning (Sects. f.3.4]and
@3.3)) every time for a different BE. This procedure is computationally expensive, and thus we reduce the
number of bootstrap resamplings to 500 when estimating the uncertainties of the BF characteristics.

We consider both independent redshift shells (redshift tomography) and cumulative redshift bins to
constrain the BF motions, with both the MR and MA methods. It is important to note that flux limited
samples suffer from certain biases when determining BFs. Probably the most important one is the
nonuniform radial distribution of objects. If this is not taken into account, the BFs found for spherical
volumes with a large radius, will be strongly affected by low—z objects and not clearly reflect the larger
scale motions. This can be partially accounted for if the iterative redshift steps with which we increase
the spherical volumes encompass similar numbers of clusters (e.g., Peery et al.,[2018| and references
therein). That way, the contribution of every scale to the overall BF signal is averaged out. Here, to

123



Chapter 4 Cosmological implications of the anisotropy of ten multiwavelength galaxy cluster scaling
relations

minimize the biased contribution of low—z systems to the larger volumes, we consider redshift bins with
similar cluster numbers. Finally, the size and redshift range of our sample did not allow us to use the kSZ
signal of the clusters to detect any BFs (see Sect. [{.9).

4.3.3 Parameter uncertainties

To estimate the uncertainties of the best-fit parameters, we use a bootstrap resampling method with
replacement. We randomly draw 5000 resamplings from the studied (sub)sample of clusters with the
same size, constrain their best-fit parameters, and obtain the final distribution of the latter. The quoted
parameter uncertainties refer to the 68.3% credible interval defined by the positive and negative 34.1,
percentile of the distributions wrt to the best-fit value of the full (sub)sample. The best-fit parameters with
their uncertainties are therefore marginalized over all the other fit parameters. This method provides more
conservative and robust parameter uncertainties than the approach followed in M20, since it depends only
on the true, random variation of the studied statistic and not on analytical expressions (e.g., A/\/2 limits).

4.3.4 Detection of anisotropies and parameter sky maps

The methodology followed here is described in detail in Sect. 4.3 of M20, and thus we direct the reader
there. In a nutshell, we consider cones of various radii ( = 60° — 90°) and point them toward every
possible direction in the sky (with a resolution of < 1°). Each time, we consider only the clusters within
each cone, and we obtain the best-fit parameters (usually A,y or H) with their uncertainties, as described
in the two previous sections. We then create a color-coded full sky map based on the best-fit parameters
of every direction.

There are only two differences with the method followed in M20. Firstly, in this work we leave the
slope Byy free to vary, instead of fixing it to its best-fit value for the full sample. That way, the parameter
of interest is marginalized over Byy. In M20 we demonstrated that this choice does not significantly alter
our results compared to the case where Byy is kept fixed, but it constitutes a more conservative approach
and thus we make it the default. Secondly, we slightly change the applied statistical weight of the fitted
clusters which depends on their angular distance from the center of the cone. In M20 we divided the
statistical uncertainties oo, y and o7, y With a normalized cosine factor that shifted from 1 (center of

cone) to 0 (edge of cone), despite the actual radius of the cone. Under certain conditions howevelﬂ this
method can slightly overestimate the final statistical significance of the observed anisotropies. Even if
this does not have an effect on the conclusions of M20, here we choose to follow a more conservative
approach, dividing the uncertainties with the cos ; term, where 6, is the angular separation of a cluster
from the center of the cone we consider. This results in the same weighting as in M20 for # = 90°, and in
a weaker weighting for 6 < 90°.

In order to provide anisotropy direction uncertainties, we perform bootstrap resamplings similar to
the ones described in Sect. f.3.3] For every sample used to create a sky map, we create 1000 bootstrap
resamplings and perform the sky scanning again for each one of them. The 68.3% limits of the posterior
distribution of the maximum anisotropy direction are reported as the 1o limits.

4.3.5 Statistical significance of anisotropies

We wish to assess the statistical significance of the observed differences of the scaling relations’ behavior
toward different directions. The procedure followed here is described in Sect. 4.4 of M20, with only

® Only when there are strongly up- or downscattered clusters close to the center of the cone, i.e. with high statistical significance,
and the number of clusters is relatively small.
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minor differences, such as the the way we calculate the parameter uncertainties (Sect. [£.3.3)). Briefly, we
obtain the best-fit values of the fitted parameters together with their uncertainties for every direction in
the sky. We then identify the region that shares the most statistically significant anisotropy from the rest
of the sky (similar to a dipole anisotropy). We assess the statistical significance of the deviation between
them by

No. of o = — 2L P2 @.7)

2 L2

0-131 O-P2
where p , are the best-fit values for the two independent subsamples and o, , are their uncertainties

derived by bootstrappinﬂ Finally, the statistical significance (sigma) maps are color-coded based on the
observed anisotropy level between every region and the rest of the sky.

4.3.6 Monte Carlo simulations

To further validate the effectiveness of our methodology and the statistical significance of the observed
anisotropies, we perform Monte Carlo (MC) simulations. We create isotropic cluster samples to which
we apply the same procedure as in the real data. That way we estimate the frequency with which artificial
anisotropies would be detected in an isotropic Universe, and compare this to the real data. More details
are described in Sect.

4.3.7 Summary of statistical improvements compared to M20

Here we summarize the improvements in the statistical analysis of this work compared to M20: 1)
The parameter uncertainties at every stage of this work are found by bootstrap resampling instead of
AXZ limits. 2) During the sky scanning for identifying anisotropies, all the "nuisance" parameters (e.g.,
the slope B) are left free to vary and marginalized over at the end, instead of fixing them to their best
fit values. 3) The statistical weighting of clusters during the anisotropy searching is relaxed, to avoid
creating any artificial anisotropies. 4) Uncertainties of the anisotropy directions are provided. 5) Monte
Carlo simulations are carried out to further assess the statistical significance of the anisotropies.

4.4 General behavior of the 10 scaling relations

As a first step we constrain the overall behavior of the observed scaling relations when one considers all
the available data from across the sky. The effects of selection biases are discussed in Sect. [{.7.7] The
overview of the best-fit results of all the scaling relations is given in Table .2} while the scaling relations
themselves are plotted in Fig. [A.1]

The L, — T relation

The full analysis of the Ly — T relation for our sample is presented in detail in M20. The only changes
compared to the M20 results are the slightly changed T for NGC 5846 (see Sect. {.2)), and the use
of bootstrap resampling for estimating the parameter uncertainties. Accounting for these changes, the
best-fit values for the Ly — T relation remain fully consistent with M20 and with previous studies. For a
detailed discussion see Sect. 5.1 of M20, while a more recent work confirming our results can be found
in Lovisari et al. (2020). The Ly — T plot for the full sample can be found in the top left panel of Fig. {i.T}

7 In M20 we identified the two regions with the most extreme, opposite behaviors. Naturally, the currently adopted method
leads to slightly reduced anisotropy signals, and is part of the most conservative approach we follow here.
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The L, — T results for ACC are shown in M18 and M20. The only difference here is that we perform
the y“-minimization in the L, axis, using bootstrap for estimating the parameter uncertainties. Since the
bolometric X-ray luminosity is used for ACC (within R,), both A;; and B, ; are larger than the results
of our sample. Also, o, is ~ 38% larger for ACC.

The L, - Y, relation

The Ly — Y, scaling relation has been studied in the past (e.g., Morandi et al., Planck Collaboration
etal., Planck Collaboration et al., De Martino et al., Ettori et al., C. T. Pratt
et al.,[2020) mostly using Yg, from Planck and Ly from ROSAT data and the MCXC catalog. Both of
these quantities are efficient proxies of the total cluster mass, they also scale with each other. Their scatter
wrt to mass is mildly correlated (e.g., Nagarajan et al.,[2019). This results in Ly — Y having the lowest
scatter among all the scaling relations used in this study.

As mentioned in Sect. [#.2.T] we measured Y, for 1095 MCXC clusters with S/N> 2. Studying the
Ly — Y, relation for these objects, we see that there are significant systematic differences between cluster
subsamples based on their physical properties. For example, clusters with low Ny, or high z tend to be
significantly fainter on average than clusters with high Ny, or low z respectively. Surprisingly, the same
behavior persists even when the original MCXC Ly values and the Yy, values from PSZ2 are used. As
we increase the S/N threshold, these inconsistencies slowly fade out. More details on these effects can be
found in Appendix #.T3] Due to this, we choose to apply a low S/N> 4.5 threshold to the Yg, values
(same as in the PSZ2 sample), leaving us with 460 clusters with a median z ~ 0.14. The clear benefits
of this choice are that clusters with different properties now show fully consistent Ly — Yg, solutions
and no systematic behaviors are observed. Additionally, the intrinsic scatter of the Ly — Y, relation
decreases drastically compared to cases with lower S/N thresholds, allowing us to put precise constraints
on the best-fit parameters and the possibly observed anisotropies of the relation. For these 460 clusters,
the best-fit values are in full agreement with past studies within the uncertainties. The scatter we obtain
however is lower than most past studies, most probably due to the use of the same Rs, between Ly and
Y57 in our analysis. The observed slope B;y ~ 0.93 is slightly larger than the self-similar prediction of
B;y =0.8.

For ACC, no trends for the Y, residuals are observed for S/N> 2, with any of the cluster parameters.
Therefore all 113 clusters can be used. The slope lies again close to unity, while the scatter is ~ 32%
larger than when our sample is used. Nevertheless, the Ly — Y, scatter for ACC is sufficiently small to
allow for precise constraints. We should note here that for S/N> 4.5, the scatter of ACC is similar to
our sample, but this cut would leave us with only 67 clusters, which are not enough for our purposes.
The best-fit parameter values and the Ly — Yg; relation are displayed in Table #.2]and Fig. [d.T]for both
samples.

The L, — Lg relation

The Ly — Lpcg scaling relation has not been extensively studied in the past. Mittal et al. (2009) and
Bharadwaj et al. used 64 and 85 low-z clusters respectively, to compare the Ly — Ly relation
between cool- and noncool-core clusters, finding mild differences mostly for the slope. Furnell et al.
also studied the correlation of the stellar mass of BCGs (which is proportional to its luminosity)
with the cluster’s Ly. Here we use significantly more clusters to study the Ly — Ly relation, namely
244. For these objects, the best-fit parameter values for the Ly — L relation can be found in Table .2}
The slope of our analysis is less steep than the one Bharadwaj et al. (2014) find, however they use the
bolometric X-ray luminosity, contrary to us. The scatter we obtain is considerably smaller than theirs,
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although still significantly large. In fact, this is the scaling relation with the largest scatter out of the 10
we examine. The Ly residuals do not show any systematic behavior as a function of cluster properties.

The R — L, relation

The relation between R and Ly for galaxy clusters has not been investigated before to our knowledge.
Here we use the 418 clusters with both measurements available to constrain this relation. The redshift
evolution of R — Ly is unknown, thus we attempt to constrain it since the high number of clusters and the
low scatter allow us to do so. We leave yg; free to vary, simultaneously with the rest of the parameters.
This results in yg; = —2.15+ 1.51. The implied evolution is not statistically significant since the limited
redshift range of the sample does not allow us to constrain it more efficiently. One should not expect the
same evolution as in the Rsy,—Ly relation (self-similar prediction of y ~ 1.3), since a redshift evolution
between the half-light radius R and Rs, is also expected (e.g., due to the time-varying cool-core cluster
fraction).

Since ygy, = —2.15 describes our data best, we fix yg; to this value for the rest of our analysis. After
performing the fit for all 418 clusters, we notice that clusters at z < 0.01 are systematically downscattered
compared to the rest. To avoid any biases during our anisotropy analysis, we exclude them. The final
used subsample consists of the remaining 413 clusters. The obtained best-fit parameters are shown in
Table [#.2] The R residuals appear to be randomly scattered wrt z, RASS exposure time, Ny, and R.
However, a nonnegligible correlation is observed between the residuals and the apparent half-light radius
R,pp- The clusters with the lowest R,,, appear to be downscattered in the R — Ly plane, and vice versa. A
mild correlation of the R residuals is also observed with the offset between the X-ray peak and the BCG
position. The latter can be used as a tracer of the dynamical state of the cluster, which correlates with
the existence (or not) of a cool core in the center of the cluster (e.g., D. S. Hudson et al., 2010} Zitrin
etal, Rossetti et al., Lopes et al.,[2018)). Cool-core clusters are expected to strongly bias the
scaling relations involving R, since they emit most of their X-ray photons from near their centers. As
a result, the half-light radius will be lower compared with noncool-core clusters at a fixed mass. More
details on that can be found in Sect.

The best-fit parameter values can be found in Table 4.2] The slope is lower than the self-similar
prediction for the R5y,—Ly relation (B ~ 0.33), while there is a moderate scatter. Surprisingly, the latter
is the largest one observed between all R scaling relations.

The Yg, — T relation

The Y — T relation has been previously studied by several authors, i.e., Morandi et al. (2007), Planck
Collaboration et al. (2011]), Bender et al. and and Ettori et al. (2020) among others. It has never
been studied before with such a large number of clusters as the one used in this work. Since the T
measurement is needed, we use the sample from M20. We retrieve 263 clusters with Y5, measurements
with S/N> 2 from the M20 sample. No systematic differences in the Y5, — T relation are observed for
different cluster subsamples with different properties. The Y, residuals remain consistent with zero with
increasing T, z, Ny, and other cluster parameters, while Ay, Byr and o7, yr also stay constant with
an increasing S/N cut. These results clearly indicate that the applied S/N threshold does not introduce any
strong biases to the Y, — T relation (see Appendix [f.13]for more details). The best-fit parameter values
that we obtain for these clusters are in line with previous findings. The value of the slope agrees with
the self-similar prediction (By; = 2.5), while the scatter is lower than the one for the Ly — T relation.
Finally, a single power law perfectly describes the relation since a change in Ay, and By, is not
observed for a changing low T cut. The Y, — T relation is displayed in Fig. 1]
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When using the ACC sample, we obtain a similar scatter with our sample, but with a slightly steeper
slope and larger normalization. This is due to the fact that temperatures are measured for ACC considering
the entire cluster, leading to generally lower 7" than our sample (where T is measured within 0.2—-0.5 Rs).

The Yy, — L relation

The Y5, — Lgcg scaling relation has not been studied in the past, and it is constrained for the first time
in this work. The two quantities are expected to scale with each other since they both scale with the
cluster mass. We have both measurements for 214 clusters with S/N> 2 for the Yy, measurement, and the
applied redshift limits for the BCGs. When we performed the fit, we did not detect any strong systematic
behavior of the residuals as a function of cluster parameters, with the exception of Yg; S/N, with high
Y57 S/N clusters tending to be upscattered. This behavior persists even with an increasing S/N threshold.
Although the best-fit By, Stays unchanged for different S/N cuts, the Aylpeg varies by ~ 3.40 for
S/N> 4.5 (Fig. 20/ in Appendix). Since the residuals are a function of S/N in any case, and since
the Yg; — Lgcg relation offers only limited insights in the anisotropy analysis, we adopt S/N> 2, but
suggest caution because of the aforementioned dependance of Ay; . The Ygz — Lpcg best-fit parameters
are shown in Table .2} The slope lies close to linearity, while the scatter is ~ 10% smaller than the
Ly — Lycg scaling relation.

Table 4.2: Best-fit parameters of the 10 scaling relations. Below we display the scaling relations, their number of
used clusters N, their best-fit normalization A and slope B, their intrinsic and total scatter o, and o, respectively,
their calibration terms Cy and Cy, and the power of their redshift evolution .

Y-X N Ayx Byx Tintyx (dex) Tiot,yx (dex) Cy Cx Yrx
Our sample
Ly-T 313 11327092 2.0867007  0.233+0.016 0258 +0.018 | 10* erg/s 4 keV -1
Ly-Y, 460 27377093 0.928%091° 0.108 +0.008  0.143 + 0.009 10* erg/s 60 kpc? -5/3
Ly —Lgcg 244 1.236°0051  0.775+0.152  0.372+0.020 0.379 +0.020 10%erg/s  6x10" L, -
Yo, -T 263  1.110*0%% 2.5467007 0.146 £0.013  0.192 +0.015 35 kpc? 5keV 1
Yoy — Lpcg 214 07457000 0.868+0.138 0328 +0.021  0.341 +0.022 35 kpc? 6x10" L, -
Lgcg—T 196 0.847+002 0.5423%92  0.170 £0.008  0.177 = 0.009 4 keV 6x10"L, -
R—Ly 413 0794+0.016  0.191'90%  0.142+0.008 0.156 + 0.009 10" erg/s 350kpc  -2.15
R-Y,, 347 0895+0.017  0.1417%%  0.112+0.008 0.128 + 0.008 350 kpc 35kpc> 272
R-T 308 0.829+0.016 0568700  0.126+0.008 0.144 +0.010 350 kpc 4 keV -1.98
R—Lycg 243 0920+0.019 0232+0.022 0.128 £0.009 0.140 + 0.010 350 kpc 6x10"L, -
ACC
Ly —T 168  1.07470097  3.208+0.122  0.345+0.028 0.394+0.033 | 5x 10* erg/s 5keV -1
Ly — Y, 113 15917008 1168 +0.036 0.149+0.014 0.195+0.019 | 5x 10 erg/s 60 kpc? -5/3
Ys;,—T 113 1.774+0.084 2812+0.150 0.159+0.019  0.227 +0.026 35 kpc? 5keV 1

The R - Y, relation

A relation between Yy, and the X-ray isophotal radius R is expected to exist since both quantities scale
with cluster mass. Such a relation has not been observationally constrained however until now. For this
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Figure 4.1: Best-fits of the 10 scaling relations studied in this work. The green area displays the 1o~ limits of the
best-fit area. From top left panel to the right: the Ly — Y5, Lx — Lgcg, Lx =T, Y5z =T, Lgcg =T, R— Lx, R— Yy,
R—-Lgcg. R-T,Ys; — Lycg, R — Y5z, Ly — Y5z (ACC), and Y, — T (ACC) relations.
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work, both quantities were measured for 347 clusters. The redshift evolution of the relation is not known,
however due to the small scatter it can be obtained observationally, similarly to the R — Ly relation. We
find that the scatter is minimized for Yryg, = —2.72+ 1.41. Expectingly, the result is similar to yg;_ .
It should be reminded that we look for the evolution describing our data best, and not necessarily for
the true one. Fixing Yry, 1O its best-fit value, we repeat the fitting for the rest of the parameters. The
results and the R — Y plot are displayed in Table [#.2] and Fig. [d.1| respectively. The residuals of R
behave in exactly the same way as for R — Ly. While no trend is seen wrt z, the systematic behaviors as
functions of R, and of the X-ray-BCG offset persist. The observed scatter is the smallest one between
all R scaling relations, ~ 20% smaller than the R — Ly scatter. Finally, the slope of R — Y is also the
flattest compared to the other scaling relations.

The Ly — T relation

Similarly to the Ly — Lpcg relation, the Lgcg — T relation has not been the focus of many studies in the
past. Bharadwaj et al. studies the scaling of Lpcg with the mass of clusters. The latter is however
obtained through a cluster mass-temperature scaling relation. For the Lpcg — T relation the exact redshift
evolution is also not known, and constraining it from the existing data is not trivial due to the relation
scatter and the other simultaneously fit parameters. Due to that, from the 259 clusters for which we have
measured both T and Ly, here we again use only the 196 of them with z < 0.15 in order to safely
ignore any existing redshift evolution of the relation. The scatter of the Ly-g — T relation is considerably
large, namely ~ 70% larger than the Ly — T scatter when the latter is minimized wrt 7. The scaling
between the two quantities however is clear, although with a less steep slope than the reversed Ly — T
one (~ 2.8). The slope has also a larger relative uncertainty (~ 10%) than the normalization (~ 5%). The
best-fit values are given in Table .2}

The R — Ly relation

The R— Ly is another scaling relation that is presented for the first time in this work. Both measurements
are available for 243 clusters, after the previously described Lycg redshift cuts. As shown in Table d.2]
the intrinsic scatter of the relation is similar to the other R relations, while the slope is slightly larger than
the R — Ly and R — Y, relations. The same behavior for the R residuals is observed as in the R — Ly and
R — Y scaling relations.

The R — T relation

The R — T relation has not been studied extensively in the past, although some studies with both
observations and simulations were performed two decades ago (Mohr et al., Mohr et al., 2000}
Verde et al.,[2001)). The relation has been used as a cosmological probe as well by Mohr et al. (2000,
to constrain Q, and Q,. These authors however used only a few tens of clusters to constrain the
relation. In this work, we use 308 clusters for which both R and T have been measured. In Mohr et al.
(2000 it is argued that there is no redshift evolution for the R — T relation. However, this conclusion
specifically depends on their methodology for measuring R, and cannot be adopted for our method.
Therefore, we choose to constrain the redshift evolution from our data, leaving it free to vary. We obtain
vrr = —1.98 £ 1.42, similar to the other R relations. Fixing yz; = —1.98, we obtain the best-fit results
shown in Table[d.2] The slope is the largest (~ 0.57) among all R scaling relations. The same R residual
behavior as for the other R scaling relations is observed.
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4.5 Anisotropies due to unaccounted X-ray absorption effects

In this section we study the scaling relations, whose observed anisotropies could be caused purely by
previously unknown soft X-ray effects, such as extra absorption from "dark", metal-rich, gas and dust
clouds. If the anisotropies observed in the Ly — T relation by M20 were due to such effects, one should
detect the same anisotropies in the scaling relations studied in this section. We report the most anisotropic
directions and the statistical significance of the observed tension and quantify the amount X-ray absorbing
material that should exist to fully explain the discrepancy.

4.5.1 L, - Y, anisotropies
Our sample

The anisotropies of the Ly — Y, relation are the focal point of the search for hidden X-ray effects that we
were not aware of in the past. This relation exhibits the lowest scatter and the largest number of clusters
among all scaling relations studied in this work. This allows for precise pinpointing of its anisotropies.
Even more importantly, Ly — Y, is almost completely insensitive to any spatial H,, variations, since both
quantities depend on cosmological parameters in the same way. They also scale almost linearly with
each other. Thus, if one changed H,, no significant change in the best-fit A;, B;, would be observed.
Analytically, as Lyoc Di = Df,(l +2)* and Yy Di, their ratio (considering their best-fit B, = 0.928)
would be

1+ Z)4D9{144

E@)?

Thus, a ~ 15% spatial variation of H, would cause a nondetectable ~ 2% variation in A; . Moreover, the
Ly — Yg, relation is quite insensitive to BFs as well. Based on the above calculation, if a BF of ~ 1000
km/s existed at z ~ 0.05 toward a sky region, this would only lead to a < 2% increase in A,y of this
region.

x A yEQP = ALy o (4.8)

. S
(Yy)"O8

Therefore, any statistically significant anisotropies in the Ly — Yy, relation should mainly be caused by
unaccounted X-ray absorption effects acting on Ly. To scan the sky, we adopt a @ = 60° cone. This returns
at least 72 clusters for each cone, which, considering the very low scatter of the relation, are sufficient to

robustly constrain A;y. The variation and significance maps are displayed in Fig. @ We detect the most

anisotropic sky region toward (/, ) = (1 180332, +7°ig:) which shares a 3.50 anisotropy with the rest

of the sky. The 100 clusters within this region appear to be 12 + 3% fainter in average than the rest of
the sky. The extra N, needed to explain this discrepancy is ~ 3.9 + 1.1 X 10%°/cm? (the uncertainties
were symmetrized). If the assumed hydrogen quantity based on W13 was indeed the true one, then
the metallicity of the absorbing material toward that direction would need to be Z ~ 1.54 £ 0.16 Z,
(currently assumed to be Z = Z). Considering that the specific region lies close to the Galactic plane,
this metallicity value does not seem unlikely. The A, and the anisotropy significance maps of Ly — Yg,
are displayed in Fig. F.2] One can see that there are no anomalously bright regions. This indicates that
there are no regions with significantly lower-than-solar metallicities of the Galactic material. Assuming
availability of a much larger number of clusters with Ly and Y, measurements, ideally extending to low
Galactic latitudes, this scaling relation could potentially be used as a new probe of the ISM metallicity.

It should be stressed that in M20, the most anisotropic direction for the Ly — T relation was found
to be (I,b) ~ (300°,-20°). Based on the above test, this region does not show any signs of extra,
previously unaccounted absorption. Adding up to the numerous tests done in M20, this further supports
the hypothesis that the observed Ly — T anisotropies are not caused by unmodeled Galactic effects.
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Figure 4.2: Normalization anisotropy maps (left) and the respective statistical significance maps of the anisotropies
(right), for Ly — Yy, (top), joint Ly — Yy, (our sample + ACC, middle), and Ly — T (bottom). All the maps in
this work are shown in a Hammer projection.
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Joint analysis of the Ly — Yg; relation for our sample and ACC

If the Ly — Y, anisotropies seen in our sample indeed originate by the unaccounted absorption effects
of a yet undiscovered mass (or a higher interstellar gas and dust metallicity), then we should obtain
similar results for the ACC sample. Before extrapolated to L, the flux of the ACC clusters was initially
measured within the 0.5-2 keV energy range, and thus is sensitive to X-ray absorption effects. Therefore,
jointly analyzing the two samples should provide us with better insights for any possible X-ray absorption
issues.

To combine the results of the two independent cluster samples, we perform a joint likelihood analysis.
The applied method is the one followed in M20 (Sect. 8.2) where we determined the overall apparent H,,
variation. Here, the joint parameter is the Ly — Y5, normalization for every region over the normalization
of the full sample (A;y/A;y,,), marginalized over the slope. We extract the posterior likelihood of
Apy/Apyay for every sky region, for both samples. Then by multiplying the two posterior likelihoods, we

obtain the combined, final one.

Performing the joint analysis, we find that the most anisotropic region lies toward (I, b) = (1 220320, +8°igo ),

where the clusters appear to be fainter in average by 11 + 5% than the rest of the sky. Our sample dom-
inates the joint fitting due to the much higher number of clusters and lower scatter. However, since
ACC does not show a strongly deviating behavior toward that region, the statistical significance of the
anisotropy drops to just 2.10. To fully explain the mild tension, an undetected Ny~ 3.5+ 1.7X 10°°/cm?
would be needed, or alternatively a Z ~ 1.49 + 0.23 Z for the already-detected Galactic gas and dust.

As such, the tension could be attributed to chance and not necessarily to an unaccounted X-ray
absorption on top of the already applied one. This is also indicated by the MC simulations later on. The
normalization and sigma maps of the Ly — Y, anisotropies can be found in Fig. #.2}

4.5.2 Ly — Lg. anisotropies

Following the same reasoning as for Ly — Y, the Ly — Ly scaling relation cannot detect cosmological
anisotropies or BFs, since both quantities depend on D; and the slope is close to unity. Assuming that
Ly does not suffer from any unaccounted extinction in near-infrared, the only origin of any observed
(statistically significant) anisotropies should be a stronger true X-ray absorption, affecting Ly. We adopt
a @ = 75° cone to scan the sky so each cone contains > 70 objects. The results are displayed in the
bottom panel of Fig. f.2]

The most anisotropic region turns out to be again the one with the lowest Ay ; . toward (/,b) =

(17102?:, —22°f§;2). It appears to be 23 + 14% dimmer than the rest of the sky. Its statistical significance

however does not overcome 1.70, and therefore the relation is consistent with being statistically isotropic.
This might be due to the large scatter and parameter uncertainties of the relation and not necessarily
due to the lack of anisotropy-inducing effects. The reported direction is also 57° away from the faintest
direction found by the joint Ly — Yy, analysis, although within < 1.50. The necessary excess Ny,
to explain this mild discrepancy in the Ly — Ly relation is ~ 8.7 £ 5.1 X 10%%/cm?. Alternatively, a
metal abundance of Z ~ 2.4 + 0.8 Z of the already-detected hydrogen cloud would also alleviate this
small tension. Thus, the Ly — Ly relation does not show any indications of previously unknown X-ray
absorption, although the large scatter of the relation limits the confidence of our conclusions.

Finally, it is noteworthy that for once more, no apparent anisotropy exist toward (I, b) ~ (300°, —20°).
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4.5.3 Comparison between Ny, .. and N,

As a final test for detecting potential excess absorption effects, we compare the X-ray determined Ny x;,y
with the Ny, value given in W13, used in our default analysis. If a region shows a systematically
larger Ny xay- it could indicate an extra, previously unaccounted X-ray absorption taking place toward

there. This comparison is performed for the 156 clusters left after the cuts we apply, described in Sect.
)0.6710.06

x 10%°/cm?. The X-ray

N,
4.2.4] The best-fit relation is Ny v, = (7.14 + 0.34) x (¢
X 4% 10¥cm ™2
ased values are systematically higher than Ny, except for the high Ny, range where the two values

converge. This behavior marginally agrees with the findings of Schellenberger et al. (2015]), when they
used Chandra T measurements and the same abundance table with us. However, this Ny, discrepancy
should not be taken at face value, since the overall comparison is biased by the exclusion of clusters
with large Ny x,, uncertainties. As discussed in Appendix [f.T1] these are mostly low Ny x,y clusters
lying below the equality line since the Ny x,,, measurement for these clusters is very challenging, due to
the lower spectral cut at 0.7 keV. This selection effect would, therefore, tend to flatten the slope. Thus,
this systematic upscatter of the remaining Ny x.,, values, does not necessarily mean that the true X-ray
absorption is higher than previously thought, but it is probably the result of unaccounted systematics.
To avoid such issues as much as possible, we just compare the results of a region against the rest of the
sky to evaluate if this region deviates more from the W13 values, compared to the rest of the sky. This
assumes that any systematics should not be direction-dependent. It should be born in mind that this is an
approximate, complementary test due to its limitations, and not a stand-alone check for excess X-ray
absorption.

Firstly, we consider the region within 45° around (I, ) = (281°, —=16°). This is the most anisotropic
and faintest region of the Ly — T relation as found in M20, when only our sample is considered. For
the 16 clusters lying within this region We find that the best-fit relation is Ny x,,, = (7.64 £ 1.22) X

0.75+0.25
( N, Htot )

4% 10%cm™
region is completely consistent with the rest of the sky. Assuming that the low Ny, clusters indeed have

a larger, true Ny x;,,, then the clusters of the tested region would be less biased, since they have a larger
median Ny, compared to the rest of the sky. Consequently, there is no indication that an untraced,
excess X-ray absorption is the cause behind the Ly — T anisotropies.

The second region we consider is within 45° around ([, b) = (122°,+8°). This region shows mild

indications of uncalibrated true X-ray absorption that differs from the W13 values. Using its 11 clusters,
)0.7210.24

x 10%° / cm?. As also shown in the upper panel of Fig. 4.3| the behavior of this

N
we find Ny xp,y = (7.56 = 1.04) X (¢ x 10*° /cm?. The results (Fig. 4.3)) are again

4% 10%cm™
consistent with the rest of the sky, not revealing any signs of a biased applied X-ray absorption correction.

4.5.4 Overall conclusion on possible X-ray biasing effects on the anisotropy
studies

The main purpose of this section’s analysis was to address if the strong observed Ly — T anisotropy
found in M20, is caused by unaccounted soft X-ray absorption, not traced by the Ny, values of W13.
For instance, a yet undiscovered gas and dust cloud, or some galactic dust with oversolar metallicities,
could cause such an effect. Additionally, we also wished to discover if there is such a region elsewhere in
the sky.

All the different tests we performed, mostly independent to each other, did not show any signs of
possible absorption biases toward (I, b) ~ (300°,-20°). Future tests, particularly with the eROSITA
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Figure 4.3: Comparison between the Ny, from W13 and the Ny, constrained by our X-ray spectral analysis. The
equality line is displayed (purple), as well as the 1o space of the best-fit function for the region of interest (green,
black points) and for the rest of the sky (cyan, red points). The reason for the systematic difference is given in
the main text. The region of interest is within 45° from (I, b) = (281°, —16°) (top) and from (/, ) = (122°, +8°)
(bottom).

All-Sky Survey (eRASS), will reveal more information on that topic. For now though, we can safely
conclude that the anisotropies found in M20 are not the result of any biases in the applied soft X-ray
absorption correction.

If a mysterious hard X-ray absorbing material existed that did not affect soft X-rays, this would have
an effect only on the measured 7. However, this would lead to underestimated 7 values, which would
cause the opposite anisotropic behavior compared to the M20 results. So this hypothetical scenario is
also rejected.

Finally, using the Ly — Yy, relation for our sample and ACC, we identified a region, ([, b) ~ (122°, +8°),
that might imply an extra needed soft X-ray absorption correction for the clusters there. However, the
statistical significance of this result is only ~ 207, while the Ly — L and the Ny x,,, tests did not reveal
any deviations toward that region. Future work will again give a clearer answer, but for now we conclude
that no extra correction is needed for the Ly values of the clusters lying within this region.

4.6 Anisotropies due to bulk flows or H, variations

We have established that strong biases in the X-ray measurements related to previously uncalibrated
absorption do not seem to exist, particularly toward (1, b) ~ (300°, -20°). The anisotropies observed
in M20 thus cannot arise from such issues. Two more possible origins of such anisotropies are BF
motions or spatial variations of cosmological parameters. The first adds a systematic, nonnegligible,
local velocity component on the measured redshift of the objects toward a particular direction. If not
accounted for, it leads to a systematic over- or underestimation of the clusters’ distances, and hence of
their cosmology-dependent quantities. The same is true if the real underlying values of the cosmological
parameters, e.g., H,, vary from region to region. This spatial H,, variation in that case only has to extend
up to the redshift range of our samples, as the result of a local, unknown effect, while a convergence
to isotropy at larger scales would be perfectly consistent with our results. We proceed to search for
anisotropies in scaling relations sensitive to these two phenomena, and attempt to quantify the BF, or the
needed H,, variation to explain the observations.
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4.6.1 The L, — T relation

Our inference of Ly would be strongly affected by either BFs or a cosmological anisotropy through the
assumed luminosity distance (Lx~ Di). At the same time, our 7 measurement would remain relatively
unchanged. This allows us to predict the Ly values of the clusters across the sky based on their 7" and the
globally calibrated Ly — T, and attribute any directionally systematic deviations to BFs or H|, anisotropies.

Our sample

The anisotropies of the Ly — T relation are extensively discussed in M20. Here we update our results
based on the new statistical methods we follow, whose differences with M20 are described in Sect.
Based on the observed scatter and the number of available clusters, we consider § = 75° cones to scan
the sky. The maximum anisotropy is detected toward (I, b) = (274° + 43°,-9° + 32°) (120 clusters),
deviating from the rest of the sky by 19 + 7% at a 2.80 level. The decreased statistical significance of
the anisotropy compared to the M20 results (3.640 there) is due to the more conservative parameter
uncertainty evaluation which is now based on bootstrap resampling with marginalization over the slope,
and the weaker statistical weighting of the clusters close to the center of the considered cones. Also, here
we do not compare the two most extreme regions with opposite behavior, but only the most extreme one
with the rest of the sky. The A;;/A; 7, and the sigma maps are given in Fig. Eﬂ As expected, they are
not significantly different than the ones obtained in M20. The most noticeable difference is the lack of
the particularly bright region close to the Galactic center. Now the brightest region is located ~ 150°
away from the faintest, indicating an almost dipolar anisotropy.

Cosmological anisotropies and bulk flows We assume that the cause of the observed tension is
an anisotropic H,, value. One would need H,, = 66.0 + 1.7 km/s/Mpc toward (I, b) ~ (274°,-9°), and
Hy =72.1 £ 1.4 km/s/Mpc for the rest of the sky. The respective Hubble diagrams are compared in the

top panel of Fig. 3]

We now assume that a BF motion is the sole origin of the observed anisotropies, with H, being isotropic.
Based on the MR method, we find a BF of ugp= 1080 + 330 km/s toward (I, b) = (313° +34°, -17° +20°)
for the full sample. This result is dominated however by lower z clusters, since there are only 26
clusters with z > 0.2. For the redshift range z € [0,0.06], we obtain ugp= 1160 + 420 km/s toward
(I,b) = (318° + 37°,-5° + 23°). One retrieves a similar BF for clusters within 270 Mpc as for the full
sample. Both the direction and amplitude of the BF, as well as its statistical significance, stay within the
uncertainties as we consider iteratively larger volumes. The detailed results are given in Table .4] For
the concentric redshift bins z € [0.06,0.12] and z € [0.12, 0.3], one obtains ugp= 1280 + 440 km/s toward
(I,b) = (262° + 52°,42° £ 26°), and ugp= 1210 £ 670 km/s toward (/,b) = (253° + 60°,—18° + 31°)
respectively. The BF direction is consistent within 1o~ between all redshift shells, not showing any
convergence even at > 600 Mpc. The limited number of clusters beyond ~ 600 Mpc is a challenge
however for the precise pinpointing of the BF at larger scales. The results are in tension with ACDM
which predicts negligible BFs at scales of » 200 Mpc (e.g., Li et al.,[2012} Carrick et al.,[2015} Qin et al.,
2019).

Using the MA method, we find a BF of ugp= 650 + 280 km/s toward ([, b) = (298° + 25°, -21° + 18°)
for the full sample. When this BF is applied to our data, the Ly — T relation is consistent with isotropy
within 1.40 based on the usual sky scanning. Unfortunately, for the MA method we need to consider
broader redshift bins than with the MR method, in order to have enough data available per sky patch.
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For the redshift bins z € [0, 0.09ﬂ we find ugp= 730 + 320 km/s toward (I, b) = (268° + 31°, =5° + 23°),
while iteratively increasing the cosmic volume does not significantly affect this result. For z > 0.09, while
the anisotropy toward (I, b) ~ (270°, —=25°) persists at a ~ 20 level, the search for a BF is inconclusive
due to the limited number of clusters, which leads to large uncertainties. To get an idea of the possible BF
signal in the MA method purely at larger scales, one can exclude local clusters (< 300 Mpc, z < 0.067
and only consider the 170 clusters at larger distances. For these, we obtain ugp= 690 + 340 km/s toward
(I,b) = (293° + 39°, —12° + 27°). Although there is some overlap with the z € [0,0.09] results, these
findings serve as a hint for BFs extending to larger scales.

We see that both methods reveal large BFs, with no signs of fading when larger volumes or different
redshift bins are considered. The direction appears to be relatively consistent between both methods, well
within the 10 uncertainties. The main difference is that the MA method returns a smaller amplitude for
the BF, consistent within 1o~ though with the MR method. Finally, one sees that the Ly — T anisotropies
are not subject to a specific redshift bin but consistently extend throughout the z range.

Joint analysis of the Ly — T relation for our sample and ACC

As shown in M20 (and in Appendix f.12), ACC shows a similar anisotropic behavior with our sample,
even though it is completely independent of the latter. We perform a joint likelihood analysis of the two
independent samples, with the 481 individual clusters they include. We express the apparent anisotropies
in terms of Hy, similar to Fig. 23 of M20. The results are plotted in Fig. f.4] H,, seems to vary within
~ 65 — 76 km/s/Mpc. The most anisotropic region is found toward (/, b) = (284°i?;, —40320)- Its best-fit
is Hy = 66.2 + 1.6 km/s/Mpc , while for the rest of the sky one gets H, = 72.7 + 1.5 km/s/Mpc. While
the posterior H range is identical to the one found in M20, the significance of the anisotropies do not
exceed 30, due to the more conservative methodology followed here (and due to the nonuse of XCS-DR1
here). The peak anisotropy is close to our sample’s result since it dominates the joint fit, something that
also shows from the fact that the o~ level compared to our sample alone increases only slightly. There is a
second, weaker peak on the maximum anisotropy position of ACC.

In terms of a BF motion, there is no meaningful way to combine the two independent datasets in an
analytical way similar to the H,, analysis, since any BF has meaning only within a certain z range. The
redshift distribution of the two samples differ however, and in every given redshift shell, one data set will
dominate over the other.

4.6.2 The Y,,—-T relation

The anisotropies of the Y5, — T relation are presented in this work for the first time. Yg, strongly depends
on the angular diameter distance (Ygz~ Di), which is affected by BFs and possible spatial changes of the
cosmological parameters. At the same time 7 is independent of these effects and thus the same reasoning
as in the Ly — T relation applies. The advantages of the Y5, — T relation are three. Firstly, the scatter is
clearly smaller than the Ly — T relation allowing for more precise constraints. Secondly, Yy, is unaffected
by absorption issues, while 7' (determined using spectra with photon energies of > 0.7 keV) only has a
weak dependence on uncalibrated absorption effects, with much less severe effects than Ly. Thus, in
practice no Yg, — T anisotropies can occur from unaccounted Galactic absorption issues. Finally, due to
the applied redshift evolution of Yy, — T, the latter is more sensitive to BFs than Ly — 7.

8 Here we go beyond the median z, since low z clusters exhibit a larger scatter (due to galaxy groups), thus we need more than
half our sample to obtain valuable constraints. For higher redshifts, the scatter reduces, so fewer clusters can also be used.

° This is the scale that many studies consider for studying BFs or local voids (e.g., Betoule et al., Carrick et al.,[2015)),
see later discussion.
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Our sample

Due to the low observed scatter and the 263 clusters with quality Y, measurements, we consider 6 = 60°
cones to scan the sky. The maximum anisotropy is detected toward (1, b) = (268° + 34°, —16° + 29°) (57
clusters), deviating from the rest of the sky by 27 + 7% at a 4.10 level. The direction agrees remarkably
with the results from the Ly — T relation. The amplitude of the anisotropy is larger, due to the narrower
cones, which limit the "contamination" of unaffected clusters in each cone. The statistical significance of
the anisotropies is also considerably larger, as a result of the smaller Yy, — T scatter and the narrower
scanning cones.

This result strongly demonstrates that the observed Ly — T anisotropies are not due to X-ray absorption
issues. The Ay /Ayr,; and the sigma maps are shown in Fig. @ Here we should note that there is
a mild correlation between the Ly and Yy, scatter compared to T due to the physical state of galaxy
clusters. If the origin of the anisotropies was sample-related (surprisingly strong archival bias, etc.), one
would expect to indeed see similar anisotropies in Ly — T and Y5, — T. However, this would still not
explain the large statistical significance of the Y, — T anisotropies, or the fact that we see a similar effect
in ACC. Nonetheless, we further explore this possibility later in the paper (Sects. f.7.6]and [4.8), and
confirm that this is not the reason for the agreement of the two relations. Finally, if one uses the Yg,
values from PSZ2 instead, one obtains similar anisotropic results (Sect. F.13).
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Figure 4.6: Top: Same as in Fig. for Yy, — T. Bottom: The H,, anisotropy map (left) and the respective
significance map (right), derived from the joint Y, — T (our sample+ACC, bottom).

Cosmological anisotropies and bulk flows We now investigate the necessary H, variations to fully
explain the observed anisotropies. One would need H,, = 62.3+2.2 km/s/Mpc toward (I, b) ~ (268°, -16°),
and H, = 72.1 £ 0.9 km/s/Mpc for the rest of the sky. The result is consistent within 1.40- with the H,,
value obtained from the joint Ly — T analysis. The corresponding Hubble diagram is shown in the bottom

panel of Fig. #.3]
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The observed anisotropies cannot be caused by a local spatial variation of Q. The Yy, — T relation
is rather insensitive to such changes due to the low z of the clusters and the opposite effect that an
Q_, change would have on the Y, value, and in the redshift evolution of the relation. However, the
anisotropies appear to be even stronger now compared to the Ly — 7 relation.

Assuming the apparent anisotropies are due to a BF affecting the entire sample, using the MR
method one finds ugp= 1030 + 370 km/s toward (I, b) = (263° + 39°, -22° + 20°). For the redshift bin
z € [0,0.07] we obtain ugp= 1110 + 420 km/s toward (1, b) = (254° £ 42°,-17° £ 19°), similar to the
full sample’s results. By gradually expanding the redshift range, the best-fit results remain within the
uncertainties, without an amplitude decay. For the z € [0.07,0.12] bin, we obtain ugp= 920 + 540 toward
(I,b) = (312° £ 61°,-34° + 31°). The BF drifts by ~ 50°, but remains within the (large) uncertainties
and within the marginal anisotropic region. The amplitude is also slightly decreased, but still well above
the ACDM prediction for such scales. For the z > 0.12 clusters we find ugp= 1280 + 780 km/s toward
(I, b) = (321° £103°, —42° £ 45°). There is some indication that the BF persists toward a similar direction
up to scales larger than ~ 600 Mpc, however the poor constraining power of the z > 0.12 subsample does
not allow for robust conclusions.

From the MA method, we obtain ugp= 1040 + 310 km/s toward ([, b) = (267° + 22°,-28° + 16°),
completely consistent with the MR method. Within z < 0.09, the constrained BF is ugp= 1270 + 370
kmy/s toward ([, b) = (254° +22°,-18° + 16°). For z > 0.09, the amplitude is reduced (ugp= 820 + 430
kmy/s), while its direction ([, b) = (242° + 87°, —13° + 22°) is rather uncertain (pointing however toward a
similar sky patch).

One sees that the Y, — T anisotropies reveal similar BFs than the Ly — T case. In both cases, the
MR and MA methods agree on the full sample and the low z regime, while the results are uncertain for
higher redshifts. Both the scale out to which the apparent BF extends, and its amplitude, by far exceed
the ACDM expectations.

Joint analysis of the Yg; — T relation for our sample and ACC

The ACC sample shows a very similar anisotropic Y5, — T behavior to our sample (Appendix {.12).
We combine the two independent samples and their 376 different clusters, to jointly constrain the
apparent H,, anisotropies with the Yy, — T relation. The H|, spatial variation with the sigma maps are
given in the bottom panel of Fig. #.6] The combined maximum anisotropy direction is found toward
(I,b) = (276° £ 26°,-14° £ 20°), with H, = 63.4 + 2.5 km/s/Mpc, at a 4.30" tension with the rest of the
sky (13 + 3%). The statistical significance is slightly increased compared to our sample alone, while the
direction is mostly determined by our sample. The obtained anisotropies remarkably agree with the joint
Ly — T results. Finally, a dipole form of the anisotropy is apparent in the sigma maps.

4.6.3 The Lgeo — T relation

The final scaling relation that can potentially trace cosmological anisotropies and BFs is the Lycg — T
relation. Absorption effects are rather irrelevant for this relation, since Lpcg is measured in infrared.
Furthermore, the latter strongly depends on the luminosity distance (Lgcg~ Di). The large scatter of
the relation and the fewer number of clusters compared to Ly — 7 and Yq, — T constitute the main
disadvantages of Lgg — T. Due to that, § = 90° scanning cones are considered.

Despite the aforementioned disadvantages, the Ly — 7 relation can offer additional insights on the
observed anisotropies. Indeed, a 1.90 anisotropy is detected toward ([, b) = (257° + 55°,—12° + 38°),
where the BCGs appear to be 19 = 10% fainter than the rest of the sky. The normalization anisotropy
map is displayed in the bottom panel of Fig. .25 This mild tension does not provide sufficient statistical
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evidence for a deviation of isotropy. However, the agreement of the direction with the Ly — 7 and Yy, — T
results offers additional confirmation of the existence of the physical phenomenon causing this.

Cosmological anisotropies and bulk flows In terms of H,,, one obtains H, = 66.2 + 2.5 km/s/Mpc
for that direction, and H, = 72.6 + 2.3 km/s/Mpc for the opposite hemisphere. The H,, values are
consistent with the other scaling relations, for similar directions.

To search for any BFs, we can only consider the full sample, due to the restricted 0.03 < z < 0.15
range, and the few available clusters. For the MR method, we obtain ugp= 620 + 400 km/s toward
(I,b) = (293° +50°, +2° + 29°). With the MA method, we find similar results as well, displayed in detail
in Table #.4] Even though the direction is rather uncertain, the BF results are consistent with the ones
foundin Ly — T and Yy, — T.

4.6.4 Combined anisotropiesof L, — T, Y, — T,and Ly, — T

We now combine the information from the Ly — T, Y, — T, and Lycg — T anisotropies, for both our
sample and ACC into one single H,, anisotropy map. The joint analysis procedure is the same as before,
where the different H|, posterior likelihoods for every region, from every scaling relation are combined.
We should stress that this method makes three assumptions.

Firstly, it assumes that the underlying effect causing the anisotropies does not affect 7', but only Ly,
Y7, and Lpcg, which is true for cosmological anisotropies and BFs. This also requires that there are no
unaccounted X-ray absorption effects that bias the 7 measurement, which should be the case according
to our Sect. [f.5]analysis. If a strong temperature outlier exists due to chance, it would not significantly
affect the results by propagating to all scaling relations. The effect of the outlier would be "buried" under
the average behavior of the rest of the clusters in its region, if no reason for an anisotropy exists. The
posterior H, likelihood from the entire region will be then combined with the same results from the other
scaling relations.

The second assumption is that the anisotropies are not biased by our methodology, since this would
affect all three scaling relations, and the results from combining them would be biased. In Sects. and
-8 we show however that this seems very unlikely.

Thirdly, we assume that the scatter of Ly, Yq7, and Lgcg wrt T is not strongly correlated. Although we
show this to be true between Ly and the other quantities, a moderately correlated scatter indeed exists
between Ly and Yg, for our sample and for ACC. We discuss this in detail in Sect. f.7.6]and account for
this effect in the MC simulations later on (Sect. .8). Under the unlikely condition that the anisotropies
are a result of a strongly inhomogeneous spatial distribution of the cluster population, this correlation
will artificially boost the statistical significance of our results. Even so, this would not significantly alter
the final conclusions, hence we ignore this for now.

When Ly — T, Yg; — T, and Lycg — T results for both our sample and ACC are combined, we obtain
H, = 66.5 + 1.0 km/s/Mpc toward (1, ) = (273° + 40°,—11° + 27°), and H,, = 72.8 + 0.6 km/s/Mpc for
the rest of the sky. There is a 5.40 tension between the two values, demonstrating the high statistical
significance of the detected anisotropies. The small H,, uncertainties are not surprising if one considers
that five nearly independent results have been combined into one map. Even if our assumptions were not
true and we overestimated the statistical significance, we would not expect the anisotropy signal to drop
below ~ 4.501

"This is expected due to the results of the MC simulations in Sect.
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Figure 4.7: H,, anisotropy map as derived from the joint analysis of Ly — T, Yg, — T, and Ly — T relations for
both samples.
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4.7 Possible systematics

Several possible biases could jeopardize the interpretation of the observed cluster anisotropies. A large
number of them, including numerous X-ray and sample-related issues were tested and discussed for the
Ly — T relation in M20. Here we explore some additional effects that might undermine the significance
of our results.

4.7.1 Cool-core and morphologically relaxed clusters

Cool-core (CC) clusters have a strong central peak in their surface brightness profile, and they are known
to be intrinsically brighter in X-rays than noncool-core (NCC) clusters (e.g. Mittal et al.,[201T). This bias
propagates to scaling relations when the two physical quantities are not similarly affected by the (N)CC
nature of clusters. Previous studies have indeed found differences for such scaling relations between
CC and NCC, or morphologically relaxed (i.e., regular) and disturbed clusters (e.g., Maughan,
G. W. Pratt et al.,[2009} Y.-Y. Zhang et al., Maughan et al., 2012} Bharadwaj et al., 2015} Lovisari
et al.,[2020). Environmental effects have been also found to mildly correlate with some cluster properties
(M18, Manolopoulou et al.,[2020).

For classifying clusters as CC or NCC, one needs a robust proxy of the dynamical state of the clusters,
such as the central cooling time, the shape of the surface brightness profile, the concentration parameter,
etc. Future work will soon provide such information for eeHIFLUGCS, which will allow for a more
precise calibration of our scaling relations. For now, we use the offset between the X-ray peak and the
BCG position (XBO) to categorize clusters as morphologically relaxed or disturbed. This categorization
is not the same as CC and NCC, however there is a rather strong correlation between them. Specifically,
the XBO has been shown to approximately correlate with the existence of a CC in the center of the cluster
(e.g., D. S. Hudson et al., Zitrin et al., Rossetti et al., Lopes et al.,[2018). We consider
as morphologically relaxed, and possibly CC, the clusters with XBO< 0.01 R5,. We also consider as
disturbed, possibly NCC clusters, the ones with XBO> 0.08 R5,. Each of these subsamples constitutes
~ 30% of our sample.

For any anisotropy study, this bias is only relevant if the spatial distribution of morphologically relaxed
and disturbed clusters is not relatively uniform. Due to the homogeneous selection of our sample however,
one sees only mild, random variations in the fraction of such clusters across the sky (Fig. .8). There is a
small excess of relaxed clusters toward (I, b) ~ (60°, +30°). This mild distribution imbalance strongly
correlates with the directional behavior of the R scaling relations (see Appendix [.12|for more details).

Finally, it is important to stress that the ([, b) ~ (280°, —15°) region shows an average behavior in its
cluster population, and hence no relevant bias is expected there (as is further shown later).

Lack of biasin Ly — T, Yg; — T, and Lgeg — T

Relaxed and disturbed clusters do not show any meaningful difference in their Y, — T and Lgcg — T
normalization, as displayed in Fig. .9 Therefore, the possible CC bias is irrelevant for these two scaling
relations. For Ly — T, relaxed clusters appear 26 + 10% brighter than the disturbed ones (right panel of
Fig. B.9), which is generally expected. Of course, all these clusters are not found in only one region, but
they are distributed sparsely across the sky. Thus, their effects will be hardly detectable over the possible
cosmological effects. Even more importantly, there is only an average number of relaxed and disturbed
clusters toward the Ly — 7" anisotropy region, hence no considerable bias is expected.

This was indeed shown in M 18, where using core-excised Ly did not have any effect on the Ly — T
anisotropies of the HIFLUGCS sample (Reiprich et al.,[2002). Excluding the possibly relaxed clusters
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(through a supercluster member vs field cluster classification), did not affect the anisotropies either.

To provide further evidence that the dynamical state of clusters does not have an effect on the detected
Ly — T anisotropies, we create 10° randomly drawn bootstrap subsamples (same process as in M20),
independent of direction. We investigate the correlation between the A;; and the median XBO for
every subsample. In Fig. one sees that there is only a quite weak anticorrelation between the
sample’s median XBO and A, ; (Pearson’s correlation coefficient r = —0.11). This simply shows that it
is extremely improbable for enough relaxed clusters to be included in a subsample to make a noticeable
difference in A; .

AT/ALT al

0.01 0.03 0.08 0.15
Median X-ray peak-BCG offset (Rgqqg)

Figure 4.10: Correlation between the best-fit A, (over the full sample’s best-fit value) and the median XBO for
every of the 10° bootstrap subsamples.

From all the above, it is evident that an inhomogeneous distribution of morphologically relaxed and
disturbed clusters is not the reason behind the observed anisotropies.

4.7.2 Malmquist and Eddington biases
Malmquist bias

Flux-limited samples like eeHIFLUGCS, suffer from the so-called Malmquist bias (MB). Clusters that
are intrinsically brighter than the others, are overrepresented in the sample, especially close to the flux
limit. If not taken into account, this results in a biased estimation of the scaling parameters of the true,
underlying cluster population (e.g., D. S. Hudson et al., 2010; Mittal et al., 2011} Eckert et al., 20TT).
This bias is expected to be stronger for scaling relations including Ly, since the selection of the sample
was conducted based on the clusters’ X-ray flux. At the same time, the effects of the MB should be
relatively weaker for the other scaling relations. We wish to assess if the MB could affect the statistical
significance of the detected anisotropies. We focus on the Ly — T relation since this is probably the most
affected one, and the one we used in M20.

If the MB influences all regions equally, then there is no effect on the detected anisotropies. This is
indeed the naive expectation, since the MB is directly linked to the scatter of the Ly — T relation (for
decreasing scatter, the effects of the MB are also weakened). The scatter of a relation is an intrinsic
cluster property, since it mainly depends on the physical state of these objects. In an isotropic Universe,
there is no obvious reason why such an intrinsic cluster property would spatially vary. A risk factor that
would make the MB relevant is if the cluster population differs from region to region (e.g., due to archival
bias). For large enough, homogeneously selected samples like our own, one does not expect significant
differences, but nevertheless we try to quantify the possible bias in our anisotropy estimates.
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For Ly — T, the faintest, maximum anisotropy region lies toward (I, b) ~ (274°,-9°), containing 120
clusters with o, = 58.9 + 4.6%. The rest of the 193 clusters are 19% brighter with a 2.8¢ tension, and
with oy, = 50.9 £ 3.5‘7@ The scatter of the faint region is actually larger than the rest of the sky, at a
140 level. According to Vikhlinin et al. (2009), the observed scatter estimate is also the true, underlying
scatter for X-ray flux-limited samples.

The MB correction to be applied in Ly for low—z, flux-limited samples like our own is MB_ ~
exp(—] .50-12m) (Vikhlinin et al., . Consequently, for the (I,b) ~ (274°,-9°) region we have
MB_,~ 0.594 + 0.048, and for the rest of the sky MB_ .~ 0.678 + 0.036. Therefore, there is a 84%
chance that after the proper MB correction, the faint region will become even more anisotropic compared
to the rest of the sky. Based on the MB_,,. uncertainties, there is only a 0.007% (40) probability that the
full amplitude of the Ly — T anisotropy is a result of the MB.

Similarly to the effects of the scatter, one might expect that larger Ly uncertainties could lead to
larger normalizations, and vice versa. However, the faintest region has again a slightly larger average Ly
uncertainty than the rest of the sky, while the median value is similar between the two subsamples.

This result strongly suggests that the MB is not the reason behind the Ly — 7" anisotropies, even though
there is a small chance (< 16%) that it might lead to a slight overestimation of the statistical significance
of the findings. However, considering the even larger relative anisotropy of the Y5, — T relation and the

weaker effects that MB has there, one concludes that the latter is probably irrelevant for our analysis.

Eddington bias

The Eddington bias refers to the fact that at large distances, only luminous, massive clusters will exceed
the flux limit of a survey. Thus, they are overrepresented at large z. This leads to a different Ly, Yq, and
T (i.e., mass) distributions between low and high z. Low and high mass systems might share slightly
different scaling laws. If the z distributions of the compared cluster subsamples were significantly
different, this could lead to a biased comparison and artificial anisotropies. However, in M20 we showed
that the z and T distributions of the (, b) ~ (280°, —15°) are very similar to the rest of the sky, as expected
for a homogeneously selected sample. This is further confirmed by our physical properties test in Sect
B.7.4] Subsequently, the Eddington bias is rather irrelevant to our analysis.

4.7.3 Zone of Avoidance bias

The fact that the direction of the observed anisotropies mostly lies close to the Galactic plane gap, or the
Zone of Avoidance (ZoA, |b < 20°|) is another issue that might raise concerns about their underlying
origin. In Sect. .5} we demonstrated that uncalibrated X-ray absorption issues are not the reason behind
Ly — T anisotropies, and definitely cannot explain the Y, — T anisotropies. Subsequently, the only
possible bias that might lead to the artificial detection of anisotropies close to the ZoA is the applied
methodology, or some unaccounted archival bias toward that region.

We use two independent tests to ensure that our applied methodology is not biased toward this region.
Firstly, we repeat the sky scanning for the Ly — T, Yg, — T and Lycg — T relations of our sample, this
time without applying any weighting on the cluster uncertainties (these weights were based on each
cluster’s distance from the center of each cone). As a result, the scanning algorithm does not take into

""Here we display o, in terms of percentile and not dex, in order to make the following calculations clearer. o, mirrors
the standard deviation of the distribution of clusters around the best-fit line. The relative difference of the two subsamples
though corresponds to the standard error difference, which is the uncertainty of the mean of this distribution (i.e., the best-fit
normalization). The statistical significance of this relative difference (i.e., anisotropy) accounts of course for o, through the
normalization uncertainties.

nt
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account the spatial distribution of clusters, and does not "see" the ZoA gap. The only information it reads
is the number of clusters in each cone. The cones close to the most anisotropic region happen to have
average numbers of objects (Fig. #.27]in Appendix). Even if fewer clusters were included in the cones,
in M20 we showed that the best-fit normalization is completely independent of the number of clusters.

When repeating the analysis for Ly — T we obtain an anisotropy of 2.7¢0 toward (/,b) = (284° +
44°,-4° + 33°). The result is similar to the default analysis both in terms of the anisotropy direction
and amplitude. In a similar manner, for the Yy, — T relation we obtain a 3.90 anisotropy toward
(I,b) = (262° + 33°,-22° + 30°), again similar to the default case. The anisotropies of the Lgcg — T
anisotropies are practically not affected. These results establish that the observed anisotropies in our data
are not an artefact of the ZoA effect on our analysis.

The second test we utilize is twofold. Firstly, we consider the 10000 isotropic MC simulated samples
used in Sect. 4.8 which are drawn from the same distribution as the real sample. There the positions of
the clusters are kept fixed, and and thus the ZoA remains empty. For the same scaling relations as before,
we measure how many times the maximum anisotropy is found within the ZoA. We then compare this to
the random expectation based on the fraction of the full sky area the ZoA covers, namely ~ 33%. We
find that ~ 43% of the maximum anisotropy directions lie within the ZoA. This indicates that the applied
statistical (distance) weighting of the clusters during the sky scanning can introduce a small bias in the
direction of the detected anisotropies. However, this bias is quite small, and completely disappears if one
repeats the procedure with uniform weighting. The real data anisotropies however do not drift in this
case.

For the next part of this test, we randomly fill in the empty ZoA area of these 10000 MC samples with
~ 130 — 150 simulated clusters. These clusters have the same number density as the rest of the sky, and
the same T and scatter distributions. We measure again the level of the anisotropies, and compare it with
the case where the ZoA is excluded. That way we wish to see if excluding the clusters within the ZoA in
the real data introduces a bias in our anisotropy estimates. We find that the amplitude of the anisotropies
decreases by 14 + 8%, which is expected due to the larger number of isotropic data. Additionally, ~ 36%
of the most deviate directions are located within ZoA, slightly decreased compared to the case when the
ZoA clusters are excluded, and consistent with the random expectation. Hence, the gap of the ZoA can
weakly affect the direction of the detected anisotropies, but not enough to compromise our results.

These tests combined strongly suggest that there is no significant bias in our methodology that favors
and amplifies anisotropic signals close to the ZoA. The minor changes that can be indeed caused are
much smaller than the measured direction uncertainties. Relative plots for these tests can be found in
Appendix. .14} Future surveys will offer a more robust cluster detection toward that region, which will
help us pinpoint the clusters anisotropies slightly more accurately.

4.7.4 Anomalous combination of cluster properties

In M20 we have investigated if a single average physical property of cluster subsamples can be associated
with an anomalous behavior of A; . Here we wish to find out if such a behavior of A; ; (or Ay;) could
also result from a certain combination of average cluster properties. To do so, we construct 10°® random
bootstrap cluster subsamples of random size (10— 60% of the total sample’s size), as done in M20. Except
for the best-fit A, r, B,y and o7, ; 7, 12 more average properties of each subsample are also derive

We express A; - as a function of all the parameters p; (normalized by their sample mean p,,.,,), and their

2These are the average redshift, temperature, < 0.2 R, (core) temperature, flux, core metallicity, 0.2—0.5 Ry, metallicity, Ny
RASS time exposure, X-ray peak-BCG offset, number of clusters, original source catalog (REFLEX/BCS=1, NORAS=2),
and instrument used for 7 measurement (XMM-Newton=1, Chandra=2).
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power-law index v;, as follows:

N=14

Apr = 1132+ 3" 5,108 (Pi/ Prnean) 4.9)
i=1

The 1.132 term corresponds to the best-fit value for the full sample.

To understand which combination of properties could lead to a significantly altered A; -, one needs
to constrain v;. Knowing these, one can predict the best-fit A; ; based just on the physical properties of
the clusters. To do so, we perform a Markov-Chain Monte Carlo (MCMC) fitting to the 10 bootstrap
subsamples. The exact details of the fitting process together with the relevant plots can be found in
Appendix 4.T4] A;; shows a negligible dependence on 11 out of the 14 parameters. There is a weak
anti-correlation with the best-fit B;; (v; = —0.4 + 0.22), a moderate anti-correlation with mean T
(vy = —0.87 £ 0.21), and a moderate correlation with mean z (v, = +0.82 + 0.19). In flux-limited samples
and due to the Eddington bias, high—z clusters are also high—T clusters. As a result, the contribution of
these two terms in the predicted A, balances out. In general, subsamples with local, hot clusters tend to
appear fainter than average, and vice versa.

To determine if the observed Ly — T anisotropies are caused by the physical cluster properties of
the (1,b) ~ (274°,-9°), we predict its A, ; using Eq. and its mean cluster properties. We obtain
A;r ~ 1.12,and A; ; ~ 1.14 for the rest of the sky. The two results are similar and so we confirm that the
strong apparent anisotropies are not caused by a possible bias due to an inhomogeneous distribution of
different cluster populations. This result was expected, since in M20 we showed that the average physical
cluster properties are similar across the sky. Repeating the analysis for Y, — T returns similar results.

4.7.5 Temperature calibration issues

If the measured cluster temperatures suffered from calibration issues and were biased toward higher
values within the (I,b) ~ (280°,—10°) region, this would create apparent anisotropies in all scaling
relations that include 7'. This would eventually lead to an overestimation of the statistical significance of
the anisotropies, when we combine all the T scaling relations.

However, this scenario is highly unlikely for several reasons. Firstly, if T was overestimated toward
(l,b) ~ (280°,—10°), the same anisotropies should appear in the R — T scaling relation as well, but they
do not (Sect. #:12). Secondly, there is no obvious reason why the ACC sample would show similar
anisotropies to our sample, when its temperatures were measured two decades ago with a different X-ray
telescope and data analysis process. Thirdly, clusters in that region were not observed within a certain,
narrow time interval, but throughout many years. As such, any calibration issues could not have affected
only these clusters, but it should affect clusters from the entire sky. One would not observe strong
anisotropies then, since one needs several clusters from one region to show a systematic behavior in order
for a statistically significant signal to appear.

One possible effect that could bias the directionality of 7" scaling relations, is the fraction between
clusters with measured 7" from Chandra (237 in total) or XMM-Newton (76). As shown in Schellenberger
et al. and further confirmed in M20, T values measured with the two telescopes slightly (and
systematically) differ. They follow a clear, low-scatter relation though, which we used to convert XMM-
Newton temperatures to the equivalent Chandra ones. Therefore, one should not expect any dependance
of the results on the fraction of Chandra and XMM-Newton clusters. This is confirmed by the analysis
in Sect. #.7.4] where this fraction does not strongly correlate with the best-fit A; . Nevertheless, we
test if the spatial variation of this fraction correlates with the observed anisotropies in Ly — T, Y, — T,
and Lgcg — T. We find that the (1, ) ~ (280°,—10°) does not show any strong imbalance (Fig. 4.29).
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There is an excess of Chandra clusters toward (I, b)) ~ (150°, +40°), while an excess of XMM-Newton
clusters is found toward (I, b) ~ (334°, =50°). Moreover, when only Chandra clusters were used in M20,
the same Ly — T anisotropies were observed.

Based on all the above, one can safely conclude that the observed anisotropies are not due to 7 meas-
urement calibration issues. Finally, eRASS will provide cluster observations from a single instrument,
analyzed within a strict time interval, and thus avoid such possible systematics.

4.7.6 Correlation of L, and Y, scatter with T

Past studies (i.e. Nagarajan et al., 2019 and references therein) have reported a positive correlation
between the scatter of Ly and Yy, at fixed mass (or T equivalently). Here we test this correlation with
much larger samples, as well as the correlation of the scatter between these two quantities and Lycg.
Considering the 263 clusters with both Y, and Ly measurements, we confirm that their residuals wrt
T are correlated, with a Pearson’s correlation coeflicient of r,,, = 0.668 + 0.089. This is shown in Fig.

B-TT] The best-fit line has a slope of ~ 0.63, while the total scatter of the relation is ~ 0.16 dex.
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Figure 4.11: Correlation between the Y, scatter from the Yy, — T relation, and the Ly scatter from the Ly — T
relation.

We should note that this correlation has no effect on the statistical significance values extracted for
every scaling relation individually, although it can affect the combined statistical significance of the
anisotropies as obtained in Sect. [.6.4} In practice, this means that both Y5, — T and Ly — T would exhibit
similarly biased anisotropies in the case of an inhomogeneous distribution of CC clusters or mergers
for instance. Their results then could not be considered independent and combined as in Sect. f.6.4]
Our previous analysis showed that such a CC (or merger) bias is quite unlikely to cause the observed
anisotropies, since no correlation was found between the A;  and Ay, and the average dynamical state
of a subsample’s clusters. We fully explore the effect that this correlation has in our results however in
the next section where MC simulations are carried out.

Similar results are obtained for the ACC sample, for both the correlation coefficient and the slope of
the relation. Finally, the scatter of Lycg wrt T does not show any meaningful correlation with the scatter
of Ly or Ygz.
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4.7.7 Selection biases

As extensively argued in M20, selection biases are not expected to significantly affect our anisotropy
results. We attempt to constrain the relative deviations between sky regions and thus we use the overall
best-fit scaling relations as a frame of reference. The bias-corrected scaling relations are not a necessity
for that, as long as the cluster properties across the sky do not vary significantly. This was shown to be
true in both M20 and in this work. Our results however are still directly comparable with similar literature
results since many studies focus on the observed scaling relations. Nonetheless, we performed several
tests to evaluate how some selection biases can affect the statistical significance of the anisotropies. The
results from Sects. [4.7.1]and A.7.2] support the notion that the observed anisotropies are not overestimated
by selection biases. More tests are performed in Appendix .13} yielding the same conclusion. The
bias-corrected scaling relations will be presented in future work.

Overall, the results of Sect. [.7] further suggest that the observed anisotropies do not emerge due to
unaccounted biases.

4.8 Comparison with isotropic Monte Carlo simulations

The well-established statistical methods used up to now provide reliable parameter uncertainties and
a robust estimation of the rareness of the observed anisotropies. Nonetheless, biases we are not aware
of, can still be present in our analysis and lead to overestimated anisotropy signals. The same is true
for cosmic variance. To further investigate this, we need to apply our analysis to simulated isotropic
MC simulations. For the Ly — T, Yg; — T, and Lpcg — T scaling relations, we create 10000 simulated
isotropic samples similar to the real ones. Analyzing these samples with the same procedures as in the
main analysis, we test the frequency with which anisotropies equal or larger than the ones observed in
the real data are retrieved. We also calculate the frequency with which the directions of the anisotropies
for different scaling relations are randomly found to be as close as in the real data.

4.8.1 Constructing the isotropic simulated samples

To build every isotropic MC realization, we create the same number of clusters as in the real sample (for
both our sample and ACC). We start from the Ly — T relation. We keep the coordinates, redshifts, and T
(together with oy, ) of the simulated clusters fixed to the real values. This is done to incorporate all
the possible effects that could create anisotropies, including the spatial distribution of the real clusters.
Based on the best-fit scaling relation for the full, real sample, we calculate the predicted Ly value. We
then add a random offset to the latter, drawn from a log-normal distribution with a standard deviation

of \/a'izm, ot crlzog Lyt B%T X alzogT. Since low mass systems might exhibit a larger intrinsic scatter, we
consider three different values of /o, ;7. We divide the sample in three equally sized subsamples

according to their T' value, and for every subsample we constrain o, LTE| given the best-fit A; 7 and By
for the entire sample. Based on the T value of each simulated cluster, we then use the respective oy 7
to draw the random offset of the Ly value. We ensure that the posterior distribution of the best-fit values
of the simulated samples follow the input values for every parameter.

After that, we need to simulate Yy, for every cluster with S/N> 2 by taking into account the correlated
scatter of Y7 and Ly with 7. We first predict Y, for every cluster, based on the best-fit Y, — T relation
and T'. Then, we further add the expected scatter of Y, based on the observed best-fit correlation in Sect.
m and the random, simulated Ly scatter from before. On top of that, further noise is added on the

BOne finds Tinr7=(0.29,0.23,0.16) for the T < 3.5 keV, 3.5keV< T < 5.8keV, and T > 5.8 keV clusters respectively.
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Yy, value, based on the scatter of this correlation (drawn from a log-normal distribution combining the
statistical uncertainties of the observed Ly and Yy, residuals and the intrinsic scatter). We constrain the
best-fit Ayr, Byr, and oy, yr for all 10000 samples and confirm their distribution follow the values from
the real samples.

A simulated, isotropic Ly value is also drawn for the 196 clusters with 0.03 < z < 0.15, in the same
way as for Ly — T'. The infrared BCG luminosity does not show any correlation in its scatter with Ly and
Y7, and therefore no extra procedures are needed. We finally repeat the Ly, — T and Y5, — T simulations
for ACC as well.

4.8.2 Results

We firstly explore our sample and ACC separately, for the available scaling relations. At the end, we
combine the results to estimate the overall probability that our entire findings are due to chance. The
histograms of the maximum anisotropy detected in the MC samples for every scaling relation, together
with the results from the real samples, are displayed in Fig. {12}

Our sample

For the Ly — T relation, we find that there is a 1.6% probability (p = 0.016) to observe a > 2.80
anisotropy within an isotropic Universe, using our methodology. One sees that the statistical significance
of the two methods does not vary significantly.

For the Y5, — T relation, the chance to randomly observe a > 4.1¢" anisotropy in an isotropic Universe
is p = 0.011. This is significantly more probable than implied by standard analysis and demonstrates how
apparent anisotropies might be present due to noise and cosmic variance. Nevertheless, the probability of
such results to occur randomly is still quite low. If we consider the probability that the observed Ly — T
and Yy, — T anisotropies emerge simultaneously for a simulated sample, then the probability dramatically
drops to p = 0.001. On top of that, one needs to consider the direction agreement of the anisotropies of
the real samples, which is within 10°. Out of the 10000 isotropic MC samples, only one exhibits this
level of anisotropy for both scaling relations and within such a narrow cone (p = 1074, Ttis important to
stress again that the correlation between the Ly and Y, values has been taken into account as explained
before.

For the Lycg — T relation, a > 1.90 anisotropy is detected for 42% of the samples, mostly due to the
large scatter. Although this result alone is consistent with isotropy, when combined with the Ly — T and
Yg7 — T results, it returns p = 4.2 X 10, without accounting for the three similar anisotropy directions.
When this is also included, one obtains p = 3.5 X 10_6El

To sum up, from our sample alone, there is a 1 in ~ 286000 probability that an observer would obtain
our results due to statistical noise, cosmic variance, or scatter correlation between Ly, Yq7, and Lycg.

4.8.3 Joint probability

Before we assess the overall probability of our results considering ACC as well, we wish to test ACC
alone. For the Ly, ; — T relation, the observed anisotropy amplitude is detected in the isotropic samples
with p = 0.26, much less rare than implied by the default methods and consistent with isotropy. The
observed behavior of the Yq; — T relation yields p = 0.055 alone, more statistical significant than L, — T

“Here we find the maximum angular distance 6 among the most anisotropic directions of the three scaling relations. We then
see how often all three directions lie within 6. This is done for all simulated samples. We then multiply this probability with
the probability which comes purely from the amplitude of the anisotropies (i.e., p = 4.2 x 107%).
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Figure 4.12: Histograms of the statistical significance of the maximum anisotropy as detected in 10, 000 isotropic
MC simulations for the Ly — T, Yg; = T, Lycg — T, Ly, = T (ACC), and Yy, — T (ACC) scaling relations. The
vertical black line represents the results from the real data, with the p—value and the direction also shown.

The joint probability to observe such anisotropies simultaneously in a sample is p = 0.028. If they were
also to be separated by only < 8° as in the real data, then the probability significantly drops to p = 0.003.
One sees that there are strong indications of an existing anisotropy from the ACC alone, although not
enough to completely exclude the scenario of a random event.

Since the two samples are completely independent, the overall probability of our results is given by
multiplying the distinct probabilities from the two samples. This yields p = 1.2 X 1078, Furthermore,
one needs to account for the agreement in the anisotropy direction between our sample and ACC. The
maximum angular separation between the results of the two samples, for any two scaling relations, is 50°.
Since the two samples are independent, one would expect a uniform distribution in the angular separation
of their simulated maximum anisotropy directions. Thus, a < 50° separation would have a ~ 28% chance
to occur.

Finally, combining all the available information, we find that our results are practically impossible to
occur randomly within an isotropic Universe without an underlying physical cause, since the probability
for this to happen is p = 3.4 X 10_9E|

4.9 Discussion and conclusions

The study of the (an)isotropic behavior of galaxy cluster scaling relations opens a very promising window
for testing the cosmological principle. Galaxy cluster samples are much more spatially uniform than
SNIa ones, and they extent to much larger scales than the galaxy samples which are used to study BFs.
They can also be observed in several wavelengths and allow us to measure many different properties of

SEven if one completely ignores the directions of the anisotropies and only consider the amplitudes, the probability still is
p=25%x10".
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them. This provides us with plenty of nearly independent tests that trace cosmological phenomena, and
that can be carried out with the same sample of objects. This has been accomplished in this work.

4.9.1 Systematics are not the reason of the consistent anisotropies

The Ly — T anisotropy toward (I, ) ~ (280°,—15°) that was originally observed in M20, could in
principle be due to uncalibrated X-ray effects, such as excess X-ray absorption toward this sky direction.
With our new data and analysis strategy, especially from the Ly — Yy, relation which shows no signs of
extra X-ray absorption toward the region in question, we can now decisively exclude this possibility. The
lack of excess X-ray absorption effects toward that region is further confirmed by the analysis of ACC,
and by the Ly — Ly relation of our sample. The comparison between the X-ray-determined Ny, and
the W13-based Ny, also does not indicate such an effect. Furthermore, the same anisotropies persist in
scaling relations that are insensitive to unaccounted X-ray absorption, such as Yy — T and Lgcg — 7.
Thus, one sees that this is not the reason for the observed anisotropy.

Another possible solution to the observed anisotropies was the existence of biases related to the sample
or the followed methodology, such as selection and archival biases, the effect of the Zone of Avoidance
gap, etc. Our current results clearly exclude these possibilities as well. We showed that the Malmquist
bias is more likely to underestimate the observed anisotropies rather than explain them. Also, it would
not have such a strong effect for Y, — T, Lycg — T, and the ACC sample (which is not flux-limited).
It was also shown that the fraction of morphologically relaxed and disturbed clusters does not spatially
vary strongly enough to have any effect in the apparent anisotropy of the Ly — T relation. Even if it
did, this would have no strong effect on the Yy, — T anisotropies, or the results from the other samples.
Finally, by using isotropic simulated data we showed that the ZoA gap does not affect the amplitude of
the anisotropies, while it has a very small effect in the direction of the latter. Even when we adjust our
methodology to minimize the effects of this gap, the results are the same.

Finally, the isotropic MC simulations verify the very high (> 50) statistical significance of the observed
anisotropies, when all the cluster scaling relations that are sensitive to cosmological phenomena are
combined.

4.9.2 Cosmological phenomena behind the tension

The only obvious remaining explanations for the persisting cluster scaling relation anisotropies are two.
The first one is a spatial variation of H, at a 9% level, due to a primordial anisotropy or new physics at
7 < 0.2 scales. The second one is a BF motion of ~ 1000 km/s extending to > 500 Mpc scales. Both of
these scenarios are in tension with ACDM and the generally adopted isotropic assumption. The results
for every scaling relation that traces such phenomena are summarized in Tables [#.3]and[4.4] In Fig. f.13]
the amplitude and directions of the detected BFs are plotted, for different redshift bins.

Unfortunately, these two explanations are not distinguishable with the current data sets and more
high—z clusters are needed. The upcoming eRASS catalogs will provide us with thousands of such
clusters. These distant objects will be of crucial importance when applying the techniques presented in
this work, since we will be able to tell if, and at which scale, the cluster behavior converges to isotropy.
The kSZ effect, which is caused by the peculiar motion of clusters in the CMB frame, can also be utilized
to differentiate cosmological anisotropies from BFs. The limited number of clusters in our sample,
together with the low redshifts and the large angular cluster sizes, did not allow us to extract useful
information for this effect by stacking filtered kSZ maps of objects that presumably move toward a
common direction. The reason for this lies in the large power of the primary CMB anisotropies at the
scales that are relevant to our sample, as well as the limited angular resolution and sensitivity provided by
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Table 4.3: Maximum anisotropy direction for every scaling relation, together with the needed H,, relative variation
in order to fully explain the anisotropy. The statistical significances derived by the default Bootstrap method and
by the MC isotropic simulations are also displayed. The MC p—values account for both the amplitude of the
anisotropies, and the agreement in their directions. The Gaussian o values that correspond to the p—values are also
displayed, for easier comparison.

Scaling Max. anisot. H, Bootsrap MC
relation direction (I, b) variation (%) significance (o) p—value (o)
Our sample
Ly—-T (274°78. —9°t 33y 8.7+3.1% 280 p =0.016 (2.40)
Yo - T (268°73%, 16772 14.0 + 3.4% 410 p =0.011 (2.60)
Lpcg—T  (257°035,—12°73%)) 9.1 +4.8% 1.90 p = 0.420 (0.80)
Our sample+ACC

Ly-T (284°73L —a°T .y 93+3.1% 3.000 p=88x10" (3.30)

Yo, - T (27672, —14°11%) 13.3+3.1% 430 p=19x10"* (3.80)
All combined  (273°74% —11°2) 9.0 +1.7% 540 p=34x10" (590)

Planck. Next-generation SZ instruments will significantly improve over Planck’s sensitivity and angular
resolution and allow for direct measurements of BFs using the kSZ effect.

Anisotropic Hubble expansion

In the case of an anisotropic Hubble expansion, a primordial anisotropy that extends to very large scales
might be present. Such an anisotropy might correlate with the CMB dipole, if the latter is not purely
of kinematic origin. Many claims for the detection of such cosmological anisotropies have been made
recentlym Fosalba et al. found highly statistically significant anisotropies in the cosmological
parameter constraints from the CMB using Planck, toward a region consistent with our results. Secrest
et al. (2020) also found a large-scale anisotropy on the matter distribution, rejecting cosmic isotropy and
the solely kinematic interpretation of the CMB dipole at a ~ 40 level. If their result was caused only due
to our local motion within the matter rest frame, this would correspond to a ~ 900 km/s velocity, similar
with our BF results.

Similar large-scale anisotropies in the distribution of high—z radio and infrared sources have also been
found (e.g., Tiwari et al.,[2015]; Colin et al., C. A. P. Bengaly et al., 2018} Rameez et al.,[2018],
Siewert et al.,[2020), usually implying a ~ 600 — 1500 km/s motion compared to the matter rest frame. In
other words, there are very strong indications that the matter rest frame differs from the CMB one, which
is assumed to be the ultimately isotropic one. If true, this would have crucial implications on the standard
model of cosmology. On the other hand, results that do not show any strong evidence for departure for
statistical isotropy have also been presented (e.g., Andrade et al.,[2019} C. A. P. Bengaly et al.,[2019).
Future eRASS catalogs will also shed more light on this question since they will provide previously
unmatched catalogs of millions of X-ray point sources, tracing the matter distribution out to very large

16The existing literature is too large to be fully included here, therefore we focus only on the most recent results, or on results
that were not already mentioned in M20. We direct the reader there for many additional studies that find consistent results
with this work.

154



4.9 Discussion and conclusions

Table 4.4: Best-fit bulk flows for every scaling relation, method, and redshift bin that was considered in this work.
MR and MA methods are explained in Sect. ff.3.2]

Scaling relation Redshift Amplitude Direction Redshift Amplitude Direction
(method) bin (km/s) (L, b) bin (km/s) (L, b)
Our sample

Ly - T (MR) 2<0.06 1160 £420  (318°73, 5724y | z< 0.1  1140+400 (322°73%, —13°72)
0.06 <z<0.12 1280 + 440 (262°t§;‘30, +2°j§goo) 2<0.16 1090 + 370 (3o9°t§‘,‘:, —20°j§(‘):)
012<z<03 1210£670 (253°7.,-18°"2) | 2<025 1050+330 (311°37,-18°"}0.)

All 1080 £330  (313°3%, —17°720)
Ly - T (MA) 2<0.09 730£320  (268°73%,-57"2%) | 2<0.16  710£290 (278°7%,—12°72)
7> 0.067 690 £340  (293°73%,-12°727) | <025 670160 (291°735., —21°*7))

All 650£280  (298°*3., —21°71%)

Ys, — T (MR) 2<0.07 1110 + 420 (254°jj§§, —17°i}3§) 2<0.1 1080 + 400 (257"325, —28"3?5)
0.07 <z<0.12 920 + 540 (312°j§§;, —34°i;§oc) 2<0.16 1050 390 (265"3‘1‘:, —27°t§‘,‘:)
012<z<03 1280+780 (321°%75.,—42°%3%) | 2<025 1020+390 (267°*3%,-27°"32)

All 1030 £370  (263°73., -22°72%)
Ys; — T (MA) 2<0.09 1270 £370  (254°722,-28°71%) | 2<0.16 1170360 (270°72.,-30°72%)
7> 0.09 820 £430  (242°705.,—13°720) | <025 1080330 (264°733, -23°T0%)
All 1040 £310  (267°72%, —28°17)
Lycg-T MR) 0.03<z<0.15 620£400  (293°73%, +2°72%)
Ly —T (MA) 0.03<z<0.15 650370 (261°4 —25°3%)
ACC
Ly - T (MR) 2<02 1020630 (277°7%5., 42°720) | <035 920 +540  (244°7 +20°72%)
All 940 +450  (254°7%0, +18°72%)
Lyo - T (MA) All 890 £440 (324773, 3773
Ys, — T (MR) 2<02 1080 £620  (281°780 —7°"30) | £<0.35 970490 (264773, +6°%)
All 980 £420  (268°*%. 46772
Ys; — T (MA) All 910410  (273°7%., —11°72))
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Figure 4.13: Top left: Bulk flow amplitude and its 68.3% uncertainty as a function of the redshift radius of the used
spherical volumes (or the comoving distance radius). Circles and squares correspond to the MR and MA methods
respectively. Black, red, and green points correspond to the Ly — T, Y, — T, and Lgcg — T relations respectively.
Blue diamonds and triangles correspond to the ACC Ly, — T and Yy, — T relations respectively. Results above
z 2 0.16 are expected to be dominated by more local clusters and thus being overestimated. Top right: Bulk flow
amplitude and its 68.3% uncertainty as a function of the median redshift of each shell (or the comoving distance),
together with the standard deviation of the redshift distribution. The color coding is the same as before. Data points
with both the same color and shape, are independent to each other. Botfom: Examples of bulk flow directions as

found for different redshift bins and methods. The color coding is the same as before. All directions agree with
each other within 1o
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scales.

In addition, much work has been done on testing the isotropy using SNIa. Colin et al. (2019) detect a
3.90 anisotropy in the deceleration parameter (toward a consistent direction with our results) using a
maximum-likelihood analysis. In contrast, Soltis et al. (2019) find no evidence of departure from isotropy
using a novel nonparametric methodology. Except for different SNIa samples, the two papers also follow
different approaches in the treatment of the data. Many other studies (e.g., Chang et al.,[2015} Deng et al.,
Sun et al., Zhao et al., Salehi et al., Hu et al., also used SNIa combined
with other probes, identifying an anisotropic direction in impressive agreement with our results. The
statistical significance of their findings however is marginally consistent with an isotropic Universe. They
also argue that the main problem of such SNIa studies is still the highly inhomogeneous distribution
of the data across the sky, while the effect of peculiar velocity corrections has also been studied (e.g.,
Huterer, 2020} Mohayaee et al.,[2020). Finally, other kinds of nonlocal tensions with the cosmological
principle have been also observed (Horvath et al.,[2020; Shamir, 2020).

Large scale bulk flows

The consistent observation of cluster anisotropies across several scaling relations could hint to the
existence of large BFs that by far exceed the BF scales predicted by ACDM. In Fig. [F.13] one sees that a
> 700 km/s motion is consistently detected wrt the CMB rest frame, with no signs of fading at > 500
Mpc. The observed BF amplitude of spherical volumes of much larger radius might be overestimated
since clusters at lower distances are expected to dominate the BF signal. However, this plays no role for
the iterative redshift shells results at z > 0.12, which seem to hint that the large BF might indeed persist
farther (with a small statistical significance of ~ 207). More high—z clusters are necessary to derive safe
conclusions at these scales.

ACDM predict negligible BF amplitudes at scales of > 250 Mpc. Flow motions of similar, large
amplitudes have been reported in the past for galaxy clusters (e.g., Lauer et al., M. J. Hudson et al.,
[1999} Kashlinsky et al., 2008} Kashlinsky et al., 2010} Atrio-Barandela et al.,[2015)), while Osborne et al.
(2011)), Planck Collaboration et al. (2014) and and Mody et al. fail to see any large scale BFs in the
CMB kSZ data. Studies using thousands of galaxies, consistently detect a BF toward the same direction
with us, but with a ~ 4 times smaller amplitude. However, it also seems to extend to scales larger than
~ 300 Mpc, up to where the galaxy surveys are usable. For instance, Watkins et al. and Magoulas
et al. @ found a ~ 400 km/s BF at ~ 100 — 1504~ Mpc scales toward (, b) ~ (295°, +10°), which
is moderately discrepant with the standard cosmological model. Carrick et al. and Boruah et al.
found a ~ 170 km/s BF toward (1, b) ~ (303°, +3°) that extends to z > 0.067, but not particularly
inconsistent with the standard expectations. Lavaux et al. used the kSZ effect on galaxy halos and
found a BF of ~ 285 km/s for 200" Mpc scales. Watkins et al. also found a good agreement
with ACDM at small scales, but a moderate disagreement at larger ones. Furthermore, Peery et al.
find only a 2% chance for their detected BF at scales 150" Mpc to occur within ACDM. Studies have
tried to constrain the BF with SNIa data as well, which extend to much larger scales, but are highly
inhomogeneous (Colin et al.,[201T} Feindt et al.,[2013] Appleby et al.,[2015] Mathews et al.,[2016] Salehi
et al.,[2020] and references therein) find similar results to the galaxy surveys, where mild BFs extend to
larger-than-expected scales. However, they again stress the limitations of current SNIa samples for such
studies and that conclusive answers cannot be given. Other studies have stressed that the usual Newtonian
treatment of peculiar velocity fields can significantly underestimate the inferred bulk flows (e.g., Tsagas
et al.,[2020; Tsaprazi et al.,[2019). From all that it is evident that it is still not quite clear if the detected
BF motions are entirely in agreement with the standard model, and out to what scale the BF persists.

Substantial, local matter inhomogeneities such as local voids or overdensities, could contribute to
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giving rise to unexpected large BFs. If we are located away from the void center, this could cause the
apparent expansion rate to be lower toward the more matter-dominated side. There have been claims for
the existence of such large voids (or overdensities) that could create outflows out to ~ 400 Mpc scales
(Keenan et al., 2012} Rubart et al.,[2014} J. R. Whitbourn et al., 2014} Shanks et al.,[2019} Shanks et al.,
[2019 Tully et al., 2019} Bohringer et al., 2020; Kazantzidis et al.,[2020; Haslbauer et al., 2020, and
references therein), and their effects on the measured H, have been studied. These scales are close to
the median distance distribution of our cluster samples, and thus could indeed affect our results. The
predicted H, variation due to these voids is slightly lower than the one we observe, but generally agrees.
Of course, the fact that they offer a possible (at least partial) explanation for the local cluster anisotropies,
does not alleviate the problem, since the existence of such large voids is in direct disagreement with the
ACDM.

4.10 Summary

In this work, we applied a scrutinized test for the isotropy of the local Universe. We studied the anisotropy
of 10 galaxy cluster scaling relations, utilizing observations in X-rays, infrared, and submillimeter. Using

the Ly =T, Yg7 — T, and Lycg — T scaling relations of eeHIFLUGCS, and combining with the completely

. . 0+35° 0+20° .
independent ACC sample, we detected a ~ 5.50 anisotropy toward (/, b) ~ (280 J_r350, -15 J_rzoo). This

high statistical significance is further confirmed by applying our methods to isotropic Monte Carlo
simulated samples. Considering the low median redshift of the cluster data (z ~ 0.1), this direction
agrees with a plethora of past studies of several probes. We robustly showed that our data do not suffer
from unknown X-ray absorption issues, and our results do not originate from any kind of known biases.
Moreover, it would be extremely difficult for any "typical" bias to simultaneously explain the similar
anisotropic results across nearly independent scaling relations, in different wavebands.

If the observed anisotropies were the result of an anisotropic expansion rate, one would need a ~ 9%
variation of H,, to reconcile with the observations. Alternatively, one would need a bulk flow motion of
~ 900 km/s, possibly extending beyond 500 Mpc, to explain the obtained cluster anisotropies. Due to the
low redshift range of our samples, these two phenomena are currently inseparable for a typical observer.
However, both of these scenarios are in tension with the standard assumptions in ACDM. Since these
are currently the only available explanations for our observations, we are faced with a severe problem
that needs to be solved. The future eRASS catalogs will help us understand these anisotropies better,
and determine if there is a scale of convergence with isotropy, or if this anomaly extends to much larger
scales.

4.11 Appendix A: Additional details on cluster measurements

Details on the Y, measurement

The MMFs algorithms are applied to the Planck data in steps that are analogous to the ones presented by
A16 (Sect. 2.1). Fields with a size of 10° x 10° are extracted around each cluster at each of the Planck
High Frequency Instrument (HFI) bands. The Low Frequency Instrument (LFI) channels are excluded
because of their low spatial resolution and lower sensitivity. The six Planck HFI maps for each cluster are
then processed with a MMF, which filters and combines them into a single map. The needed spectrum of
the tSZ effect has been computed for both the nonrelativistic case as well as with relativistic corrections
as explained later. In all cases, the instrumental impact on the shape of the spectral energy distribution
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(SED) has been taken into account by computing the bandpass-corrected spectra (see Eq. 13, Eq. Al,
and Table A1 in Erler et al. 2018).

Applying the filters and coadding the filtered maps yields a map of the deconvolved central Compton-
ization parameter yg/IMF in each pixel of the map. Using the normalized cluster template, the value of

yo™F is converted to Ysgsgo by

56500
Yspsoo [aremin®] = yy™F 27 f doy(0) 6, (4.10)
0

where yg/IMF is the value of the y-parameter through the central 1.0.s. that has been derived using MMFs,

y(0) is the y-parameter profile of the cluster that has been normalised to unity, and 6 is the radial angular
coordinate in the plane of the sky, and 65, being the apparent Rs in arcmin.

A total of four different Ysz5, values are extracted for every cluster. The first value is obtained via
a MMF approach using the nonrelativistic spectrum of the tSZ effect. This method is identical to the
one used by the Planck Collaboration. The second value is obtained via a MMF approach using the
relativistic spectrum of the tSZ effect computed using the M20 estimates for 7. When the latter is not
available, T is calculated through the Ly — T relation found in M20, where Ly is given by MCXC, after
it has been corrected for the X-ray absorption based on the Willingale et al. (2013)) values (following the
same procedure as in M20). The third value is obtained via a constrained MMF approach (CMMEF, E19)
using the nonrelativistic spectrum of the tSZ effect and the spectrum of the kSZ effect. The latter is used
to remove any bias introduced by the kSZ effect. The fourth and last value is obtained identically to the
third value, but using a relativistic spectrum of the tSZ effect.

The four Yszs, values do not differ significantly to each other (< 7.2%), and any selection for the
default Ysps0q used in this work results in the same conclusions with only minimal numerical fluctuations.
We choose as the default Ysg5 the result of the fourth approach, where a CMMEF approach is followed as
described in E19, correcting for relativistic effects and attempting to remove any kSZ bias. The change in
the Ysps500 values due to the removal of the kSZ effect is usually much smaller than the 1o~ uncertainties
of the central values. This has nearly no effect in any BF detection from our analysis, since the major
contribution of BFs to Yy, comes from D, and the (biased) redshift-distance conversion.

100 -

YsRrs00 (10'3 arcminz) from this work

1 10 100

Ysrsoo (103 arcmin?) from PSz2

Figure 4.14: Comparison between the default Y5, values we use in this work based on the method of E19 and the
Ysrs00 values as given in the PSZ2 catalog for the 566 clusters in common. The equality line is displayed in green.
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Comparison with the PSZ2 values

In the left panel of Fig. we compare the values of our default Y5z, with the ones from PSZ2
for 566 common clusterd ‘| One can see there is a linear relation between the two which demonstrates
the robustness of our method. Nevertheless, a systematic offset from the values reported by the Planck
Collaboration is observed, especially in higher Yspsq, values. This partially arises from the fact that A16
estimate the size of clusters directly from the SZ data by mapping the significance of the obtained values
for Yspso as a function of MMF filter templates of different cluster size, parameterized through the scale
radius 6, = 05 /cs09, Where c5, is the cluster’s concentration parameter. However, for the vast majority
of clusters, the 6, — Yspsqq plane is left largely unconstrained, for which reason the Planck Collaboration
employs an XMM-Newton derived 8 — Yspsq prior to break the degeneracy between the two parameters
(e.g. Fig. 16 of A16). Additionally, small differences in the adopted centers might contribute to the
observed scatter as well °| Although the data employed here are identical and our filtering is based on
the same MMF technique as used by A16, differences in the reported values for Yszso, can therefore still
appear. The comparison does not significantly change with the use of Y55, values based on the other
three E19 approaches we described in Appendix {.T1]

Details on obtaining the near infrared BCG luminosity L

The main criteria for a galaxy to be selected as the BCG were the following. Firstly, it must be the
brightest in the r-band of the optical regime or Ks and W/ in 2MASS and WISE of the NIR domain.
Secondly, it should be located within a distance of Rs, from the X-ray center of the cluster. Both of
these values are taken by the MCXC catalog. Thirdly, the BCG’s redshift must be within a certain
range Az of the cluster redshift. If the BCG redshift was estimated via photometric measurements, then
Az < 0.02, whilst the allowed redshift difference for spectroscopic redshifts was Az < 0.01. If multiple
BCG candidates were suggested for one cluster, the following criteria were considered. The BCG should
possess a rather extended envelope and it should be selected by optical surveys over NIRs.

Two different corrections took place before selecting the BCG of every cluster. The galaxy magnitudes
were corrected for galactic extinction, using the Schlegel maps (Schlegel et al., and assuming an
extinction law (Fitzpatrick, with Ry,= 3.1. The photometric magnitudes were also corrected to the
rest frame of individual galaxies by applying an appropriate k-correction. The k-correction code provided
by Chilingarian et al. was used for all data except for WISE, as the coefficients for WISE filters
are not included in this program. For WISE galaxies, we instead used the k-correction code from Blanton

(Blanton et al., {2007)).

Details on the X-ray determined NH,my

To determine Ny ., . We used the exact same spectral fitting procedure as described in M20, when the
X-ray redshift was fitted. This time the Ny x,, is left free to vary instead. Its value was linked between
the spectra from the 0 — 0.2 Ry, region and the 0.2 — 0.5 R5, region. The redshift is kept fixed at its
M?20 value, while the temperature, metallicity and normalization values are left free to vary for each
region separately. We used the 0.7-7.0 keV range to fit the spectra (to be consistent with the results from
M20). The Asplund et al. (2009) abundance table was used for the fits.

We were able to constrain Ny x,, for 213 out of 237 Chandra clusters and 27 out of 76 XMM-Newton
clusters. When we performed the Ny x;,y —Npio cOmparison, we saw that the data residuals compared

"The matching criteria were that the angular separation of the two given cluster centers should be < 1.5° and the redshift
difference Az < 0.01 between the two catalogs.
"8 The used SZ center is the position of the brightest pixel within a 15 x 15 arcmin® box centered around the X-ray peak.
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to the best-fit model behaved strongly as a function of the Ny x,,, measurement uncertainty. Clusters
with large statistical uncertainties were significantly downscattered, increasing the scatter of the relation.
These were mostly low Ny x.,, clusters. The 0.7 keV cut removes most of the power for detecting
Nyt (Which shows up more strongly at lower energies). So when the Ny, effects are already small, a
constraint is nearly impossible. To sufficiently restrict the noise, we excluded the 35% of the sample with
the largest (average) uncertainties, leaving us with 156 clusters with an Ny x,,, measurement uncertainty
of < 25%. Although these cuts were chosen arbitrarily, they took place strictly before any anisotropy test,
to avoid any confirmation bias.

4.12 Appendix B: ACC results

In this section, we only use the ACC sample to study the anisotropic behavior of the Ly, — Y5z, Lo — 7,
and Yg, — T relations. Due to the much smaller number of clusters, we consider a § = 90° scanning
cones for all scaling relations, so at least 35 clusters lie within each cone.

The L, - Y, relation

We study the L, — Y, relation for ACC alone. The results are shown in Fig.

The maximum anisotropy is found toward (I, b) = (24° + 42°,+22° + 21°) at a 2.30 level. These
59 clusters are 26 + 11% dimmer than the rest. This level of anisotropy can be considered marginally
consistent with an isotropic L, — Y, relation. If however there was some extra X-ray absorption taking
place toward that direction, it would correspond to an extra Ny~ 7.9 + 3.4 X 10%°/cm?. This value is
consistent with the Ly — Yg, result of our sample within 1.1¢0. The maximum anisotropy region however
is located 90° away from the Ly — Yy, direction. This could indicate that the normalization variation is
due to statistical noise and does not reveal any unknown absorption. Alternatively, it could be attributed
to the incapability of the & = 90° cones to accurately pinpoint the direction where the hidden X-ray
absorption takes place, especially since the direction uncertainties are considerably large. Based on all the
above, the case that the mild anisotropies seen in the ACC sample are due to chance cannot be excluded.

Finally, ACC further confirms our previous conclusion about the Ly — T" anisotropies found in M20.
There is no indication that they appear due to previously unaccounted X-ray effects, since the region
toward (1, b) ~ (300°, —20°) shows a completely consistent behavior with the rest of the sky.

The L, — T relation

For the L, — T relation of ACC, the maximum anisotropy is found toward (I, b) = (318° +45°,-9° +37°),
in a 2.20 tension with the rest of the skylﬂ This region appears fainter than the rest by ~ 32 + 13%
on average. Its behavior is almost identical to the results of M20, as seen in Fig. .15] However, the
decreased statistical significance suggests that the Ly ; — T relation for ACC alone is marginally consistent
with isotropy. The angular separation between the most anisotropic regions of ACC and our sample is
40°, and well within the uncertainties.

Cosmological anisotropies and bulk flows

For ACC, one would need H, = 61.3 + 4.2 km/s/Mpc toward (/, b) ~ (318°,-9°) and H, = 72.2 + 2.4
km/s/Mpc for the rest of the sky. The obtained H,, value agrees within 1o~ with the independent result

In M20 we considered 6 = 75°, because the slope was kept fixed, and fewer cluster per regions were needed to sufficiently
determine the normalization. Here the slope is left free to vary.
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from our sample.

For the BF explanation, applying the MR method to ACC, we find a BF of ugg= 940 + 450 km/s
toward ([, b) = (254° + 52°,+18° + 27°). This direction is separated by 31° from the CMB dipole, and
by 67° from the maximum anisotropy region, although this difference is within 1o. Due to the limited
number of data and the large scatter, we can only divide the sample into two independent redshift bins,
7 < 0.2 and z > 0.2. For the former we practically find the same BF as for the full sample, while for the
latter we find no statistical significant evidence of a BF. However, the results are inconclusive due to
the limited number of available clusters in this sample, and the subdominant effect BFs have at these
redshifts compared to the intrinsic scatter.

For the MA method, we obtain ugp= 890 + 440 km/s toward ([, b) = (324° + 45°,-3° + 32°). This
direction is more in agreement with the maximum anisotropy direction of ACC, while the BF amplitude is
similar. The sample size is not sufficient to consider individual redshift bins that would provide different
insights than the full sample.
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Figure 4.15: Normalization anisotropy maps and the respective statistical significance maps of the anisotropies
for the L, — Y5, (top), the L, — T (middle), and the Y, — T (bottom) scaling relations for the ACC sample.
The Ly, — Y, traces only unaccounted X-ray absorption effects, while the Ly — T and Y5, — T behavior mirrors
cosmological anisotropies and BFs.
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The Yg, — T relation

We repeat the Yg; — T anisotropy analysis with only the 113 ACC clusters with Yg; S/N> 2, with a
median z ~ 0.22. The scatter is similar to our sample, but the limited number of clusters forces us to
consider § = 90° cones. This way we ensure we have at least 35 clusters in each cone (which inevitably
leads to large uncertainties). The normalization and sigma maps are displayed in Fig. .15] We find an
anisotropy of 3.20 toward (1, b) = (311° £ 57°,—-12° + 39°), 42° away from the direction of our sample
and well within the 10 uncertainties. The relative difference of Ay of this region compared to the rest of
the sky is 35 = 11%. The direction is also identical to the one obtained with the L, — T relation, with a
larger statistical significance.

Cosmological anisotropies and bulk flows

In terms of H,, one obtains H, = 60.6 + 3.6 km/s/Mpc toward the most anisotropic region, and
Hy =73.4 £ 1.9 km/s/Mpc for the opposite hemisphere. These values are consistent within < 1.40" with
our sample’s results, and with the joint Ly — T analysis results.

For the BF scenario and the MR method, we obtain ugp= 980 + 420 km/s toward (/,b) = (268° +
42°,+6° + 29°) for the full sample. Once again for ACC, the direction is close to the CMB dipole, but
slightly shifted compared to the maximum anisotropy direction. The BF has its usual amplitude, even
though the used sample has a large median z ~ 0.22. For z < 0.2 we obtain a similar BF as for the full
sample. For z > 0.2, the BF points toward (/, b) ~ (320°, +5°), however it is poorly constrained and not
statistical significant.

For the MA method, we find ugp= 910 + 440 km/s toward ([, b) = (273° + 38°,—-11° + 21°) for the
full sample, in agreement with the MR method.

Appendix C: Anisotropies in the other scaling relations

The R— Ly, R—T,R - Yg;, R — Lpcg, and Yq; — Lpcg scaling relations cannot currently provide
meaningful insights on the possible origin of the detected anisotropies. However, they may prove to be
very useful for future tests with larger samples, and with a better characterization of the dynamical state
of the clusters. Here we discuss their results, limitations, and future potential.

Anisotropies of the R — L,, R — T, R — Y,, and R — L, scaling relations

The scaling relations of the cluster effective radius are potentially very interesting, once the systematic
biases are properly handled and the sample sizes are further increased. For the R — Ly, R — Y, and
R — Ly relations, both quantities depend on the cosmological parameters, but due to the rather flat
slopes, the normalization weakly depends on the angular diameter distance (Agy o Dg)‘5—0.7))' Thus, a
15% spatial variation of H would result in a 7 — 10% variation of Apy. Much smaller effects are expected
due to BFs. This level of anisotropy would not be detectable over random noise combined with the mild,
existing systematic issues. This is the most crucial limitation of these relations. Future samples, such as
the eRASS catalogs, will dramatically increase the sample sizes, which will reduce the random noise and
allow the detection of ~ 10% anisotropies.

For the R — T relation, there is an Ap; o< D, dependency. For the same underlying effect, R — T will
show half the normalization variation than Ly — T, Yg, — T and Lg-g — T. Despite the weaker signal, it
can still be a valuable test to detect cosmological anisotropies and BFs when applied to larger cluster
samples, and when a more precise modelling of the systematics is feasible.
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R is also rather insensitive to unaccounted X-ray absorption effects. The latter can only affect the
determination of Rs,, which is based on the absorption-affected flux. However, Ly Rgggo, so a 20% bias
in Ly would only cause a < 4% bias in Rs,, which is negligible. To confirm this, we remeasure R for all
clusters, after changing the input Ny by +£50%. Almost all clusters (99.5% of the sample) show an R
change of < 2.5%.

The main systematic effect compromising the R scaling relations is the effect of the CC clusters on
the measurements. This was already discussed in Sect. 4] and is more extensively discussed here.
The directional behavior of these relations clearly correlates with the dynamical state of the clusters.
The latter affects their surface brightness profiles, and consequently their half-light radii. For the R — T
relation, the relaxed systems appear to be 45 + 7% "smaller" (lower normalization) than the disturbed
ones. This constitutes a 6.50- deviation (Fig. .16). It is clear then that the anisotropies possibly detected
in these scaling relations will be entirely driven by the slightly inhomogeneous spatial distribution of
such clusters, and not by cosmological phenomena. As discussed before, the R scaling relations (contrary
to Ly — T and Yy, — T') are not sensitive enough to cosmological effects, to overcome the bias coming
from CC clusters.
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Figure 4.16: 30 (99.7%) parameter space of the normalization and slope of the R — T relation, for relaxed (purple)
and disturbed (green) clusters.
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Figure 4.17: Normalization anisotropy map for R — Ly (left) and R — Y, (right).

Indeed, when one attempts to scan the sky with a @ = 75° cone, one obtains the same sky pattern for
all four scaling relations. The normalization anisotropy maps for R — Ly and R — Y, are displayed on
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the top panel of Fig. #.17} The map for R — Ly is not displayed since they are very similar to the other
R maps. The smallest clusters are consistently found within 12° from (I, b) ~ (64°,+32°). This direction
strongly correlates with the region where the highest fraction of relaxed clusters in our sample is found,
where there is also a lack of disturbed clusters, as can be seen by Fig. f.8] The maximum anisotropy
does not exceed 2.30 for any relation, with a < 14% variation of Agy. As such, the effect of this bias is
not extremely strong, but sufficient to dominate over the effect of the possible cosmological anisotropies
and BFs.

Calibration of R — T anisotropies for dynamical state of clusters

To study the underlying cosmological effects, one would need larger samples to further smooth out the
sky distribution of different dynamical types of clusters. Also, one could attempt to calibrate the scaling
relations for this systematic bias. This requires an observable proxy that effectively traces the existence
of CC clusters. Unfortunately, such an observable is not currently available for our sample. Future
work will soon provide a remarkable characterization of the core state of the eeHIFLUGCS clusters
using numerous independent measurements. Proper calibration of the R relations will be then possible,
followed by their application for the search of cosmological anisotropies.

For now, we use XBO as a proxy for relaxed clusters, as already discussed. We attempt to calibrate the
R—T relation and its anisotropy map. We create 10° randomly drawn bootstrap subsamples (same process
as in M20), independent of direction. We investigate the correlation between the Az and the median
XBO for every subsample. The results are shown in Fig. f.T8] We then calibrate the Ay anisotropy map
based on the median XBO of every sky region and the observed correlation between the two. Although
the induced uncertainties due to this calibration are too large to allow for any meaningful conclusions,
this offers a useful example for potential future applications of the R relations. Finally, the behavior of the
apparent R — T anisotropies after this correction is applied is very interesting. The previously anisotropic
region now becomes milder. The (I, b) ~ (260°,—10°) direction starts showing a lower Ag; behavior,
consistent with the previous results and the scenario of a cosmological anisotropy or a large BF.
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Figure 4.18: Top: Correlation between the best-fit normalization A, (over the full sample’s best-fit value) and
the median XBO for every of the 10° bootstrap subsamples. Bottom: Agy anisotropy map after calibrating for the
existing correlation with the XBO.
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The Yy, — L relation

Both quantities of this relation are unaffected by absorption effects due to the infrared and submillimeter
wavelengths, while they depend on the cosmological parameters in the same manner. Accounting for
the overall best-fit slope, a very weak dependance of the normalization on the angular diameter distance
remains (Ayy . .~ Dg'%). In detail, a 15% variation in H, would only lead to a < 3% variation in
Ayr, oo Similarly, a 1000 km/s BF at z = 0.05 would only cause a 0.5% change in Ay, _ .. Itis clear
then that only sample-related biases can create observable anisotropies in this scaling relation.

Due to the large scatter and the limited number of clusters, we consider § = 90° cones to scan the sky.
The anisotropy of the Y5, — Lycg normalization is displayed in Fig. #.19] The relation shows a ~ 30%
variation mostly between the Northern and the Southern Galactic hemispheres, but with a negligible
statistical significance of 1.40-. The relation can be considered statistically isotropic, as expected, with no
strong biases toward a direction. The normalization map is displayed in Fig. f.19]
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Figure 4.19: Normalization anisotropy map for the Y5, — Ly relation. The statistical significance of the observed
anisotropies is < 1.40, and thus the relation is statistically isotropic.

4.13 Appendix C: Scaling relations and anisotropies as functions of
different selection cuts

In this section, we repeat the analysis for the Ly — Y7, Y, — T, and Ly — T relations, for different
Y57 S/N and redshift cuts. The summarized result is that our main conclusions remain unchanged.

The L, — Y, relation

For the Ly — Y  relation, a lower Y, threshold of S/N> 4.5 was applied in the default analysis. This
resulted in 460 clusters. If we consider two lower thresholds instead, namely S/N> 2 and S/N> 3, we
have 1095 and 747 clusters respectively. The 30 Ly — Yy, contours for the three different cases are
compared to Fig. #.20] There is a > 50 shift in the best-fit Ly — Y, relation going from S/N> 4.5
to S/N> 2, while the scatter increases by ~ 100%. The S/N> 2 fit however, is dominated by several
systematics. To begin with, the Ly residuals are strongly correlated with z, Ny, and Yg7, as can be seen
in Fig. [F.21] These probably point toward biases in the X-ray selection process, and the need of a broken
power law to describe Ly — Yg,. In the same figure, one can see that these systematic behaviors are not
present for the S/N> 4.5 case.
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Figure 4.20: 30 (99.7%) parameter space of the normalization and slope of the Ly — Yy, (left), Y5, — T (middle),
and Yg; — Lpcq (right) relations, for S/N> 2 (purple), S/N> 3 (green), and S/N> 4.5 (black).

Despite these issues, when we scan the sky to detect Ly — Yy, anisotropies, we get a similar map as
for the default case. The anisotropy significance map (Fig. [f.22)) illustrates that there are no excess X-ray
absorption issues toward ([, b) ~ (280°, —15°) where the cosmological anisotropies are found. At the
same time, the only anisotropic region again appears to be toward (/,b) ~ (128°, +21°), being ~ 14%
fainter than the rest of the sky at a 2.5¢0 level, similar to the default case.

The Yg, — T relation

For the Y5, — T relation, we used a lower Yy, threshold of S/N> 2 in the default analysis, resulting in
263 clusters. If we increase this lower threshold to S/N> 3 or S/N> 4.5, we are left with 242 and 190
clusters respectively. The best-fit Yg, — T does not change as a function of S/N, as can be seen in the
middle panel of Fig. .20 The Y, residuals remain independent of the cluster physical properties as
well. When we repeat the anisotropy analysis for S/N> 3 and for S/N> 4.5, we obtain almost identical
anisotropy results as for the default case. The Ay, variance map is displayed in Fig. #.23] Thus, the
observed anisotropies are independent of Yg, selection effects.
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Figure 4.21: Ly residuals for the Ly — Y, relation for S/N> 2 (top) and S/N> 4.5 (bottom), as a function of z (left),
Nyior (middle), and Yy, (right). The green strips display the best-fit line with their 1o~ uncertainties. It is evident
that for S/N> 4.5, the slope is always consistent with zero, indicating no dependence of the residuals on the cluster
physical properties.
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Figure 4.22: Statistical significance map of the Ly — Y, anisotropies for S/N> 2.

168



4.13 Appendix C: Scaling relations and anisotropies as functions of different selection cuts

0 _
+90 Yo T (SIN>3)

6=60°

+45° -

Galactic latitude

.45° -

_900 B

90° 0 270°
Galactic longitude

Figure 4.23: Normalization anisotropy map of the Y5, — T relation for S/N> 3.

The Yg; — T relation using the Planck values instead

To ensure that the observed Y, — T anisotropies do not emerge due to some unknown directional bias in
our own Y5, measurements, we repeat the analysis using the Y5, values from the PSZ2 catalog. Due
to the higher Y5, S/N> 4.5 threshold that PSZ2 applied, 206 clusters were matched with our M20
sample. This S/N cut also leads to higher median T and Y5, compared to our default analysis. Thus,
we adopt Cy = 85 kpc? and Cyx = 6 keV. For the best-fit parameters, we find Ay, = 0.940 + 0.041,
Byr =2.074+0.095, oy, = 0.184 £ 0.019, and o, = 0.232 £ 0.024. The scatter is ~ 35% larger than in
our case (when Yy, S/N> 4.5), due to the different adopted Rs,, between the two independent analyses.
This highlights the need to use our own measurement, where we increase the number of clusters, while
decreasing the scatter. The slope differs by 2.20-. The Y5, — T scaling relation is plotted in the left panel
of Fig. G294

Performing the Y5, — T sky scanning, one sees that we obtain roughly the same anisotropies with the

PSZ2 Yg, values, as we did with our measurements. The Ay, map is shown in the right panel of Fig.
o+51°

The maximum anisotropy is found toward ([, b) = (254°J_ri2;, =227 5q0), with Hy = 64.6 £ 2.5 km/s,
at a 2.9¢ tension with the rest of the sky. This region is only 15° from the most anisotropic region as
found in our default analysis, which demonstrates that the Y5, — T anisotropies are independent of the
adopted Yy, catalog.

The L — T relation

BCG

For thel Ly scaling relations, we removed clusters at z < 0.03 since they appear systematically brighter
than expected. We have also excluded all the z > 0.15 clusters, since the redshift evolution of Lycg
remains unknown. We applied these cuts to all Ly scaling relations in order to be consistent. However,
these redshift issues are not as important in the Lgcg — T relation. One can see that in Fig. #.25] where
the Ly residuals are plotted as a function of z. Only the seven clusters with z < 0.02 are systematically
upscattered, while z > 0.15 show the same behavior as the less distant clusters. Thus, we repeat our
analysis using all the 259 clusters, regardless of their redshift. The best-fit Ly-g — T relation remains
similar to the default analysis, with the parameter uncertainties being naturally smaller, due to the larger
number of clusters. The anisotropic behavior of the relation remains the same as before. Interestingly,
the statistical significance of the Lgcg — T relation rises from 1.90 to 2.10. Both of these results are
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Figure 4.24: Left: The Y, — T relation when using the PSZ2 Y, values, together with its 1o best-fit function
(green). Right: Normalization anisotropy map of the Y, — T relation when the PSZ2 values for Y, are used.

displayed in Fig. {.23]

4.14 Appendix D: More details about performed tests

ZoA of Avoidance bias

As discussed in Sect. [£.7.3] the ZoA gap does not introduce any significant bias to our results. Here we
provide some plots related to that discussion. For simplicity, we only provide the relative images for the
Ly — T relation, since results from the other relations are similar. This is due to the fact that the used
samples are simulated and isotropic, and that the cluster positions are the same across scaling relations.
Thus, any effects come only from the applied cluster weighting during the sky scanning. We stress again
that the observed anisotropies remain unaffected when this weighting is omitted, and the ZoA gap is
invisible to the used algorithm, highlighting the lack of bias coming from ZoA in the real data.

In the top panel of Fig. [#.26] the galactic latitude of the most anisotropic region for every simulated
sample is shown. As explained before, ~ 43% of these regions lie within ZoA, instead of the ~ 33%
which would be the expectation if no bias was present. Here a nonflat distribution of the galactic latitudes
is expected even in the completely bias-free case, since the sky area covered by each bin is not the same.
Hence, the probability of the most anisotropic region to be located within each bin changes proportionally.

In the bottom panel of Fig. .26] we compare the relative difference of the observed anisotropy (in
terms of o) for two cases. The first is when the results from the analysis above are considered, without
any data in the ZoA. The second is when we fill ZoA with simulated samples, as described in Sect. .7.3]
As discussed there, the average maximum anisotropy signal is increased by 14 + 8% when the ZoA
clusters are excluded. This is mostly due to the different number of available data in the two cases.

Finally, in Fig. the number of clusters within each cone with § = 75° is shown. As expected,
close to the Galactic center fewer clusters are included in the cones, while the most clusters are found for
the Galactic pole cones. The main anisotropic region of our analysis at ([, b) ~ (280°,—15°) shows an
average number of clusters.

MCMC fitting

In Sect. 4.8 we discussed the results obtained by the MCMC fitting. Here we provide some more details
and plots about that test. Due to the high number of free parameters, we performed 2 X 10 iterations
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Figure 4.25: Top left: Lycg residuals of the Ly — T fit, as a function of the BCG redshift. The green stripe
corresponds to the best-fit function within 1o. Top right: 30 (99.7%) parameter space of the normalization
and slope of the Ly — T relation, for all clusters (green), and for 0.03 < z < 0.15 clusters (purple). Bottom:
Normalization anisotropy map of the Lycg — T relation when all clusters are considered independent of their
redshift.

of the chain, with a burn in period of 10*. A variable step size was used for every parameter, randomly
drawn from the same Gaussian distribution with a zero mean, and a standard deviation oo = 0.05 of
0.05. Every 10* iterations, o~ = 0.5 was used a single time, to fully explore the possibility of multiple
likelihood maxima within the complicated parameter space. An acceptance rate of 18% was reached.
The chain was run multiple times from varying initial positions and step size source distributions, to
ensure that the same results were reached each time.

In Fig. @ we plot the 30~ parameter space for u, and u; (redshift and temperature power indexes),
which are the only two parameters with a significant impact on the best-fit normalization. As discussed
before, their anticorrelation is strong, which generally cancels out any strong effects in the normalization
(due to the flux-limited sample and the Eddington bias). The 30~ parameter space for uyy and u s (Nyo
and flux) is also plotted as a representative example for the rest of the free parameters. There is no
significant effect from these cluster properties (uyy ~ uy ~ 0), and no correlation between them. This
demonstrates that the rest of the cluster parameters do not induce any biases in the observed normalization
of a cluster subsample.
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Figure 4.26: Top: Distribution of the galactic latitude of the most anisotropic regions as detected in the 10000
isotropic simulated samples for the Ly — T relation. The distance weighting during the Ly — T fitting was used
here. Note that bins close to the ZoA cover a larger portion of the sky, and naturally more anisotropies are expected
to be detected there even if no bias existed.
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Figure 4.27: Number of clusters per § = 75° cone for the 313 clusters used in the Ly — T relation.
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Figure 4.28: Top: Distribution of the galactic latitude of the most anisotropic regions as detected in the 10000
isotropic simulated samples for the Ly — T relation. The distance weighting during the Ly — T fitting was used
here. Note that bins close to the ZoA cover a larger portion of the sky, and naturally more anisotropies are expected
to be detected there even if no bias existed.

Sky fraction of Chandra and XMM-Newton clusters in our sample

In Fig. .29] we display the fraction of the clusters for which Chandra or XMM-Newton were used
to determine 7. Specifically, the fraction is defined as the Chandra clusters minus the XMM-Newton
clusters over the sum. The results are discussed in Sect.

(]
+90 (Chandra-XMM)/All

+45° -

00

Galactic latitude
uonoeiq

-45°

_900 -

90° 0° 270°
Galactic longitude

Figure 4.29: Spatial variation of fraction of Chandra clusters minus XMM-Newton clusters, over the sum.

Effects of bulk flows to adopted apparent R,

If a BF is present, then the distance of a cluster is miscalculated. As a result, its Ly, and its mass M5,
its physical Rs,, (Mpc), and its apparent 65, (arcmin) are also misinterpreted (see Piffaretti et al. 201T]
and Sect. 2.4 of M20). Thus, the region within which we measure 7, Yg,, and Ly, will also change,
possibly yielding different results. This however is a negligible effect and not taken into account. In
M?20 (Appendix B), we showed that for H, anisotropies, 6s,, remains practically unchanged. That is
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because the opposite changes of Rsy, and D, cancel each other out. Here, we test if a BF can cause
significant changes in the adopted 65, and how this would affect our used parameter values. We combine
the Ly~ E(z)"/ 3M;(')604 relation of M. Arnaud et al. . the fact that M5, ~ Rgoo HJE(z)%, and that
D=1+ z)ZDA. Then, 65, reads as

1/3 0.203
o R_L(M_)/ L
500 DA DA E(Z)Z DA E(Z)1.14
1 D2.406 (1+Z)0.812

DA E(Z)l.l4 Dg.592E(Z)1.14'

@.11)

We typically find BFs of ~ 1000 km/s. For clusters at z = 0.05, this would cause a < 6% change in
0s00- For z = 0.1, this change would be < 2%. For T, the percent changes are roughly the same as
in 05, (see Appendix B in M20). Therefore, for the BF case we considered, and for low-z clusters,
we expect a < 6% bias. As an example, let us estimate how this would affect the anisotropies of the
Ly — T relation. If clusters appear less luminous (or closer) than expected due to a BF (as for the main
anisotropic region of our results), this would mean that the distance is underestimated, hence 65 is
slightly overestimated. Thus, the measured T is actually slightly underestimated, since it was measured
in an annulus further from the center than planned, where clusters are generally cooler. If we indeed
measured the correct, higher T, then these clusters would appear even fainter than before compared to
the expectations. Therefore, the observed anisotropies would be amplified. Consequently, any small bias
that is introduced to 65y, due to an existing BF, would eventually suppress the BF signal, which is the
opposite of what we would need to explain the anisotropies.

The Y, measurements also suffer the same percent changes as 65, (Fig. [#.30). One sees that for the
same BF case as above, the employed MMF technique leads to a slight overestimation of Y, which
again suppress the BF signal. However, this effect is insignificant for two reasons. Firstly, due to the
slope of the Yg, — T relation (By; = 2.546), the changes of Y, are less important than changes in T
(which we already saw that can mildly smooth out the anisotropies). Secondly, the Y, — T anisotropies
are much larger than the Yy, changes due to a falsely assumed 6s5,.

110L Raoo=1.06Rs00 . i

1.05

100 |rmmmm .

) / Ysrsoo (Rsgo)

*
500

0.95

Ysrso0 (R

0.90 R;OO =0.94 Rsoo

1 10 100
Y'sr500 (10_3 arcminz)

Figure 4.30: Relative change of the measured Y55, when the input R, (and 65) is increased (red) or decreased
(blue) by 6%.
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Moreover, the measured T value goes into the measurement of Yg, when relativistic effects are
considered. However, this dependance is very weak, since a 1 keV change in 7 would only lead to a
~ 1% change in Yg,, and thus a BF would practically not affect Yy, in that regard.

For the Ly measurements we cannot make quantitive predictions of the change they will suffer for a
different 65, input, since we did not conduct the measurements. However, we expect that Ly will remain
almost unchanged, since only the outskirt area of the assumed cluster size will slightly change in case of
a BE. The vast majority of X-ray cluster emission though comes from well within this area. Even if the
change was not negligible, the same effect as for 7" and Yg; is expected, where the miscalculation of Ly
actually makes us underestimate the BF signal rather than creating it.

It is evident that these changes are only minimal compared to the observed anisotropy amplitudes,
not trivial to be accounted for (iterative Yy, and T measurements and BF estimations would be needed),
opposite than explaining the anisotropies, and thus we ignore them.
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CHAPTER 5

Conclusions and Outlook

The Cosmological Principle and galaxy cluster scaling relations

The premise that the expansion of the Universe is isotropic at large scales has played a crucial role in the
development of the concordance cosmological model. The vast majority of extragalactic studies adopt
this assumption and often base their conclusions on it, especially when data from across the entire sky are
considered. The CP is so deeply imprinted in standard cosmology that a large fraction of the astronomical
community falsely considers it a long-proven scientific fact. Even at local cosmic scales, where bulk
flows might bias the distance estimation, most studies ignore the effects these motions might have on their
results. For instance, galaxy cluster studies focusing on SCs or cluster count cosmology typically use
heliocentric redshifts instead of CMB-frame redshifts, further amplifying any direction-dependent bias.
If an anisotropy in the measured redshift-distance relation exists, especially at local scales, numerous
past results might need revision. Thus, it is crucial to continuously scrutinize the assumption of cosmic
isotropy and assess the effects that a possible deviation from it would have on our cosmological theories.

Although many studies exist that support the CP, a comparable amount of cosmological results reject
it. Therefore, its validity remains a highly discussed topic. The recently introduced method to test
the isotropy of the local Universe by employing galaxy cluster SCs, offers a novel, powerful tool with
compelling prospects. If one has a cosmology-independent cluster measurement, such as the temperature
T, one can study its correlation with a cosmology-dependent quantity, such as the X-ray luminosity
Ly or the total integrated Compton parameter Yg. If the underlying redshift-distance relation spatially
varies due to cosmological anisotropies or large bulk flows, then the relations between T and the other
cluster quantities will vary in a similar way. It is of high significance that this strategy is independent of
all previous isotropy studies, providing complementary results to other preexisting probes. Moreover,
in contrast with other probes such as SNIa, galaxy clusters have the advantage that they can reveal
information about their distance via multiple ways, such as their X-ray luminosity, size, SZ effect
amplitude, and optical and infrared BCG luminosity. This allows for constructing SCs with different
sensitivities on cosmology, bulk flows, or absorption issues and investigating different aspects of possible
apparent anisotropies using a single cluster sample.

Summary and conclusions
In the first project of this thesis, I implemented the galaxy cluster X-ray luminosity-temperature relation

Ly — T to study the isotropy of three independent cluster samples; our eeHIFLUGCS-based sample
(referred to as M20 sample in the second project and hereafter), and the ACC and XCS-DR1 samples.
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For the M20 sample, I found that the Ly — T relation exhibits an apparent ~ 300/4] spatial variation
in its normalization between the regions with the brightest and faintest clusters. Assuming that the
intrinsic normalization of Ly — T should be the same regardless of the direction, this result could be
interpreted as a ~ 15% anisotropy of the Hubble constant, [,. The apparently preferred axis was
pinpointed towards (I, b) ~ (280°, —20°), and the statistical significance of this tension reached ~ 4o
Thus, it is highly improbable to be due to mere chance. When such an unexpected result is obtained, one
needs to ensure that it is not caused by systematic biases or previously unknown absorption issues. The
conducted analysis did not reveal any such issues since the anisotropy persists for several different cluster
subsamples with different physical properties. Moreover, regions with opposite Ly — T behavior seem
to have a similar cluster distribution based on measurements such as temperature, redshift, metallicity,
and hydrogen column density. When the ACC and XCS-DR1 samples are analyzed in the same fashion,
similar anisotropies were observed. By performing a joint analysis of all 842 individual clusters from the
three independent samples, I found that the observed H,, anisotropy is boosted to a ~ 5o~ level, towards
(1, b) ~ (303°,—-27°). Interestingly, numerous other studies that used independent probes detected similar
anisotropies toward this part of the sky. All the above strongly portray the need to understand the physical
mechanisms causing this effect. Even though the erratic Ly — T behavior did not seem to originate from
excess X-ray absorption issues or systematic biases, these scenarios could not be excluded until further
tests were carried out.

In the second project of this thesis, I performed a more in-depth analysis of the cluster anisotropies,
significantly improving our understanding of this apparent cosmological inconsistency. I mostly achieved
that in three ways; by studying the directional behavior of nine more galaxy cluster SCs, quantifying the
amplitude and scale of the bulk flow that could explain these findings, and performing isotropic Monte
Carlo simulations to better assess the statistical significance of my results and validate the robustness of
the used methodology. Additionally to Ly and 7', I also make use of three more cluster measurements,
independent from each other and depending on the assumed cosmological model. These quantities are
Yg7, the X-ray half-light radius R, and the infrared luminosity of the cluster BCGs, L. The Yg; values
of the ACC sample are also measured and used. The SCs that include R unfortunately suffer from certain
systematics that cannot be solved currently, but they are expected to provide valuable insights on the
cluster anisotropies in the future. The Lycg SCs, although not a standalone test due to their high scatter,
offer a complementary consistency check for the main SCs. The greatest improvement in the anisotropy
searching compared to the first project comes from the Ly — Yy, and Y, — T relations, for the reasons
discussed below. This project’s conclusions add to the ones from the first project, and thus, they compose
the overall conclusions of this thesis. The main results are summarized below:

No excess X-ray absorption found

The Ly — Yg relation can effectively trace previously unknown absorption effects due to the strong
dependence of Ly on such effects, the insensitivity of Yy, to Galactic absorption issues, and the fact that
Ly — Yq7 is unaffected by any cosmological anisotropies or bulk flows (since these effects similarly affect
both Ly and Yg,). Hence, any significant deviation from statistical isotropy should mostly come from
excess X-ray absorption issues. The relation also exhibits a low scatter and has many available clusters
(573 individual objects), making it an excellent tool for discovering such absorption biases. I found
that there are no signs of excess X-ray absorption toward (1, b) ~ (280°, —=20°), or any region close by.
This is further confirmed by using the Ly — Lgcg relation in a similar manner. Furthermore, I used the
X-ray-determined Ny, and compared it with the one I applied during the entire analysis. A systematic

! This is an average number, since the exact variation amplitude slightly varies depending on the chosen scanning cone sizes
and some other conditions explained in Chapters 3 and 4.
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offset of this ratio toward one sky region could also reveal previously unaccounted X-ray absorption
issues. Once again, no such issues were found toward (/, b) ~ (280°, —20°). Therefore, the scenario of
previously unknown absorption issues as the cause of the Ly — T anisotropies is strongly disfavored. A
marginal signal for some excess absorption is found toward the opposite sky direction, which would
further amplify the observed Ly — T anisotropy. However, the statistical significance is small, and the
effect can be attributed to chance.

Apparent anisotropy in the expansion rate

The directional behavior of the Yy, — T relation constitutes a nearly absorption-free test of cosmic
isotropy. It also shows a lower scatter than the Ly — T relation, which makes it ideal for such a study.
Repeating the anisotropy searching with Yy, — 7', I found that it exhibits almost the same behavior as
Ly —T. Namely, it shows a ~ 14% H,, anisotropy toward (I, b) ~ (270°, —=15°) for both the M20 and ACC
samples. The statistical significance of the anisotropy is 4.30, following a more conservative approach
than in the first project. The Ly — T relation supports these findings as well. When all results from

Ly —T,Ysy; —T,and Lgcg — T are combined for both M20 and ACC, H,, is found to variate by 9 + 1.7%,

with the most anisotropic direction being (/, b) = (27302‘;0, -1 lofgzo). The statistical significance of

the anisotropy boosts up to 5.40~. No past study has reached such a high statistical significance for the
observed anisotropy in the local Universe. The sky map displaying the overall H,, spatial variation is
shown in Fig. A7} while Table [f.3] gives the exact numerical results in detail.

Large bulk flows

The vast majority of used clusters lie at z < 0.2. As a result, one cannot distinguish between an H,,
anisotropy or large-scale, strong bulk flows. Thus, I quantified the amplitude and scale of such a flow
motion that would explain the apparent cluster anisotropies. I found that a bulk flow of ~ 900 km/s seems
to exist, that extends out to at least ~ 500 Mpc, toward ([, b) ~ (275°,-10°) (average from different
methods, samples, and SCs). Different SCs agree on their detected bulk flow motion. The same holds
for the M20 and ACC samples. The detected bulk flow does not seem to fade away up to the scales
that the used cluster samples extend, although it is slightly more statistically significant for scales below
7 < 0.12 (~ 500 Mpc). The overall results for the bulk flow analysis are summarized in Table@ while
they are visualized in Fig. .13] Such large bulk flows contradict the CP since they require large mater
inhomogeneities in the local Universe. Until more high—z are obtained, it is not clear which of the two
effects is the origin of the observed anisotropies.

Further confirming the existence of the anisotropies

I conclusively showed that the cluster anisotropies observed across several SCs are not a product of the
generally known biases through rigorous analysis. Specifically, I concluded that the Malmquist bias
could not alleviate the tension between different sky regions, while the ZoA gap does not have any
significant effect on the results. Furthermore, the correlation between the dynamical state of a cluster and
its SC behavior has nearly no effect on the anisotropies, and the combination of possibly different cluster
properties across sky regions cannot create an artificial anisotropic signal. Finally, I conducted Monte
Carlo simulations, creating isotropic samples with the same properties as the real ones. Repeating the
entire analysis on every sample, I confirmed the rarity with which the observed anisotropies can occur
purely due to chance. I found a 1 in ~ 270 million parts chance for the observed anisotropies to appear in
an isotropic Universe without any underlying physical phenomena.
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This analysis strongly demonstrates that, at least at local scales of z ~ 0.1 — 0.2, there is a strong
anisotropy in the redshift-distance relation. This anisotropy seems to strongly contradict ACDM at a
statistically significant level. It is crucial to identify the cause of these findings since, depending on their
origin, they can have a substantial effect on the late Universe cosmology.

Future prospects

The near future can be proven to be tremendously exciting for cosmic anisotropy studies using galaxy
clusters. The large volume of forthcoming data will shed plenty of light on the exact reason for the cluster
anisotropies and will conclusively confirm or reject the case of a spatially varying expansion rate or
large-scale bulk flows. Two main strategies will help us achieve a decisive conclusion about the observed
anisotropies in the future, and they are described below.

Decreased scatter of scaling relations

A crucial element for improving cosmic anisotropy constraints from galaxy cluster SCs is to make them
more precise, i.e., to reduce their scatter. Currently, Ly — T and Y5, — T exhibit a slightly lower scatter
than other probes, such as quasars or the Tully-Fischer relation. However, they are still disadvantageous
compared to the very low scatter that the SNIa distance moduli show. The use of cluster morphological
parameters shows a promising future potential for reducing the cluster SCs scatter and alleviate their
biases. As discussed, the dynamical state of clusters often correlates with their scatter in certain SCs. By
measuring the cluster morphological parameters, one can include them in the SCs in such a way that the
final scatter is decreased. Moreover, this will enable us to use SCs which were strongly biased in the past
(such as the X-ray half-light radius SCs), providing us with new valuable information about the observed
anisotropies. Overall, the inclusion of the morphological parameters in the SCs will help us pinpoint the
anisotropies and evaluate their characteristics and nature significantly better.

More clusters, especially at large distances

The second pivotal development that will provide more conclusive answers on the origin of the observed
anisotropies is the increase of the cluster sample sizes. This will be achieved by the upcoming eRASS
samples. After the completion of the 4-year all-sky survey, thousands of reliable cluster temperatures and
tens of thousands X-ray luminosities will be provided. Many of these clusters will be detected for the
first time, and other cluster properties, such as Yg,, will also become available. It is essential to detect
the cluster anisotropies using new, independent cluster samples. Another critical factor is the future
availability of more clusters beyond z > 0.2 (~ 800 Mpc) that eRASS will provide. By utilizing these
clusters, the anisotropies will be traced out to greater distances. Consequently, one will assess if there is
a cosmic scale at which the anisotropies gradually fade away. This is of utter importance to understand if
the findings of this work are caused by large bulk flows in the local Universe or by a primordial anisotropy
in the expansion rate, which extends to the entire observable Universe.

Final remarks

I demonstrate how galaxy cluster scaling relations can probe cosmic isotropy. The findings of this thesis
suggest that the local Universe appears to be anisotropic, either due to a nonuniform expansion rate or
due to unexpectedly large bulk flows. Both scenarios contradict the standard cosmological model. The
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exact origin of the anisotropies remains to be identified in future work. This answer could profoundly
alter the way we understand the cosmos.
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