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Abstract

The standard cosmological model with cosmological constant A and cold dark matter
model (the ACDM model), explains various observations such as the cosmic microwave
background radiation, baryon acoustic oscillations, and relation between magnitude and
redshift of type Ia supernovae, and its model parameters are determined with very good
accuracy. The ACDM model under this parameter set explains well the observations at
large scales, but there are many problems at small scales. However, these problems may
be caused by lack of understanding of baryon physics at small scales, and it is too early
to conclude that these observations are inconsistent with the ACDM model.

In this thesis, we focus on galaxy clusters, which are in the intermediate scales. Galaxy
clusters are the largest self gravitational bounding objects in the universe and they re-
tain the initial conditions of the primordial density fluctuations because their dynamical
time scale is comparable to the age of the universe. Especially, we investigate the non-
sphericities of galaxy clusters which are worth studying because they contain important
information for both cosmology and astrophysics such as the initial conditions of the uni-
verse, cosmological parameters, and structure and galaxy formation histories. Further-
more, their characteristic quantities, ellipticities and orientations, can be used to validate
the ACDM model complementary to other probes.

In particular, we focus on the correlation of ellipticities and orientations between galaxy
clusters and their central galaxies (CGs). Since the CG has been formed by repeated
mergers as well as galaxy clusters, the examination of these correlations will lead us to
understand the structure formation history at different scales. Furthermore, since the
correlation of the non-sphericity indirectly depends on cosmological parameters through
the structure formation history, it can be used to validate the ACDM model. We conduct
comprehensive study on three topics from both theoretical and observational perspectives,

and obtain following results.

e We identify galaxy clusters and CGs formed in the latest cosmological hydrody-
namical simulation incorporating baryon physics, the Horizon-AGN simulation, and
make reliable theoretical predictions of the ACDM model. In particular, we mea-
sure the non-sphericities of galaxy clusters using mock observations in visible light,
X-ray, and radio wavelength, and compare their orientations with those of CGs. Ac-
cording to the theoretical predictions of the ACDM model, orientations of galaxy
clusters and those of their CGs are well aligned with each other and these results

are marginally consistent with observations.



ii Abstract

e We provide a new measurement of non-sphericities of 45 DM haloes in galaxy clus-
ters using strong lensing for a large sample obtained by combining 3 different surveys
selected based on the intensity of gravitational lensing, X-ray, and radio signals. We
also measure non-sphericities of their brightest cluster galaxies (BCGs) from high
angular resolution images taken by the Hubble Space Telescope. Our new observa-
tions show that galaxy clusters are on average more elongated than BCGs. On the
other hand, we obtain theoretical predictions of the ACDM model from the Hori-
zon simulation that ellipticity values of DM haloes and CGs are almost equal on
average from galactic to cluster scales, but the slightly larger the mass, the greater
the ellipticity differences such that DM haloes are elongated. The results implies
that the discrepancy between theoretical predictions and the observations can be
explained simply by the mass difference. In either case, our measurement gives a
new observational constraint on theoretical predictions.

o We investigate the mechanism of alignment by following mass accretions and ori-
entation changes of DM haloes and their CGs for individual galaxy clusters in the
Horizon-AGN simulation. Even in the early stage of the universe, t = 1.5 Gyr,
orientations of DM haloes and their CGs are weakly aligned statistically, and the
alignments at each epoch become tighter with time. However, orientations of both
DM haloes and CGs have significantly changed over the cosmic time. The changes
of their orientations are mainly caused by mass accretion episodes along filaments
whose directions are computed from the tidal fields, and their orientations are finally
aligned with the filament directions.

In the future, our theoretical predictions will be validated with further accuracy thanks
to large surveys such as the Subaru Hyper Suprime-Cam (HSC) and the Large Synoptic
Survey Telescope (LSST). In particular, by exploring the alignments between orientations
of galaxy clusters and those of their BCGs at higher redshifts beyond z = 1, the evolution
scenario predicted by ACDM will be observationally tested. Furthermore, results of up-
dated simulations will allow us to adopt non-sphericities of galaxy clusters to investigate
various physics such as the structure formation history, AGN feedback, gravitational the-
ories, and dark matter models. Our study in this thesis is expected to serve as a guideline

for such future researches in terms of connecting observations and theories.
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Chapter 1
Introduction

Galaxy clusters are the largest self-gravitational bounding objects in the universe and they
are mainly composed of dark matter, hot gas, and 100 —1000 galaxies. The most energetic
phenomena in the universe occur in galaxy clusters such as galaxy mergers accompanied
with violent star formation and feedback from active galactic nuclei (AGN). In addition,
they may retain the initial conditions of density fluctuations because their dynamical time
scales are comparable to the age of the universe. At the same time, since their evolution
is sensitive to cosmological parameters through the expansion of the universe, they have
played a complementary role to other probes in validating the standard cosmological
model, so-called the ACDM model (cosmological constant A + cold dark matter model).
From these points of view, galaxy clusters are unique objects located at the crossroads of
astrophysics and cosmology, and their evolution and properties may help us understand
the structure formation in the universe.

Non-sphericity of galaxy clusters is an important concept that contains entangled in-
formation related to the initial conditions of the universe, structure and galaxy formation
histories, and cosmological parameters. The non-sphericity is already imprinted in the
early primordial fluctuations and galaxy clusters, which are young objects growing by re-
peated mergers, are naturally expected to have distorted shapes reflecting the direction of
the latest merger. In addition, the non-sphericity of galaxy clusters indirectly depends on
cosmological parameters through their formation epochs, and also contains information
of past baryon activities within them such as AGN feedback and star formation. Further-
more, the non-sphericity itself can be used to test the ACDM model complementarily to
previous probes.

In particular, in this thesis we focus on correlations of ellipticity and alignment between
galaxy clusters and their central galaxies which are giant luminous galaxies at the cluster
center. Since the central galaxies as well as galaxy clusters have been formed by repeated
mergers, merger history of galaxy clusters at different scales may be understood by exam-
ining correlations between their orientations. Constraints on structure formation history
can also be obtained by examining correlations of ellipticities between central part which is
generally formed at early epoch and outer part which is still growing. Furthermore, since
the correlations depend on cosmological parameters throughout their formation history,
the complementary test of the ACDM model can be made by examining them.



2 Chapter 1 Introduction

The alignment of orientations of galaxy clusters and their central galaxies has been
observed for a long time (e.g. Sastry, 1968; Binggeli, 1982), and more recently West et al.
(2017) showed that the alignment already existed about 10 billion years ago. Theoreti-
cally, cosmological hydrodynamical simulations incorporating baryon physics are essential
to study detailed properties of central galaxies. While such simulations have been diffi-
cult due to lack of understanding of baryon physics and computational limitations, only
recently the reliable simulations which are consistent with various observations become
available. In fact, some papers investigate the alignment between galaxy clusters and their
central galaxies by using such simulations (Dong et al., 2014; Tenneti et al., 2014; Chisari
et al., 2017). However they focus on cosmological applications of the alignments and thus
do not investigate the evolution of ellipticity and the alignments of galaxy clusters to
understand structure formation history.

Observationally, most studies measured non-sphericity of galaxy clusters from member
galaxy distributions and X-ray surface brightness (e.g. Niederste-Ostholt et al., 2010;
Kawahara, 2010) but assumptions in gas state or the relation between light and mass
distributions are essential. Since about 80% of the mass of galaxy clusters is contributed
by dark matter, the gravitational lensing should be used to directly measure their shapes.
Although some previous studies measured the non-sphericity using gravitational lensing
(e.g. Richard et al., 2010; Oguri et al., 2010; Shin et al., 2018), their results are limited
by small sample sizes, heterogeneities, and measurement uncertainties.

In response to the above problems of previous studies, we will conduct a comprehensive
study about non-sphericity of galaxy clusters and central galaxies by approaching both
theoretically and observationally. In the theoretical aspect, we will try to understand the
structure formation history in the ACDM universe as well as the construction of theoretical
predictions by carrying out mock observations of galaxy clusters in the latest cosmological
hydrodynamical simulation. We will also provide a new observational constraint on the
non-sphericity of galaxy clusters and validate the consistency of the ACDM model through
comparison of these observations of the real Universe with the mock observations of the
ACDM universe.

We address the remaining issues as follows. First, chapter 2 summarizes what has been
studied in previous researches and what remains to be done. In chapter 3, we use the
latest cosmological hydrodynamical simulation to develop theoretical predictions, in par-
ticular focusing on the correlation between orientations of galaxy clusters and those of
central galaxies. The consistency of the ACDM model is briefly validated by comparing
with observations. Next, in chapter 4, we provide a new observational constraint by mea-
suring the non-sphericity using strong lensing for a cluster sample obtained by combining
three different surveys. At the same time, the consistency with the ACDM model is vali-
dated by comparing the observed results with theoretical predictions of the cosmological
hydrodynamical simulation. In chapter 5, we explore the origin of the alignment by ex-
amining mass accretions and orientation changes for each galaxy cluster. Finally, chapter
6 summarizes results and provides future prospects of this thesis.

Throughout this thesis, we adopt the cosmological parameters based on the seven-



year Wilkinson Microwave Anisotropy Probe (Komatsu et al., 2011); Qy, 0 = 0.272 (total
matter density at present day), Q4 ¢ = 0.728 (dark energy density at the present time),
Q0 = 0.045 (baryon density at present time), og = 0.81 (amplitude of the power spectrum
of density fluctuations that are averaged on spheres of 84~! Mpc radius at present time),
Hy = 70.4 km/s/Mpc (Hubble constant), and ns, = 0.967 (the power-law index of the
primordial power spectrum).



Chapter 2

Non-sphericities of galaxy

clusters from previous studies

2.1  Non-sphericities of galaxy clusters: observational

measurements

This section reviews observational studies of the non-sphericity of galaxy clusters. Since
galaxy clusters consist of three major components: stars, dark matter (DM), and gas, the
following subsections summarize how the ellipticity of each component has been measured
observationally. We also note how the observational evidence that orientations of galaxy

clusters are aligned with those of their central galaxies (CGs) has been derived.

2.1.1  Member galaxy distributions

Galaxy clusters generally have member galaxies about 100 to more than 1000 and his-
torically they are defined as the dense region of galaxies (e.g. Abell, 1958). Although it
is difficult to identify the member galaxies without spectroscopic data due to the projec-
tion effect of background/foreground galaxies, the member galaxies can be identified by
combining multi-band images. Member galaxies have characteristic color of red sequence,
which is a specific region in color-magnitude diagram where passively evolved early type
galaxies are located (e.g. Hogg et al., 2004; Croton et al., 2005). Recently, many galaxy
clusters are identified with this characteristic color of the members (e.g. Koester et al.,
2007; Oguri, 2014; Oguri et al., 2018). Since galaxies evolve in the potential of DM haloes,
distributions of the member galaxies are expected to trace the DM distribution of their
host clusters.

Sastry (1968) measured ellipticities of 9 galaxy clusters from member galaxy distribu-
tions and reported alignments between position angles of brightest cluster galaxies (BCGs)
and those of their host clusters for the first time. Ellipticities and position angels of the
distributions were determined basically by using the transparent celluloid such that the
numbers in the four quadrants were almost the same by slowly moving and rotating the
celluloid. They detected ellipticities larger than 0 for 5 clusters in 9 and found that the
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position angles of the clusters with those of their BCGs are well aligned within less than
10°. While they reported ellipticities and alignments between clusters and BCGs, their
result was statistically limited due to lack of sample size and methods.

Carter & Metcalfe (1980) measured the position angles and ellipticities from member
galaxy distributions for the 22 richest clusters with the number of member galaxies of

100 — 3000 by diagonalizing the inertia tensor of the member galaxy distribution defined

as,
Nmem
Irnern,aﬁ = Z |:x1(11123m,o¢ - xgem,a} |:x£r11)em,ﬁ - xgem,5i| (a’ B = 17 2)’ (21)
i=1
1 NII]()D’!
o = 1 > T 22)
mem T

where Nyem, and :c,(f%m,a — xﬁem,a are the total number of member galaxies and the pro-

jected position vector of the i-th member galaxies particle relative to the centre, azgemv o

Once the eigen-values A; and Ay, (A1 > \2) were obtained, they defined position angle of

the semi-major axis, @yem, as,

I ~
6. = cot~! <_mm221) N g (2.3)

Imem,lQ

A2
mem — 1- 3 - 2.4
: Vi 2.4

They measured the ellipticities at the scale of vab = 1 Mpc, where a and b denote the
semi-major and -minor axes, respectively, and obtained a histogram of ellipticities for 21

and ellipticities, €mem, as,

clusters and the mean value of epen = 0.44 + 0.04. The alignments between clusters and
BCGs were derived for 14 clusters and the mean value was 15°. Carter & Metcalfe (1980)
extended Sastry (1968) with relatively large statistics, and motivated a next study by
Binggeli (1982).

As a pioneering work of this field, Binggeli (1982) analysed a homogenous and large
sample of 44 galaxy clusters to investigate their ellipticities and alignments in detail. Only
the 50 brightest member galaxies in each cluster were used to avoid the contamination
from non-member galaxies and the simple method to compute ellipticities and position
angles is adopted as follows. First, the centre was defined by the arithmetic mean of these
galaxies, and then the major axis was computed such that the value of Zfﬁl b; becomes
minimum, where b; is the perpendicular distance from the major axis of i-th member

galaxy. After the major axis was determined, the ellipticity was defined as

50 50
€mem = 1-— sz/zala (25)
=1 =1

where a; is the perpendicular distance from the minor axis. The resulting distribution

of ellipticities was peaked around 0.4 and marginally consistent with that of Carter &
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Two types of the alignment (Binggeli 1982)

BCG - host cluster (DM halo)

DM

BCG

cluster
- direction to the neighbor cluster

Figure 2.1. Schematic picture of two types of the alignment Binggeli (1982) found. Left:
the alignment between orientations of clusters defined through their member
galaxy distributions and those of their BCGs. Right: the position angles
between major axes of galaxy clusters and the direction to the closest neigh-

boring clusters tend to be correlated than the random distributions.

Metcalfe (1980) indicating that the clusters are more elongated than elliptical galaxies,
peaked around 0 (Binggeli, 1980). The position angles computed by the member galaxy
distributions relative to those of their BCGs were explored for 39 clusters, and they were
well aligned with the mean value of ~ 30°. The mean value of the alignment angles was
consistent with Carter & Metcalfe (1980).

Binggeli (1982) also reported another type of alignments between the relative orienta-
tions of clusters separated within 30 Mpc; the position angles between major axes of galaxy
clusters and the direction to the closest neighboring clusters tend to be correlated than
the random distributions. Both alignments have been studied further and were confirmed
at different redshifts (see Figure 2.1 as a schematic picture of these alignments). After
Binggeli (1982), the alignments have been studied in many papers and most of the results
basically supported both the alignments (e.g. Argyres et al., 1986; Rhee & Katgert, 1987;
Tucker & Peterson, 1988; Lambas et al., 1988; Struble, 1990; Trevese et al., 1992; Plio-
nis, 1994; Fuller et al., 1999; Strazzullo et al., 2005; Panko et al., 2009; Niederste-Ostholt
et al., 2010). On the other hand, few studies reported the opposite result; consistent with
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random distribution (e.g. Struble & Peebles, 1985).

While the redshifts of cluster sample in Binggeli (1982) were less than 0.1, the alignment
between clusters and BCGs have been reported even at relatively high redshift, z < 0.3
(Kim et al., 2002), z ~ 0.5 (Donoso et al., 2006). Furthermore, the alignment was reported
not only in galaxy clusters but also in galaxy groups with mass of host DM halo down to
~ 10'2 h=1 M (e.g. Wang et al., 2008). Hao et al. (2011) investigated comprehensively
the dependence of the alignment on the redshift, zphoto, of 0.1 < 2photo < 0.4, stellar
mass of BCGs, Mpcq, of 10'3 My < Mpcg < 1011 My, and richness of host galaxy
clusters, Nyich, of 20 < Nyen < 80. They found that the alignment becomes stronger as
redshift decreases or stellar mass of BCGs increases while the alignment is independent
of the richness of host clusters which is roughly corresponds to their masses.

More recently, West et al. (2017) measured the alignment between orientations of clus-
ters and their BCGs, and obtained the mean value of about ~ 30° for 52 clusters. The
most important finding of their work is that the alignment extends to z > 1.3 with high
statistical significance. Their results suggest that the alignment was generated at such an
early epoch, about ten billion years ago.

As described above, the ellipticities and alignments of member galaxy distributions
have been examined by many previous studies. Previous studies assumed the relation
between shapes of light and mass distributions to compare the shapes of them with V-
body simulations. However, since it is unclear that the distributions of member galaxies
follow those of DM, ellipticities and orientations inferred from them might be different from
those of host DM haloes. Thus, hydrodynamical simulations are essential to explore the
correlations between shapes of DM haloes and member galaxy distributions. In this thesis,
we examine the ellipticities and orientations of stellar components in the Horizon-AGN
simulation to interpret the observed non-sphericities inferred from the member galaxy

distributions.

2.1.2  Gravitational lensing

The above studies used the distributions of member galaxies to estimate the ellipticities
and orientations of galaxy clusters. While mass distributions of their host galaxy cluster
can be inferred from the distributions of member galaxies, the estimated values depend
on the assumptions between light and mass distributions.

Gravitational lensing is a unique tool to probe the mass distributions directly. Cypriano
et al. (2004) measured the ellipticities of 24 X-ray selected galaxy clusters individually
using weak lensing method. While they detected the non-zero ellipticities, these values
were noisy due to quality of observations and shortage of lensed galaxies. Orientations of
DM haloes, on the other hand, were determined robustly and found that they are well
aligned with those of BCGs. Thus, they confirmed the alignment between orientations of
galaxy clusters and CGs using mass distributions instead of those of member galaxies.

Evans & Bridle (2009) stacked the weak lensing signals of galaxy clusters such that the
major axes of orientations of DM haloes are aligned with those determined by member

galaxy distributions. They detected the mean ellipticity of DM haloes statistically and
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ruled out spherical haloes. If either the mass distributions were spherical or the mutual
angles between mass and light distributions were randomly distributed, the mean elliptic-
ity would be 0. In the latter case, the spherical result is caused by the random orientations
of DM haloes relative to the member galaxy distributions because the stacking processes
smear out the individual elliptical distributions. Thus, their results detected simultane-
ously both ellipticities of DM haloes and alignments between mass and light distributions.
They also found that ellipticities of DM haloes are consistent with those of member galaxy
distributions.

Oguri et al. (2012) measured ellipticities and orientations of 28 galaxy clusters indi-
vidually using strong lensing with Sloan Digital Sky Survey (SDSS). They detected the
significant signals of ellipticities of galaxy clusters. In addition, they stacked weak lensing
signals so that the major axes of shear maps are aligned with those inferred from strong
lensing. The resulting mean value of ellipticities of stacked map is consistent with that
estimated from strong lensing. Thus, they confirmed that both weak lensing and strong
lensing are useful to measure the ellipticities and orientations of galaxy clusters.

van Uitert et al. (2017) measured the mean ellipticity of about 2600 galaxy clusters and
groups observed from the Galaxy And Mass Assembly (GAMA) survey by using the weak
lensing signal taken from the Kilo Degree Survey (KiDS). They showed that the BCGs
and the lensing are well aligned on small scales, ~ 200 kpc, while the member galaxy
distribution and the lensing signal are well aligned on large scales, ~ 500 kpc.

Shin et al. (2018) measured the mean ellipticities and position angles of member galaxy
distributions and lensing signals by using staking method and found that they are well
aligned with each other. They also stacked the member galaxy distributions and the
lensing signals along the major-axis of the BCGs and inferred a mean alignment angle
between BCGs and the mass distributions with a root-mean-square value of 30° £ 10°.

Three lensing methods described above have been used to measure shapes of galaxy
clusters: weak lensing for individual halo (Oguri et al., 2010; Umetsu et al., 2018), stacking
weak lensing signals (Clampitt & Jain, 2016; van Ulitert et al., 2017; Shin et al., 2018),
and strong lensing (Richard et al., 2010; Oguri et al., 2012). Weak lensing for individual
haloes suffers from their large errors associated with shape measurement of lensed galaxies.
Stacked signals of weak lensing underestimate the mean ellipticities due to mis-alignments
between a prior: directions in stacking and their true orientations. Strong lensing can
evaluate the non-sphericities of DM haloes with much less errors than those estimated by
weak lensing. Although there are several studies to measure the ellipticities of DM haloes
of galaxy clusters and alignments of their orientations relative to BCGs by using strong
lensing (Richard et al., 2010; Oguri et al., 2012), their sample size is relatively limited,
N = 20. Thus, in this thesis we provide a new measurement ellipticities of DM haloes of

galaxy clusters by using strong lensing for a large sample of N = 45.
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2.1.3  Gas distribution: X-ray surface brightness and the Sunyaev-Zel'dovich
effect

Most of baryons in galaxy clusters exist as gas and follow the gravitational potential of
host DM haloes, and thus their distributions can be used to infer those of DM. In addition,
since their observed properties such as X-ray luminosities or integrated Compton-y pa-
rameters of SZ effect can be used to constrain the cosmological parameters (e.g. Vikhlinin
et al., 2009; Reichardt et al., 2013), to measure these observable accurately is important.
Non-sphericities of the gas distributions reflecting those of DM haloes in galaxy clusters
are possible bias in constraining the parameters. In fact, Buote & Humphrey (2012)
showed that spherical averaging introduces an offset in the observed relation between X-
ray luminosities and the Compton-y parameters. Thus it is important to measure shapes
of the gas distributions both in inferring those of host DM haloes and in evaluating values
relating to gas properties more accurately.

Since most of the gases in clusters emit X-ray, the X-ray observations is one of the
most useful methods to measure shapes of clusters. Once it is assumed that the gas is
in hydrostatic equilibrium and thus following the gravitational potential of host haloes,
shapes of mass distributions can be inferred from the X-ray surface brightness. Jones
et al. (1979) measured morphologies of X-ray surface brightness of 12 Abell clusters by
using Finstein Observatory and found that several of them are elongated and cannot be
approximated by a spherical shape. They simply used ratios of maximum and minimum
extent of iso-intensity contours as axis ratios. While they evaluated ellipticities of the
clusters, their observations were limited in both sample size and resolution.

McMillan et al. (1989) measured orientations and ellipticities of X-ray surface bright-
ness for 49 Abell clusters and detected non-sphericities. After McMillan et al. (1989),
many observational studies measured the ellipticities of the X-ray clusters by various ob-
servations such as Finstein observatory (e.g. Buote & Canizares, 1992; Mohr et al., 1995),
ROSAT observations (e.g. Allen et al., 1995; Buote & Canizares, 1996; Wang & Ulmer,
1997; Kolokotronis et al., 2001), Chandra (e.g. Hashimoto et al., 2007; Lau et al., 2012;
Hashimoto et al., 2014; Parekh et al., 2015), and XMM-Newton (e.g. Kawahara, 2010; Lo-
visari et al., 2017) They reported that ellipticities of X-ray surface brightness are rounder
than those of DM haloes in N-body simulations or member galaxy distributions and con-
sistent with N-body simulation predictions by assuming the hydrostatic equilibrium. In
addition to the ellipticities, Hashimoto et al. (2008) measure the alignment angles between
the orientations of BCGs and host cluster X-ray position angles. They detected a strong
alignment signal while they did not see any clear trend that the degree of the alignments
depends on the dynamical state of clusters.

Another option to measure shapes of gas distribution in galaxy clusters is the Sunyaev-
Zeldovich effect which is observed through the inverse Compton scattering of cosmic mi-
crowave background photons by hot gases in galaxy clusters Sunyaev & Zeldovich (1972,
1980). While the X-ray surface brightness is sensitive to the number density of gases,
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2
gas

Ngas, WIitten as oc [n Tgla/Sle, where Ty, denotes the gas temperature and [ dl is the
integration along the line-of-sight, the Compton y-parameters of the SZ effect depends on
these values as f NgasTgasdl. Thus, the SZ observations give us a unique information
different from X-ray observations.

AMI Consortium et al. (2012) measured shapes of the SZ images of 19 clusters selected
from the Local Cluster Substructure Survey (LoCuSS) y using the Arcminute Microkelvin
Imager (AMI) and detect the non-sphericities of them. Their result is consistent with the
prediction of the ACDM, which suggests that ellipticities of SZ are expected to be similar
to those from X-ray (e.g. Wang & Fan, 2004).

Donahue et al. (2016) systematically measured the ellipticities and position angles of
lensing signals, X-ray emissions, BCGs, and Sunyaev-Zel’dovich effect. They found that
the position angles of those components are well aligned. Since hot gases are collisional
components, their distributions considerably depend on a dynamical state of the host
galaxy cluster; while hot gas distributions fairly trace the mass distributions for relaxed
clusters which is in dynamically equilibrium, hot gas distributions substantially depart
from the mass distributions for merging or merged clusters. Actually Montes & Trujillo
(2019) showed that the distribution of X-ray emission does not trace the mass distribution
at all for merging clusters, while it traces the mass distribution for relaxed clusters.

As described above, shapes of gas distributions in galaxy clusters have been measured
by many observational studies. However, there is few studies to examine the ellipticities
of gas distributions in hydrodynamical simulations. While Suto et al. (2017) measured
the shapes of X-ray surface brightness of galaxy clusters in the Horizon-AGN simulation,
they only focused on the ellipticities. Thus, in this thesis, we measure ellipticities and
orientations of gas distributions to compare the previous observations described above
and theoretical predictions of the ACDM model.

2.1.4 Intracluster light

The brightest cluster galaxy (BCG) generally has a very extended, ~ 500 kpc, stellar
halo called intracluster light (ICL) which is first discovered by Matthews et al. (1964) and
confirmed by later studies (e.g. Oemler, 1973, 1976; Schombert, 1986, 1987, 1988). Since
hot gases are collisional components while DM and stars are collisionless particles, the
ICL is expected to trace mass distributions independent of the dynamical state.

Gonzalez et al. (2005) measured the ellipticities of ICL distributions and found clear
non-sphericities of them. They measured the radial dependence of the ellipticities and
confirmed that the values in the inner regions are similar to those of elliptical galaxies
and thus are associated with the BCG. The ellipticities in outer regions are more elongated
than inner regions and are consistent with those of member galaxy distributions implying
that ICL traces the host cluster haloes rather than the BCGs. The position angles of
outer regions and inner regions are well aligned with each other indicating the alignments
between clusters and BCGs.

Montes & Trujillo (2019) estimated the distribution of the mass, ICL, and X-ray emis-
sion for massive 6 clusters and compared them by using the Modified Hausdorff distance
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(MHD) as a method of quantifying the similarities. They found that ICL distributions are
quite similar with mass distributions with the mean value of MHD~ 25 kpc independent
of the dynamical state of clusters. Their result suggests that the ICL can be used as a
new luminous tracer of mass distributions.

In this thesis, we do not focus on the shapes of ICL in the hydrodynamical simulation.
However, the shapes of ICL can be examined in the simulations and the relation between
shapes of ICL and host DM haloes can be checked by observations when more observations
will measure the both shapes of ICL and host DM haloes in the future.

2.2 Non-sphericities of galaxy clusters: numerical simulations in

ACDM universe

Numerical simulations provide various theoretical predictions of cosmological models
which they adopt, and thus are a powerful tool to test the models by comparing the
predictions with observations. Many studies using N-body simulations also suggest
that the non-sphericities of DM haloes are ubiquitous in the ACDM universe as well
as observations. In fact, early studies using numerical simulations showed that the
non-sphericities of galaxy clusters provide constraints on cosmological models (e.g.
Evrard et al., 1993; Jing et al., 1995; Splinter et al., 1997; Suwa et al., 2003).

Jing & Suto (2002) presented a systematic and statistical study to model shapes of
DM haloes by analysing cluster-, group-, and galaxy-sized haloes in N-body cosmological
simulations. They computed axis ratios of iso-density surfaces at different scales of each
DM halo by diagonalizing the inertia tensor of particles within each surface. They showed
that shapes of DM haloes are well approximated by triaxial and cluster-sized haloes are
more elongated than galaxy-sized haloes. They also found that inner regions are more
elongated than outer regions, and DM haloes at different scales are well aligned with
each other at galaxy cluster scales. Thus, numerical simulation based on the ACDM
model predicts the alignments between DM haloes in inner and outer regions, which is
qualitatively consistent with the observed alignments between BCGs and host clusters.

After Jing & Suto (2002), a number of studies investigated the non-sphericities of galaxy
cluster-sized DM haloes in N-body simulations with higher resolutions and larger box
sizes. In this period, since the ACDM model has been considered as the most likely
cosmological model, most of the simulations are based on the ACDM. The main interests of
them are on a dependence of non-sphericities on radial distance from the centre, mass, and
redshift. For the radial dependence, most studies suggested that inner regions of cluster
scale DM haloes are more elongated than outer regions for fixed masses and redshifts (e.g.
Bailin & Steinmetz, 2005; Allgood et al., 2006; Faltenbacher et al., 2008; Schneider et al.,
2012; Despali et al., 2014) while other studies showed the opposite results (e.g. Hopkins
et al., 2005). For the mass dependence, all the studies suggested that more massive DM
haloes have more elongated shapes than lighter haloes for fixed redshifts and radial scales
(e.g. Kasun & Evrard, 2005; Hopkins et al., 2005; Allgood et al., 2006; Schneider et al.,
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2012; Despali et al., 2014). For the redshift dependence, all the studies suggested that DM
halo shapes become more elongated toward higher redshifts for fixed masses and radial
scales (e.g. Kasun & Evrard, 2005; Hopkins et al., 2005; Bailin & Steinmetz, 2005; Ho
et al., 2006; Allgood et al., 2006; Schneider et al., 2012; Despali et al., 2014).

The mass dependence and the redshift dependence can be understood under the bottom-
up structure formation scenario predicted by the ACDM model as follows. In the early
stages of halo formation, DM haloes are elongated due to mergers, and as time passes,
they approach equilibrium and become round. The heavier haloes are, the more elongated
they are because they are young objects formed at late epoch. Therefore, the ellipticities
of observed galaxy clusters can be used to as cosmological probes to constrain on the
model parameters. In fact, several studies argued that values of axis ratios and degrees of
their redshift dependences are depend on the cosmological parameters, especially og (e.g.
Ho et al., 2006; Allgood et al., 2006). The lower values of the og made halo formation
epochs later, and thus the shapes of them become more elongated.

To explain the observed alignments between BCGs and galaxy clusters have been also
one of the main subjects in this research field. Although BCGs do not exist in DM only V-
body simulations, the observed alignments are considered as alignments between inner and
outer regions of DM haloes if BCGs and member galaxy distributions trace orientations
of inner and outer regions of DM haloes, respectively. Thus, many studies investigate the
alignments (e.g. Song & Lee, 2012; Schneider et al., 2012; Despali et al., 2016). Their
results suggest the inner and outer regions are well aligned, and thus qualitatively confirm
the observed alignments

However, a direct comparison with observations requires baryon components such as
BCGs or member galaxies which are not included in DM only N-body simulations. It
should be assumed that BCGs and member galaxy distributions trace orientations of
inner and outer regions of DM haloes, respectively to compare the results from DM only
simulations with observations. Thus, interpretations of the results depend on the validity
of the assumption.

In fact, Kang et al. (2007) showed that orientations of galaxies and their host DM
haloes are fairly misaligned with each other. If we assume that orientations of galaxies
and those of their host DM haloes are perfectly aligned with each other, central-satellite
alignment signals of theoretical predictions are too strong to explain the observed ones
The orientations should be misaligned to reproduce the observation, and they estimated
the mean misalignment angle about ~ 40°. Therefore, hydrodynamical cosmological sim-
ulations are essential for fair comparisons of theoretical predictions of the ACDM model
with observations directly.

Early studies using simulations with baryon physics found that cooling and star for-
mation make DM halo shapes substantially rounder, especially at inner regions (e.g.
Kazantzidis et al., 2004; Springel et al., 2004). These simulations overestimated the inner
density profiles of DM haloes. The rounding shapes and the overestimates are ascribed to
over cooling at inner regions. Additional heating sources such as AGN feedback should

be implemented to reproduce various observational properties. Recently, many studies
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investigate non-sphericities and alignments of galaxy clusters using hydrodynamical sim-
ulations with AGN feedback (e.g. Tenneti et al., 2014; Dong et al., 2014; Velliscig et al.,
2015a; Chisari et al., 2017).

Tenneti et al. (2014) analysed non-sphericities and alignments between galaxies and DM
haloes with masses of 10!°hA=1 My < My, < 10h= 1M (where My, denotes the mass
of DM haloes) in the MassiveBlack-II (MBII) cosmological hydrodynamical simulation.
The resulting axis ratios were more elongated with higher redshifts, higher masses, and
thus qualitatively consistent with DM only simulations. The mean alignment angle were
also computed and found that they depends on the halo mass such as ~ 30° to ~ 10° for
Myato ~ 1010 — 104 A= M.

Dong et al. (2014) analysed DM haloes with mass of 1012h~1 Mg < My, < 10Mh™1 Mg
in a cosmological hydrodynamical simulation and investigated dependences of alignments
between DM haloes CGs on various properties such as CG colours, CG stellar masses, CG
metallicities, host halo masses, and distances from CGs. They reproduced observed CG
color dependence of alignments: redder galaxies are aligned with host DM haloes tighter
than blue ones. They predicted that alignments depend more strongly on metallicity at
small scales. This prediction could be testable in future observations.

Velliscig et al. (2015a) reported the alignments and non-sphericities of stellar and hot
gas distributions as well as DM haloes, in the Evolution and Assembly of GalLaxies and
their Environments (EAGLE) and OverWhelmingly Large Simulations (cosmo-OWLS)
simulations, which include AGN feedbacks. The mass range is 10"'h= My < Mya, <
101°h='My. Their results showed that DM halo shapes become more elongated with
increasing radii, redshifts, and halo masses. Only the radial dependence is different from
most of DM only simulations, which suggests that baryon implementation changes ellip-
ticities of DM haloes. They also found that CGs and hot gases are well aligned with the
entire DM distributions, and the alignments are strongest for galaxy clusters.

Chisari et al. (2017) investigated shapes and alignments of DM haloes in the Horizon-
AGN simulation with mass range of 3 x 101/~ My < My < 5 x 10Mh~ 1 Moh~t M.
Their results showed that more massive and high redshift haloes are more elongated,
which is qualitatively consistent with DM only simulations. The alignment angles are
also stronger for more massive and higher redshift haloes.

While many studies investigated the non-sphericities and alignments of DM haloes in
hydrodynamical simulations with AGN feedback, most of the above studies are moti-
vated by the galaxy-halo alignments, in the context of intrinsic alignments. Only a few
studies explored the shapes and alignments of galaxy clusters in the simulations. Suto
et al. (2017) measured the projected shapes of 40 galaxy clusters in the Horizon-AGN
simulation. They found that projected ellipticities of X-ray surface brightness in the sim-
ulation give a better prediction of X-ray observations in Kawahara (2010) than those of
iso-potential of DM haloes in DM only simulation in Jing & Suto (2002). This result
indicates that the assumption of hydrostatic equilibrium cannot be always adopted, and
thus hydrodynamical simulations are essential for direct comparisons with observations.

Although they focused on galaxy clusters in the hydrodynamical simulations, they did
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not investigate the alignments in the clusters. Thus, in this thesis we investigate both the

ellipticities and alignments of galaxy clusters in the latest hydrodynamical simulation.

2.3 Connection of cluster non-sphericities to surrounding

matter distributions

In previous sections, we summarized results of numerical studies concerning alignments
between galaxy clusters and their BCGs. Binggeli (1982) reported that orientations of
galaxy clusters tend to be aligned with the direction to the closest neighboring clusters and
the alignments are found with separation of ~ 30 Mpc. The alignment can be considered
as the alignment between orientations of galaxy clusters and those of their surrounding
matter distributions.

West et al. (1989) tested cosmological models by comparing observed alignments be-
tween orientations of galaxy clusters and those of surrounding galaxy distributions with
the alignments in N-body simulations. Their study was motivated by the finding of
Binggeli (1982), cluster-cluster alignments, and thus they explored the orientations of
galaxy clusters relative to their large scale environments ~ 10 Mpc. Their results sug-
gested that the alignments provide a very useful probe to test the models. By comparing
the simulations with observations, they concluded that the CDM model is confronted with
the alignments at such large scales. Although their study showed that the alignments can
be used as a powerful tool to constrain cosmological models, the simulations were quite
limited by a numerical resolution.

This is naturally understood in the ACDM model because it predicts galaxy clusters
are located at intersection points of filaments and grow by mergers or mass accretion
episodes along the filaments resulting in elongated along the directions. Thus, the align-
ment between orientations of clusters and directions of surrounding filaments are a general
consequence of structure formation scenarios of the ACDM model. In addition, alignments
between orientations of galaxies and the filaments have been studied intensively because
they can be possible contamination of weak lensing signals which are derived based on
the assumption that background galaxies are randomly oriented (e.g. Hirata et al., 2007;
Joachimi et al., 2011; Krolewski et al., 2017). Some observations detected the alignments
(intrinsic alignments) (e.g. Mandelbaum et al., 2006; Singh et al., 2015; Huang et al., 2018;
Chen et al., 2019), which support the structure formation scenarios of the ACDM model.

The alignments relative to surrounding matter distributions were also detected in ob-
served clusters as well as galaxies. Durret et al. (2019) detected the alignments between
orientations of BCGs and their surrounding matter distribution defined by the galaxy
distribution by using SDSS DR 8 data, indicating that clusters and BCGs are coherently
aligned relative to their surrounding matter distributions. Their result implies that major
mergers and smooth accretions along the filaments contribute to determine their orien-
tations, given that they grow by these mergers and accretions. Wittman et al. (2019)

explored the alignments between orientations of a BCG and the other BCG in merging
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galaxy clusters and showed that the BCGs are aligned with each other. This result implies
that BCGs are initially aligned to their surrounding matter distributions independent of
mergers or such alignment processes happen very quickly, within ~ 1 Gyr after mergers.
Considering that the mergers occur preferentially along the filaments, both results of these
two papers suggest that the surrounding matter distributions plays an important role in
alignments of galaxy clusters.

Numerical simulations also investigated the alignments between orientations of galaxy
clusters and their surrounding matter distributions. Lee (2019) used DM distributions in
DM only simulation and computed the tidal field tensor defined as,

T (z) o< a?aj /dw'@(az’)W(\w —'|; Ry), (2.6)

where ®(x) is the gravitational potential at & and W (|x — «'|; Ry) is a Gaussian window
function with a smoothing scale Ry. If the smoothing scale is sufficiently large, eigenvec-
tors of the tidal field represent the preferred directions of surrounding matter distributions.
The major axes of DM haloes with galactic mass scale of 0.5 < Mhalo/lOnh_lM@ <50
are aligned with the eigenvector of the least eigenvalue of the tidal field with smoothing
length of ~ 30h~! Mpc. This result suggests that shapes of DM haloes with galactic
mass scales are determined by the large scale as predicted by the first order Lagrangian
perturbation theory (Zel’Dovich, 1970; Buchert, 1992), which is consistent with other DM
only simulations (e.g. Hahn et al., 2007; Zhang et al., 2009; Joachimi et al., 2013; Chen
et al., 2016; Xia et al., 2017; Piras et al., 2018), and observations (e.g. Zhang et al., 2013;
Chen et al., 2019).

The surrounding matter distributions may play an important role to generate the ob-
served alignments between galaxy clusters and BCGs because it changes orientations of
both DM haloes and BCGs coherently. Especially, galaxy clusters generally reside at in-
tersection of filaments, their orientations are affected by the anisotropic mergers or mass
accretion episodes along the filaments. Thus, in this thesis, we explore the relation be-
tween orientations of clusters and the directions of filaments in order to understand the
origin of the observed alignments.
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Chapter 3

Projected non-sphericities and
alignments of stellar, gas, and
dark matter distributions in

simulated clusters

Many observations have measured ellipticities of galaxy clusters and shown that their ori-
entations are well aligned with those of their central galaxies. Since to construct analytical
models for the ellipticities and alignments is a tough task and most of past theoretical
studies made predictions based on numerical simulations. Jing & Suto (2002) performed
the pioneering work in constructing the theoretical predictions about the non-sphericities
of galaxy clusters. They characterized ellipticities of galaxy cluster sized dark matter
(DM) haloes and showed that inner part and outer part of DM haloes are well aligned
with each other.

However, since their theoretical predictions were based on DM only N-body simulations,
their results cannot be directly compared with observations in visible light, X-rays, and
radio wavelengths. Furthermore, their shapes also depend on baryon physics such as AGN
feedback and star formation, so even if we are interested in only DM shapes, theories
should be updated. Therefore, cosmological hydrodynamical simulations incorporating
baryon physics are essential to construct reliable theoretical predictions for the results of
such multi-wavelength observations.

Although such simulations have been difficult for a long time due to lack of understand-
ing of baryon physics and computational limitations, only recently reliable simulation
results have become available, which are consistent with a number of observations. Suto
et al. (2017) used one of the latest simulations, the Horizon-AGN simulation, to construct
theoretical predictions of the non-sphericities of galaxy clusters that can be directly ob-
served by X-ray and visible light. However, they focused only on the ellipticities of the
entire cluster, and they did not investigate the alignments between galaxy clusters and

central galaxies.
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Therefore, in this chapter we also use the results of one of the latest simulations incor-
porating baryon physics, the Horizon-AGN simulation. We identify galaxy clusters and
their central galaxies formed in the simulation, and make reliable theoretical predictions
of the ACDM model. In particular, we measure the non-sphericities of galaxy clusters
directly observed in visible light, X-rays, and radio wavelengths, and compare the align-
ments between their orientations and those of CGs. Furthermore, we check the validation
of the ACDM model by comparing the theoretical predictions from the simulation with
the currently available observations. See Appendix A for a detailed description of the
Horizon-AGN simulation.

3.1 Identifying galaxies and clusters in the Horizon-AGN

simulation

Following Suto et al. (2017), we identify dark matter haloes using the ADAPTAHOP halo
finder (Aubert et al., 2004; Tweed et al., 2009). ADAPTAHOP is a subhalo finder that
separates multiple subhaloes while comparing the relative heights of peaks and saddle
points of the smoothed density field. After we obtain the halo catalogue, we pick up
all DM haloes with masses larger than 5 x 10 M, which are defined by those within
spherical average density larger than 200 times the critical density of the Universe. Since
the mass scale roughly corresponds to that of observed galaxy clusters, it is reasonable
that we regard these haloes as galaxy clusters. The total number of these cluster-sized
haloes is 40 in the Horizon-AGN simulation, which are the same haloes examined by Suto
et al. (2017). For the each cluster-sized haloes, stellar haloes are also identified with
the ADAPTAHOP finder applying to stellar particles and the haloes with more than 50
stellar particles are regarded as galaxies. Since each stellar particle has the mass of about
2 x 10% My, this criterion corresponds to the minimum stellar mass of about 108 M, in
our final galaxy catalogue.

The definition of the centre of each cluster needs to be considered carefully as well.
One reasonable option is to compute the centre-of-mass for each cluster from their dark
matter, star and gas components. This is a straightforward procedure in simulation data,
but is difficult to apply in observations. In reality, the centre of observed galaxy clusters is
often defined as the location of its brightest cluster galaxy (BCG). While we can compute
the luminosity of each galaxy in principle (Dubois et al., 2014), it is complicated and also
subject to uncertainty of the star formation history. Therefore we decide to adopt the
position of the most massive galaxy (within 1 Mpc from the most bound DM particle of
each halo) as the centre of cluster. In this thesis, we call such a galaxy as central galaxy
(CG) so as to distinguish it from BCG. In practice, however, they are supposed to be
almost identical to the observed BCGs. Thus we identify these two populations when we
compare our results with the observation in section 3.5.

Since observational data provide only projected images, we focus on projected align-

ments between CGs and other components in our simulation. First we determine position
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angles and ellipticities of projected CGs. Following Suto et al. (2017), we use the mass

tensor to estimate ellipticities and position angles:

Nca
Icgap = Y miy [xg)ea - xgl\G/[,oz] [x%é,ﬂ - ﬂfgl\ed,g] (o, B=1,2), (3.1)
=1

where mg)G and mg)Ga — acgl(\}/[a are the mass and the projected position vector of the i-th

CG particle relative to the centre of mass, respectively. The summation runs over the
Nog star particles within the ellipse whose size is vab = 20kpc, where a and b are the
semi-major and semi-minor axes, respectively. We diagonalize the mass tensor to obtain
semi-major axis a, semi-minor axis b, and position angle §. We start from a circle with
radius of » = 20kpc centred at the centre of mass of CG particles. Then we reset the
centre of mass of particles within the new ellipse and compute the tensor iteratively until
both eigenvalues of the tensor are converged within 10~8. The bottom panels in Fig. 3.1,
3.2, and 3.3 show examples of resulting ellipses for three galaxy clusters.

When both eigenvalues converge, we obtain values of semi-major axis acq, semi-minor
axis bcg, the centre of mass xgl\G/Iva, and position angle 6cg of the CG. We define the

ellipticity of the CG as:

ecg =1-— bC—G (3.2)
aca

For each cluster, we consider three different projection directions assuming z-, y-, and
z-axes as line-of-sight directions. We regard these three projections as independent so
that we effectively have N, = 120 galaxy clusters for our analysis. Although the three
different projection directions are not independent, we confirmed that our results such as
mean ellipticities and the rms of position angle differences between various components
shown in section 3.4.2 are not significantly changed even if we do not combine results with

these three different projection directions.

3.2 Ellipticity and position angle from projected images of the

clusters

In the Horizon-AGN simulation, dark matter and star are defined by particles but gas is
computed in the adaptive mesh. Each dark matter particle has the same mass and has the
position, whereas each star particle has both a position and mass. Each adaptive mesh
contains position, mass, metallicity, temperature, and size of the mesh.

In this chapter, we compare the ellipticity and position angle for projected images of
X-ray surface brightness (XSB), Compton y—parameter (SZ), total surface mass density
(tot), dark matter surface mass density (DM), star surface mass density (star), and gas
surface mass density (gas) of galaxy clusters in the Horizon-AGN simulation. To create
these projected images, we first define a cube with a size of (4.24 Mpc)? centred at the
CG. Note that the position of the CG is defined as the center of mass l'glé/[a computed in
section 3.1. Then, we divide the cube into (4001)3 meshes with a size of (1.06 kpc)?3, which
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corresponds to the minimum size of the adaptive mesh in the Horizon-AGN simulation.
Mass densities of dark matter, star and gas, metallicity, and temperature, are assigned to
each mesh. For dark matter and star, mass densities are simply computed by the nearest
grid point method, in which mass of each particle is assigned to the nearest mesh in a
projected plane. Since the gas property is computed in the adaptive mesh, we divide all
meshes into the smallest meshes of (A = 1.06kpc)? with the same values of temperature,
metallicity, and mass density. For these projected images, ellipticity and position angle
are estimated by using a tensor weighted by projected values such as surface mass density,
XSB, and y-parameter as described in the following subsections.

3.2.1 Surface densities of different components

Projected images are created as follows:

(I) surface mass density (DM, star, gas, and tot):
We compute the mass density of the mesh

pA(ivjv k) = mA(i7j7 k)/Agv (33)

where 0 < 1,7,k < 4000 are indices specifying the mesh, and m4(i,j, k) and
pa(i,j, k) are mass and mass density of A component (A = DM or star or gas)
in (4, j, k) mesh, respectively. The surface mass density is calculated by integrating

the mass density along the line of sight:

4000
Sali,f) =AY pali,j,k). (3.4)
k=0

The total mass density is simply computed by the summation of all these compo-

nents,
Etot(@ﬂ = EDM(iv.j) + Estar(iuj) + Egas(ivj)~ (3-5>

(IT) X-ray Surface Brightness (XSB):
The X-ray Surface Brightness (XSB) is calculated as

4000
Sxsn(is ) o< Y naas(is 4, R)A(T, Z), (3.6)
k=0
where ngas(i, j, k), A(T,Z), T = T(i,j,k), and Z = Z(i,j,k) denote the number
density, cooling function, temperature, and metallicity of the gas in a mesh specified
by (i, j, k), respectively. We use the package SPEX to derive the cooling function,
A, for the photon energy band, 0.5keV< E < 10keV.

The molecular number density of the gas is computed from the mass density:

. Peas(?, 7, k
ngas(z7],k) = ga'Su(WaLp?) (37)
where ;1 and m,, represent the mean molecular weight and mass of proton, respec-

tively. We confirmed the mean molecular weight is almost constant independent
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of the position of meshes within the range of our interest. Since we are interested
in only the shape of each component, the normalization does not affect our results
and exact value of u is not important.

(ITT) Compton y-parameter of the Sunyaev-Zel’dovich effect (SZ) :
The thermal Sunyaev-Zel’dovich effect is characterized by the Compton y-
parameter. We calculate the y-parameter in the Horizon simulation as follows:

4000
Ssz(i,5) 0 Y Ngas (i 4, k)T (i, j, k). (3.8)
k=0

Fig. 3.4 plots an example of the images projected to the z-direction for one cluster in

our sample. The further detail of this cluster is described in section 3.2.3.

3.2.2  Procedure of ellipse fit

In order to estimate the ellipticity of each component described in section 3.2.1, we use

surface density weighted tensor:

Tnap =Y %ali,)) [2ali,f) — 268 o] [28(0,5) — & 6] (3.9)
i.J
where x,(7,7) — xglé/[a and ¥ 4(i,7) denote the projected position relative to centre of
mass and value of (7, 7) cell, respectively. The summation runs over cells within a given
enclosed ellipse region.

We basically follow Suto et al. (2016, 2017) to estimate ellipticities and position angles.
However, we fix the centre of the ellipse to that of CG, xgl(\;/[a derived in section 3.1,
unlike those papers where they set the centre to the centre of mass since we are espe-
cially interested in the ellipticity and position angle that can be directly compared with
observations.

We diagonalize the tensor to obtain values of axis ratio b/a(< 1) and position angle. We
define the ellipticity as e = 1 —b/a. Starting from a circle with radius r, the above process
is iterated changing the axis ratio b/a until both two eigenvalues of the tensor converge
within 1078, We confirm that both values of ellipticity and position angle converge well
by this convergence criteria. When both eigenvalues converge, we obtain the final values
of ellipticities €4, and position angles 6 4. Finally, we repeat the same analysis for each
galaxy cluster with different sizes of the ellipse, vab = 0.1, 0.2, ---, 1.0 Mpc.

3.2.3 Examples of the ellipse fit

In this section, we discuss the resulting images and ellipses derived by the above procedure
for clusters as examples. First, we show three representative galaxy clusters just to show
morphological diversity of galaxy clusters that we analysed in this thesis. Fig. 3.1 shows
projected images of DM, star, gas, and CG distributions of the cluster described in Fig. 3
of Suto et al. (2017), which is the most massive single-core dominated cluster with mass
of My = 6.2 x 1014 M. Since we are interested only in the shape of cluster, the absolute
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y-direction

x-direction
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DM
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Figure 3.1. Projected distributions of dark matter, star, gas, and the CG from top to
bottom of a galaxy cluster. The sizes of the panels are 4.24 Mpcx4.24 Mpc
for dark matter, star, and gas distributions and 400 kpcx400 kpc for the CG
distributions. Left, centre, and right panels show images projected along x-,

y-, and z-directions, respectively. Bars at right bottom in the star panels

indicate the direction of the major-axis of the CG.
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x-direction y-direction z-direction

DM DM

Figure 3.2. The same images as Fig. 3.1 but for an example of clusters having rounder

shapes in projected images.
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x-direction y-direction z-direction

DM DM

Figure 3.3. The same images as Fig. 3.1 but for an example of clusters having dominant

substructures that significantly affect the ellipse fit.
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Figure 3.4. An example of projected images of a cluster over 4.24 Mpcx4.24 Mpc for dif-
ferent components (integrated over 4.24Mpc along the z-direction of simula-
tion); total density (upper-left), dark matter density (upper-centre), star den-
sity (upper-right), gas density (lower-left), X-ray surface brightness (lower-
centre), and y-parameter from the SZ effect (lower-right). Those quantities
are sampled in 1.06 kpcx1.06 kpc pixels before integrated along the line-of-
sight. Colour-coded according to their absolute values. Solid curves indicate
to ellipses computed by the tensor method described in section 3.2.2, corre-
sponding to vab = 0.1, 0.2, ---, 1.0 Mpc (i.e., the area of each ellipse is wab)
The direction of the major-axis of CG is also shown at the lower right in star

image.

values of colour scales are not shown. The dark matter halo looks elliptical for all three line
of sights, indicating that their three dimensional shape is triaxial. Fig. 3.2 shows another
example, which has relatively rounder shape of the dark matter halo. Such a round
cluster may be a relaxed cluster that have experienced the major-merger in the past. In
spite of such a round shape of dark matter halo, the star distribution is elliptical due
to sub-structures. While dark matter distributions projected along z- and y-directions
are circular, that projected toward z-direction is elliptical, clearly demonstrating that
circular distributions in projected space do not necessarily indicate spherically symmetric
distributions in three dimensional space. Fig. 3.3 shows an example of clusters which
have dominant substructures in dark matter distributions. There is a dominant sub-halo
in the dark matter distribution, which significantly distort the ellipses for all the projected

images that are used to derive ellipticities and position angles. We find that about one
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Figure 3.5. Projected position angles of each component of a cluster plotted in Fig.3.4.
The inclination of the bar with respect to the vertical direction indicates
the position angle, i.e., the direction of the major axis of the ellipse of each
component relative to that of CG. The length and colour of bars denote to
the value of the ellipticity ¢ = 1 — b/a. Left, middle, and right panels show
the result for thee projection along x-, y-, and z-directions of the simulation,

respectively.

third of clusters we analysed have such dominant substructures.

Next, we focus on the cluster illustrated in Figure fig:im2 and show images projected
along the z-direction of the simulation box for six components (tot, DM, star, gas, XSB,
and SZ). Position angles for the six components at all scales are roughly aligned relative
to that of CG. This is one of our main results, which will be discussed more statistically
in sections 3.3 and 3.4. Comparing the ellipses for the six components, the stellar density
distribution is more elongated, while those of gas components (gas, XSB, and SZ) are
more spherical than that of DM. The former is because stellar components suffer from
strong radiative cooling. The latter is because the gas distribution follows the gravitational
potential of the host cluster that is rounder than the matter distribution. Total matter
density distribution is almost the same as that of dark matter, simply because total matter
density is dominated by dark matter.

We also evaluate the differences among different projection directions. Fig. 3.5 simul-
taneously plots ellipticity and position angle for each component as a function of scale
Vab. The above statements for z-direction hold also for the other projections, z-, and
y-directions; the position angles are clearly aligned with respect to the CG at almost all
scales, gas components are more circular and stellar components are more elongated than
that of dark matter, and finally the density distribution of total matter is quite similar to
that of dark matter. The ellipticity does not change substantially against the scales except
for that of stellar distribution which is sensitive to the presence of substructures. Since
these results are just derived one cluster, we examine these features more statistically

using all the 40 clusters in the next section.
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Figure 3.6. Correlation of position angles relative to the CG for different components
evaluated at vVab = 0.1 (top), 0.5 (middle), and 1.0Mpc (bottom). Left,
middle, and right panels show the correlations between DM and star, star

and gas, and gas and DM, respectively.

3.3  Correlation of ellipticities and position angles among
different components

3.3.1 Alignment of position angles

We pay particular attention to position angles with respect to the CG and among com-
ponents to understand the correlation of matter density distributions. Fig. 3.6 plots the
correlations of position angles relative to the CG for different components evaluated at
Vab = 0.1, 0.5, and 1.0 Mpc. If density distributions are aligned with the CG, symbols
are expected to be clustered around the origin (0,0). For all the three components, the
position angles are clustered at the origin indicating that these density distributions are
well aligned with the major-axis of the CG. At vab = 0.1 Mpc, symbols are more clus-
tered around the origin than at other scales, which indicates that all the components are

relatively well aligned in the inner region. The distributions of the alignments relative to
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the CG is consistent with the result for the cluster described in section 3.2.3. Incidentally,

Fig. 3.6 also indicates the alignment of position angles among different components even

if outer region where the alignments of position angles relative to the CG are worse. We

discuss this point more detail below in section 3.4.2.

3.3.2

Correlation of ellipticities

Since inferring the density distribution of gas from observational data is generally difficult,

we also consider XSB and SZ, which are directly observable. For the similar reason, we
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also consider total matter density, which can be estimated from lensing analysis.

Fig. 3.7 shows scatter plots for different components evaluated at vab = 0.1 Mpc with
that of the CG. There are no tight correlations of ellipticities between these components
and the CG. Neither the ellipticities of matter density distribution (DM, star, tot) nor
those of gravitational potential shape (gas, XSB, SZ) correlate with that of the CG. This
result is inconsistent with a previous work by Soucail et al. (2015), they reported tight
correlation between ellipticities of BCG and those of light distributions. This discrepancy
might be due to difference of method used to estimate ellipticities. They created the light
map of galaxy clusters by smoothing light distributions of each member galaxy. Thus,
their ellipses are not affected by each galaxy whereas those derived from our tensor method
are affected by each galaxy as illustrated in Fig. 3.3.

Ellipticities of stellar components are systematically higher than those of the CG. This
is simply due to the other galaxy near the CG. In fact, an ellipse of v/ab = 0.1 Mpc (the
most inner one) in stellar image of Fig. 3.4 is elongated toward a nearby galaxy (bottom
left from the CG), which is located along the major-axis of the CG. Fig. 3.6 also indicates
that the position angles of stellar component are well aligned with major-axis of the CG
in spite of no tight correlation of ellipticities between stellar components and the CG. The
alignment suggests member galaxies are preferentially distributed along major-axis of the
CG, which is consistent with previous findings (e.g. West, 1994; West et al., 1995; West
& Blakeslee, 2000; Brainerd, 2005; Yang et al., 2006; Kang et al., 2007; Azzaro et al.,
2007; Faltenbacher et al., 2007; Li et al., 2013; Velliscig et al., 2015b; Huang et al., 2016;
L’Huillier et al., 2017; Foéx et al., 2017).

Ellipticities of dark matter and total matter distributions are located around the diag-
onal line despite with large scatters. The correlations might be affected by two dominant
effects; one is the projection effect, and the other is the effect of substructure. The pro-
jection effect is explained as follows. While dark matter and total matter distributions
are projected by a length of 4.24 Mpc, ellipticities of CG are computed by using only CG
particles that extend only ~ 100kpc along the line-of-sight. The projections of such a
wide length scale for dark matter and total matter make their shapes of surface densi-
ties rounder than those projected only inner part. On the other hand, the existence of
substructures, which are located preferentially along the major-axis of the CG, enhances
ellipticities as discussed above. As a result of these two competitive effects, ellipticities of
dark matter and total matter distributions may be comparable with those of the CG.

Fig. 3.8 plots the correlations among ellipticities of different components evaluated at
Vvab = 0.1, 0.5, and 1.0 Mpc. We find that ellipticities of stellar density distributions are
higher, and those of gas are lower than those of dark matter. This result is consistent
with that for the cluster explained in section 3.2.3.

The strong correlation between DM and star is simply because each dark matter sub-
structure contains stellar components that correspond to member galaxies in observations.
In fact, Fig. 3.4 indicates that there is a substructure both in DM and star at upper right

from the centre, and the ellipse is elongated toward the substructure.
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respectively.

3.4  Statistics of cluster shape

3.4.1 Histograms of ellipticity and position angle

Fig. 3.9 shows normalized histograms of the ellipticities and position angles relative to
the CG. Note that these histograms are computed from N¢ = 120 clusters (40 different
clusters projected along three directions). Clearly the mean value of ellipticity of stellar
(gas) distribution is higher (lower) than that of dark matter at all scales. Histograms of
ellipticities for XSB and SZ are quite similar to that of gas. This result is consistent with
that of Suto et al. (2017), although the direct comparison is difficult because of slightly
different method used for ellipse fitting. The histograms of position angles are peaked at
Af = |0 — Ocg| = 0, implying that all the components are well aligned with the CG as
described in section 3.3. The alignments become weaker at large scales. The shape of

the histograms is quite similar among all the components, implying that they are aligned
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Figure 3.9. Normalized binned distribution functions of ellipticities (Left) and position
angles relative to the CG (Right) for different components, which is computed
by dividing the number of clusters in each bin by the total number of clusters
Nq = 120. Top-, middle-, and bottom panels indicate the results evaluated
at vab = 0.1, 0.5, and 1.0 Mpc of the fitted ellipses, respectively. The vertical
and horizontal bars associated with each symbol indicate the size of bin and
the square root of the number of clusters in each bin (40 different clusters

projected along 3 directions).

with each other.

3.4.2 Radial dependence

Fig. 3.10 plots the mean ellipticities of different components against the ellipse scale v/ab.
Ellipticities for each component are almost constant at all scales except for that of gas
density distribution, which systematically decreases with increasing vab. This is partly
because the position of the CG is sometimes offset from the potential minimum which

corresponds to the density peak of gas components. Since we fix the centre to the centre
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Figure 3.10. The mean ellipticities of different components against v ab of the fitted el-

represents a mean value of the ellipticity of the CG.

Table 3.1. Values of mean ellipticities and their errors at v/ab = 0.1, 0.5, and 1.0 Mpc.

Vvab 0.1 Mpc 0.5 Mpc 1.0 Mpc

tot 0.36 £0.01 0.36 +0.02 0.33 +0.02
DM  0.354+0.01 0.37+0.02 0.36+0.02
star  0.50+0.02 0.54+0.02 0.48+0.02
gas 0.29+0.02 0.1840.01 0.17+£0.01
XSB 0.23+0.02 0.23+0.02 0.24 +0.02
S7Z 0.19+0.01 0.1840.01 0.16 £0.01
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of mass of the CG, this mis-centring effect causes the elongation of the gas density ellipse

at the most inner part toward the direction of gas density peak, resulting in relatively high

ellipticities. Nevertheless, we fix the centre to the CG instead of the potential minimum

to make it easier to compare our results to those from observations in which the potential

minimum is not readily obtained.

In the outer region, ellipticities of XSB are systematically higher than those of gas and

SZ. XSB is expressed as the integral of the square of the gas number density, [ néasdl,
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Figure 3.11. The rms of the position angle difference for different components against v/ab
of the fitted ellipses. Filled circles, crosses, filled squares, open diamonds,
and open triangles correspond to the rms values of DM, star, gas, XSB, and
SZ, respectively. Solid and dashed lines indicate the rms of position angle

relative to the CG and total surface matter density, respectively.

whereas SZ is computed as [ ngasTyasdl. Since mean ellipticities of gas and SZ are similar
to each other for outer regions (\/@ > 0.3Mpc), the temperature distribution is not
substantially inhomogeneous. Thus, the relatively higher values of XSB ellipticities might
be caused by the inhomogeneity of the gas density.

Table 3.1 shows mean values of ellipticities and their errors for DM, star, and XSB.
While the quoted error-bars in Fig. 3.10 indicate the standard deviations of ellipticities,
the errors in Table 3.1 indicate errors of mean values of ellipticities, which is simply
computed by dividing the standard deviations by square root of No = 120. These values
are consistent with those of Suto et al. (2017) within error-bars despite the different
method to fit the ellipses (see right panel of Fig. 8 in Suto et al. 2017). We will compare

these values with observations in section 3.5.
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Fig. 3.11 shows the rms of position angles relative to the CG computed as

1 X

1
U2Ae,A = N (04, — eCG,i)Q- (3.10)
¢ 1

If the distribution of position angles relative to the CG is perfectly random, the value of
rms is expected to be:
90
6%do )
R b sandom = * g = (90/V3)" ~ (52°)2, (3.11)

90
| as
0

The values of rms for all the components are 20° < oag < 25° and are smaller than 52°
at all ellipse scales, indicating that they are well aligned with the major-axis of the CG.
For comparison, Schneider et al. (2012) studied position angles between the major-axes of
dark matter haloes for inner region and outer region based on N-body simulations. They
showed the position angles between those computed from the innermost region, 0.1 times
virial radius of the host halo 7;; and those computed from different scales. A mean value
of the position angle is ~ 20° at ry;; (see their Fig. 7), which is consistent with our result.

Solid lines in Fig. 3.11 suggest that position angles of the CG are mis-aligned with the
other components. Fig. 3.11 also plots the rms of position angles relative to the total
matter density distribution by dashed lines. The density distribution of dark matter is
very significantly aligned with that of total matter, simply because total matter density
distribution is dominated by dark matter distribution. The rms values for the other
components are 10° < oag < 20°, which are systematically smaller than those relative
to the CG. This result indicates that the alignment with the total matter distribution is
better than that with the major-axis of the CG.

Stacking analysis is often used to estimate ellipticities of galaxy clusters from weak
lensing. In the stacking analysis, a prior information of position angles of matter density
distribution is important to reconstruct the shape of clusters. There are two proxies of
position angles of matter distributions that are adopted in the literature. One is that of the
major-axis of the BCG, and the other is that of the satellite galaxy distribution. Assuming
that (i) the CG in the current simulation can be regarded as the BCG in observations,
and (ii) stellar mass density distribution in the current simulation matches luminosity
distribution of satellite galaxies, our result suggests that the satellite galaxy distribution
is a better prior for the stacking analysis than the BCG, at all scales. Although the
satellite distribution is a better prior than the BCG, one should keep in mind that there
is a non-negligible scatter between position angles of stellar components and total matter
distribution, oag ~ 15°, which must be taken into account when interpreting the stacking

analysis results.
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3.5 Comparison with previous observational studies

In this section, we compare the results of the Horizon-AGN with previous observa-
tions. While member galaxy distributions are the simplest tracers to estimate the
non-sphericities of host DM haloes (e.g. Binggeli, 1982), it is unclear whether they trace
well the background DM distributions. The X-ray surface brightness and SZ effect are
also used to estimate the non-sphericities of DM haloes (e.g. Hashimoto et al., 2008;
Kawahara, 2010). Since some assumptions related to gas state such as hydrostatic
equilibrium are adopted, the estimated values depend on the assumptions. We measured
the ellipticities and orientations of them in simulated galaxy clusters in previous sections,

thus we can directly compare them with observations.
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3.5.1 Comparison with observations of cluster ellipticities

Table 3.2 summarizes various observations of cluster ellipticities, which should be com-
pared with our results shown in Figure 3.10 and Table 3.1. Below we discuss individual
observations listed in Table 3.2.

Kawahara (2010) measured the axis ratios of X-ray surface brightness in the XMM-
Newton cluster catalogue compiled by Snowden et al. (2008). Note that the method to
fit the ellipse for X-ray image is based on Jedrzejewski (1987) and is different from our
method. The mean values of axis ratios are 0.78, 0.81, 0.79, and 0.78 at R = 0.1, 0.2, 0.3,
0.4r590, respectively, where R is semi-major axis of ellipses. The mean value of ellipticities
e = 0.21 is consistent our result e = 0.23 £+ 0.02 (Table 3.1) within the error-bar.

Lau et al. (2012) used clusters observed by Chandra and ROSAT and measured their
ellipticities by the tensor method that is similar to our method described in section 3.2.2.
They obtained a mean value of ellipticities, e = 0.18 & 0.05, for the local relaxed clusters.
This value is also consistent with our result e = 0.23 4+ 0.02.

Gravitational lensing is a powerful tool to probe the mass distribution of clusters. The
ellipticity has been measured in various studies through both strong and weak lensing
methods. Evans & Bridle (2009) analysed 4281 clusters from the catalogue of Koester
et al. (2007) created from Sloan Digital Sky Survey (SDSS) data. They stacked the weak
lensing signals of individual clusters by rotating a cluster to align the major axis of the
satellite galaxy distribution. They corrected systematic effects from anisotropic point
spread function (PSF) following Bernstein & Jarvis (2002) and Hirata & Seljak (2003).

The errors on the shear map were taken into account by

U,QYT =o0? +ody (3.12)

where o; includes the shot noise due to the finite number of photons and detector noise,
and ogn denotes the shape noise coming from intrinsic variance of galaxy shapes (see their
equation 12)

They fitted the stacked signals by an elliptical Navarro et al. (1997a) profile and obtain
the axis ratio b/a = 0.48) 55 that corresponds to € = 0.527009. This ellipticity should be
regarded as a lower limit because in stacking they implicitly assumed the perfect alignment
between major axis of cluster mass distribution and that of satellite galaxy distribution,
which is not the case in our result (see Figure 3.11). Since this misalignment smears
out the stacked ellipticity signal, the real value would be slightly larger. Assuming our
result oag = 15° as the rms, the ellipticity is expected to be higher by a few percent.
Nevertheless, their value of mean ellipticity is consistent with our result ¢ = 0.36 4 0.02
(Table 3.1) within an error-bar even if the effect of the misalignment is taken into account.

Richard et al. (2010) measured the ellipticities of clusters taken from Local Cluster
Structure Survey. They fitted strong lensing data with the elliptical mass distribution
using LENSTOOL (Jullo et al., 2007), and obtained averaged ellipticity (e2p) = 0.3440.14
in the inner region (< 250kpc). This value is consistent with our result ¢ = 0.36 £ 0.01
(Table 3.1), which may imply that the bias described in the paper that strong lensing
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clusters are expected to be rounder in the sky is not very strong.

Oguri et al. (2010) reported one of the most significant detections of the cluster ellip-
ticity with gravitational lensing at 7o confidence level. They used weak lensing signals
of X-ray luminous clusters from Subaru/Suprime-Cam imaging data (Okabe et al., 2010).
They corrected anisotropic PSF following Kaiser et al. (1995). They considered both
the intrinsic shape noise of galaxies and cosmic shear due to large scale structure. They
measured ellipticities for individual clusters without any prior by directly comparing the
lensing shear map with elliptical model predictions, and obtained the mean ellipticity
() = 0.46 £ 0.04. This value is higher than our result of ¢ = 0.36 £+ 0.02, presumably
because of the higher cluster masses (M ~ 10 M) of these clusters. Many studies sug-
gested that DM haloes with higher masses have higher ellipticities (e.g. Kasun & Evrard,
2005; Paz et al., 2006; Gottlober & Yepes, 2007; Flores et al., 2007; Despali et al., 2014)

Oguri et al. (2012) obtained the similar value of ellipticity () = 0.47 4 0.06 for strong
lensing galaxy clusters from SDSS. They took into account anisotropic PSF and noise fol-
lowing Oguri et al. (2010). They analysed their weak lensing signals through the stacking
analysis by using position angles derived from strong lensing analysis as a prior informa-
tion. They claimed that this prior enables much more robust stacking analysis than using
other priors. This prior is however only available for the strong lensing clusters. They also
modeled these clusters by using strong lensing method described in Oguri et al. (2009)
and Oguri (2010), and found noisy but slightly lower mean ellipticity (¢) = 0.38 4 0.05.

Clampitt & Jain (2016) used the technique to measure the quadrupole weak lensing
signal, and applied it to a sample of SDSS clusters. They corrected anisotropic PSF
following Reyes et al. (2012) and Huff et al. (2014). They considered the noise from
the intrinsic shape of galaxies and measurement on each background galaxy following
Mandelbaum et al. (2013) and Sheldon et al. (2012). They obtained the best fit value of
the mean ellipticity of e = 0.19 with 1o uncertainty of ~ 0.05. They ascribed this smaller
value to the misalignment between major axis of the BCG and that of cluster halo which
is implicitly assumed to be aligned. Given the large uncertainty, their result is broadly
consistent with our result.

Shin et al. (2018) applied the quadrupole technique to SDSS clusters. They estimated
anisotropic PSF, measurement noise and noise from the intrinsic shape following Clampitt
& Jain (2016). The resulting mean ellipticity value with a prior of the satellite galaxy
distribution is (€) = 0.45+0.09 after correcting for Poisson sampling. They also measured
the ellipticity of satellite galaxy distribution as (¢) = 0.42 4+ 0.04, and that derived from
stacked weak lensing with a prior of the CG major axis as (¢) = 0.254+0.06. By comparing
these ellipticity values, they also estimated the rms misalignment angle of 30° between the
CG and DM halo and 18° between satellite galaxies and DM halo. These misalignment
values are in good agreement with our result (see also section 3.5.2).

van Ulitert et al. (2017) used an estimator similar to Clampitt & Jain (2016) and con-
strained the average ellipticity of galaxy groups obtained from Galaxy And Mass Assembly
(GAMA) survey combined with the weak lensing signal measured by Hildebrandt et al.
(2017) from the Kilo Degree Survey (KiDS). They did not consider anisotropic PSF but
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consider the intrinsic shape noise. They compared different priors for stacking analysis of
weak lensing signals at different scales. Their resulting values of the mean ellipticity are
e =0.38 £0.12 (40kpc< R < 250kpc) and € = 0.05 + 0.13 (250 kpe< R < 750 kpc) for
the BCG prior, whereas e = —0.04 + 0.11 and € = 0.349 4 0.13, respectively for the prior
of the satellite galaxy distribution. They concluded that the BCG major-axis (satellite
galaxy distribution) is aligned (misaligned) with the DM halo orientation on small scales
(< 250kpc) whereas the BCG major-axis (satellite galaxy distribution) is misaligned
(aligned) with DM on large scales (> 250kpc). This result appears to be inconsistent
with our result which indicates that the distribution of satellite galaxies is aligned better
than the major-axis of the CG at all scales, 100 — 1000 kpc. This discrepancies are partly
because they use galaxy groups with Magy ~ 10'3Mg rather than cluster-sized haloes
in the Horizon-AGN simulation, Mygy ~ 10'*M. Nevertheless, further work is needed
to explain this inconsistency, for example by analyzing the galaxy groups with masses of
Mg ~ 103 M in the Horizon-AGN simulation.

Umetsu et al. (2018) estimates the median projected axis ratio of 0.67+0.07, correspond-
ing € = 0.33 & 0.07. The median value is lower than our resulting value ¢ = 0.36 4 0.02
(see Table 3.1) due to selection effect. This result is not unnatural because they se-
lect the CLASH clusters which have circular shapes in X-ray as also discussed in sec-
tion 3.5.1. They also evaluate the misalignment angles of baryonic components (X-ray,
thermal Sunyaev-Zel’dovich effect, brightest cluster galaxy) with respect to the weak lens-
ing. They conclude that the major-axis of X-ray shows best aligned with mass distribution
derived from weak lensing with a median misalignment angle of 21°+7° (see their Fig. 6).
This result is quantitatively consistent with our result which indicates X-ray is aligned
better than brightest cluster galaxy with respect to total mass distribution. The worse
alignment of thermal SZ effect with respect to the total mass distribution might be due
to large PSF of Bolocam images.

Donahue et al. (2016) systematically measured the ellipticities of X-ray surface bright-
ness, Sunyaev-Zel’dovich effect (SZE), gravitational lensing map, and the BCG for clusters
from Cluster Lensing and Supernova survey with Hubble Space Telescope (CLASH). They
used X-ray data from Chandra X-ray Observatory and measured the axis ratio based on
the procedure described in Donahue et al. (2015). The method is almost the same as
the one we used (see section 3.2.2). The same procedure was applied to the SZ Compton
y-parameter map obtained from the Bolocam SZ images (see Sayers et al., 2013; Czakon
et al., 2015). They found the mean axis ratios 0.09 +0.05 and 0.1 £+ 0.06 for XSB and SZ,
respectively at scales of 500 kpc. These values are much lower than our results, which is
not surprising because their clusters were selected to be nearly circular in X-ray. They
also measured the ellipticity of gravitational lensing surface mass density map created
from both strong and weak lensing. The detail of the lensing analysis is described in
Zitrin et al. (2015). The resulting mean ellipticity value is 0.2 4+ 0.08 at 500 kpc, and is
also lower than our result (e = 0.36 £ 0.02) probably due to the selection effect.

Strictly speaking, the observational ellipticities derived from lensing analysis are not

exactly the same as those of total matter distributions in the simulation since observable
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in the lensing is shear signals whereas the total matter distributions correspond to the
convergence signals. In addition, observations have various systematics such as Poisson
noise of background galaxies, intrinsic alignment, and contamination of point spread func-
tion. The most straightforward way to compare our results with these observations is to
create mock shear catalogue and evaluate the ellipticities by adopting the same lensing

method. Such analysis is beyond the scope of this thesis, and will be presented elsewhere.

3.5.2 Comparison with observed position angle distributions

In this subsection, we regard the CG of the simulation as the BCG in observations, since
the CG is supposed to be almost identical to the observed BCG as described in section 3.1.

Figure 3.12 compares normalized histograms of position angles between two components
from the Horizon-AGN simulation with observations. The observational data are based
on position angles of the BCG from Donahue et al. (2015), those of XSB, SZ, and tot from
Donahue et al. (2016), and those of stellar distribution from West et al. (2017). We choose
25 clusters in Donahue et al. (2016) (see their Table 1 and Figure 1). Twenty of these clus-
ters were selected based on their relatively round X-ray shape and with prominent BCG
at their centre being well aligned with X-ray. For these 20 clusters, Donahue et al. (2015)
measured the position angles of BCGs by using the surface brightness weighted tensor
method. They obtained the position angles for both ultraviolet and near-infrared data.
We use those derived from near-infrared data because near-infrared light is dominated
by old stars which is expected to dominate the mass in the centre of BCG. The values
are summarized in Table 3 in Donahue et al. (2015). Donahue et al. (2016) measured
the position angles of XSB and SZ by using the same method as Donahue et al. (2015),
and those of total matter distributions by utilizing the otherwise identical procedures for
lensing-based surface mass density maps. We use their values estimated within 500 kpc.
The values for XSB, SZ, and tot are summarized in Table 3, 6, and 5 in Donahue et al.
(2016), respectively. West et al. (2017) measured position angles of the member galaxy
distribution by computing the moments of inertia of the red sequence galaxy distribution.
Table 1 in West et al. (2017) summarizes the resulting values.

We compare position angle between these components (10 combinations for 5 different
components mentioned above) with our result shown in Figure 3.9. We use our measure-
ment at 500 kpc following Donahue et al. (2016). Figure 3.12 shows the resulting p-values
of the Kolmogorov-Smirnov test. We find that histograms from the simulation generally
agree well with observations, except for those related to SZ. One of the reason of the low
p-values related to the SZ is the poor angular resolution of Bolocam with a full width
half maximum of 58", which makes measurement of the position angles for the SZ maps
very noisy. The observed distribution would be more consistent with our simulation result
once the measurement errors of the position angles are taken into account.

The relatively lower p-values related to the stellar distributions are partly because there
are not sufficient numbers of member galaxies, and therefore Poisson noise affects the po-
sition angle measurement. To draw more robust conclusion, we have to take into account

of selection effects and differences in measurement methods. Nevertheless, broad agree-
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Figure 3.12. Comparison of observed distribution of relative position angles of different
components against our simulated data. Blue hatched histograms and black
symbols are normalized histograms of relative position angles in observations
and our simulation, respectively. Nops indicates number of galaxy clusters
which both components are available to estimate position angles, and p

denotes p-values of the Kolmogorov-Smirnov test.

ments between the simulation and the observations are encouraging, which invites more

careful analysis of observational data based on our simulation results.

3.5.3 Comparison with other simulations

While Chisari et al. (2017) focused on the three-dimensional alignment angle between
galaxies and their host DM haloes, they also calculated projected shapes for galaxies
in Horizon-AGN simulation and matched DM haloes in Horizon-DM simulation. They
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compared the major axises of galaxies in Horizon-AGN simulation and those of matched
DM haloes in Horizon-DM simulation and derived the alignment angle distribution (see
their Figure B1). They obtained a mean alignment angle and dispersion of —2° 4 48°,
which is marginally consistent with our result of 5°+30° (Figure 3.9) though both galaxies
and host DM haloes in our analysis are in Horizon-AGN simulation. Tenneti et al. (2015)
analysed the shapes and position angles of stellar and DM haloes in the MassiveBlack-
IT simulation, which is a cosmological hydrodynamical simulation including stellar and
AGN feedback in a volume of (100h~!Mpc)? comparable to that of the current Horizon
simulation. They obtained a mean projected position angle between galaxies and DM
haloes of 11° (see their Table 2), which is smaller than our result of 21° (Figure 3.9).
The detailed comparison, however, is difficult since different method is used to derive
the position angles. Velliscig et al. (2015a) reported the shapes and position angles of
dark matter, stellar, and gas components in the EAGLE (Schaye et al., 2015) and cosmo-
OWLS (Le Brun et al., 2014) simulations, which are smoothed particle hydrodynamics
simulations (Monaghan, 1992). They obtained median position angles between stellar and
total matter components of 10° — 25° (see their Figure 13), which is consistent with our
result of 10° (Figure 3.9).

3.6 Summary

In this chapter, we characterize the projected non-sphericities and orientations of dark
matter (DM), stellar, and gas, mass distributions, X-ray surface brightness, and Sunyaev-
Zel’dovich (SZ) effect in 40 cluster-sized haloes with mass larger than 5x 103 M, extracted
from the cosmological hydrodynamical simulation, the Horizon-AGN simulation. Since
high resolution of the Horizon-AGN simulation enables us to identify galaxies, we also
evaluate the non-sphericities and orientations of central galaxies (CGs), which can be
regarded as brightest cluster galaxies in observations. We fit shapes of the projected
images at different scales as ellipses, with two parameters of ellipticity e = 1 — b/a and
position angle 6, where a and b denote the semi-major and -minor axes, respectively.

We first compare the ellipticities of mass distributions of DM, stellar, and gas which
are fundamental components of the simulation. Mean values of ellipticities are 0.37 +0.02
(DM), 0.54 & 0.02 (star), 0.18 £ 0.01 (gas) at a fiducial ellipse scale of vab = 0.5 Mpc,
and 0.34 +0.01 (CGs) at v/ab = 20 kpc. The mean values of each component are almost
independent of the scales from 0.1 to 1 Mpc, except for the most inner regions of gas
components, which is simply due to miscentring from the CGs.

We check the correlations between ellipticities of distributions of DM, stellar, and gas
components relative to those of CGs and find that ellipticities of all the three components
are not correlated with those of CGs even if the position angles are fairly aligned with
each other |6 —0c| < 10 deg, where 6 and 6cg are position angles of each component and
CGs, respectively. We then compute the ellipticities of X-ray surface brightness and SZ
effect, and obtain mean values of 0.23 + 0.02 and 0.18 + 0.01, respectively at the fiducial
scale of vab = 0.5 Mpc.
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We measure the position angels of those components relative to those of CGs, obtain
the root mean square (rms) values of, oap = ((|0 — Occ|?))'/? = 20 — 25 deg, for all the
components and all the scales. We also compare the position angles of those components
relative to total matter distributions instead of CGs, and find tighter correlations with
the rms values of 1 — 2 deg for DM, and 10 — 20 deg for other components.

The rounder shapes of gas distributions than DM and stellar components are quali-
tatively consistent with the theoretical predictions with the assumption that gases are
in hydrostatic equilibrium (e.g. Lee & Suto, 2003). The distributions of stellar compo-
nents are more elongated than those of DM in galaxy cluster scales ~ 1 Mpc in the
simulation. This result calls to caution that ellipticities estimated by the distributions of
member galaxies may overestimate those of DM haloes. This prediction of the ACDM
model can be tested by comparing ellipticities of member galaxy distributions with those
of DM haloes measured by gravitational lensing. The similar mean ellipticity values of
CGs and DM distributions despite the no correlation between them are also consequence
of the ACDM model, and further discussions by comparing with observations are given in
chapter 4.

The tighter alignments between distributions of stellar or gas components and those of
total matter than those of CGs indicate that major-axes of the member galaxy distribu-
tions, and those of X-ray surface brightness or SZ effect if available, can be better priors
for the stacking analysis of weak lensing than those of CGs. Our result indicates that
alignments are never perfect, and thus the differences between orientations of these priors
and DM haloes should be taken into account to correctly interpret the elliptical signals of
weak lensing from stacking analysis.

The result that orientations of stellar components show tighter alignments than those
of CGs relative to total mass distributions at all scales, 100 — 1000 kpc, appears to be
inconsistent with the result of observation by van Uitert et al. (2017). They found that
the CGs are aligned tighter with mass distributions in the inner regions, < 250 kpc,
while member galaxy distributions show tighter alignments in the outer regions, > 250
kpc. Since this discrepancy might be simply due to differences of mass scales or adopted
methodologies, further improvements in both observation and simulations are required.

In section 3.5, we compare ellipticities of cluster sized haloes in the Horizon-AGN sim-
ulation with those of observed values. The mean values of ellipticities of DM distribution
in the simulation are marginally consistent with those of galaxy clusters measured by the
lensing method within the standard deviation. However, the mean values of the observed
ellipticities are slightly higher than those in the simulation. This might be due to the
difference of mass scales between observed clusters and our halo sample, bias in method-
ology we adopt, or sample selection bias in the observations. We will discuss the mass
dependence of ellipticities in chapter 4

Since the baryon components are fully implemented in the Horizon-AGN simulation, we
can directly compare various tracers such as member galaxy distribution, X-ray surface
brightness, and the Compton y-parameter of Sunyaev-Zel’dovich effect as well as the
DM distribution with observations. The resulting values in the simulation show good



3.6 Summary 43

agreement with observed values.

In addition to the ellipticities, we compare alignment angels among DM, stellar, and gas
component in the clusters with observations. We use observed position angles measured
by Donahue et al. (2015) for BCGs, Donahue et al. (2016) for XSB, SZ, and lensing,
and West et al. (2017) for member galaxy distributions. We compare them with our
results to find that alignment angles among those are in good agreement with those in the
simulation except for the angles related to the SZ whose angular resolution is very poor.
Both ellipticities and alignment angles in the simulation show good agreement with those

of observations, supporting the ACDM model.



44

Chapter 4

New observations from strong
lensing clusters and

comparisons with simulations

Gravitational lensing is a powerful tool to measure shapes of mass distributions directly.
In fact, a number of studies measured the non-sphericities by using weak lensing method
both for individual haloes (e.g. Oguri et al., 2010; Umetsu et al., 2018) and for stacked
lensing signals (e.g. van Uitert et al., 2017; Shin et al., 2018). However, weak lensing for
individual haloes suffers from their large errors due to intrinsic galaxy shapes, and that
for stacked signals underestimate the mean ellipticities due to mis-alignments between a
priori directions in stacking and their true orientations.

Strong lensing can evaluate the non-sphericities of DM haloes with much less errors than
those estimated by weak lensing. Oguri et al. (2012) actually measure the ellipticities of
galaxy clusters and show that their errors are considerably small, but their sample size is
relatively limited, N = 20.

Although some studies measure the shape of mass distribution of individual galaxy
clusters by using weak or strong lensing method (e.g. Richard et al., 2010; Oguri et al.,
2010, 2012; Umetsu et al., 2018), their results are somewhat noisy or insufficient in sample
sizes. Thus, we provide a new measurement of shapes and orientations of galaxy clusters by
strong lensing. Since recently three survey data of Hubble Space Telescope are available,
we extend Oguri et al. (2012) to measure the ellipticities of 45 cluster-sized haloes by
strong lensing. In addition, we also measure the shapes of their BCGs to compare the
ellipticities and orientations of them with those of host haloes. In this chapter, we show

results of these measurements and compare them with the Horizon-AGN simulation.

4.1  Cluster sample: HFF, CLASH, and RELICS

In this section, we describe how to measure ellipticities and orientations of galaxy clusters,
all of which are observed with the Hubble Space Telescope (HST). We use three survey
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Figure 4.1. Virial masses and redshifts of clusters in our sample. Blue circles, green
squares, and red triangles show clusters observed by HFF, CLASH, and
RELICS, respectively.

data to construct our galaxy cluster sample: Hubble Frontier Field *! (HFF), Cluster
Lensing And Supernova survey with Hubble *? (CLASH), and Reionization Lensing Clus-
ter Survey *3 (RELICS). From the three survey data, we select 39 galaxy clusters whose
shapes are measured by strong lensing.

Table 4.1 summarizes properties of the galaxy cluster sample. The Mj4 means virial
mass divided by 1 x 10'*M,. The cluster names and cluster redshifts are shown following
their overview papers; HFF (Lotz et al., 2017), CLASH (Postman et al., 2012), and
RELICS Coe et al. (2019). We compute their virial masses as follows. For HFF, we use
M;r shown in Table 2 of Lotz et al. (2017). For CLASH, first we convert the X-ray
temperature shown in Table 4 of Postman et al. (2012) to Mspp by using an empirical
relation (Arnaud et al., 2007). We then obtain M;, from Mspy by assuming the NFW
profile and assuming the concentration parameter of c5o9 = 2.5. For RELICS, we use
Planck SZ inferred mass Msqp shown in Table 2 of Coe et al. (2019) and convert them to
M,y by assuming the NFW profile and c599 = 2.5. Figure 4.1 summarizes virial masses

and redshifts of galaxy clusters in our sample.

*1 https://archive.stsci.edu/prepds/frontier/
*2 https://archive.stsci.edu/prepds/clash/
*3 https://archive.stsci.edu/prepds/relics/
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4.2  Ellipticities and position angles of DM halo by strong lensing

We compare shapes of BCGs with those of dark matter distributions measured with strong
lensing. Short descriptions of strong lens mass modeling for our cluster sample are given
in Appendix B. In short, we use the software GLAFIC (Oguri, 2010) for mass modeling, and
reconstruct the mass distribution of each cluster assuming a parametric mass model that
includes dark matter halo components modeled by an elliptical Navarro et al. (1997b,
hereafter NFW) profile as well as cluster member galaxy components modeled by an
elliptical pseudo-Jaffe profile. More specifically, we introduce an ellipticity egr, to the
NFW profile simply by defining the convergence x as

22
k(x,y) = knrw | 7= \/ es +(1—esn)y? |, (4.1)
— esL

where kxpw is the convergence profile of a spherical NEW profile (e.g., Bartelmann, 1996)
and x and y are coordinates aligned with minor and major axes of the ellipse. Therefore
our definition of the ellipticity is e = 1 — a/b, where a and b are minor and major axis
lengths of the ellipse. An additional model parameter for the elliptical NF'W profile is the
position angle fgr,. In what follows we refer to the position angle as the polar angle of the
major axis measured East of North.

The precision and accuracy of strong lens mass modeling depends on the quality of
strong lensing data, such as the number of multiple images and the availability of spectro-
scopic redshifts for them. In order to obtain reliable measurements, we limit our analysis
to clusters with three or more sets of multiple images. Since we are interested in com-
paring shapes of dark matter distributions with those of BCGs, for each halo component
we need to identify the corresponding BCG, which we define as a bright cluster member
galaxy located near the center of a halo component. We remove clusters if identifications
of BCGs are not secure due to e.g., large offsets between halo components and putative
BCGs or no obvious bright galaxies near halo centers. Such situation can be seen in com-
plex merging clusters such as MACSJ0717.5+3745 in HFF. Clusters listed in Table 4.1
and Appendix B are those after these selections are applied.

In some of the 39 clusters in our cluster sample, there are more than one prominent
halo components. If their model parameters are well constrained by strong lensing data
and bright central galaxies are securely identified for them, we include multiple halo
components from a single cluster separately in our analysis. Since there are 6 clusters

with two massive haloes, we measure the shape of 45 haloes in total.

4.3  Ellipticities and position angles of BCGs

We measure shapes of 45 BCGs at the center of DM haloes whose shapes are measured
by strong lensing. For all the BCGs, we use HST images in F814W band to measure their

shapes. We calculate ellipticities and position angles by using tensor method described in
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section 3.2. We use surface brightness as weight of the tensor and fit the ellipse at v/ab =
10, 20, and 30 pkpc. The choice of the vab is somewhat arbitrary but corresponding
to typical scales of BCGs. While we measure ellipticities at the three scales in order to
discuss the effect of satellite galaxies around the BCGs because we do not remove them in
the ellipse fit procedure, we adopt 20 pkpc as a fiducial scale according to section 3.2. The
average size of point spread function (PSF) of the HST images ~ 97 milliarcseconds (e.g.
Scoville et al., 2007; Koekemoer et al., 2007), corresponding to physical scale of ~ 500 pc
at the mean redshift of clusters (z) ~ 0.4, are much smaller than the ellipse scales, and
thus the effect PSF can be safely ignored in the ellipse fit procedure.

Figure 4.2 shows the HST images of F814W band and fitted ellipse shapes for examples
of single peak and double peak clusters. The ellipse scales of DM haloes in the figures
are Einstein radii computed by assuming the source redshift z; = 3.0 which roughly
corresponds to the typical scale probed by strong lensing method. Table 4.2 and 4.3
summarize the derived ellipticities and position angles of DM haloes and BCGs.
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Figure 4.2. Left: An HST image of Abell 2163 in F814W band. Black and white lines
correspond to fitted ellipses of BCGs at R4, = 10, 20, and 30 pkpc and that
of DM halo derived by strong lensing, respectively. The scale of DM halo

is the Einstein radius with source redshift z; = 3.0. Right: Similar to left
panel, but for the double peak cluster Abell 2744.
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Table 4.1. Properties of our cluster sample. Mi4 means virial mass of each cluster divided
by 1 x 10" M.

survey cluster name z M4
HFF Abell 2744 0.308  18.0
HFF MACS0416.1—2403 0.3971 12.0
HFF MACS1149.5+4-2223 0.541  25.0
HFF Abell S1063 0.348  14.0
CLASH  Abell 209 0.206  11.5
CLASH  Abell 383 0.187 9.6

CLASH MACS0329.7-0211 0.45 11.2
CLASH MACS0429.6—0253 0399 7.1
CLASH MACS0744.9+3927 0.686 114

CLASH  Abell 611 0.288 124
CLASH MACS1115.9+0129 0.355 12.0
CLASH  Abell 1423 0.213  10.9

CLASH MACS1206.2—-0847 0.439 18.9
CLASH MACS1311.0—-0310 0.494 6.5

CLASH RXJ1347.5—1145 0.451  34.8
CLASH MACS1720.3+3536 0.387 8.5
CLASH  Abell 2261 0.224  12.2
CLASH MACS1931.8—2635 0.352 8.9
CLASH RXJ2129.74-0005 0234 7.6
CLASH  MS 2137-2353 0313 74

CLASH MACS0647.7+7015 0.584  24.3
CLASH MACS2129.4—-0741 0.57 12.6

RELICS  Abell 2163 0.203  28.3
RELICS  Abell 2537 0.2966 9.5

RELICS  Abell 3192 0.425 12.1
RELICS  Abell 697 0.282 19.0
RELICS  Abell 5295 0.3 11.7
RELICS ACT-CL J0102-49151 0.87 17.3
RELICS CL J0152.7-1357 0.833 11.3

RELICS MACS J0159.8-0849 0.405 12.2
RELICS MACS J0257.1-2325 0.5049 104
RELICS MACS J0308.9+2645 0.356  18.3
RELICS MACSJ0417.5-1154 0.443  20.6
RELICS MACS J0553.4-3342 0.43 14.8
RELICS PLCK G171.9-40.7 0.27 18.5
RELICS PLCK G287.04+32.9 0.39 24.9
RELICS RXC J0142.94-4438 0.341 15.4
RELICS RXC J2211.7-0350 0.397 17.8
RELICS SPT-CL J0615-5746 0972  10.8




49

4.3 Ellipticities and position angles of BCGs

PEOLT1CL9  EO0TLFG0 6899 FSHO  STSS 9LF0 7’89 C0¥0 9€€T680°0  69LVITV TTE G000+2L'62ToLXd  HSVTID
so0re0e—  S00T6eE0  98°9c— 8PP0 89—  L9V°0  TLFE— TIT'0  6TLGLG9T—  $L8LIS6 T6T Ce9z—8 TE6TSOVIN  HSVTID
ET9e9p a0 01T0 0L— CIT0  €0°9— LPT'0 L8ST— 1900  ¥ES9ZEITE  ST90£19°09% 1922 1PAV  HSV'ID
erIee S0STTLT0 gle— 9680 LE6— 1610 T€T— 610 SITEL09°GE  SG6L690°09C 96GE+€08LISOVIN  HSVID
SEILT06T 110079690 90°9T  6TF0 0°0¢ 8GE0  LSEE  9LE0  986T1ESLTI—  TT6S388°90% d SPIT—SLPEIrXy  HSVIO
glereLer  TOSTzer0  8Te— 6850 96FI— 610 86 F—  LT'0  LPE9ZSLTIT—  61FGLLS 90T V SPTI—CQLPEILXY  HSVID
WLIT60T  oio0rIch 0 9969— L¥E0  €0°67— T0  LE€h— €ET'0  TI0LLLT'€—  TOTGLGL L6 0TE0—0TIEISOVIN  HSVID
%0GT'60T 510079660 2988 ¥6T0  L0'GL— €250 TPGL—  Tah0 €6008'8—  1£090SS TST L¥80—¢'90CTSOVIN  HSV'ID
SOeCILT'LY  LiLOTeez0  9T'6S FEF0 €969 FI9S0  SF6C  88C0  9686019°€E  6VETTE6LI €erI PQV  HSV'ID
CEITICTYT 550072090 ¥R6e— 8IE0  16°GE— I8€°0  T6'GE— 9580 €ELI86F T TLST996'891 62T0+6'STITSOVIN ~ HSVID
SO0y ESO0TAGT0 TETe 990 L6°1€ 1620 PSOF  BLI0  €7959S0°9¢  THTLILE 0TI 119 [PAY  HSVTIO
fesi PO LP—  THO0Te 00 PI6T ¥LZ0 10T T€€0  6LST T9T'0  9POVLSH6E  8E6661T9TT L26€+6'7VL0SOVIN  HSV'ID
SareLe—  S290729%°0 c60  L9€°0 06— 91€0 GG'8  FLZ0  GRITG88'T—  £EL000¥ L9 €920—9°6270SOVIN  HSV'ID
sl Ge LT~ TEOO0TCr0 T0LE— 9360 G8C—  ¥8I0  F66V— GLT0  TILIG96TC—  GTGTEGY TS 1120—L'62€0SOVIN  HSVID
SLElger  SE00T9TZ0 ITHL  6T€0  TIS9T  SOT0  €FET 8GT'0  €I1863S'€—  LP60VTOCH €8¢ TPqV  HSV'ID
orree0e  SELOTTL0 69°86—  L3T0 80'8c—  T19€0  F6'EP— €030  €EETITOET—  GIS6896°CT 60% P4V HSV'ID
ceorsees  HIOOTHGH0 'Ly LT0 6°0¢ 1620 69€T— F0T0 63880£SFr—  S60CE81THE €9018 P9V AAH
Selleggg—  SI00TE6T 0 €8Th— L89°0  L3TS—  €0£0 P6'L 9900  TTEGS6ETT  GOGLSBE LLT €TTT+S 6VITISOVIN AdH
LeorC6Tr  S1957€69°0 TOOF  CIF0  I€0F  ¥6F0  61°9L FIT0  FPS6CLOFE—  8969¢F0F9 € €0FE—T 9TFOSOVIN AAH
SO0T8G09 4007 T99°0  €0LE  60F°0 QTGS 6€€°0  99°CS  FIG0  LESFLIOTT—  8L60SCOF9  V €0FC—T'9TFOSOVIN AAH
G8g 06— YEOOT6LE0  T1€'€C  ©ST0  FS0Z  86F'0  609L— G910 TPLS0V 08— 69€0265°€ d ¥v.Le 1PV AAH
SCIG6 T~ LO01G9€0  €6°6c— €610 TSVI FOFO T'ST 9890  €ZLI00% 08— £GCGT9I8G°€ V 77.LT [PAV AdH
TS 1S9 O&mm OOomMWw Unuom% Uoomm_w Ooomm UOOmH_m oop eI awreu HNHE AKoAIns

"soorey JAI(] JO 9SOy) oIk 1Sp pue So pue ‘9%y jo o[ess ye sHNH¢ jo sofsue uorjisod pue serjodife o) ojousp DP9y pue

APy

D285 sjoquuds oy, 'seo[ey (T 3S0Y Iy} pue sHN¢ jo se[Sue uonyisod pue seryonidife jo onfea painseowr pue sHN Jo sorniedoid ‘g ¥ o[qeL

Py



Chapter 4 New observations from strong lensing clusters

50

TeviGGGT  2ENOTPEG0 eLP8  86L°0  ISF9—  6I10  TLI8 8980 FTOSGLLLG—  GFSE0L6'€6  d 9FLS-CTIOr TO-LdS  SOITHY
seebe T TOL0T6EG0  L9€T €0L°0  G9'8T  L90  L£AT 88€°0  SPITOSLAG—  LLLFGI6°€6 Y 9FLG-CTIOC TO-LdS  SOITHY
S0 v 100769770 §L1 180  TLTl  €LT0 968  ¥CT0 VIS8R E—  IIVEIVG6TEE 0S€0-L 118l OXY  SOI'TAY
oroiPSBI—  S004€€C0  TOLP— L2090 CO¥E— TFE0  F9Gc— 8880 GG99PE9 TP  86800£L°GT 8EFV+6'CYIOL DXY  SOITHY
cezilaae—  TOO0LLLG0  €TC9— €690 L898— T8T0 LS6C— G8T'0  CEPITR0'8C—  866680L°LLI 6°'2€+0°L8CD MOTd  SOITHY
Selr16°GE— 10018690 €TG—  6L90 €8FS— €620  VGG— €610 L9L69E'S  6IEV6ET ST LOP-6'TLTD MOTd  SOITHY
0ot OTTIT  B2L0°HIF0 L0FS—  80S°0  S90F— 6090 T08c— LPL'O €68GL0L°€6—  €8890€€'88 € GhEE-H €SS0l SOVIN  SOI'THY
90189766 I007969°0  0€8— TS90 TCE8— T6G0  L0°G8— GLT'0  G969L0L°€E— 96CLSE88  V CFEE-FESS0r SOVIN  SOITHY

9 i% €6— 0042990 LTTI— 160 POTE—  TOF0  88TE— €EC0  GOPS806°TT—  GEGCTEETI PSTT-GLTFOLSOVIN - SOITAY
ro 0162709 ESOTIET0 TSE9  €2e0  LFS9  FSPO  SE9T—  9.9°0 1€609L°9¢  90L1EET’ LY  SF9+6'80€0f SOVIN  SOI'THY
Sor1€T88  EE00TEs)0  LETI8  9SK0 6608 €880 F898  €LT0  9689FEFEC—  CIVFIST Y GTET-T'LST0r SOVIN - SOI'THY
SETI6199  S00Tepe 0 T0'88  IST'0 I€9F— €810 €0°€L—  SF0  €666T88'8—  G0SHES6°6T 6780-8'6ST0r SOVIN ~ SOI'THY
SstioLe  FOO0TE89°0  6F'69—  €F0  T989— TLE0  8T'09— 990  GSISS6'EI—  €PEPTSIST LEET-LTSTOr IO SOITHY
Per C6TO—  SECOTIE90  6Ch—  €6F°0  C9F—  6TF0  99°8F— 6470  8000TLT 6F—  ¥S690VL'SGT  TSTI6F-GOTOr TO-LOV  SOI'THY
Te11lG LT~  Sr004TEL0 8G8T  88F°0  1€0C IF90 9S8 1200 9SFRFOES—  €F69S6E T d 96CS P4V SOI'THY
GOEI8GTIG—  o)004899°0  I8EL  TL90 LGLG— 6980 68FG— FHC0  6ETE6C0°ES—  PLSEESE T V $62S TPqV  SOITHY
10er19°Ge—  ZELOT9TS0  F8F— 9650 6€°€T  LLEO 0Cc €190  9L6799€°9¢  80T86EL0ET L69 TPV SOITHY
o6t 8TTL  2WOLLGG0  E€FPS TLG0 916G LGS0 6FT9  FS90  G86TCT66C—  66TESTL6S COTE MPAY  SOI'THY
S0 87 LG—  SIOOLT6E0  98CS—  €EF0  9VES— IS0 FOES—  GET0  GI60C61C—  91EST60°LYE LEGT TPAY  SOITAY
SEV0T6  o00+86€°0 TEQL—  8LZ0  8'€8— L0E0 €8°G8— ILT0  90F/FFT9—  COV6ESEEVT €912 1PAV  SOI'THY
1elITI8  0019L80 V6L €990 T€9L 6SL0  CT'08  T0V0 9850169 L—  T88LRGE'TTE I7L0—¥'621CSOVIN ~ HSV'ID
OrI6TOT  goo-0iL8L°0  9GTL—  ¥69°0 88TL— 8LL0 90TL— FIFO0  L6TESFEOL  FTI0196°101 GT0L+LLV90SOVIN  HSV'TO
PELITE09  cagoiP0T0  LGF8— 8900 90E— €8T0 19T 6600 6SPII99°€T—  T991£90°6TE €G6¢—LE16 SN HSV'ID
TSy 1S9 Oomm OoOmm@ Oomm OOOMNS Oom% O&m_m o0p el owreu HNHY AdAIns

"¢'¥ OIqRL, JO UOWRNUIIUOY) "¢"f SR,



4.4 Ellipticities and alignment angles between DM haloes and BCGs in the HST cluster sample

4.4 Ellipticities and alignment angles between DM haloes and

BCGs in the HST cluster sample

Figure 4.3 shows the correlation between ellipticities of DM haloes that are derived from
strong lensing method and those of BCGs. We find that DM haloes are on average more
elliptical than their BCGs. Specifically, the mean value of difference of ellipticities is
found to (esr, — epcg) = 0.11 £ 0.03, where eg;, and epcg denote ellipticities of DM
haloes measured by strong lensing and those of BCGs at the fiducial scale Ry, = 20 pkpc,
respectively. This result appears to be inconsistent with our result shown in section 3.3,
in which ellipticities of DM distribution and those of CGs of cluster-sized haloes are found
to be similar in the Horizon-AGN simulation despite with large scatters. We will make
more direct comparison in section 4.5.

Our result also indicates that the correlation between es;, and egcg is not tight.
Hashimoto et al. (2008) measured the shapes of BCGs and X-ray surface brightness of
their host clusters and found that these ellipticity values are not strongly correlated. Given
that the X-ray emitting hot gas distribution in galaxy clusters follows the potential of host
halo (e.g. Donahue et al., 2016), our result is qualitatively consistent with Hashimoto et al.
(2008).

Figure 4.4 plots the correlation between position angles of DM haloes derived by strong
lensing method and those of BCGs. We find that both the position angles are well aligned
with each other. This result is qualitatively consistent with those of cluster-sized haloes
in Horizon-AGN simulation (see Figure 3.6).

Figures 4.5 and 4.6 show the redshift dependence of ellipticities of DM haloes and BCGs,
respectively. Both the ellipticities do not show strong dependence on redshift. Figure 4.7
shows that the difference of ellipticities, egr, — e%ocg, which also does not strongly depend
on redshift.

Figure 4.8 shows the redshift dependence of alignment angles between DM haloes mea-
sured by strong lensing and BCGs fitted at the fiducial scale R, = 20 pkpc. We find that
the alignment angles do not depend on redshift strongly. Since we do not find significant
redshift dependence for any observed quantities, we ignore the redshift dependence in the

following analysis shown below.

45  Comparison with Horizon-AGN simulation

In previous section, we find that ellipticity values of DM haloes are on average larger than
those of BCGs in galaxy clusters. In contrast, these values are similar in the Horizon-AGN
simulation (see chapter 3). One possible explanation comes from the difference of mass
scales between observations (~ 10 M) and cluster-sized haloes in the Horizon-AGN
simulation (~ 10'4Mg). In order to check this possibility, in this section we explore the

mass dependence of DM haloes and CGs in the Horizon-AGN simulation. Unfortunately,
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Figure 4.3. Ellipticities of DM haloes against those of BCGs fitted at the fiducial scale
Rap = 20 pkpe. Color corresponds to cluster mass. Filled circles and open
squares indicate single and double peak clusters, respectively. Dashed line
indicates that the ellipticity of DM haloes and BCGs are the same. Solid
line with shading region shows the mean values and its error of the difference

20
between egy, and egeg-

since there is no DM halo in the Horizon-AGN simulation whose mass is comparable to the
observed galaxy clusters, we cannot directly compare the observation with the simulation.
Nevertheless, we expect that the analysis of the mass dependence in the Horizon-AGN
simulation may provide a clue to the origin of the difference.

Following section 3.1, we identify DM haloes using the ADAPTAHOP halo finder
(Aubert et al., 2004; Tweed et al., 2009) and select all DM haloes with masses higher
than 10'2-°M, which roughly corresponds to massive galaxies. The masses of these
haloes are defined by the FOF mass which roughly corresponds to the virial mass. We
choose the snapshot at redshift z = 0.39 that is close to the mean value of redshifts of
observed clusters, (z) = 0.43. This is justified because in previous section we show that
the redshift dependence of observed values is weak if exist. In addition, we checked that
the redshift dependence of ellipticities and alignments between DM haloes and CGs is
weak in the Horizon-AGN simulation, if we compare haloes with similar masses at dif-
ferent redshifts. The total number of DM haloes used for the analysis is 1265. In order
to make a fair comparison with observations, we create projected particle distributions
for each haloes following section 3.1. We consider three different projection directions
assuming z-, y-, and z-axes as line-of-sight directions and regard these three projections
as independent so that we effectively have N, = 3795 DM haloes for our analysis.

Following section 3.1, we use the mass tensor similar to equation (3.1) to fit the ellipse to
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Figure 4.5. Ellipticities of DM haloes measured by strong lensing as a function of redshift.
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Figure 4.6. Ellipticities of BCGs fitted at the fiducial scale Rq., = 20 pkpc for as a
function of redshift. Symbols are same as in Figure 4.3.
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Figure 4.7. Difference of ellipticities between DM haloes measured by strong lensing and
BCGs fitted at the fiducial scale R,y = 20 pkpc as a function of redshift.
Symbols are same as in Figure 4.3.
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Figure 4.8. Alignment angles between DM haloes measured by strong lensing and BCGs
fitted at the fiducial scale R4, = 20 pkpc as a function of redshift. Symbols

are same as in Figure 4.3.

both the DM haloes and CGs. For DM haloes, we use only particles belonging to the most
massive structure in the halo, where substructures are eliminated by ADAPTAHOP finder.
This is because the strong lensing observation separates substructures and measures the
shape of only the smooth part of the DM distribution in the cluster (see section 4.2). In
contrast, for the CGs in the simulation, we use all the stellar particles around the central
region of the halo in projection because we do not exclude substructures in ellipse fit for
observed BCGs (see section 4.3). For the CGs, we extract all the stellar particles in a
cube with size of (500 pkpc)?, create project images to use these particles, and compute
the ellipse fit in the same manner for ellipses of CGs in section 3.1. We adopt 10, 20, and
30 pkpc for CGs in the same manner as in observation and 100 pkpc for DM haloes that
matches the typical Einstein radii of the observed clusters. Since the spatial resolution
of the Horizon-AGN simulation of ~ 1 kpc is sufficiently small compared with the ellipse
scales, we can safely ignore the effect in our analysis.

After we fit the ellipses for each halo in the simulation by the above procedure, we
divide the haloes in to 6 mass bins according to their DM halo masses, M < 5 x 1012 M,
5 x 1012My < M < 10830M, 1013 9My < M < 2 x 1013Mg, 2 x 108¥My < M <
5x 10130Mg, 5 x 1013 Mg < M < 10149M,, and 10 M, < M. We then compute mean
values of ellipticities and alignment angles between DM haloes and CGs for each mass bin.
Figure 4.9 shows mean values of ellipticities of DM haloes as a function of DM halo mass.
We can see a clear trend that shapes of DM haloes with higher mass are on average more
elliptical than those with smaller masses. This result is qualitatively consistent with the

result in e.g. Despali et al. (2014), who analysed three different cosmological simulations
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Table 4.4. Mean values and their errors of ellipticities of DM haloes. The errors are
defined as standard deviation divided by the square root of number of DM

haloes in each bin.

log[{(Mpm)/Mg]  {epm)

observation all 15.14 0.482 +0.028
single peak  15.12 0.451 +0.033
double peak 15.19 0.567 4+ 0.04
HFF 15.20 0.507 £+ 0.05
CLASH 15.08 0.418 + 0.046
RELICS 15.17 0.535 + 0.036
simulation 12.6 0.233 £ 0.003
12.8 0.252 + 0.004
13.1 0.27 +0.005
13.5 0.3 + 0.008
13.8 0.324 + 0.015
14.3 0.374 + 0.026

and investigated mass dependence of halo shapes. While their shape measurement is
based on the three dimensional triaxial fitting and thus cannot be directly compared with
our results, these DM only cosmological simulations also indicate that haloes with higher
masses have more triaxial shapes (see their Figure 4). This can be interpreted as follows.
In general, more massive DM haloes are dynamically young and still experiencing major
mergers or smooth mass accretions along filaments, whereas less massive ones are formed
at the earlier epoch and thus they have enough time to reach a relaxation. Therefore, it
is reasonable that more massive DM haloes tend to be more elliptical while less massive
ones tend to be more spherical.

The mean value of ellipticities of observed clusters is also plotted in Figure 4.9. As
expected, the mean value is higher than those of DM haloes in the simulation. suggest-
ing that the mass dependence of ellipticities might be the reason of epy > egcog for the
observed clusters. Table 4.4 shows mean values of ellipticities of DM haloes. We also com-
pute mean values of ellipticities for single and double peak clusters. We find that double
peak clusters are more elongated than single peak clusters, which is naturally understood
because double peak clusters are dynamically younger than single peak clusters.

Figure 4.10 plots the mean values of ellipticities of BCGs in observations and CGs in the
simulation as a function of DM halo mass. For the scales of R,; = 20 and 30 pkpc, we can
find the trend similar to DM haloes, whereas for 10 pkpc, the mean values of ellipticities
are almost constant against the halo mass in the simulation. For lower halo mass, the CG
shapes are rounder at larger scales, whereas for higher mass, these are more elongated at
larger scales. One possible reason of this result is that inner regions formed at the earlier
epoch and have enough time to relax, and thus they forget the information of accretion or
formation history and are independent of the host halo mass. Another possibility is the
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Figure 4.9. Blue large filled circles and red open square show mean values of ellipticities
of DM haloes derived from the Horizon-AGN simulation and strong lensing
observations, respectively. We adopt redshift z = 0.39 and fitted ellipse scale
Ra» = 100 pkpc in the Horizon-AGN simulation. Error-bars of - and y-axis
directions denote the standard deviation of DM halo mass and ellipticities,
respectively. Small circles and squares show individual values of ellipticities

in the Horizon-AGN simulation and observations, respectively.

effect of substructures that tend to exist at larger scales and make ellipse more elongate.

Since we adopt the same tensor method for ellipse fit of observed BCGs and the CGs
in the simulation, ellipticity values of BCGs can be directly compared with those of CGs
in the simulation unlike DM haloes. Figure 4.10 suggests that observed values could
be explained by the extrapolation of the simulation. Table 4.4 shows mean values of
ellipticities of observed BCGs and CGs in the simulation. While double peak clusters are
more elongated than single peak clusters in the outer region, 30 pkpc, their values are
similar at 10 pkpc. This is presumably because stellar components in the inner region are
tightly bound with each other, and thus their distributions are not affected by external
phenomena such as major mergers or mass accretions.

Figure 4.11 plots mean values of differences between ellipticities of DM haloes and those
of (B)CGs. While the mean values are closer to 0 in the simulation, those of observed
values are higher, 0.1 — 0.2. We confirmed that these values are almost the same for the
different three surveys (see Tables 4.4, 4.5). As we discussed in section 4.4, this difference

might be due to the difference of mass scales between observations and the simulation.
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Table 4.5. Mean values and their errors of ellipticities of (B)CGs. The errors are defined

as standard deviation divided by the square root of number of (B)CGs in each

bin.
log[(Mpm)/Me]  Rab [Pkpe]  (em)ca)
observation all 15.14 10 0.308 £ 0.027
20 0.37+0.024
30 0.421 £ 0.026
single peak  15.12 10 0.305 £0.03
20 0.355 £ 0.027
30 0.399 £ 0.029
double peak 15.19 10 0.314 £ 0.062
20 0.412 £ 0.052
30 0.48 +0.057
HFF 15.20 10 0.290 £ 0.073
20 0.389 £ 0.034
30 0.366 £ 0.063
CLASH 15.08 10 0.24 +0.026
20 0.345 £ 0.043
30 0.361 £ 0.037
RELICS 15.17 10 0.381 £ 0.044
20 0.389 £ 0.033
30 0.494 £ 0.038
simulation 12.6 10 0.282 £ 0.004
20 0.258 £ 0.003
30 0.254 £ 0.003
12.8 10 0.282 £ 0.004
20 0.274 £ 0.004
30 0.278 £ 0.004
13.1 10 0.294 £ 0.006
20 0.305 £ 0.006
30 0.314 £ 0.006
13.5 10 0.3 £ 0.008
20 0.325 £ 0.008
30 0.336 £ 0.008
13.8 10 0.297 £ 0.018
20 0.352 £ 0.017
30 0.387 £0.015
14.3 10 0.338 £ 0.032
20 0.362 £ 0.035

30 0.374 £ 0.035
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Figure 4.10. Large filled circles and open squares show mean values of ellipticities of CGs
derived from the Horizon-AGN simulation and BCGs in HST observations,
respectively. We show results for different ellipse scales, R of 10 (red), 20
(blue), and 30 (green) pkpc, respectively for both observation and simula-
tion. Just for the clarity, red and green symbols are shifted by —0.05 and
40.05 in the horizontal direction, respectively. We adopt redshift z = 0.39
for the analysis of the Horizon-AGN simulation. Error-bars of - and y-axis
directions denote the standard deviation of DM halo mass and ellipticities,
respectively. Small circles and squares are individual values of ellipticities
at Rqp = 20 pkpc of Horizon-AGN simulation and HST observations, re-
spectively.

Figure 4.11 suggests that there is no strong trend of the mean values against the halo mass
in the simulation. There is, however, weak trend of increasing (esr, — epcg) particularly
for Rg’;@ = 10 pkpc, which might explain observed values by extrapolating the mass
dependence.

In addition to the mass dependence of ellipticities, we investigate that of alignment
angles between DM haloes and the CGs. Figure 4.12 plots mean values of the alignment
angles. In the low mass region log[M/Mg] < 14.0, there is a clear trend that the alignment
becomes tighter with increasing masses. However, in the high mass region log[M /Mg >
14.0, the alignment appears to be constant independent of the mass increase. This is
presumably because low mass haloes and their CGs formed in the early epoch thus they

lose information of the initial condition, while high mass haloes are dynamically young
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Figure 4.11. The mean values of difference between ellipticities of DM haloes and those
of (B)CGs. Symbols are same as in Figure 4.10. Black squares show val-
ues taken from the analysis of strong lens systems at smaller mass scales
(Bruderer et al., 2016).

and are strongly affected by anisotropic surrounding environment such as filaments. Table

4.6 summarizes the mean values of the alignment angles.

4.6 Discussions

The difference of ellipticities between DM haloes and BCGs might be due to selection
criteria. In particular, CLASH clusters are selected such that their shapes are round in
X-ray images. In fact, Tables 4.4, 4.5 show that the mean values of ellipticities of CLASH
survey are rounder than the other surveys. However, we confirmed that the differences of
ellipticities for the three surveys are consistent within error-bars by dividing clusters for
each survey to compute each mean value. Values of the mean ellipticities are 0.118 +0.061
(HFF), 0.072 + 0.037 (CLASH), and 0.146 + 0.046 (RELICS).

We find that observed values of the difference between ellipticities of DM haloes and
BCGs, esy, — egcg, are on average larger than 0, which differs from the result of the
Horizon-AGN simulation for which the average difference is consistent with 0. Our results
appear to be consistent with Gonzalez et al. (2005), who find that position angles of
intracluster light (ICL) distributions tend to be aligned well with those of BCGs and ICL
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Table 4.6. Mean values and their errors of alignment angles between DM haloes and the
CGs. The errors are defined as standard deviation divided by the square root

of number of DM haloes in each bin.

log[(Mpam)/Me]  Rap [pkpe] — (|0pm — Osycal) [deg]

observation all 15.14 10 23.1£3.8
20 22.24+3.9
30 23.3+3.3
single peak  15.12 10 22.3+£4.6
20 20.6 £4.3
30 21.8+£3.7
double peak 15.19 10 25.24+6.3
20 26.7 + 8.5
30 274470
HFF 15.20 10 37.6 £8.7
20 22.6 £9.8
30 21.34+10.0
CLASH 15.08 10 16.7+4.8
20 22.34+5.8
30 24.0+5.3
RELICS 15.17 10 24.8 +£6.0
20 22.0+5.9
30 23.24+4.3
simulation 12.6 10 344407
20 30.6 £0.6
30 28.24+0.6
12.8 10 31.0+0.7
20 26.1 £0.7
30 23.7+0.7
13.1 10 27.14+1.0
20 23.1+1.0
30 20.44+0.9
13.5 10 23.2+1.3
20 18.1+1.1
30 16.3£1.0
13.8 10 20.6 £24
20 13.3+£1.6
30 11.14+1.5
14.3 10 21.3+5.3
20 18.3+£5.5

30 125+ 2.8
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Figure 4.12. The mean values of alignment angles between major axes of DM haloes and
those of (B)CGs. Symbols are the same in Figure 4.10.

distributions are more elongated than BCGs, if we assume that ICL distributions trace
DM distributions as suggested by e.g. Montes & Trujillo (2019).

This difference is potentially interesting and requires some explanations. In what fol-
lows, we discuss possible causes of this apparent discrepancy between observations and
the Horizon-AGN simulation.

(i) First, as already mentioned, a possible explanation comes from the difference of
mass scales. Figure 4.9 indicates that ellipticities of DM haloes show a clear trend with
mass and the observed value might be explained by the extrapolation of values in the
simulation. Figure 4.10 shows that the observed ellipticity values of the BCGs can be
explained by the extrapolation of the simulation, and thus the observed difference could
also be explained by the mass dependence. Figure 4.11 indicates that the difference of
ellipticities epy — ecq in the simulation shows a weak trend especially at the inner region
such that the extrapolation of the trend may explain the observation. The possibility
of this mass dependence may also be tested by other observations at smaller masses.
Figure 4.13 compares the probability distributions of the ellipticity difference for our
observation and the Horizon-AGN simulation with that of previous observational work
by Bruderer et al. (2016), in which they measure projected shapes of 11 DM haloes by
strong lensing and compare them with those of light profiles of the central galaxies. Since
their definition of the ellipticity (a® — b?)/(a? + b?) is different from ours, 1 — b/a with a
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Figure 4.13. The probability distributions of the ellipticity difference, epm — eB)cq, ob-
served by Bruderer et al. (2016) (black dashed), our observation (red solid),
and in the Horizon-AGN simulation (blue dot-dashed). We use only haloes
with their masses larger than 5 x 10** M in the Horizon-AGN simulation.

and b being lengths of semi-major and -minor axes, respectively, we convert their values
to our definition. Their results show the opposite trend es;, < ecq, implying that the
mass dependence is strong (see also Rusu et al., 2016, for a similar result), although a
caveat is that their strong lensing measurements probe radii smaller than 100 pkpc that
we adopted in the simulation. Figure 4.13 also indicates that the probability distribution
of the ellipticity difference in Bruderer et al. (2016) differs from that in the Horizon-AGN
simulation with similar halo masses. More strong lens samples at different mass scales as
well as simulations in larger box sizes are required to test this scenario further.

(ii) Another possibility is that strong lensing method we use to measure ellipticities of
DM haloes is biased such that it derives higher ellipticity values than those of real DM mass
distributions. Figure 4.14 compares our measurement values by strong lensing with those
by weak lensing analysis (Umetsu et al., 2018) for 15 galaxy clusters whose ellipticities are
evaluated by both strong and weak lensing. The mean value estimated by strong lensing,
(esr.) = 0.405£0.053, is higher than those by weak lensing, (ewr,) = 0.344£0.04, although
they are consistent with each other within the errors. Figure 4.15 shows the comparison
of position angles. Both position angles are well aligned with each other despite the large
errors for weak lensing measurements. Although we cannot draw any robust conclusion
because weak and strong lensing measure ellipticities at different scales, this result implies
that the strong lensing method might slightly over-estimate ellipticities.

On the other hand, Meneghetti et al. (2017) compares real DM mass distributions with
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Figure 4.14. Correlation between values of ellipticities measured by strong lensing (-
axis) in this work and those by weak lensing (y-axis) from Umetsu et al.
(2018) for the 15 galaxy clusters whose ellipticities are measured by both
methods.
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Figure 4.15. Correlation between values of position angles measured by strong lensing
(z-axis) in this work and those by weak lensing (y-axis) from Umetsu et al.
(2018) for the 15 galaxy clusters whose ellipticities are measured by both
methods.
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Figure 4.16. Correlations of ellipticities of DM haloes evaluated at 100 pkpc against those
of CGs for the most massive 40 DM haloes in the Horizon-AGN (left), the
Horizon-noAGN (centre). We consider three different projection directions
assuming x-, y-, and z-axes as line-of-sight directions and regard these three
projections as independent so that we effectively plot 120 DM haloes. The
ellipticities are evaluated by the same procedures described in subsection
4.5. For reference, left panel shows the correlation between ellipticities of
DM haloes evaluated at 100 pkpc and at 20 pkpc. The ellipticities at 100
pkpc are computed by the same procedures described in subsection 4.5. At
inner part (20 pkpc), we first extract all the DM particles within a (100
pkpc)? cube with the centre of the mass of the DM halo at the centre, and
then we project these particles along the three line-of-sight directions to

compute the ellipticities.

those inferred from various strong lensing methods by using simulated cluster images with
mock multiple images which mimic the HST Frontier Field survey. This mock challenge
demonstrated that if there are a sufficient number of multiple images (say > 100), strong
lensing method accurately reproduces input DM mass distributions. In fact, our lensing
method is one of the best methods to reproduce shapes of simulated haloes (see “GLAFIC”
panel of their Figure 7). However, there are not many multiple images for some of the
observed clusters (see Appendix B), for which derived ellipticities might be biased. The
validation of strong lensing methods to measure ellipticities is beyond the scope of this
thesis, and further studies are required.

(iii) It is also possible that the Horizon-AGN simulation produces DM haloes or CGs
with their shapes different from their true shapes. Although the Horizon-AGN simula-
tion excellently explain various observations (see section A.4 for detail), the implemented
baryon physics is never perfect. Suto et al. (2017) investigate shapes of DM, star, and
gas distributions in galaxy cluster-sized haloes for three Horizon simulation, DM only
(Horizon-DM), baryon+supernova feedback (Horizon-noAGN), and baryon+supernova
feedback+AGN feedback (Horizon-AGN), and argue that implemented baryon physics
affects shapes of DM haloes even up to ~ 1 Mpc. The DM haloes in the Horizon-noAGN
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are much rounder than those in the Horizon-DM due to gas cooling at the central region
of the haloes, while their ellipticities in the Horizon-AGN are comparable to those in the
Horizon-DM since heating by AGN prevents gas from overcooling which makes haloes
rounder. This implies that the change of details of baryon physics may change quanti-
tative results on halo shapes in simulations To investigate the effect of baryon physics
in more detail, we measure ellipticities of DM haloes and the CGs in galaxy clusters for
the three Horizon simulations. Figure 4.16 shows that the correlation between ellipticities
of DM haloes and that of the CGs varies with the baryon physics. DM haloes are more
rounder for both the Horizon-noAGN and the Horizon-AGN simulations than those in the
Horizon-DM simulation. Therefore, the discrepancy in the difference of ellipticities might
be caused by the implementation of the baryon physics. Turning the problem around,
we may be able to test the baryon physics such as AGN feedback by observations of
ellipticities.

(iv) The remaining possibility is that the ACDM model is not correct. Although the
standard ACDM model has passed through many observational tests, there remains several
challenges (e.g. Bullock & Boylan-Kolchin, 2017). For example, self-interacting instead of
collisionless dark matter model is proposed as one possibility to solve them (e.g. Tulin &
Yu, 2018). While collisionless dark matter forms triaxial haloes (e.g. Jing & Suto, 2002),
simulations with self-interacting dark matter (SIDM) predict that shapes of DM haloes
are more spherical than those in collisionless dark matter (e.g. Spergel & Steinhardt, 2000;
Yoshida et al., 2000a; Peter et al., 2013). Robertson et al. (2019) investigate halo shapes
by using cosmological simulations including both baryon physics and SIDM. Their results
suggest that the difference of ellipticities between collisionless and SIDM haloes become
larger in the inner region such that SIDM haloes are on average rounder. Therefore it
appears that SIDM cannot reconcile the difference between observations and Horizon-AGN
simulation, but there may be other DM scenarios that better explain the observations.

In either case, our observations provide new constraints on the background physics
such as structure formation scenarios, dark matter models and theories of modified grav-
ity. Therefore, this result should be worth investigating more by future studies in both
observations and simulations. For the simulation side, larger box sizes are required so as
to include higher mass haloes and exploration of baryon physics possibly to improve it.
For the observational side, future large surveys such as the Subaru Hyper Suprime-Cam
(HSC) ** (e.g. Miyazaki et al., 2018a,b; Oguri et al., 2018; Mandelbaum et al., 2018) and
the Large Synoptic Survey Telescope (LSST) ** (e.g. LSST Science Collaboration et al.,
2009; Ivezié¢ et al., 2019), and deep imaging by space telescopes such as the James Webb
Space Telescope (JWST) *6 (e.g. Gardner et al., 2006), the Wide Field Infrared Survey
Telescope (WFIRST) *7, the Fuclid *® would help to extend samples of strong lensing

clusters and improve strong lensing constraints for individual clusters.

*4 https://hsc.mtk.nao.ac.jp/ssp/
*5 https://www.lsst.org/

*6 https://www.jwst.nasa.gov/

*7 https://wiirst.gsfc.nasa.gov/

*8 https://sci.esa.int/web/euclid/
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4.7  Summary

In some studies to investigate the ellipticities and position angles of the clusters, X-ray
surface brightness or the member galaxy distributions are used as tracers of the shape of
the host DM halo. Since these tracers need some assumptions such as dynamical state
of the clusters to infer the shape of host DM halo, the estimated values depend on the
validity of the assumptions. While gravitational lensing provides a powerful method to
measure the shape of DM haloes directly without any assumptions, it requires both deep
imaging and spectroscopic data of the background lensed galaxies. Thus, qualities and
sample sizes are limited in previous studies.

In this chapter, we present a new measurement of ellipticities and position angles of in-
dividual galaxy clusters, which are observed by three deep imaging surveys by the Hubble
Space Telescope. We measure shapes for 45 DM haloes in 39 galaxy clusters by strong
lensing. 6 clusters have double peaks and thus we measure those shapes separately. In
addition to DM haloes, we also measure shapes of BCGs of each DM halo by diagonalizing
the surface brightness tensor computed from HST images in F814W band.

We obtain the mean value of ellipticities of DM haloes, (egr,) = 0.48240.028, and those
of BCGs, (eg’g’g> = 0.308£0.027, 0.37+0.024, 0.421+£0.026 at R, = 10,20 and 30 pkpc,
respectively. The ellipticities of DM haloes are on average more elongated than those of
BCGs with mean value of (esr, — e&%) = 0.11 4 0.03. The ellipticities of DM haloes and
BCGs, and their difference do not strongly depend on the redshift. We divide our sample
into 33 single peak clusters and 6 double peak clusters (12 haloes) and compute their mean
ellipticities. We obtained the mean ellipticity values of DM haloes (egr,) = 0.451 £ 0.033
and 0.567 4 0.04 for single and double peak haloes, respectively. We also compute the
mean ellipticity values of BCG and find that both DM halo and BCG of double peak
haloes are more elongated than those of single peak.

Orientations of DM haloes and BCGs are well aligned with each other and the degree
of alignment is almost independent of the redshift. The mean values of the alignment
angles are (|0sy, — Op¢ls|) = 23.14 3.8, 22.2+ 3.9, and 23.3 4 3.3 deg at Ry, = 10,20 and
30 pkpc, respectively. We compute the mean alignment values for single and double peak
clusters and find that these values are consistent with each other within the error-bars.

For comparison, we compute projected shapes of DM haloes and CGs in the Horizon-
AGN simulation. We extract 1265 DM haloes identified by ADAPTAHOP halo finder with
FOF mass higher than 1022 M, at (2) = 0.39 and create projected particle distributions.
We regard three different projection directions as independent to obtain 3795 independent
DM haloes in our analysis. Since in the Horizon-AGN simulation there is no haloes whose
mass scale is comparable to observed galaxy clusters, My, ~ 10¥M , we focus on the
mass dependence of those shape in the mass range of 1025 My < M,;, < 10145M,. We
compute ellipticities by tensor method for DM haloes without substructure and for CGs
with substructures for a fair comparison with observations.

For DM haloes, there is a clear trend that ellipticities become higher with increasing
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halo masses. Their mean values increase from 0.233 at M, = 10'25M, to 0.374 at
103 M. Ellipticities of BCGs show the same but weak trend as DM haloes for the
outer regions R,, = 20,30 pkpc, whereas ellipticities are almost constant against host
halo mass in the inner region R,, = 10 pkpc. The difference of ellipticities between DM
haloes and CGs are about 0, indicating those ellipticities are almost the same.

We also compute alignment angles between DM haloes and the CGs. DM haloes and
CGs are well aligned with each other and the degree of the alignment shows the mass
dependence; the alignment becomes tighter with increasing halo masses. The mean values
change from (|0pym — 02%|) = 30.6 &+ 0.6 deg at My, = 10'25My to 18.3 £ 5.5 deg at
10'43M,. For all mass bins, the inner region of CGs shows tighter alignment than outer

regions.
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Chapter 5

Cosmological evolution of
orientations of cluster-sized
dark matter haloes and their

central galaxies

This chapter explores the origin of the alignments between orientations of galaxy clusters
and those of their central galaxies in the ACDM universe using the Horizon-AGN simu-
lation. First, we see when the tight alignments at the present time as seen in chapter 3
were formed by examining the time evolution of the alignments during cosmic time from
t = 1.5 Gyr to 13.5 Gyr.

Next, we investigate the correlation between mass accretion episodes and orientation
changes. Since the ACDM model predicts bottom-up structure formation, DM haloes and
BCGs are considered to grow by repeated mergers, and their orientations are also greatly
changed by the mergers. We follow DM haloes and CGs for individual galaxy clusters to
investigate effects of the mass accretion episodes on the orientation changes.

Finally, we investigate the evolution of orientations of galaxy clusters relative to sur-
rounding matter distributions. In the ACDM universe, galaxy clusters are generally lo-
cated at filament intersections, and the mergers occur preferentially along directions of
the filaments. Therefore, the orientations of DM haloes and CGs may correlate with the
directions of the filaments. We use tidal fields to define directions of the filaments, and
examine the time evolution of the alignments of orientations of galaxy clusters relative to
the filaments.
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5.1 Orientations of dark matter haloes, central galaxies, and the

tidal field in the Horizon-AGN simulation

5.1.1 Identification of cluster-sized DM haloes and CGs and their progenitors

In this chapter, we use the same 40 haloes as section 3.1 but we identify their progenitor
haloes at 50 different redshifts so as to trace their evolution. The 50 epochs are selected
from z ~ 5 (t ~ 1.5 Gyr) to z ~ 0 (t ~ 13.5 Gyr) in an equal time interval of At ~ 250 Myr.
We make the merger trees of all the 40 cluster-sized DM haloes by using TREEMAKER
(Tweed et al., 2009), which first builds the merger history tree, and then connects the
haloes with their progenitors.

Once DM haloes are identified at redshift 0, we define the CG in each halo as the most
massive galaxy in a halo within 1 pMpc from the most bound particle of each halo (see
section 3.1, for more detail). Thus we define the CG at each epoch ¢ by using the CG
in the previous epoch t — At. Specifically, we define the CG at each epoch t as a galaxy
containing the largest number of stellar particles of the CG in the adjacent snapshot
t — At and is located within 100 pkpc from the most bound particle of each halo at each
epoch t. We expect that the CG selected by the above procedure are similar to observed
BCGs. Finally we define the “halo centre” by the centre-of-mass of the CG, instead of

the centre-of-mass of the DM halo; see equation (5.2) below.

5.1.2 Procedure of ellipsoid fit

Once DM haloes and CGs are identified at each epoch, we fit them to the triaxial ellipsoid
model in three-dimensional space following Suto et al. (2016), and measure the major,
intermediate, and minor axis vectors, a1, ao, and as, respectively, unlike in chapter 3 that
fit the data in the projected two dimensional space.

More specifically, we follow the ellipsoid fitting based on the inertia tensor as described
in Suto et al. (2016). From all the star particles belonging to the CG, we first compute its
centre-of-mass position mgl(\;/l o (@=1,2,3), and compute the following mass tensor from

the star particles located within a sphere of radius 20 pkpc from :vglé/{a:

star . (n) | (1) CcM (n) CM
Zn 1 Mstar |Lstar,a — xCG «a mstar,,@ —Tca B

ICG,a,B(Z) = Z St,iir m(?) ) (5'1)
n star

are the mass and the coordinate of the n-th stellar particle (n =

(n)

(n )
where mg, and ., o

1, ’Nsm).

The above mass tensor is diagonalized and the directions of the major, intermediate, and
minor axes are computed. We then select the size of the ellipsoid RS = ¢/ajazaz = 20
pkpc, where ai, ao, and az are the half lengths of the major, intermediate, and minor
axes, respectively. We repeat the above procedure using the star particles in the ellipsoid

around the update centre-of-mass position 330(; o We choose the value of 20 pkpc as the
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size of CGs for definiteness. We confirmed that changing the value to 10 or 30 pkpc does
not affect the main conclusion of this chapter (see also section 3.1).

The whole procedure is iterated until the three eigenvalues of the mass tensor converge
within a fractional error of 10~8. We then redefine the CG as the set of star particles within
the ellipsoid of R = 20 pkpc, and characterize the CG by the parameters including
the half lengths of major axis a;, intermediate axis as, and minor axis az (a1 > a2 > ag),
their direction, and the centre of mass acglé/[a Therefore the resulting CG is different from
the original set of star particles identified with the ADAPTAHOP halo finder.

The shape and orientation of the host DM halo at each z are computed similarly except
that we use the mass tensor of DM particles around the centre-of-mass of the CG:

N, (n) CM (n) CM
ne1 MDM TDM,a — xCG,a] [mDM,B —Tca,p
Ipmap(2) = Nom , (5.2)
n=1 DM

where mpy and :U%?A ., are the mass and the coordinate of the n-th dark matter particle
within the ellipsoid. In this calculation, we use all the dark matter particles including those
in subhaloes. Once we fix the size of the ellipsoid, llianl\c/I = Yaiazaz, we can compute the
total mass and number of DM particles within the ellipsoid, Mpy and Npyr. Unlike in the
case of CG, we consider three values of the ellipsoidal bound so that the corresponding to
Mpy = 0.1 Mg, 0.5Moqg, and Magg, where Masgg is the mass of a sphere whose average
DM density is 200 times larger than the cosmic critical density at each z.

5.1.3 The tidal field of the large-scale mass distribution

As mentioned in chapter 2, the orientations of DM haloes are correlated to their sur-
rounding matter distribution. Let us expand the gravitational potential of the matter
with respect to the centre of a DM halo, “M:

3
Be) = 2@ + Yoo - (7))

3
1 . CM _ CM 827@
_|_2 E (xa —x5 " )(xp Lg ) 0x,0xp 2—pCM

o (5.3)

The third term in equation (5.3) describes the tidal field around the DM halo and is
responsible for its ellipsoidal growth. If we define the tidal field tensor:

0?P

= —F 4
0r,0x5’ (54)

Tap

its eigen-vectors and eigen-values characterize the direction and relative growth rate of
the ellipsoidal evolution of the object.

We compute the tidal field tensor from the simulation data as follows. We first divide
the simulation box into 100 small grids and assign the DM density field p(x) at each grid
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by a cloud-in-cell interpolation with & being the comoving coordinates of the grid. Next

we define the dimensionless density contrast fields:
5(x) = p(x) — <p>’ (5.5)

where (p) is the mean density averaged over the entire simulation box. Then the tidal
tensor Tnp(x) at each grid is defined by the second spatial derivative of the smoothed
density contrast. If we adopt a Gaussian smoothing over a scale o, the Fourier transform
of T,s(x) is easily computed as

Toall) = S ) exo (157, (5.6

2

where ko and §(k) are a-th component of the wave-number vector k and the Fourier
transform é(x), respectively. We use the FFTW package to compute the Fourier transform
of the tidal field (Frigo & Johnson, 1998, 2005).

Since the spatial extent of cluster-sized haloes is typically ~ 1 h~'cMpc, we choose
o =3, 5, and 10 h~'cMpc as the smoothing scale so that the corresponding tidal tensor
traces the large-scale structure surrounding those haloes. Then, we compute the inverse
Fourier transform of T,3(k) to obtain the tidal tensor Thg(z). We apply the cloud-in-cell
interpolation of the tidal tensors at the nearby grids to obtain the tidal tensor defined at
the centre of the CG that is assumed to be the centre of the host DM halo as well.

Finally, we diagonalize the tidal field tensor to obtain the normalized eigenvectors, .,
(a = 1,2, and 3), and the corresponding eigenvalues with A1, Ay, and Az of A1 > Ay > As.
In particular, 43 corresponds to the direction of the slowest collapsing or the fastest
expanding mode, and expected to be correlated to the major axis of the object located
at the centre. Previous studies (e.g., Hahn et al., 2007; Lee, 2019) found that the set of
eigenvalues roughly corresponds to the structure defined at the location as follows;

i) clusters (A > 0, Ay > 0, and A3 > 0),
i) filaments (A; >0, A2 > 0, and A3 < 0),
iii)  sheets (A\; >0, A2 <0, and A3 < 0),

iv) voids (A1 < 0, A2 <0, and A3 < 0).

~ A~~~

We confirmed that for o = 10 A~ 'cMpc 11 of our haloes are classified as “clusters”, and

the remaining 29 haloes are as “filaments” according to the above classification.

5.2  An example of the ellipsoid fit

In this section, we select the most massive single-core-dominated halo from the 40 haloes
in our sample, which is the same as plotted in Figures 3.1 and 3.4. Figure 5.1 shows the
evolution of the mass of the DM halo and CG (top), the ratios of their major and minor
axes ag/a; (middle), and the angles between their major axes (bottom). The masses of
the DM halo and CG are plotted in blue and red, respectively, in the top panel. The axis

ratios, as/ai, are computed for the ellipsoids enclosing those masses and plotted in the
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Figure 5.1. Top: The redshift evolution of the DM mass Msgpo (thick blue) and mass
of the CG within 20 pkpc (thin red) for an example of one halo shown in
Figure 5.2. Vertical dotted lines correspond to five epochs shown in Figure
5.2. Middle: The redshift evolution of major-to-minor axis ratios as/ai of
fitted ellipsoids both for the DM and for the CG. Bottom: Alignment angles
between orientations of the CG and the DM halo at each epoch (black),
orientations of the DM at the present epoch and in the past (thick blue), and
orientations of the CG at the present epoch and in the past (thin red).

same colour, respectively. The bottom panel plots absolute values of the three direction
cosines of the different major axes. The black line is computed from a; of the CG and
the DM halo at the same epoch t. The red and blue lines are computed from a; defined
at t and the present epoch ty for the CG and the DM halo, respectively.

We choose five redshifts (indicated by the vertical dotted lines) to investigate the snap-
shots in more detail; before and after two major merger events (z = 1.49, 1.31, 067, and
0.52) and at present (z =~ 0). The signature of the mergers is clearly seen in the top
panel of Figure 5.1, where the DM halo mass significantly increases. The first and second
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z-projection DM (Mag) DM (0. 1 My)
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Figure 5.2. From left to right, we show images projected along the z-direction of the
Horizon-AGN simulation box of DM particles within a (5 pMpc)?® cube, fitted
ellipsoids of DM for the enclosed mass of Moo (purple) and 0.5M200 (cyan),
stellar particles within a (100 pkpc)® cube, and the ellipsoids of the DM for
0.1M>300 (blue) and CG (red), respectively. From top to bottom, the images
correspond to those at z = 1.49 (¢t = 4.3 Gyr), z = 1.31 (t = 4.8 Gyr),
z=0.67 (t ="7.5 Gyr), z =0.52 (t = 8.5 Gyr), and z = 0.018 (¢t = 13.5 Gyr),
respectively. These five epochs are also indicated by vertical dotted lines in

Figure 5.1.
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columns in Figure 5.2 show the surface density of dark matter component and the corre-
sponding ellipsoids projected along the z-axis, respectively. At each redshift, we extract
a cube of (5 pMpc)? around the centre of the CG of that halo. The white squares in
the first column indicate the box square in the second column. Similarly, we extract a
cube of (100 pkpc)? around the centre of the CG, and plot the surface density of stellar
component and the corresponding ellipsoids in the third and fourth columns, respectively.

Figure 5.1 indicates that masses, axis ratios, and orientations of those objects did not
change much after the last major merger around 8 Gyr. Before the epoch, the axis
ratios and the orientations change significantly, presumably due to repeated mergers or
mass accretion events during the growth of the halo. In particular, the shape of the DM
halo became very elongated at the two major merger events, leading to rapid changes
of a; during the mergers. This also leads to the enhancement of the angular momentum
amplitude during the merger episode (Peirani et al., 2004). While there are large variations
between the orientations of the CG and the host DM halo, they are relatively well aligned
at each epoch (black line in the bottom panel), and evolve coherently toward their current
direction (blue and red lines).

The above features are visually illustrated in Figure 5.2. The major merger between
z = 1.49 and 1.31 proceeded through the mass accretion along the upper-left to lower-right
filamentary structure. Thus the major axes of the DM haloes and CG follow the direction
of the filament and do not change much, even though their ellipticities, in particular at
the outer boundary, significantly change during the merger event. A similar trend is seen
at the next major event between z = 0.67 and 0.52.

After z = 0.52 (t = 8.5 Gyr), the DM halo did not experience any violent merger (see
the top panel of Figure 5.1), and the axis ratio and direction of the major axis of the outer
boundary of the DM halo (corresponding to Msgg) are fairly constant until the present
epoch. The orientations of the inner DM haloes defined at 0.1Msgy and 0.5Msgg and the
CG gradually became aligned toward that of the outer DM halo.

The evolution history of this specific halo presented in Figures 5.1 and 5.2 is summarized
as follows. The DM halo grows through sequences of repeated mergers and mass accretions
following the surrounding large-scale structure, in particular along the nearby filamentary
structures. The shape and orientation of the DM halo are significantly affected by those
events, whereas they did not evolve much after the last major merger around 8 Gyr. The
inner part of the DM halo and CG evolves rather coherently so that their major axes
become aligned better toward that of the outer DM halo, which is basically fixed just
after the last major event.

It is not clear, however, to what extent the above simple picture is applicable to other
DM haloes and CGs as well in general. Therefore we analyse the orientations of all the

40 haloes and study the statistical evolution behavior in the next section.
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5.3 Statistical correlation among orientations of DM haloes,

CGs, and surrounding tidal field

In order to examine the validity of a simple picture emerging from the evolution of the
particular halo presented in the previous section, we consider three different aspects of the
statistical correlation over 40 simulated haloes; (i) instantaneous correlation of orienta-
tions between CGs and DM haloes, (ii) evolution of the orientation of CGs and DM haloes
towards their present values, and (iii) statistical correlation and evolution of their orien-
tation with respect to the surrounding tidal field. As we will show below, those results
indicate that the orientations of DM haloes at the present epoch are basically imprinted in
the initial conditions of the large-scale structure, while the orientations of CGs drastically

evolve with time due to mergers and mass accretions.

5.3.1 Instantaneous correlation of orientations between the CGs and DM haloes

We first examine to what extent the orientations of CGs are aligned to that of the host
DM haloes instantaneously. For that purpose, we compute the direction cosines between
the unit vectors along the major axes of CGs and DM haloes at the same epoch, and then

average them over the entire 40 haloes:

Ncl

(cos 0)(t; CG — DM) = Nl 3

cl i—1

al” ¢,0a) - al’ (£, DM)| . (5.7)

Figure 5.3 plots equation (5.7) for CGs against their host DM haloes defined at the
mass scale of Magg (blue-solid line) and 0.1M5g (cyan-dotted line). Since equation (5.7)
should reduce to 0.5 (or cos™(0.5) = 60°) if the two major axes are uncorrelated and
randomly oriented, Figure 5.3 indicates that the major axes of CGs are always positively
aligned to those of their host DM haloes. In order to see the evolution of the above
alignment more clearly, we plot their cumulative probability density functions in Figure
5.4 at 50 epochs. The alignment between CGs and their host DM haloes becomes more
tightly aligned toward the present epoch.

As expected, CGs are correlated more strongly with the inner part of the DM haloes
at any epoch, with a mean relative angle less than cos™(0.8) a 40°. This result is
qualitatively consistent with the observational claim by West et al. (2017) that orientations
of BCGs and their host DM haloes are aligned even at z > 1.3 (¢t < 5 Gyr). It is not easy,
however, to compare our results with West et al. (2017) quantitatively, partly because
cluster masses of the West et al. (2017) sample are M;, ~ 10'® Mg, whereas masses
of our sample are Mygy ~ 10** M. We also find that the correlation with DM haloes
increases gradually on average toward the present epoch. The average alignment angles
between CGs and the outer boundary of DM haloes at Mago are =~ cos™1(0.70) = 45°
before ¢t = 8Gyr and ~ cos~1(0.82) = 35° at present (see also chapter 3), respectively.

Since the angles are observationally measurable only in the projected two dimensional
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Figure 5.3. Correlation between orientations of CGs and DM haloes evaluated at the
same epoch. Dashed cyan and solid blue lines indicate the direction co-
sine between CGs and DM haloes for enclosed masses of 0.1Ma209 and Mz,
respectively, averaged over 40 haloes. The error bars correspond to the de-
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Figure 5.4. Cumulative probability distributions of alignment angles between orientations
of DM haloes and CGs at each epoch t. Left and right panels show results for
DM haloes with the enclosed mass 0.1Msp0 and Magp, respectively. Colour
scale corresponds to the cosmic time, bluer lines are earlier and redder lines

are later.
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Figure 5.5. Cumulative probability distributions of alignment angles 6§ between orienta-
tions of DM haloes and CGs at present epoch z = 0.018. Blue and red thick
lines correspond to the alignment angles of three dimensional (3D) fit (this
chapter) and two dimensional (2D) fit (chapter 3), respectively. The angles
0 of 3D fit is the same as the right panel in Figure 5.4. The angles 6 of
2D fit is the same of the bottom right panel in Figure 3.9. Red and blue
thin lines correspond to the cumulative probability distribution of the ran-
dom distributions. Mean values of € for both the 3D and 2D are shown with

arrows.

plane, Figure 5.5 compares the cumulative distribution of the angles defined in three
dimensional space (see Figure 5.3) with those similarly defined after projected along either
x,y, or z direction in the simulation coordinates at z =~ 0. This plot helps understanding
the connection between the three dimensional angles studied in this chapter and observable

two dimensional angles.

5.3.2 Evolution of orientations of CGs and DM haloes towards the present time

We consider next how the orientations of CGs and DM haloes become aligned towards

their present values. Figure 5.6 plots

Ncl

(cos0)(t,tg; X) = NL Z

ol i=1

a(t,X) - 6\ (to, X) (5.8)
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Figure 5.6. Correlation between orientations of objects at ¢t and the present epoch tg
for the three components; Red-thin line is for CGs, and cyan-dashed and
blue-solid lines are for DM haloes with enclosed masses of 0.1 M09 and Maqo,

respectively. The quoted error-bars represent the root mean square value
divided by v/ Nq.

for the three components, X=CG (red-thin solid) and DM haloes of 0.1 M (cyan-dashed)
and Mygp (blue-solid).

Orientations of the major axes of those objects at early epochs (t < 4 Gyr) are quite
different from the ones at the present time; the average alignment angles 6(t,tp) are
somewhere between 50° and 60°, corresponding to cos~1(0.6) and cos~1(0.5). This result
confirms the scenario presented in section 5.2: orientations of both DM haloes and CGs
change drastically with time. The correlation of each component increases gradually and
steadily toward the present epoch, in particular, at ¢t > 8 Gyr.

Since Figure 5.6 may suggest a possible break of the correlation curves around ¢ = 8
Gyr, we examined both the occurrence rate of the last major merger events and the
cluster mass growth history for the 40 haloes individually. However, they seem to be
fairly continuous around t = 8 Gyr, and therefore we do not think that this epoch has
any particular physical meaning. On the other hand, it corresponds approximately to the
median epoch when the mass of each cluster exceeds the half of its current value. This
may explain why orientations of both DM haloes and CGs remain close to their present
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Figure 5.7. Correlations between changes of orientations and those of masses during the
time interval At = 250 Myr. We take the absolute values of the fractional
mass differences because large negative values correspond to flyby galaxies
that are below the detection threshold of the galaxy finder and detach after
their passage, and therefore negative values are similar to mergers with large
positive values. For each bin of the fractional mass difference, we show the
average and error of direction cosines of major axes of neighboring epochs. To
compute the averages and the errors, we use all the 40 haloes and 49 snapshot
pairs for each halo. The quoted error-bars represent the root mean square
value divided by the square root of the number of corresponding objects in
each bin. Red-thin line is for CGs, and cyan-dashed and blue-solid lines are

for DM haloes with enclosed masses of 0.1 M9 and Mago, respectively.

ones at t > 8 Gyr.

Figure 5.6 also appears to indicate that the orientations of the outer DM haloes first be-
come aligned closer to its present value, followed by that of the inner DM haloes, and then
by that of CGs. This result suggests that the alignment proceeds from larger to smaller
scales. Therefore those orientations and their mutual alignment may be determined by
the surrounding larger-scale structure.

Figure 5.6 implies that the change of orientations between DM haloes and CGs is
driven by strong dynamical interactions through successive mergers and mass accretion
episodes. To check this point more explicitly, in Figure 5.7 we show the correlation between

fractional mass changes and changes of orientations at neighboring snapshots with a time
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Figure 5.8. Correlation between the eigenvectors of the tidal field at ¢ and the present
epoch to. They are computed from a density field Gaussian-smoothed over
o = 3h~! (red), 5" (blue), and 10h~" (black) cMpc; see section 5.1.3
for further details. The eigenvectors are labelled as 1, @2, and @3 corre-
sponding to the largest, medium, and smallest eigenvalues. Their correlations
| (to) - Ga(t)| averaged over the 40 halo locations are plotted for aw = 1, 2
and 3 in the left, centre and right panels, respectively. The quoted error-bars
represent the root mean square value divided by v/Ne. The sudden change
at ~ 12 Gyr in the left and middle panels is due to an outlier cluster whose

eigenvectors suddenly change at that epoch.

interval of At = 250 Myr. Figure 5.7 indicates that changes of orientations are large
when fractional mass differences are large, which correspond to mergers and large mass
accretions, both for DM haloes and CGs. This suggests that the spin swings of both DM
haloes and galaxies are mainly driven by their mergers and mass accretions, while they
are also affected by the later re-distribution of the angular momentum vector inside them.
This picture is qualitatively consistent with the result of Welker et al. (2014).

5.3.3 Orientations of DM haloes and CGs with respect to the surrounding
large-scale structure

The results presented in the previous subsections imply that the large scale environment
is responsible for the orientations and the alignments of CGs and their host DM haloes.
Thus we choose the orientations of the eigenvectors of the tidal field as a proxy of the
directions embedded in the large scale structure, which may keep the memory of the initial
conditions.

Figure 5.8 plots the correlation of the three eigenvectors i, computed at each epoch (t)
and the present epoch (tg). We apply three different smoothing lengths, o = 3h=!, 5A~1,
and 10h~! cMpc, and compute the eigenvectors at the location of CGs according to the
procedure described in section 5.1.3. As is clear from Figure 5.8, those eigenvectors do
not change so much over the cosmic time.

In particular, directions of the tidal field eigenvectors with ¢ = 10 h~'cMpc are fairly
constant over ~ 10 Gyr. Since 10 h~'cMpc is sufficiently larger than the size of the typical
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Figure 5.9. Mean values of alignment angles between orientations of haloes at each epoch
t and eigenvectors of the tidal field at the present epoch tg. Left, middle,
and right panels show the alignments of halo orientations with respect to
eigenvectors 41, 42, and U3, respectively. Dashed cyan, thick blue, and thin
red lines indicate median alignment angles of DM haloes for enclosed masses
of 0.1Msp0, Ma2oo, and those of CGs, respectively. The quoted error-bars
represent the root mean square value divided by v/N¢. The smoothing scale
of the tidal field is set to ¢ = 10 h~*cMpc.

cluster-sized haloes and less than the typical separation (~ 30 h~'cMpc) of the nearest
cluster-sized halo, we choose 10h~! ¢cMpc as the smoothing length in the following analysis,
and adopt @, (to; 0 = 10 h~1cMpc) defined at the CG’s location as a set of proxies for the
preferential directions imprinted in the large-scale structure surrounding those haloes.

In order to see the relation of the orientations of objects and the surrounding environ-
ment, we compute the correlations of the major axis direction of d;(¢; X), where X = CG,
inner DM halo, and outer DM halo, against the eigenvectors of the tidal field @, (¢o)
averaged over the 40 halo locations. Figure 5.9 plots (|d1(t) - ia(t0)|) as a function of ¢
for « = 1, 2, and 3 in the left, centre, and right panels, respectively. Each panel has
three curves corresponding to the three objects; CG (red), inner DM halo (cyan) and
outer DM halo (blue). The major axes of the three objects exhibit positive and negative
correlations with 3(tg) (~ 0.6) and @;(to) (~ 0.4), respectively, relative to the random
distribution. The intermediate axis of the tidal field, on the contrary, is almost uncorre-
lated (~ 0.5) with the major axis of the objects, although they tend to become weakly
negative correlated gradually toward the present epoch (~ 0.4).

In order to see the evolution of the above alignment more clearly, we plot the cumulative
probability density functions in Figure 5.10. The upper and lower panels show those for
DM haloes and CGs against @, (left), @a (centre), and @3 (right). Each curve represents
the cumulative probability density function at ¢ according to the colour-bar shown to the
right. The diagonal dotted line indicates the completely random distribution. Positive
and negative correlations correspond to the convex and concave curves in Figure 5.10,
respectively.

As we have seen in Figure 5.9, the major axes of DM haloes evolve preferentially toward

the direction of @3(tp). The major axes of DM haloes tend to be away from @4 (tp) in a
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Figure 5.10. Cumulative probability distributions of alignment angles between orienta-
tions of haloes at each epoch t and eigenvectors of the tidal field at the
present epoch tg. Top and Bottom panels show results for dark matter
haloes with the enclosed mass Moo and for CGs, respectively. Left, mid-
dle, and right panels show the position angles of 41, 42, and g relative to
a1 (t, DM), respectively. Colour scale corresponds to the cosmic time, bluer
lines are earlier and redder lines are later. The smoothing scale of the tidal
field of o = 10 h™*cMpc is adopted.

time-independent manner. They are fairly uncorrelated with 45 (ty) at the early epochs,
but develop weak correlation toward the present epoch. The correlation of CGs against
the tidal field are weaker than that of DM haloes, but exhibits qualitatively a similar
trend. This is consistent with the fact that 11 and 29 out of our 40 clusters correspond to
“clusters” and “filaments”, respectively, according to the definition in section 5.1.3 (e.g.
Hahn et al., 2007).

Bate et al. (2019) have studied in particular the evolution of alignments of massive
elliptical galaxies relative to the tidal field. They find that the alignments are tighter for
41 and iz than for 1o, and also that the alignments increase from z = 3 to 0. These two

findings are consistent with our results.

5.4  Summary

In this chapter, we explore the origin of alignments between orientations of BCGs and
their host DM haloes by tracing their cosmic evolutions. We use the same 40 cluster-sized
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DM haloes and CGs in chapter 3 and identify their progenitors at 50 different epochs
from z = 5 to 0. We then fit their shapes and orientations with a triaxial ellipsoid model
following Jing & Suto (2002).

While the orientations of both DM haloes and CGs change significantly due to repeated
mergers and smooth mass accretion episodes, their relative orientations are well aligned
at each epoch even at high redshifts, z > 1. The result is qualitatively consistent with
observations of West et al. (2017), who reported the mutual alignment between orienta-
tions of BCGs and clusters even at high redshift, z > 1.3 (¢ < 5 Gyr). The alignment
becomes tighter with cosmic time; the major axes of the CGs and their host DM haloes
at present are aligned on average within 30 deg in three dimensional space and ~ 20 deg
in the projected plane. We also compute the eigen-vectors of the tidal field centred at the
location of CG in each halo with smoothing scale of 10 A~! cMpc. The orientations of the
major axes of DM haloes on average follow one of the eigen-vectors of the surrounding
tidal field that corresponds to the slowest collapsing (or even stretching) mode, and the
alignment with the tidal field also becomes tighter.

A picture of the evolution of the orientations of CGs and DM haloes emerging from
our current study is summarized as follows (see Figure 5.11 for a schematic picture).
Even at early epochs, t = 2 Gyr, orientations of the CG and its host DM halo in an
individual system exhibit weakly correlation in a statistical sense. The orientations of
both the CG and its host DM halo significantly change due to mergers and mass accretion
episodes. However, the orientations of the CG and host DM halo change coherently and
evolve together toward their current orientations that are more tightly correlated with
the surrounding large-scale matter distribution 4g(tg) than at early epochs. This implies
that the instantaneous alignment between the DM halo and the CG is driven by strong
dynamical interactions through repeated mergers and mass accretion episodes.

Finally, the major axes of both galaxy clusters and CGs tend to be aligned with preferred
directions of surrounding matter distributions such as filaments. This can be interpreted
as the mass accretion episodes happen statistically more often from the directions of
surrounding matter distributions. As a result, the alignments become tighter with time
and then the strong alignments at present epoch have been generated. Indeed the CG
evolves following that of the host DM halo and becomes tightly aligned with each other;
their typical angles are < 30° and < 20° in the three dimensional space and in the
projected plane, respectively, at the present epoch.

The above basic picture is visually illustrated in Figure 5.12. Each panel depicts the
simulation box of (100 h~'cMpc)? projected along the z-axis of the simulation. The grey
scale represents the surface density of DM particles on (1 h~'cMpc)? cells at z = 1.97
(top), 0.67 (centre) and 0.16 (bottom). Green bars in the left panels and red bars in the
right panels indicate the eigen-vector 43(t) of the tidal field and the major axis a;(t) of
CGs projected on each z-y plane, whereas blue bars in all the panels are the projected
major axis a;(t) of DM haloes at epochs around the redshift of each panel. The green
bars are roughly aligned along the filamentary structure and do not change so much. The

blue bars seem to be aligned with the green bars gradually with time, and the tendency
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Figure 5.11. A schematic picture of evolution of alignment between CG and DM halo in a
galaxy cluster. (i) Orientations of CG and DM halo are weakly aligned with
each other. (ii) Orientations of CG and DM halo are changed significantly
by repeated mergers and mass accretion episodes, but the major axes of
them remain to be aligned with each other even after the mass accretions.
(iii) Orientations of both CG and DM halo tend to be aligned with preferred
directions of the filament.

of the mutual alignment is stronger between the blue and red bars, i.e., DM haloes and
CGs.

In this chapter, we present the predicted evolution of alignments between BCGs, DM
haloes, and the large-scale structure, which should be confronted with observations. A
caveat is that we focused on the evolution of the same halo over the cosmic time whose
mass is different at different epochs (see Figure 5.1). Such difference of masses should be
taken into account for a fair comparison with observations (Lin et al., 2017). The survey
result by Hyper Suprime-Cam Survey (Aihara et al., 2018) would be useful for examining
the redshift evolution of the alignment between orientations of BCGs and clusters because
it covers a large (~ 1000 deg?) and deep (z ~ 1.1) area (Oguri et al., 2018).
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Figure 5.12. Projected mass density fields of DM and the orientations of CGs (red), DM

haloes for the enclosed mass of 0.1 M20o (blue), and the tidal field eigenvec-
tors iz (green) for early (top panel, z = 4.25-1.16, ¢ = 1.5-5.4 Gyr), middle
(middle panel, z = 1.09-0.39, ¢t = 5.6-9.6 Gyr), and late (bottom panel,
z = 0.36-0.018, t = 9.8-13.5 Gyr) epoch. In each panel, all the eigenvectors
in the redshift range are shown. The size of each panel corresponds to the
simulation box size, 100 h~'cMpc. Lengths of lines indicate orientations
with respect to the projection, long lines are nearly perpendicular to the
line of sight and short lines are nearly parallel to the line of sight, respec-
tively. Grey scales correspond to the surface mass density of DM which are
computed by the projection of all particles in the simulation box at middle
time for each panel t = 1.97 (top), t = 0.67 (middle), ¢ = 0.16 (bottom)
Gyr, respectively.
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Chapter 6

Summary and conclusions

In this thesis, we focus on non-sphericity of galaxy clusters and central galaxies (CGs),
especially the ellipticity and the orientation, and investigate systematically to what extent
they correlate. The new point of this thesis is to conduct a comprehensive study both
theoretically and observationally focusing on the non-sphericity of galaxy clusters. Al-
though to carry out simulations incorporating baryon physics is essential to theoretically
investigate physical quantities related to CGs, such simulations have been difficult for a
long time. Since recently both understanding of baryon physics, especially AGN feed-
back, and the computational performance, have advanced, simulations involving reliable
baryon physics have been conducted. We made theoretical predictions related to the non-
sphericity of galaxy clusters using the Horizon-AGN simulation, which is one of the latest
simulations, and also tried to understand the structure formation history in the ACDM
universe. We validate the consistency of the ACDM model complementarily to previous
probes by comparing the theoretical predictions with our new observation in addition to

previous observations. The results obtained in each chapter are summarized below.

Chapter 3

e We measured ellipticities and orientations of 120 galaxy clusters in the Horizon-
AGN simulation using mock observational images in visible light, X-ray, and radio
wavelength.

e Mean ellipticity values obtained from dark matter (DM), member galaxy distribu-
tion, and X-ray are 0.35, 0.5, and 0.2, respectively, which are marginally consistent
with the currently available observations.

e Orientations of galaxy clusters measured in the mock images are aligned well with
those of CGs in the ACDM universe, and the theoretical predictions were also

marginally consistent with currently available observations.
Chapter 4

e We obtained a large sample of galaxy clusters by combining three survey data
observed by Hubble Space Telescope. We measured ellipticities and orientations
for 45 DM haloes using the strong lensing, and those of CGs from high resolution

images to provide a new observational constraint.
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e From our new observation, we found that orientations of DM haloes and those of
their CGs are aligned well with each other, (|0s, — 0%, |) = 22.24+3.9 deg, and that
galaxy clusters are on average more aspherical than central galaxies, (epy—€itq) =
0.11 4+ 0.03.

e We obtained theoretical predictions of the ACDM model from the Horizon-AGN
simulation that ellipticity values of the DM haloes and central galaxies are almost
equal on average from galaxy to cluster scales, but the slightly larger masses are, the
larger the differences of ellipticities become such that DM haloes become aspherical.

Chapter 5

e We investigated time evolution of orientations and masses of DM haloes and their
CGs for 40 galaxy clusters in the Horizon-AGN simulation over the cosmic time
from t = 1.5 to 13.5 Gyr.

e Even in the early stage of the universe, t = 1.5 Gyr, orientations of DM haloes and
those of their CGs are weakly correlated, and the alignments at each epoch become
tighter with cosmic time.

e Orientations of both DM haloes and CGs have significantly changed through evolu-
tion rather than being constant, and the changes of orientations are mainly caused
by mass accretion episodes.

e We examined the time evolution of orientations of DM haloes and CGs relative to
the directions of surrounding matter distributions around galaxy clusters defined
by tidal fields. The major axes of both DM haloes and CGs tend to slightly be
aligned with the directions of surrounding matter distributions.

Throughout this thesis, we carried out mock observations of simulated galaxy clusters
to understand the structure formation history in the ACDM universe, and validated the
consistency of the ACDM model through comparisons of these results with observations
in the real Universe. In the ACDM universe, DM haloes grow up following the bottom-up
structure formation scenario, in which small structures of DM collapse first and larger
structures are formed by their mergers. Galaxy clusters, the largest self-gravitational
bounding systems in the universe, are still growing objects by repeated mergers under
this scenario.

We confirmed that DM haloes of cluster scales are more elongated than those of galaxy
scales in the ACDM universe (Figure 4.9). This result can be interpreted that galaxy
clusters are growing through anisotropic mass accretion episodes whereas DM haloes at
galaxy scales formed relatively earlier epochs and settled in virialization. This scale de-
pendence is observed; i.e., mean ellipticity values of DM haloes at galaxy scales are on
average (e) ~ 0.3 (e.g. Hoekstra et al., 2004) while those at cluster scales are (e) ~ 0.5 (e.g.
Oguri et al., 2010, 2012, and our work). The quantitative consistency of these observations
(Figure 4.9) indicates the validation of the ACDM model.

We found that galaxy clusters in RELICS sample, which likely contains disturbed clus-
ters, are more aspherical than those in CLASH sample, which preferentially comprises

relaxed clusters. In addition, double peak clusters, which might be during or before
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merger, are more aspherical than those of single peak indicating that shapes of clusters
are elongated by such merger events. Since we did not investigate the effects of such
sample selection in this thesis, it remains future tasks to investigate ellipticity variations
of galaxy clusters before and after mergers in the ACDM universe and compare with these
observations.

Orientations of galaxy clusters and CGs are well aligned in the ACDM universe (Fig-
ure 3.11). The alignments might be because both are affected by anisotropic matter
distributions such as filaments imprinted in the initial conditions of primordial density
fluctuations. We confirmed the effect of the initial conditions by examining preferred di-
rections of surrounding matter distributions defined by the tidal field. According to the
bottom-up scenario, galaxy clusters and CGs grow up through mass accretion episodes,
and the mass accretions change their orientations (Figure 5.7), but the orientations re-
main aligned on average at each time (Figure 5.3). The mass accretions take place along
directions of filaments which were already imprinted in the early universe (Figures 5.8
and 5.9). The bottom-up structure formation scenario in the ACDM universe explains
observational facts that orientations of galaxy clusters and those of their CGs are well
aligned (Figure 3.12), and that the alignments already existed at 10 billion years before
(West et al., 2017).

The alignment becomes weaker as the mass decreases (Figure 4.12). Since DM haloes
of small mass scales collapse quickly and are approaching the physical equilibrium state
in the ACDM universe, they have forgotten the memory of the initial conditions. The
weaker alignments at small mass scales also support that galaxy clusters and CGs are
aligned because they still retain the memory of the initial conditions, rather than because
of physical processes such as tidal torques. Observationally, the alignment is also weak
at galaxy scales (e.g. Okumura & Jing, 2009), and thus the structure formation scenario
predicted by the ACDM model is consistent with the observations.

Orientations of X-ray surface brightness are well aligned with those of CGs in the
ACDM universe (Figure 3.11). Since the cluster sample in the Horizon-AGN simulation
is a volume limited sample containing both relaxed and disturbed clusters, there is no
bias for gas states. However, we found that the distribution of the alignment angles in
the simulation is consistent with that from the CLASH observation composed of relaxed
clusters (Figure 3.12), suggesting that the alignment is independent of gas states. This
result is qualitatively consistent with observational finding by Hashimoto et al. (2008) and
also supports the ACDM model.

Future large surveys such as HSC and LSST will enable us to validate the ACDM
model more precisely by comparing our theoretical predictions in this thesis with the
observations. In particular, the theoretical predictions of the ACDM model about the
evolution scenario of the alignments between orientations of galaxy clusters and CGs will
be testable by observing the alignments at high redshifts beyond z = 1. Furthermore,
non-sphericities of both DM haloes and their BCGs for more galaxy cluster samples with
wider mass range will be obtained from high resolution images of HST and future space

telescopes such as JWST. Especially, it plays an important role in directly comparing
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with theoretical predictions of the ACDM model to measure non-sphericities of relatively
low mass galaxy clusters, ~ 10'*M, whose masses are comparable to typical clusters
in the Horizon-AGN simulation. In addition to the observational updates, cosmological
hydrodynamical simulations would be updated such that they have larger box sizes. The
future simulations would generate massive galaxy clusters with mass of ~ 10 Mg cor-
responding to typical observed clusters. Therefore, our finding that the observed mean
value of ellipticity differences between galaxy clusters and BCGs is inconsistent with those
of the simulated galaxy clusters would be directly testable by updating both observations
and simulations.

Once we accept the validity of the ACDM model, we would be able to constrain DM
model and AGN feedback, and explore baryon distributions in the Universe from the non-
sphericity of galaxy clusters. Since the non-sphericity of galaxy clusters is sensitive to the
cross section of the self-interacting DM (e.g. Yoshida et al., 2000b) and the strength of the
AGN feedback (e.g. Suto et al., 2017), these parameters can be constrained by comparing
results of simulations with observations. The tendency of galaxy clusters to be aligned
with filaments can also be used to search for baryons in filaments. About 30% of baryons
in the Universe are missing (Fukugita et al., 1998) compared with the ACDM model and
are believed to exist in filaments (de Graaff et al., 2019; Tanimura et al., 2019). Future
large surveys will explore these baryons within the filaments to validate the ACDM model,
and thus to identify locations of filaments should be important. The orientations of galaxy
clusters can be used as indicators of the filament locations. In any case, our study in this
thesis will serve as a bridge between previous and future studies in terms that we focus on
the non-sphericity of galaxy clusters and attempt to extract cosmological and astrophysical

informations through comparison of observations and theoretical predictions.
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Appendix A

The Horizon simulation:
cosmological hydrodynamical

simulation

We examine the correlations of non-sphericities of projected surface densities among dif-
ferent components of simulated galaxy clusters and the evolution of the non-sphericities
and orientations of DM haloes and their CGs in this thesis. In particular, we are in-
terested in the alignment between the position angles of DM haloes and those of their
CGs. Clearly this requires a cosmological hydrodynamical simulation implemented with
detailed baryon physics and also with high spatial and mass resolutions to identify CGs
in the cluster centres. We thus focus on the Horizon simulation, one of the state-of-the-
art cosmological hydrodynamical simulations. The detail of this simulation is already
described in Dubois et al. (2014). Thus we summarize only its major features relevant
to our current studies. The Horizon simulation adopts the standard ACDM cosmological
model. The cosmological parameters are based on the seven-year Wilkinson Microwave
Anisotropy Probe (Komatsu et al., 2011); €y, 0 = 0.272 (total matter density at present
day), Qa0 = 0.728 (dark energy density at present day), {2, o = 0.045 (baryon density at
present day), og = 0.81 (amplitude of the power spectrum of density fluctuations that are
averaged on spheres of 84~ Mpc radius at present day), Hyp = 70.4 km/s/Mpc (Hubble
constant), and ns; = 0.967 (the power-law index of the primordial power spectrum), and
thus we use these values throughout this thesis to suit the Horizon simulation.

A.1  Detail of the Horizon simulation: box size, resolution,

resolved components, and how to solve them

The simulation is performed in a periodic cube of (100h~! Mpc)?, and the initial condition
is generated with MPGRAFIC software (Prunet et al., 2008). The simulation follows the
evolution of three different components, dark matter, gas, and star. Dark matter is rep-

resented by N = 10243 equal-mass particles in the entire box, corresponding to the mass
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resolution of 8.27 x 10" M. Baryon gas is assigned over the meshes in the simulation box,
and its evolution is solved with the adaptive mesh refinement code RAMSES (Teyssier,
2002). Star is represented by collisionless particles, whose formation is modeled on the
basis of an empirical Schmidt law. Since those star particles are created according to a
random Poisson process, their masses are not the same, but typically around 2 x 106M,.

The evolution of collisionless particles (dark matter and star) are followed by the
particle-mesh solver with a cloud-in-cell interpolation. Therefore, the spatial resolution
depends on the size of the local cell where those particles are located. The initial size of
the gas cell is 136 kpc, and then refined up to 1.06 kpc (= 136/27kpc after seven times
refinement), which corresponds to the highest spatial resolution achieved in the simulation.

In addition to radiative cooling and hydrodynamical evolution of gas component, feed-
back from stars is implemented assuming the Salpeter initial mass function (Salpeter,
1955) with lower and upper mass limits of 0.1Mg and 100Mg, respectively. The mechan-
ical energy from Type II supernova explosions and stellar winds is computed according to
the STARBURST99 (Leitherer et al., 1999, 2010) with the frequency of Type Ia supernova
explosions computed using Greggio & Renzini (1983).

A.2  Three different types of the Horizon simulation:
Horizon-DM, Horizon-AGN, and Horizon-noAGN

The Horizon simulations consist of three simulations, Horizon-DM, Horizon-AGN, and
Horizon-noAGN. In this thesis, we use the Horizon-AGN simulation in order to explore
shapes of CGs that are not created in Horizon-DM, and do not use Horizon-noAGN which
adopts exactly the same initial condition and physical process as the Horizon-AGN except
for feedback of active galactic nuclei (AGN) due to inconsistency with observations. Suto
et al. (2017) compared axis ratios of cluster-sized haloes in the Horizon-AGN with those
in Horizon-noAGN to find that baryon processes affect shapes of DM haloes even in
outer regions, ~ 1 Mpc, of galaxy clusters. They also claim that AGN feedback plays a
curial role to match simulations with various observations such as mass density profiles,
temperature profiles, and ellipticities of galaxy clusters. Furthermore, while the Horizon-
AGN simulation reproduces various observations, the Horizon-noAGN does not. The
comparisons of the Horizon simulations with observations will be discussed later in detail
in Subsection A.4. It is not our main subject to what extent AGN feedback affects the

observable values, and this is why we focus on the Horizon-AGN simulation in this thesis.

A.3  The AGN feedbacks implemented in the Horizon-AGN

simulation

Active galactic nuclei (AGN) are central regions of galaxies which have comparable lumi-
nosities to those of galaxies while the size of them are compact and much smaller than

galaxies. The AGN are considered as super massive central black holes emitting by the
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accretions of matter on to them and the radiation is powerful such that they substantially
affect the galaxy formation through heating the surrounding gases. Therefore, modeling
and implementing their effects are crucial for cosmological hydrodynamical simulations to
reproduce observations as discussed in Section A.4.

In the Horizon-AGN, black holes are created when the local gas mass density becomes
larger than p > po with an initial mass of 10° Mg The black holes are prohibited to form
within 50 kpc from nearby one such that only one black holes exist in a galaxy. The

accretion rate on to black holes is computed by the Bondi-Hoyle-Lyttleton rate,

4raG? MEyp
T ) -
where Mpy denotes the black hole mass, p, ¢s, and u are the average gas density, the
average sound speed, and the average gas velocity relative to black hole, respectively and

« is a dimensionless boost factor defined by

Y (;)2 (P> po) (A.2)

1 (otherwise)

(Booth & Schaye, 2009). The factor is introduced in order to correct sub-grid physics
because regions of interstellar medium with colder and higher density cannot be captured.

The upper limit of the accretion rate is set to the Eddington accretion rate defied as

draG Mgamy,
€:0TC

Mgqq = (A.3)

where my,, ¢, o7, and €, denote the mass of proton, speed of light, the Tompson cross-
section, and the radiative efficiency, respectively. The efficiency is assumed, ¢, = 0.1,
following Shakura & Sunyaev (1973).

There are two different AGN feedback modes in the Horizon-AGN simulation; one is

radio mode and the other is quasar mode depending on the Eddington ratio
X = Mpn/Mgaa (A.4)

Recent observations (e.g. Cheung et al., 2016) support that both modes exist, and thus it
is reasonable to implement both the feedback mode in the simulation. At low accretion
rate x < 0.01, feedback from black holes behaves as radio mode which injects the energy
into a bipolar outflow with a jet velocity of 10*km s~!. The outflow jet is modeled as a
cylinder following Omma et al. (2004). Dubois et al. (2010) describes more details. The
energy deposition rate of the radio mode is computed by EAGN = GfErMBH02 where ¢ is
the free parameter and set to unity for the radio mode. The quasar mode is adopted at
high accretion rate x > 0.01, which deposits the thermal energy into the gas isotropically
at an energy deposition rate Facn. The free parameter € is chosen so as to reproduce
observations of the scaling relations between black hole masses and galaxy properties
(bulge masses and velocity dispersions of stars) and the black hole density in our local

Universe. The more details are given in Dubois et al. (2012).
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A.4  The consistency of the Horizon-AGN simulation with

observations

The dataset from the Horizon-AGN simulation has been examined in detail by various
authors from different aspects. The free parameter, ¢, in the simulation is set in order to
reproduce the scaling relations between black hole masses and galaxy properties (bulge
masses and velocity dispersions of stars) and the black hole density in our local Universe.
Comparisons of the simulation with other observations are important to check the consis-
tency of the simulation. Many studies using the Horizon simulations show that the AGN
feedback is essential to reproduce various observed features such as intrinsic alignment
of galaxies (Chisari et al., 2015, 2016), morphological diversity of galaxies, galaxy-halo
mass relation, size-mass relation of galaxies (Dubois et al., 2016), AGN luminosity func-
tion, black hole mass density (Volonteri et al., 2016), density profile of massive galaxies
(Peirani et al., 2017, 2019), high-mass end of the galaxy stellar mass function (Beckmann
et al., 2017), gas fraction as a function of halo mass Chisari et al. (2018), the correlation
of number counts between massive black holes and galaxies Habouzit et al. (2019), the
relation between spin parameters and ellipticities of galaxies Choi et al. (2018), the star
formation processes and morphologies of high redshift galaxies Martin et al. (2018), lu-
minosity functions of galaxies, stellar mass functions, the star formation main sequence,
rest-frame UV-optical-NIR colours, the cosmic star formation history in the redshift range
1 < z < 6 (Kaviraj et al., 2017), ellipticities of X-ray galaxy clusters (Suto et al., 2017),
and tight relation between black hole masses in the brightest group/cluster galaxies and
their host group/cluster masses (Bogdan et al., 2017). These properties are not accounted
for in the Horizon-noAGN, and that is why we only used the results of the Horizon-AGN
simulation, not the Horizon-noAGN simulation, in this thesis.
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Appendix B

Strong lensing mass models

Strong lens mass models that are used in the analysis of this thesis are summarized in
Table B.1. All the mass models are constructed using the software GLAFIC (Oguri, 2010).
The mass models of HFF clusters have already been presented in Kawamata et al. (2016)
and Kawamata et al. (2018), whereas those of CLASH and RELICS clusters have not
been published elsewhere.

We follow Kawamata et al. (2016) for mass modeling procedure of CLASH and RELICS
clusters. We assume simply parametrize mass models that consist of halo components
modeled by an elliptical NF'W profile and cluster galaxies modeled by an elliptical pseudo-
Jaffe profile. To reduce the number of parameters, we assume scaling relations between
galaxy luminosities and model parameters (velocity dispersions and truncation radii) of
the pseudo-Jaffe profile. Ellipticities and position angles of cluster member galaxies are
fixed to measured values of their light profiles, whereas ellipticities and position angles of
halo components are treated as free parameters. We may also add external perturbations
to the lens potential. We start with a simple mass model, and keep adding more halo
components or external perturbations until we obtain reasonably good fit. Interested
readers are referred to Kawamata et al. (2016) for more details.

We optimize model parameters so that the model can reproduce positions of multiple
images. We rely on previous work as listed in Table B.1 for identifications of multiple
images and spectroscopic redshift information for some of them. Positional uncertainties
of multiple images are set so as to achieve reasonably good fit i.e., reduced x? being of
order one. x? is defined by differences of observed and model-predicted image positions
evaluated in the source plane (see Appendix 2 of Oguri, 2010, for more details). The
minimum x? for our best-fitting models are listed in Table B.1. Errors of model parameters

are estimated using the Markov chain Monte Carlo method.
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Table B.1. Summary of strong lens mass modeling using GLAFIC (Oguri, 2010). Ngys
denotes the number of multiple image systems, Ngysspec is the number of
multiple image systems with spectroscopic redshifts, and Nimg is the total
number of multiple images used for mass modeling. The assumed positional
error of multiple images in the image plane is shown by gimg. The minimum

x? and degree of freedom are indicated by x2;, and dof, respectively.

Survey Cluster name Nsys  Nsysspec Nimg  Oimg [”] anin/dof Refs.
HFF Abell 2744 45 24 132 0.4 130.2/134 1
HFF MACSJ0416.1—2403 75 34 202 0.4 240.0/196 1
HFF MACSJ1149.5+2223 36 16 108 0.4 100.1/103 2
HFF Abell S1063 53 19 141 0.4 136.2/138 1
CLASH Abell 209 3 0 7 0.8 2.8/1 3,4
CLASH Abell 383 8 6 23 0.4 22.5/18 3,4
CLASH MACSJ0329.7—0211 9 8 23 0.4 16.3/12 5,4
CLASH MACSJ0429.6—0253 3 2 11 0.4 7.2/9 5,4
CLASH MACSJ0744.9+3927 10 0 25 0.4 6.7/8 3,4
CLASH Abell 611 3 2 14 0.4 11.6/12 3,4
CLASH MACSJ1115.9+0129 3 1 9 0.6 4.9/3 5,4
CLASH MACSJ1206.2-0847 27 27 82 0.4 79.9/83 6,4
CLASH CLJ1226.9+3332 4 0 15 0.6 10.8/9 3,4
CLASH MACSJ1311.0—-0310 3 1 8 0.6 7.2/4 5,4
CLASH RXJ1347.5—1145 8 4 20 0.4 1.9/4 7,5,4
CLASH MACSJ1423.8+2404 3 2 12 0.8 6.9/9 3,4
CLASH MACSJ1720.3+3536 7 0 22 0.6 16.1/14 3,4
CLASH Abell 2261 11 0 28 0.4 13.4/13 3,4
CLASH MACSJ1931.8—2635 7 19 0.4 17.9/12 5,4
CLASH RXJ2129.740005 7 7 22 0.4 17.1/21 5,4
CLASH MS2137—-2353 3 3 10 0.6 5.7/6 3,4
CLASH MACSJ0647.8+7015 11 0 31 0.4 24.3/20 3,4
CLASH MACSJ2129.4—0741 11 11 38 0.6 45.6/37 5,4
RELICS  Abell 2163 4 0 15 0.4 6.6/12 8,4
RELICS  Abell 2537 8 1 29 0.6 16.1/23 8,4
RELICS  Abell 3192 5 2 16 0.8 7.4/6 9,4
RELICS  Abell 697 3 0 9 0.4 6.7/6 10,4
RELICS  Abell S295 6 4 18 0.4 5.4/13 10,4
RELICS ACT-CL J0102—49151 10 0 28 0.6 17.6/15 8,4
RELICS CL J0152.7—1357 8 1 24 0.4 8.1/16 11,4
RELICS MACSJ0159.8—0849 4 0 10 0.6 5.6/4 10,4
RELICS MACSJ0257.1—2325 0 12 0.4 10.1/7 12,4
RELICS MACSJ0308.9+2645 3 0 7 0.4 0.7/1 13,4
RELICS MACSJ0417.5—1154 20 7 54 0.4 29.4/40 14,4
RELICS MACSJ0553.4—3342 10 2 30 0.8 29.9/25 15,4
RELICS PLCK G171.9—40.7 5 0 16 0.4 11.7/7 13,4
RELICS PLCK G308.3—20.2 11 0 31 0.6 17.8/18 16,4
RELICS RXC J0142.9+4438 4 0 14 0.4 8.8/9 8,4
RELICS RXC J2211.7—0350 3 1 11 0.4 2.7/3 8,4
RELICS SPT-CL J0615—5746 6 5 22 0.4 5.2/17 17,4

References — (1) Kawamata et al. (2018); (2) Kawamata et al. (2016); (3) Zitrin et al. (2015); (4) this
thesis; (5) Caminha et al. (2019); (6) Caminha et al. (2017); (7) Ueda et al. (2018); (8) Cerny et al.
(2018); (9) Hsu et al. (2013); (10) Cibirka et al. (2018); (11) Acebron et al. (2019); (12) Zitrin et al.

(2011); (13) Acebron et al. (2018); (14) Mahler et al. (2019); (15) Ebeling et al. (2017); (16) Zitrin et al.
(2017); (17) Paterno-Mahler et al. (2018).
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