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Abstract

Understanding formation and evolution of galaxies is one of the most important goals in mod-

ern astronomy. Early-type galaxies (ETGs), ellipticals and S0s, play an important role. Because of

the prominence of random motion of stars, they are thought to carry information of spin-down mecha-

nisms of galaxies which is a key to understand how galaxies obtain their morphology. Observations of

local ETGs have revealed that they can be classified into two kinematical families. One is fast rotator

which rotates fast and tends to be less massive, and the other is slow rotator which rotates slowly and

tend to be massive. Observational studies at high redshifts have revealed dramatic size growth of mas-

sive ETGs. Cosmological simulations show that a two-phase formation scenario would explain these

observational results. However, the dominant processes are not clear mainly because of complexity

in the formation and evolutionary processes. Observations of kinematic properties of high-redshift

ETGs would provide critical constraints. In spite of the importance, crucial difficulty of absorption

line spectroscopy at high redshifts prevents us from studying kinematics. Surface photometry mea-

surement is an important and less observationally expensive tool with which kinematical properties

could be indirectly investigated. In this study, we find a photometric parameter which can be used

as a good proxy for the kinematics of ETGs. Then, we measure the parameters for high-redshift and

low-redshift ETGs, in order to investigate the evolution of kinematic properties of ETGs.

First, we investigate relation between photometric parameters and kinematic properties. We pre-

pare a sample of 166 non-barred ETGs in the local Universe which have high-quality kinematic mea-

surements in ATLAS3D survey and have imaging data of Sloan Digital Sky Survey (SDSS). We find

that the r-band radial light profiles of slow rotators are more extended in the outer region than fast

rotators. We define a photometric parameter, ∆Slope, in order to evaluate the difference of the outer

light profile. If ∆Slope is negative, this indicates that the light profiles is more extended than pure

Sérsic profile, and vice versa. We find that slow rotators have smaller ∆Slope than fast rotators at a
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fixed stellar mass. Almost all slow rotators have negative∆Slope, while majority of fast rotators have

∆Slope ! 0. We find a significant correlation between∆Slope and spin parameters, λ and V/σ. The

correlation is also found for round galaxies for which other parameters such as Sérsic index do not

show significant correlation to the spin parameters. We obtain an approximate linear relation between

∆Slope and the spin parameters.

Second, we analyze and compare the light profiles of ETGs in massive clusters at redshift z ∼ 1

and 0. We construct a sample of ∼ 600 quiescent ETGs at each redshift selected by a rest-frame

optical color-magnitude diagram and morphological parameters. We make use of Hubble Space Tele-

scope (HST) imaging data as well as ground-based spectroscopic data obtained in the HST Cluster

Supernovae Survey for the high-redshift sample. We use SDSS imaging and spectroscopic data for

the low-redshift comparison sample. We measure ∆Slope with appropriate correction for the effects

of point spread function (PSF). We find that the high-redshift ETGs have significantly larger∆Slope

than the low-redshift ones, indicating that the high-redshift ETGs are more truncated in the outer re-

gion. The difference of∆Slope between the two samples is considered to be intrinsic and unlikely to

originate from artifacts such as the PSF correction, sample selection, and contamination of foreground

and background galaxies.

Finally, we address the evolution mechanisms of ETGs. We first discuss formation and evolution

processes of fast and slow rotators. The relation between ∆Slope and the spin parameter provides

us with new insights. The outer profile evolution, together with other observational evidence, favors

minor mergers as a likely contributor for the size growth of cluster ETGs at z < 1. We derive the spin

parameters of the high-redshift ETGs from ∆Slope, and compare them to cosmological simulations

as well as observations. We find that the spin parameter is largely consistent with that of z ∼ 1 ETGs

directly measured by a previous study. Although we have found significant evolution of ∆Slope,

massive ETGs already have ∆Slope < 0 (i.e., extended outer profiles) at z ∼ 1, which indicates that

the dominant spin-down processes for massive slow rotators is working efficiently at z > 1.
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1
Introduction

We begin the first chapter with a general introduction of scientific background of studying evolution

of galaxies, focusing on early-type galaxies (ETGs). Then, we give a review of previous studies on

the evolution of ETGs focusing on their kinematic properties based on recent observations as well as

theoretical studies, describing unsolved issues that we would like to address in this study. In the end

of this chapter, we provide outlines of the present paper.

1.1 Galaxies in the Universe

Galaxies are the one of the most important astronomical objects in the Universe. They are gravitation-

ally bound systems consisting of various baryonic matters such as stars, gas, and dust as well as dark

matter. Galaxies are the most common objects outside the Milky Way. They have been discovered

at the distance from ∼ 20 kpc for the nearest and out to redshifts z ∼ 11 (Oesch et al., 2016) which

correspond to the look-back time of∼ 13Gyr. Although the universe is dominated by dark energy and

dark matter in terms of energy or mass budget, various baryonic processes take place in galaxies. It is

within a galaxy that stars form from gas, and various heavy elements are synthesized and re-distributed

in the interstellar and intergalacic medium. Therefore, understanding how galaxies have formed and
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evolved is of great importance as it is directly related to understanding how our world has formed.

Galaxies are complex systems and have great diversity because of their nature containing multi-

ple components. Parameters characterizing galaxy properties have extremely wide distribution. For

example, luminosity of a galaxy spans∼ 9 order of magnitude from 103 (Wiliam I) to 1012 L⊙ where

L⊙ is the luminosity of the Sun.

Moreover, galaxies have diverse morphology which reflects wide variety of stellar distribution in a

galaxy. The Hubble’s classification scheme (Sandage, 1961) classifies galaxies into four broad classes

with visible features. One is elliptical galaxies (Es). They have featureless smooth light distribution

with almost elliptical isophotes. The second one is spiral galaxies. They have thin disks with star-

forming spiral arms. They often have a central bulge. Another one is lenticular os S0 galaxies. This

class is intermediate between Es and spirals. They have smooth profile with no star-forming spiral

arms, like Es. They consist of a disk and a bulge, like spirals, but the bulge is more prominent than

in spirals. The other is irregular galaxies. They have patchy structure and do not have smooth bulge

or axisymmetric disk. In many studies, Es and S0s are classified as early-type galaxies (ETGs) while

spiral and irregular galaxies as late-type galaxies (LTGs). In this study, we basically use this simple

classification.

Galaxy morphology is related to properties such as gas fraction, angular momentum, and structure,

and thought to be originated from evolution history of galaxies. Therefore, one goal of studying galaxy

formation and evolution is to understand how such properties have evolved as a function of time and

space as well as to understand what kind of physical processes are responsible for the evolution.

1.1.1 Early-type galaxie (ETGs)

In the context of galaxy formation and evolution, ETGs play an important role. Morphologically,

ETGs are dominated by a spheroidal component, or bulge, unlike LTGs which are dominated by a disk

component. This difference arises from different kinematics. While the stellar component of LTGs

are dominated by rotation, that of ETGs is supported by a mixture of random motion (i.e., velocity

dispersion) and rotation. Some ETGs have very little or almost no rotation. The kinematic properties

of ETGs will be presented in the next section.

Also, ETGs tend to be massive log(M∗/M⊙) ! 10, whereM∗ indicate total mass of stars within

a galaxy. The massive end of the stellar mass function (log(M∗/M⊙) ! 11) of galaxies are dominated
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by ETGs in the local universe. The stars in ETGs are usually red and old. Their formation epoch is

thought to be earlier than redshift z > 2 (Thomas et al., 2005), and thought to have passively evolved

after they quench the star-forming activity, which indicates that ETGs carry information of the early

universe as a fossil record.

ETGs are almost absent from gas and dust, which means the optical light distribution well traces

the distribution of stars, and therefore, interpretation of observational results ismore simple. Moreover,

it is known that ETGs are more frequently found in high-density environments such as cores of galaxy

clusters (Dressler, 1980). Therefore, formation and evolution of ETGs are thought to be affected

from environments (environmental effects), which implies that their formation and evolution is tightly

linked to the growth of the large scale structure. Thus, understanding formation and evolution of ETGs

is necessary to understand the formation and evolution of all galaxy populations.

The observational properties of ETGs described above are thought to be the consequence of hier-

archical formation of dark matter halos and galaxies in the ΛCDM framework. The most important

aspect shaping their morphology, the prominence of velocity dispersion in kinematics, is thought to

be the result of spin-down during assembly of ETGs.

The exact mechanisms of the spin-down, however, are far from being understood. This is partly

because simulations of galaxy formation and evolution are complex as they deal not only with dark

matter which is only influenced by gravitational interaction but also with various baryonic processes

such as gas inflows and outflows, gas heating and cooling, star formation and supernova explosions,

feedback from active galactic nuclei, and so on. Thus, observational constraints are essential for under-

standing formation and evolution of ETGs. In the following sections, we introduce recent important

observational progress.
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1.2 Kinematical Properties of Local ETGs

In this section, we present kinematical properties of ETGs mostly from recent integral-field spectro-

scopic surveys. After we mention an important scaling relation that is related to dynamics of ETGs,

we introduce two kinematics families of ETGs.

1.2.1 Mass-Size Plane from the Fundamental Plane

Dynamics or kinematics* of ETGs provides crucial knowledge about their formation and evolution

histories. There is a well-known parameter correlation between the luminosity, velocity dispersion,

and size, i.e., the Fundamental Plane (Djorgovski & Davis, 1987), which combines the correlation

between the total luminosity and velocity dispersion (Faber & Jackson, 1976), and that between the

size and surface brightness (Kormendy, 1977, Kodaira et al., 1983).

The existence of the Fundamental Plane implies that ETGs are in virial equilibrium (e.g., Djor-

govski & Davis, 1987, Prugniel & Simien, 1996, Forbes et al., 1998). In the meantime, the tilt of

the Fundamental Plane also implies that there should be systematic variation of the mass-to-light ratio

(M/L) as a function of velocity dispersion or mass (e.g., Djorgovski & Davis, 1987) or non-homology

in the surface brightness profiles (e.g., Graham & Colless, 1997, Trujillo et al., 2004). Cappellari

et al. (2013b) have obtained robust stellar mass estimator from two-dimensional stellar kinematics

(see below) supported by dynamical modeling, confirmed the systematicM/L variation as a function

of velocity dispersion, and shown that the Fundamental Plane can be interpreted as virial equilibrium.

This indicates that the Fundamental Plane can be reduced into much simpler form, the mass-size plane

(see Cappellari, 2015, for a review).

1.2.2 Two Kinematical Families of ETGs

Recent integral field spectroscopy (IFS)† have established a view in which ETGs can be classified in

to two kinematical families Emsellem et al. (2007, 2011). One is so-called fast rotators which rotate

fast and the system is supported by rotation, while the other is slow rotators which have very little

*The words, dynamics and kinematics, have similar meaning. In this paper, we basically use kinematics
when the topic is related to velocity and velocity dispersion fields but when we do not go deep into the origin
of them, i.e., internal structure and gravitational potential, otherwise we use dynamics instead. We note that,
however, we may sometimes use these words without distinction.

†Sometimes called integral field unit (IFU) spectroscopy
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or no significant rotation and are supported by velocity dispersion (i.e., random motion of the stars

in a galaxy). This dichotomy (e.g., Kormendy et al., 2009, Kormendy & Bender, 2012) actually has

been known for ! 30 years (Davies et al., 1983, Kormendy & Bender, 1996), i.e., much before the

advent of IFS, but there have been significant updates thanks to large IFS surveys of nearby ETGs.

We summarize the most updated views from IFS results (Cappellari, 2016, for a review).

1.2.2.1 Slow and fast rotator classifications based on velocity fields

IFS observations of galaxies provide line-of-sight velocity and velocity dispersion fields (i.e., two-

dimensional or spatially-resolved kinematics). For ETGs, stellar kinematics are obtained from the

stellar absorption features in the spectrum at each spatial position of a galaxy, spatial pixel or spatial

bin, which are often called spaxel (Emsellem et al., 2004). Two-dimensional stellar kinematics of

48 local ETGs obtained in the SAURON project (Bacon et al., 2001, de Zeeuw et al., 2002), which

is a pioneering IFS survey for ETGs, have shown that ETGs are broadly classified into two classes

depending on large-scale rotation signature (Emsellem et al., 2007, Cappellari et al., 2007) although

various types of velocity structure such as kinematically decoupled or counter-rotating cores, central

disks, and twists of the rotation axis also exist in smaller scales (Emsellem et al., 2004, Krajnović et al.,

2008) . In Figure 1.1, example of fast and slow rotators are shown. For the fast rotator (NGC4660),

the two-dimensional line-of-sight velocity distribution shows clear sign of rotation with the left-hand

side blue shifted and the other side red shifted. The two-dimensional line-of-sight velocity distribution

of the slow rotator (NGC4486), on the other hand, does not have sign of rotation.

Emsellem et al. (2007) have introduced a spin parameter λ which can be used as a proxy for

angular momentum of galaxies. The λ parameter is defined as

λ =
< R|V | >

< R
√
V 2 + σ2 >

, (1.1)

where V and σ is the line-of-sight velocity and velocity dispersion at a position of a galaxy with

a galactocentric radius of R while the brackets <> corresponds to a luminosity-weighted average

within a certain area such as within one effective radius. This dimensionless parameter represents

the average angular momentum normalized by kinetic energy or mass. For the case of IFS data cube,
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Figure 1.1 Example of fast (NGC4660; top) and slow (NGC4486; bottom) rotators, adopted
from Figure 7 in Kuntschner et al. (2010). For each object, the two-dimensional distribution
of intensity (left) and line-of-sight velocity (right) are presented by color code. The range for
the line-of-sight velocity (white-red to blue-black) in km s−1 is shown in the box. The field
of view is∼ 44× 33 arcsec and∼ 74× 53 arcsec for NGC4660 and NGC4486, respectively.
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where V and σ are available at each spaxel, Equation 1.1 is written as

λ =
ΣN
i=1FiRi|Vi|

ΣN
i=1FiRi

√
V 2
i + σ2

i

, (1.2)

where Fi, Ri, Vi,σi are flux, galactocentric distance, line-of-sight velocity, and velocity dispersion

at a i-th spaxel, whereas the summation ΣN
i=1 is taken within a certain region of a galaxy, e.g., one

effective radius.

Based on spatially resolved stellar kinematics data of a complete sample of 260 ETGs obtained in

a large IFU survey, the ATLAS3D (Cappellari et al., 2011a), Emsellem et al. (2011) have introduced

a λe-ϵe diagram (Figure 1.2) with which slow and fast rotators are classified. Here ϵ is ellipticity (ϵ =

1−b/awhere a and b are semi-major andminor axes, respectively), while the suffix e indicates that the

parameters are averaged within one effective radius re. On this diagram, galaxies that are elongated by

rotation (i.e., rotationally supported systems) and by anisotropy of velocity dispersion (i.e., dispersion

supported systems) occupy different regions (Emsellem et al., 2011). Emsellem et al. (2011) have

proposed a classification threshold λe = 0.31×
√
ϵ while different thresholds are also proposed (e.g.,

Emsellem et al., 2007, Cappellari, 2016). We note that the λe-ϵe diagram is an improved version of

traditional V/σ-ϵ diagram (Illingworth, 1977, Binney, 1978, Davies et al., 1983, Binney, 2005). There

is a tight monotonic relation between λe and V/σ (Figure B1 in Emsellem et al., 2011), and with a

first-order approximation the relation may be regarded as λe ∼ V/σ, especially for λe " 0.7.

1.2.2.2 Properties of slow and fast rotators

One of the most important aspects of kinematics of ETGs is mass dependence. While fast rotators are

the majority (! 80 percent) of ETGs, the massive end is dominated by slow rotators (Emsellem et al.,

2011)*. In the local Universe, the critical stellar mass above which slow rotators become dominant is

log(M∗/M⊙) = 11.3− 11.5 (Emsellem et al., 2011, Cappellari et al., 2013a).

Tridimensional structures are different between slow and fast rotators. Slow rotators are weakly

triaxial while fast rotators can be regarded as axisymmetric oblate spheroids (Cappellari et al., 2007,

Krajnović et al., 2011, Emsellem et al., 2011, Cappellari, 2016). This is the reason why these pop-

ulations can be classified with the λe-ϵe diagram. We note that, however, the two populations, fast

*We note that the the variation of kinematic properties of ETGs as a function of the stellar mass has negli-
gible contribution to the tilt of the Fundamental Plane (Ciotti et al., 1996, Lanzoni & Ciotti, 2003)
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Figure 1.2 λe-ϵe diagram of 260 ETGs from ATLAS3D (Cappellari et al., 2011a). The figure
is created with publicly available data provided in the website of the ATLAS3D ProjectThe
size of symbols indicates the stellar mass noted in the upper left. We carry out Spearman’s
rank correlation test, and present the rank correlation efficiency (ρrank) and p-value (prank) in
the lower right, which will be mentioned in Section 1.4.1.
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to slow rotators, do not show well-separated dichotomy but continuous distributions on the λe-ϵe dia-

gram. The transition is gradual from highly flattened fast rotators to the intermediate population, and

then to round, slow rotators (see , e.g., Figure 14 in van de Sande et al., 2017).

Environmental dependence of the kinematics is also pointed out at first (Cappellari et al., 2011b,

Houghton et al., 2013, D’Eugenio et al., 2013, Scott et al., 2014) but with rather small sample sizes.

Cappellari et al. (2011b) proposed the kinematic morphology-density relation that massive slow ro-

tators appear more frequently in high density regions, e.g., in the core of Virgo cluster. New large

IFS surveys which are still on-going have been revealing that the apparent dependence of the fraction

of slow rotators on environment may be a result of two correlations between masses and kinematics,

and between masses and environments, although Scott et al. (2014) have pointed out that slow rotator

fraction is higher compared at a fixed stellar mass. Brough et al. (2017) show that once the correlation

between mass and kinematics is taken into account, no significant correlation could be found between

kinematics and environments, using kinematic data of 293 ETGs residing in nearby galaxy clusters

obtained in an on-going IFS survey, the Sydney-AAOMulti-object Integral field spectrograph (SAMI)

Galaxy Survey (Bryant et al., 2015). The similar conclusion is also drawn by another large IFS survey

(Greene et al., 2017b,a).

1.2.2.3 Relation to the Stellar Population Properties

The stellar population is also important to discuss the formation and evolution of ETGs. Local ETGs

are known to populate a tight red sequence in the color-magnitude or color-stellar mass diagram (Baum,

1959, Faber, 1973, Visvanathan & Sandage, 1977, Baldry et al., 2004, 2006), which indicates they

have very old and metal-rich stellar populations (e.g., Bower et al., 1992, Kodama & Arimoto, 1997).

Studies based on stellar absorption line spectroscopy have revealed that more massive ETGs are older,

more metal-rich, and have more α-element enhancement which is a sign of shorter star formation

time-scales (Worthey et al., 1992, Thomas et al., 2005, 2010).

Considered on the mass-size plane, the stellar population parameters such as the stellar age, metal-

licity, and star formation timescales (McDermid et al., 2015) as well as molecular gas fraction (Young

et al., 2011, Cappellari et al., 2013a) vary with increasing central velocity dispersion. With increasing

velocity dispersion, i.e., as the system becomes more compact and denser, the stellar populations be-

come older, more metal-rich and more α-element enhanced with shorter formation time-scales, and
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galaxies have less molecular gas fraction (Cappellari et al., 2013a, McDermid et al., 2015). Con-

versely, at a fixed central velocity dispersion, the stellar population parameters do not strongly depend

on the stellar mass (see Figures 6 and 7 in McDermid et al., 2015).

The variation of the spin parameter λ on the the mass-size plane, however, is different from that

of the stellar population parameters. The spin parameter λ does not change with increasing central

velocity dispersion, considered at a fixed stellar mass (see Figure 8 in Cappellari et al., 2013a). The

tridimensional structures behave similarly on the mass-size plane (see Figure 7 in Cappellari et al.,

2013a).

1.2.3 Formation Scenarios of Slow and Fast Rotators

To explain the different correlation of the dynamical and kinematical properties and stellar population

parameters to the velocity dispersion, the two-phase formation scenario (Oser et al., 2010) is favored

(see discussion in Cappellari et al., 2013a). In this scenario, a massive compact bulge is formed by dis-

sipative processes such as rapid gas inflow or wet mergers at high redshift (z > 2) when the universe is

muchmore gas rich (Dekel &Burkert, 2014), which is the first phase. The formed bulge rotates rapidly

(Wuyts et al., 2010), probably as a consequence of non-zero angular momentum of the accreting gas.

Also, this process forms old, metal-rich stellar populations with large α-element enhancements, and

therefore can be an origin of the compact (i.e., with a large central velocity dispersion) fast rotators

located in the bottom region in the mass-size plane (Cappellari et al., 2013a).

In the lower redshifts (z < 2), dissipationless processes such as dry minor or major mergers

increase the galaxy size to evolve the compact bulge into local massive ETGs, which is the second

phase. Dry mergers can reduce angular momentum of the fast-rotating bulge formed in the first phase,

and alter it into slow rotators (Khochfar & Burkert, 2005, Naab et al., 2006) without changing the

stellar population. As a result, the dependence of the kinematical properties and stellar population

parameters on the stellar mass and velocity dispersion (see above). The two-phase formation scenario

is also attractive for explaining the rapid size growth of ETGs which we will describe in the next

section. However, physical mechanisms actually working on the kinematical evolution of ETGs are

far from being clearly understood mainly because of the complexity of baryonic physics such as gas

inflows and outflows, and feedback from supernovae and AGNs. We describe theoretical efforts which

aim to reveal the mechanisms of the kinematical evolution, i.e., spin down, of ETGs in what follows.
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1.2.3.1 Merger Simulations

For almost 40 years, many authors have tried to explain the origin of the slow and rotators by mergers.

White (1979) suggested that it would be difficult to form slowly rotating ETGs by major mergers

between spheroids. Mergers of cold disks were successful in reproducing progenitors which have

properties consistent with slow rotators (e.g., Gerhard, 1981). Bekki & Shioya (1997) also showed

that the time-scale of star-forming activity in gas-rich mergers are related to dynamical properties

of ETGs. They showed that mergers with extended star formation tend to produce remnants more

consistent with fast rotators while those with rapid star formation tend to produce those consistent

with both fast and slow rotators.

The role of unequal mass mergers are also investigated (e.g., Bekki, 1998, Naab et al., 1999). Bi-

nary merger simulations have shown that nearly equal mass mergers between disk galaxies produce

slow rotators whereas minor mergers result in fast rotators (Naab et al., 1999, Naab & Burkert, 2003,

Jesseit et al., 2009, Bois et al., 2011). However, the simulated remnants are not consistent with ob-

served ETGs in that the remnants of the merger simulations tend to be more flattened and do not have

a kinematically distinct core (Jesseit et al., 2009, Bois et al., 2011).

Khochfar & Burkert (2005) and Naab et al. (2006) also show that gas-poor (dry) mergers can also

produce slow rotators regardless of the progenitor mass ratios. The similar results are also shown by

Taranu et al. (2013) but with more emphasis on multiple gas-poor minor mergers to form massive

slow rotators. In contrast, Cox et al. (2006) have presented that gas-poor merger remnants become

inconsistent with observed slow rotators. In summary, the consensus of the origin of slow and fast

rotators has not yet been reached from merger simulations. This illustrates the difficulty for revealing

mechanisms of the spin down of ETGs predicted in the two-phase formation scenario from theoretical

studies alone.

1.2.3.2 Cosmological Simulations

Thanks to recent remarkable improvement of cosmological simulations of galaxy formation and evo-

lution, some theoretical studies have been carried out in order to address the evolution of kinematics of

ETGs in a cosmological context. Khochfar et al. (2011) have investigated the evolution of the ratio of

fast to slow rotators using a semi-analytic galaxy formation model, and present that the ratio evolves

at z < 2. They have shown that, as predicted in the two-phase formation scenario, fast rotators form
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at high redshifts, and then they experience spin down due to dry mergers. Therefore, the fast-to-slow

rotator ratio decreases with decreasing redshifts. However, Naab et al. (2014) have shown that there

would be many path to form fast rotators as well as slow rotators. They have carried out cosmological

hydrodynamical zoom-in simulations, and analyzed kinematic properties of 44 central galaxies.

A large step has beenmade by Penoyre et al. (2017) who investigate evolution history of thousands

of ETGs in the Illustris simulation (Genel et al., 2014). They show that the observed kinematic prop-

erties of local ETGs could be reproduced in the simulation and that local slow rotators have originally

been rotating rapidly and experienced spin down during evolution. They find that the main contributor

of the spin down of ETGs is major mergers regardless of gas fraction, whereas minor mergers only

have small effects with possibility of spin up or down depending on the gas fraction. Moreover, they

examine the average amount of change of the spin parameter λ for each process and for different con-

ditions which may be compared with observations. They also suggest that the environmental effect

does not have a large impact on kinematics of ETGs.

In contrast, another simulation suggest the possible environmental effect on the kinematical evo-

lution. Choi & Yi (2017) carry out cosmological hydrodynamical zoom-in simulations focusing on

galaxy clusters. They present that while major and minor mergers cause spin down of ETGs, they are

not the primary contributor at least in cluster environments. The implication is almost opposite to that

in Penoyre et al. (2017).

Moreover, internal processes may also have influence on the kinematics of ETGs. Martizzi et al.

(2014) have carried out cosmological hydrodynamical zoom-in simulations in order to investigate

the effect of AGN feedback on masses, sizes, star formation rates and kinematics of brightest cluster

galaxies (BCGs). They have presented that the observed properties of BCGs (Jimmy et al., 2013)

could be reproduced when the AGN feedback is on while the simulated galaxies rotates too rapidly

otherwise, which implies not only late gas-poor processes but also the processes such as gas inflow

and outflows, cooling and heating may be related to the kinematics of ETGs.

Thus, although kinematical aspects of ETGs become able to be investigated by cosmological

simulations, we have not reach a consensus about the dominant mechanisms of the possible spin down

history. But significant improvement is that such cosmological simulations provide us observational

parameters such as λ at each redshift and the amount of change of the parameters in each process

(Penoyre et al., 2017). Therefore, comparing such parameters between simulations and observations

would provide critical constraints on the kinematical evolution of ETGs. And it becomes inevitably
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Figure 1.3 λ-ϵ diagram of simulated ETGs in Illustris from redshift z = 4 to 0, taken from
Figure 6 in Penoyre et al. (2017). The λ and ϵ values are measured in edge-on projection.
Color corresponds to the average stellar mass in the λ and ϵ bins Penoyre et al. (see Figure 4
in 2017). The distribution of the simulation at z=0 is in good agreement with that of the local
ETGs in ATLAS3D (see Figure 1.2).
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important to obtain observational results on kinematics of distant ETGs, which is the main purpose of

this study.
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1.3 Observational Results of Distant ETGs

In this section, we present observational results of distant ETGs mostly about the strong size evolution

in z < 2 which is closely related to the kinematical properties.

1.3.1 Rapid Size Evolution of ETGs in z " 2

Recent observations have revealed that massive ETGs (log(M∗/M⊙) > 11) have grown in the size

by a factor of ∼ 5 since z ∼ 2 (Trujillo et al., 2007, van Dokkum et al., 2008). Compared at a stellar

mass of log(M∗/M⊙) ∼ 11, ETGs at z ∼ 2 have an effective radius of re ∼ 1 kpc while the local

ETGs have re ∼ 5 kpc (van Dokkum et al., 2008)*. The similar trend is also observed when high-

and low-redshift ETGs are compared at a constant number density, which reveals that the stellar mass

of massive ETGs have grown only by a factor of ∼ 2 (van Dokkum et al., 2010). In the mean time,

the z ∼ 2 progenitors of local massive ETGs have the stellar mass density comparable to the core of

the local counter parts (Bezanson et al., 2009, van Dokkum et al., 2010), which indicates that the local

massive ETGs have developed their outer envelop at z < 2 (Hopkins et al., 2009).

The possible observational biasses such as flux loss in the outer region of a galaxy due to low

signal to noise ratio (e.g., Mancini et al., 2010) as well as effect of color gradients in a galaxy (Daddi

et al., 2005) are also taken into account in order to reveal that the observed size growth is real. Now a

number of studies have established a consensus that the size growth is real and not due to observational

biasses and artifacts such as the signal-to-noise ratios (e.g., van Dokkum et al., 2010), color gradients

in galaxies (e.g., van der Wel et al., 2014), choice of the scale length, i.e., effective radius (e.g., van der

Wel et al., 2014) or half-light radius (e.g., Andreon et al., 2016), method of profile fitting (Morishita

et al., 2014), and the use of space-based (van der Wel et al., 2014) or grand-based telescopes (van

Dokkum et al., 2010).

1.3.1.1 Possible Mechanisms of the Size Growth of ETGs

One caution is that the observed size evolution is the evolution of average sizes of ETGs. Therefore,

the evolution can be explained by the size growth of individual galaxies (e.g., Bezanson et al., 2009)

as well as different population mix in a ETG sample (e.g., Saglia et al., 2010). If the size evolution

*The smaller size of galaxies compared at a fixed mass means that the system is denser but not less massive.
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is due to the growth of individual galaxies, the size growth can be explained by several mechanisms

such as gas-poor major mergers, minor mergers, and adiabatic expansion. In gas-poor major merg-

ers, a simple virial assumption shows that galaxies can grow in size roughly following the relation

re ∝ M∗ (Bezanson et al., 2009). In contrast, gas-poor minor mergers can increase the galaxy size

more efficiently with re ∝ M2
∗ (Bezanson et al., 2009). Another possible mechanism is the adiabatic

expansion (Fan et al., 2008, 2010). At high-redshift, the gas fraction of galaxies at the central region

is high. In such a situation, by blowing out a large amount of gas from the center by AGN feedback,

stars and dark matter could be flown out as the central potential becomes less deep.

The fact that the effective radius grows much faster than the stellar mass favors gas-poor contin-

uous minor mergers as a main channel of the evolution (Bezanson et al., 2009, Naab et al., 2009).

Through high-resolution hydrodynamical simulations, Hopkins et al. (2010) have shown that the size

growth alone could be explained by several mechanisms such as gas-poor major and minor mergers,

adiabatic expansion (Fan et al., 2008, 2010), stellar age gradients in a galaxy, bias of the stellar mass

estimates, and observational effects. Hopkins et al. (2010) have concluded that gas-poor minor merg-

ers can reproduce velocity dispersions and central stellar mass densities and profile shape together

with the size evolution.

On the other hand, a number of studies have pointed out the significant effect of different popu-

lation mix (e.g., Saglia et al., 2010, Cimatti et al., 2012, Carollo et al., 2013), which is often called

the progenitor bias (Franx & van Dokkum, 1996, van Dokkum et al., 2000). It has been shown that

quenching of star-forming galaxies has been taking place from z ∼ 3 to 0 (Ilbert et al., 2013, Muzzin

et al., 2013, Tomczak et al., 2014), which indicates that quiescent galaxies are newly formed at the

same time. As a result, low-redshift samples of quiescent galaxies or ETGs* contain larger fraction of

newly quenched galaxies. The difference of morphology between star-forming galaxies which tend

to be disks and quiescent galaxies which tend to be spheroidal (Wuyts et al., 2011) could be the origin

of the apparent size evolution. As the size of disk galaxies is larger than spheroidal (e.g., Bernardi

et al., 2014, van der Wel et al., 2014) due to the difference of the stellar density. Therefore, newly

quenched galaxy from star-forming disks could have larger sizes than old, spheroidal galaxies if they

do not experience morphological transformation (i.e., from disks to spheroids) during the quenching.

*The exact definition is different for quiescent and early-type galaxies. But as a result of correlation be-
tween morphology and colors, samples of quiescent and early-type galaxies are often become similar (but see
discussion in Andreon et al., 2016, who discuss the impact of the ETG selection on the size evolution argu-
ments).
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The significant contribution of the progenitor bias for the size evolution is pointed out by van der Wel

et al. (2009) who have shown that in the local Universe, more compact galaxies have older stellar popu-

lations compared at a fixed mass. Fagioli et al. (2016) have investigated relation between galaxy sizes

and stellar population age by stacking a sample of spectroscopic quiescent galaxies at 0.2 < z < 0.8

from the 20k zCOSMOS-bright spectroscopic survey (Lilly et al., 2007, 2009). They have shown that

at lower stellar masses 10.5 < log(M∗/M⊙ < 11), the stellar age is younger in large galaxies than

small galaxies, which indicates that the progenitor bias can contribute the growth of average size of

quiescent galaxies or ETGs.

By observationally estimating the minor merger rate in the redshift range of 0.4 < z < 2 utilizing

deep imaging data, Newman et al. (2012) have shown that while minor mergers may explain most of

the size evolution at z " 1 assuming a short merger timescale, rapid size growth observed at higher

redshifts may not be explained by minor mergers alone. The similar conclusion is drawn by Belli

et al. (2015) who show that about one half of the increase of the average size of quiescent galaxies

in 1.25 < z < 2 may be explained by newly quenched galaxies. Carollo et al. (2013) investigate

the change of the number density of small (i.e., compact) and large (i.e., diffuse) quiescent ETGs at

0.2 < z < 1. For lower mass galaxies with 10.5 < log(M∗/M⊙) < 11, while the number density of

the compact ETGs is constant, that of large ETGs substantially increases in the redshift range, which

indicates that the size growth there could be explained by the emerging large ETGs. Although Carollo

et al. (2013) have not found such a phenomenon for massive galaxies, Gargiulo et al. (2017) have

reached a similar conclusions for more massive ETGs than log(M∗/M⊙) = 11. These are another

studies, however, that show conflicting results with those presented above. van der Wel et al. (2014)

demonstrates that the number density of compact quiescent galaxies strongly decreases from z ∼ 1.5.

1.3.1.2 Environmental Effect on the Size Growth of ETGs

Environmental effects may also be related to the size evolution of ETGs. At low redshifts, e.g., z <

0.4, the significant environmental effects on the average size of ETGs is not observed although the

size of spiral galaxies tend to be smaller in the cluster environment (Weinmann et al., 2009, Maltby

et al., 2010). Huertas-Company et al. (2013b) have shown that the size-mass relation of ETGs seems

to be universal in the local Universe, regardless of environments such as field, groups, and clusters.

Also no significant difference has been detected for the size at a fixed stellar mass between central and
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satellite ETGs (Huertas-Company et al., 2013b). Thus, looking at the local Universe, it seems that

the environment may not play a role for the size evolution of ETGs, although Poggianti et al. (2013)

have presented that the average size of cluster ETGs is smaller than field counterpart due to the larger

fraction of compact ETGs in clusters.

At high redshifts, the situation seems to be different. Cooper et al. (2012) have reported that

ETGs at 0.4 < z < 1.2 have larger effective radii in higher density regions, while Huertas-Company

et al. (2013a) have shown that there is no significant environmental dependance of the size of ETGs

as long as they compare groups (log(Mhalo/M⊙) " 14) and fields. At z ∼ 1, Jørgensen & Chiboucas

(2013) and Jørgensen et al. (2014) have investigated the Fundamental Plane of ETGs in four massive

clusters between 0.5 < z < 1.3, and shown that the amount of the size evolution tend to be smaller

than field ETGs, i.e., larger sizes in clusters. Using a large sample of ∼ 400 ETGs drawn from 9

clusters at 0.8 < z < 1.5, Delaye et al. (2014) have presented the larger average size for the cluster

ETGs than the field counter part. They also have pointed out that the larger average size is due to

skewed distribution tailing toward large sizes in the cluster sample. Using half-light radii instead

of effective radii, Andreon et al. (2016) have shown that the size evolution of ETGs in the cluster

environment is three-times gradual than in fields, which is in qualitative agreement with the findings

in Delaye et al. (2014). Delaye et al. (2014) propose three possible mechanisms that may explain the

larger sizes of the cluster ETGs at z ∼ 1 but not at z ∼ 0. The first one is the earlier quenching

in cluster environment with which newly quenched galaxies make the average size bigger, i.e., the

progenitor bias. The second is the different morphological mixing between clusters and fields, which

is similar to the progenitor bias in that it explains the difference of the average size by the different

fraction of galaxy population. In this case, we consider the fraction of S0s and Es. S0 galaxies with

larger apparent ellipticity tend to be measure as more compact when the size is measured by the

circularized radius (Huertas-Company et al., 2013a, Bernardi et al., 2014). Therefore, if a sample

contains larger fraction of S0 galaxies, the average size of the sample would appear to be smaller. The

third mechanism is enhanced major merger rates at higher redshifts in clusters. In massive clusters,

major mergers are thought to be rare because the velocity dispersion of galaxies moving in a cluster

is too large for them to slowly merge with each other (Binney & Tremaine, 2008). However, major

merger rates may be higher in higher redshifts where the progenitors of massive clusters are less

massive and have smaller velocity dispersion*.

*The velocity dispersion of galaxy clusters also depends on virial radius.
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At even higher redshifts, e.g., z ∼ 2, the size of ETGs seems to become comparable between

clusters and field again. Newman et al. (2014) have shown that there is no significant difference in

the size-mass relation between ETGs in a massive cluster at z = 1.8 and those in a coeval field. The

similar conclusion is also drawn for other clusters at z ∼ 2 (Allen et al., 2015, Wang et al., 2016).

As presented above, there are several possible mechanisms for explaining the size evolution of

ETGs in z < 2. The main driver of the evolution may be different in different environments and

different redshifts, which is far from being fully understood. Moreover, the mechanisms responsi-

ble for the size evolution of individual galaxies such as major and minor mergers as well as AGN

feedback may also be responsible for the evolution of kinematics, i.e., possible spin down of ETGs.

Thus, discriminating whether the size evolution is originated from the growth of individual galaxies

or population mix such as the progenitor bias would provide important constraints on the spin down

mechanisms of ETGs.

1.3.2 Observational Efforts on the Structures and Kinematics of Distant ETGs

It is inevitably important to observationally investigate kinematics of high-redshift ETGs. Unfor-

tunately, with current telescope facilities, carrying out IFS observation to obtain spatially-resolved

spectra with quality high enough for analyzing faint absorption lines of high-redshift ETGs. How-

ever, there have been a lot of efforts to investigate kinematics of distant ETGs with various methods.

1.3.2.1 Direct measurements of the kinematics of high-redshift ETGs

It is extremely difficult to investigate kinematical properties of distant ETGs though absorption line

spectroscopy, because absorption lines are very faint for currently available 8-m class telescopes, and

because the point spread function (PSF) affects the observed velocity and velocity dispersion fields.

However, some authors have tried the direct measurement of kinematics making use of ultra-deep

spectroscopy (van der Wel & van der Marel, 2008) as well as strong gravitational lensing (Newman

et al., 2015, Toft et al., 2017). van der Wel & van der Marel (2008) have carried out ultra-deep op-

tical slit spectroscopy (van der Wel et al., 2005) using an optical spectrograph, FORS2 mounted on

8-m Very Large Telescope (VLT). They have derived V/σ for 25 field ETGs in the redshift range

0.6 < z < 1.2, applying dynamical modeling to take account of the PSF effects. While they have de-

tected rotation for the majority of the sample, they have not found significant difference in the fraction
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of fast rotators. Newman et al. (2015) have obtained high-quality near-infrared spectra of an ETG at

z = 2.6, using strong gravitational lensing caused by a intermediate redshift cluster. From slit spectro-

scopic data taken by infrared spectrographs FIRE on the 6.5-m Magellan telescope and MOSFIRE on

the 10.0-m Keck telescope, they extract velocity and velocity dispersion profiles along the semi-major

axis from absorption lines in the spectra. The V/σ of the galaxy is large (∼ 0.70± 0.21) compared to

local ETGs which have similar stellar masses and ellipticity to the galaxy (log(M∗/M⊙) = 11.24

and ϵ = 0.12 ± 0.06). This result suggest that there may be a strong evolution from fast rota-

tors to slow rotators in z ∼ 2. Toft et al. (2017) also take advantage of strong lensing and obtain

high-quality optical-to-near infrared spectra using XSHOOTER on VLT. They reveal that a massive

(log(M∗/M⊙) ∼ 11.2) quiescent disk galaxy at z = 2.1 is rotating very quickly with a large V/σ of

> 3.3. If this galaxy would be a massive slowly rotating ETG, some mechanism should efficiently

reduce the angular momentum of the system.

1.3.2.2 Indirect measurements of the kinematics of high-redshift ETGs

The direct measurements of kinematical properties of high-redshift ETGs are important. However,

the sample size is limited due to difficulty in obtaining high-quality absorption spectra as well as the

rareness of the strong lensing, which makes statistical comparison to state-of-art simulations difficult.

Thus, indirect measurements which can be applied to a large sample is also indispensable.

The intermediate approach between direct and indirect is taken by Belli et al. (2017) who carry

out deep spectroscopy and obtain unresolved kinematics. Belli et al. (2017) have investigated average

V/σ of z ∼ 2 ETGs, using ellipticity and line-of-sight velocity dispersion. Although they obtain deep

spectroscopic data, the spatial resolution is too low to obtain V/σ which requires the spatially resolved

velocity information at least along the slit. Therefore, they have applied a simple kinematical model

to the distribution of ellipticity and line-of-sight velocity dispersion (i.e., unresolved velocity width)

for the sample of 80 ETGs in 1.5 < z < 2.5. They show that quiescent galaxies at z ∼ 2 have a factor

of two larger V/σ than z ∼ 0.

One indirect approach only with imaging data is to use ellipticity. Intrinsic ellipticity (i.e., tridi-

mensional shape) could be a proxy for rotation for axisymmetric system flattened by rotation (Binney

& Tremaine, 2008). As apparent ellipticity is the projection of the tridimensional shape, the distribu-

tion of the apparent ellipticity can also be used as a proxy for kinematics. The advantage of using the
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ellipticity is that it is relatively easy to obtain a large data set of ellipticity because it can be measured

solely from imaging data. van der Wel et al. (2011) have found that the ellipticity of a significant frac-

tion among 14 massive quiescent galaxies at z ∼ 2 is extremely small and conclude that significant

fraction (65 ± 15 percent) of the galaxies contain disks taking account of the viewing angle effect.

Chang et al. (2013b) have measured ellipticity of ∼ 400 ETGs at 0.6 < z < 1.8, and found that the

galaxies at z > 1 are significantly flatter than those at z < 1. Chang et al. (2013a) extend this study

by fitting ellipticity distributions of oblate and triaxial models to the observed distribution and study

the oblate-to-triaxial fraction at 0.5 < z < 2.5 as well as in the local Universe. They show that while

the fraction is a strong function of the stellar mass at z ∼ 0 with the massive end log(M∗/M⊙) ∼ 1

dominated by triaxial objects (oblate fraction ∼ 0.2), such dependance vanishes at z > 1 with much

larger oblate fraction (∼ 0.6), which suggests that ETGs is more disk dominated fast rotators at high

redshifts.

Besides ellipticity, there is another indirect method to investigate kinematics of ETGs. The

isophote shape parameter a4 can be a proxy for kinematics (Bender &Möllenhoff, 1987, Jedrzejewski,

1987). Around 1980s, several authors studied isophote shapes of E/S0s and found that the isophote

shape of ETGs significantly deviates from a perfect ellipse (Lauer, 1985a,b,c, Bender & Möllenhoff,

1987, Jedrzejewski, 1987, Bender et al., 1988, 1989). Bender & Möllenhoff (1987) and Jedrzejewski

(1987) evaluated the deviations using Fourier expansions in the polar angle. They found that most sig-

nificant non-zero component of the Fourier analysis is the a4 parameter, the coefficient of the cos(4θ)

term. As a4 represents the lowest order symmetric deviation about the semi-major and minor axes,

the negative sign of the parameter indicates that the isophote shape deviates into “boxy” whereas pos-

itive sign is indicative of “disky” deviation. It has been thought that boxy-disky dichotomy is closely

linked to slow-fast rotator dichotomy of ETGs. (Kormendy & Bender, 1996) have shown correlation

between the a4 parameter and V/σ of local ETGs. They have presented that boxy ETGs tend to be

brighter, supported by random motions with large velocity anisotropy (i.e., consistent with slow rota-

tors), have significant radio and X-ray activities and core nuclear light profiles, while disky ETGs tend

to be fainter, supported by ordered rotation with small velocity anisotropy (i.e., consistent with fast

rotators), lack radio and X-ray activities and have coreless nuclear profiles (Kormendy et al., 2009,

for a review)

Pasquali et al. (2006) have measured the a4 parameter for 18 ETGs at 0.5 < z < 1.1 using deep

imaging data taken by Hubble Space Telescope (HST). They have shown that he percentages of disky
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and boxy Es at 0.5 " z " 1.1 are similar to that of the local counter parts. Mitsuda et al. (2017) also

measure the a4 parameter for 133 ETGs in massive clusters at z ∼ 1 as well as a comparison sample

of 355 ETGs residing in massive clusters at z ∼ 0. In that study, we have shown that the disky galaxy

fraction at a fixed stellar mass is comparable between the high- and low-redshift samples. The results

from the a4 parameter and from ellipticity distribution seem to be conflicting. However, Mitsuda et al.

(2017) show that there is large uncertainty in measuring the a4 parameter due to the effect of PSF as

well as Eddington bias arising from lower signal-to-noise ratio for the high-redshift measurement (see

Appendix in Mitsuda et al., 2017).

Moreover, recent updates about the kinematics of local ETGs from IFS surveys have revealed

that the a4 parameter may not be a good proxy for rotation of galaxies (Emsellem et al., 2011). As

described in Krajnović et al. (2013), while a disk component in fast rotators could be detected by

diskiness of isophotes when they are viewed closed to edge-on, the signature would be vanished in

the noise for inclinations " 60◦(90◦for edge-on. See Figure 8 in Krajnović et al., 2013). Although

the ellipticity is strongly correlated with the spin parameter (Figure 1.2), the use of ellipticity as a

proxy for kinematics is also limited. As shown by (Newman et al., 2015), round objects may also

rotate more rapidly at high redshifts than in the local universe. Therefore, it is important to assess

the kinematical properties of round objects at high redshifts which may be progenitors of local round

slow rotators.
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1.4 Purpose of This Study

The purpose of this study is to observationally investigate the evolution of kinematics of ETGs. As we

have shown in the previous sections, it is inevitably important to obtain kinematics of high-redshift

ETGs and to compare the results with state-of-art cosmological simulation in order to investigate

the mechanisms of kinematical evolution. However, it is difficult to directly measure the spatially-

resolved kinematics for a statistically significant samples of high-redshift ETGs from absorption line

spectroscopy as we have mentioned before. In this study, we take indirect approach to investigate

kinematics of high-redshift ETGs. For this purpose, we (i) find out a photometric parameter that can

be used as a proxy for kinematics of ETGs, and (ii) measure the parameter for a large sample of

high-redshift ETGs by carrying out surface photometry.

1.4.1 Finding a Photometric Parameter as a Proxy for Kinematics

In the first part of this paper, Chapter 2, we investigate the relation between surface photometry and

kinematics of ETGs in order to find out a photometric parameter which is significantly correlated to

kinematic parameters such as λ and V/σ.

Radial light profiles are important aspects of ETGs. It is well known that radial light profiles of

ETGs* can be well fitted by de Vaucouleurs (or r1/4) profiles (de Vaucouleurs, 1948). More generally,

the profiles of ETGs are often described by Sérsic profile (Sérsic, 1968) with which the intensity at a

radius r is expressed as

I(r) = Ie exp

{
−bn

[(
r

re

)1/n

− 1

]}
, (1.3)

where Ie is the intensity at the effective radius re, n is the Sérsic index, and bn is a dimensionless scale

factor depending onn (b ∼ 2n−1/3, Ciotti & Bertin, 1999). Whenn = 4, the Sérsic profile converges

on the de Vaucouleurs. Luminous Es (e.g., B-band absolute magnitude brighter than MB ∼ −20.5)

tend to have n ∼ 4 or greater while less luminous Es have n ∼ 2 − 4 (Caon et al., 1993, Graham &

* Strictly, the single component de Vaucouleurs or Séric profile fitting should be applied only for Es and
bulge components. S0s should be fitted by multiple components because they have a disk and a bulge. But in
many cases, a single Séric profile is enough. In this case, the Séric index n becomes ∼ 4 when the galaxy is
bulge-dominated, otherwise n becomes ∼ 1. Especially for high-redshift galaxies, a single-component Séric
profile is favored, because the spatial resolution and signal-to-noise ratio is not that high for carrying out robust
two-component fitting (i.e., bulge-disk decomposition).
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Guzmán, 2003, Kormendy et al., 2009).

Disk components*, on the other hand, have light profiles consistent with exponentially-declining

profiles (exponential disk, Freeman, 1970) which can be described by n = 1 in the Sérsic profile.

The exponential disk itself is more truncated than de Vaucouleurs profiles. Moreover, light profile of

majority of disk-dominated galaxies are truncated in the outer region, deviating from pure exponential

profiles (van der Kruit, 1979, Pohlen et al., 2004).

The light profile of ETGs are sometimes a fitted with two-component model including a bulge

and a disk in order to carry out bulge-disk decomposition (Andredakis & Sanders, 1994, Andredakis

et al., 1995). For ETGs, the bulge component is described either by a de Vaucouleurs or Sérsic profile

while the other component by an exponential profile. This method is used to decompose multiple

components in a galaxy (e.g., Fisher & Drory, 2008, Lang et al., 2014), and require higher spatial

resolution and signal-to-noise ratio for robustly determining larger number of the fitting parameters.

Based on two-dimensional kinematics, Using the single-component Sérsic and two-component

profile fitting, Krajnović et al. (2013) have presented that 83 per cent of 180 local non-barred ETGs in

the ATLAS3D sample show signs of disk components such as small single-component Sérsic index n

and non-zero disk-to-total luminosity ratioD/T . They have suggested a criterion to photometrically

classify slow and fast rotators using n and D/T . They propose to select fast rotators by disk-to-

total light ratio D/T > 0.5 and total Sésic index n < 3 for those having D/T ≤ 0.05, and slow

rotators as remaining. Although this selection gives very high completeness for fast rotators (0.89),

the contamination for fast rotators is as high as 0.29 and slow-rotator completeness is only 0.4 with

the contamination of 0.29. In addition, although there are significant correlation between the Sésic

parameters (total Sésic index n, bulge Sésic index nbulge, and D/T ) and the kinematic parameter λ,

the correlations almost vanish for round galaxies (ϵ < 0.4).

In Figure 1.4, we show the total Sésic index as a function of λe for all non-barred ATLAS3D ETGs

and for round ETGs (ϵ < 0.4). In this study, we gathered data from publicly available catalogs of the

ATLAS3D Project†. The details are described in Section 2.1.1. The left panel of Figure 1.4 describe

significant correlation between n and λe. We carry out the Spearman’s rank correlation test, and the

p-value‡ is small 2.6 × 10−10 which indicates that there is a significant correlation between the two

* LTGs are often fitted with a single exponential profile as well as Sésic profile with n ∼ 1 as their bulge
fraction is not large.

†http://www-astro.physics.ox.ac.uk/atlas3d/
‡ The p-value is the probability with which the observed distribution is drawn from random one.
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parameters. If we select round galaxies, however, the significant correlation is no longer seen. The

p-value of the rank correlation test is not small.

Figure 1.4 Spin parameter λe as a function of the Sésic index n for non-barred ETGs in the
ATLAS3D sample. Left: All galaxies. Right: Round galaxies with ellipticity ϵ < 0.4. Color
indicates ellipticity denoted in the lower left of each panel. Marker size indicate the stellar
mass noted in the upper left of each panel. Error bar indicates median error for n. Results
of the Spearman’s rank correlation test, the correlation efficiency ρrank and p-value prank are
also written in the lower right.

The situation is better for other Sésic parameters, nbulge, andD/T , which are described in Figures

1.5 and 1.6. The p-value of the rank correlation test between nbulge and λ is 2.6×10−9 for all galaxies

and 1.3 × 10−5 for round galaxies (ϵ ≤ 0.4). The p-value between D/T and λ is 1.0 × 10−12 for

all galaxies and 2.5× 10−3 for round galaxies. However, two-component fitting or bulge-disk profile

decomposition is difficult for high-redshift galaxies for which signal-to-noise ratio and the spatial

resolution of images is not very high (see Lang et al., 2014, who carried out the decomposition for

high-redshift galaxies but with fixed nbulge = 4).

Among the Sésic parameters we find that the effective radius re and the surface brightness at the

effective radius µe show significant correlation to λe. Figures 1.7 and 1.8 are the same plots as Figure

1.4 but for re and µe, respectively. For round galaxies, the p-value of the rank correlation test become

9.1× 10−5 and 2.9× 10−4, respectively.

The problem in the parameters re and µe is that they are fitting parameters and are not always

able to be interpreted as effective radius and surface brightness at the radius when a light profile of
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Figure 1.5 Same as Figure 1.4 but for the bulge Sérsic index nbulge.

Figure 1.6 Same as Figure 1.4 but for the disk-to-total ratio D/T .
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Figure 1.7 Same as Figure 1.4 but for the effective radius re.

Figure 1.8 Same as Figure 1.4 but for the surface brightness at the effective radius µe.
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a galaxy significantly deviates from pure Sésic. In such a case, re and µe tend to be affected by n due

to parameter correlation, depending on profile fitting method (Morishita et al., 2014). Therefore, we

would like to find a better parameter than re and µe. We note that the reason why re and µe correlate to

λmay not be due to their correlation to n because the Sérsic index n does no longer show correlation to

λ for round galaxies. We suspect that the reason may be that while n is sensitive for light concentration

(i.e., bulge fraction), re and µe may be affected by light in the outer regions.

On the profiles of ETGs, an interesting result is recently reported. Schombert (2015) has con-

structed template profiles of local ETGS which describe average profiles of ETGS as a function of

luminosity. He has found that local ETGs can be classified into two families by outer light profiles

using the templates. One is those having consistent profiles with the templates, and the other is those

having distinctly shallower (i.e., extended outer) profiles. He has shown that more massive galaxies

tend to have extended light profiles. He has also presented that extended ETGs seem to have lower

V/σ than normal ones (Figure 12 in Schombert, 2015). Although the difference of V/σ might come

from the difference of the stellar mass taking account of correlation between kinematics and stellar

mass, the light profiles (especially, slopes of the light profile in the outer region, i.e., whether it is ex-

tended or not) may have some information about kinematics. Therefore, it is important to discriminate

whether the difference of the outer light profiles is originated from the stellar mass or from kinematics

(or from both).

In this study, we investigate the relation between slopes of radial light profiles and kinematics of

ETGs. We carry out surface photometry in order to extract r-band radial light profiles for 166 non-

barred ETGs in the ATLAS3D sample which are covered by imaging data of Sloan Digital Sky Survey

(SDSS York et al., 2000) Data Release 12 (DR12, Alam et al., 2015). We measure slopes of the light

profiles in inner and outer regions. We also introduce a new parameter ∆Slope using the inner and

outer slopes which roughly indicates the deviation of the light profiles from a pure Sérsic function. We

show that almost all slow rotators have extended profiles with negative∆Slope while the majority of

fast rotators are consistent with Sérsic (∆Slope ∼ 0) or truncated (∆Slope > 0). We also present that

there is a significant correlation between∆Slope and λ for round objects. This part will be described

in Chapter 2.
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1.4.2 Surface Photometry of High-Redshift ETGs

In the second part, Chapter 3, we carry out surface photometry for high-redshift quiescent ETGs as

well as their low-redshift counterparts. We prepare a large sample of! 600 ETGs residing in massive

clusters both at z ∼ 1 and 0. We would like to note that advantages of using massive clusters are

that we can construct a sample of large number of massive ETGs and that they are unique environ-

ment where galaxies evolve within the cluster once they enter into such an environment. The latter

advantage help us construct a sample of the low-redshift counterparts which are likely ancestors of

the high-redshift ETGs.

We make use of high-quality imaging data taken in i and z bands which we have gathered in

the Hubble Space Telescope (HST) Cluster Supernova (SN) Survey (Dawson et al., 2009, Suzuki

et al., 2012, PI-Perlmutter: GO-10496). In the program, 25 massive clusters at 0.9 < z < 1.5 have

been targeted. We also use a spectroscopic catalog created in the program through ground-based

spectroscopic follow-up observations. As we have co-added many images taken over multiple epoch,

the z-band images have a total exposure time of ∼ 10 k sec or more. The spatial resolution is also

high (PSF FWHM ∼ 0.1 arcsec ∼ 0.8 kpc at z ∼ 1) enough for studying light profiles of z ∼ 1

galaxies. We select quiescent ETGs which are likely to be members of the clusters using color and

morphological selection, taking advantage of a large number of spectroscopically confirmed members.

For the low-redshift comparison sample, we use imaging data and photometric and spectroscopic

catalogs provided by SDSS DR12 (Alam et al., 2015). We select massive clusters according to their

halo mass taking account of the growth of the halo mass (Zhao et al., 2009) so that we could select

likely ancestors of the high-redshift clusters. We extract low-redshift ETGs in a consistentmanner with

the high-redshift sample so that we could select likely ancestors of the high-redshift ETGs assuming

passive evolution.

We carry out surface photometry, extract light profiles in the rest-frame optical wavelength, and

derive inner and outer slopes as well as ∆Slope We also simulate effect of PSF using local ETG

samples which we use in Chapter 2, and correct the slopes and ∆Slope for the effect. We find the

significant difference of ∆Slope distribution between the high- and low-redshift samples. This part

will be described in Chapter 3.
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1.4.3 Structure of the Paper

This paper is organized as follows: In Chapter 2, we present the first part where the relation between

∆Slope and λ is shown. In Chapter 3, we carry out surface photometry to obtain ∆Slope for high-

redshift ETGs as well as for low-redshift comparison sample. In Chapter 4, we discuss formation

and evolution mechanisms based on finding in Chapter 2 and 3. Finally, in Chapter 5, we summarize

this study with conclusions. Throughout this paper, magnitudes are described in the AB system. We

assume a ΛCDM cosmology with parameters of (Ωm, ΩΛ, H0)=(0.3, 0.7, 70 km s−1 Mpc−1).
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2
Relation between Kinematics and Light

Profiles of Local Early-Type Galaxies

In this chapter, we present the relation between light profile and kinematic properties of local ETGs.

We prepare a sample of local ETGs from a large IFS survey, the ATLAS3D, within the SDSS imaging

survey area. We carry out surface photometry on the SDSS images in order to measure radial light

profiles and the slopes of the profiles in inner and outer regions. We investigate relation between

degree of rotation support and the deviation of the light profile which is parameterized by the slopes.

This chapter is structured as follows. We present sample and data in Section 2.1. We then describe

how we carry out surface photometry for the extraction of the radial light profiles and how we derive

the inner and outer slopes in Section 2.2. We show the results in Section 2.3.2.1 where we present

the slopes of fast and slow rotators as well as the definition of ∆Slope. Finally in Section 2.4, we

provide brief discussions. In this chapter, we use the following rough classification for slow and fast

rotators unless otherwise indicated. We regard galaxies with λe ≤ 0.3 as slow rotators and others as

fast rotators.
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2.1 Data and Sample

We have created a non-barred ATLAS3D ETG sample within the SDSS imaging survey area. We

measure radial light profiles of the non-barred ATLAS3D ETG using SDSS images and compare them

with kinematical properties investigated by the ATLAS3D Project.

2.1.1 ATLAS3D Data

The ATLAS3D Project (Cappellari et al., 2011a) is a volume-limited, multi-wavelength survey of a

complete sample of 260 ETGs within the local volume of radius of D = 42 Mpc combined with

galaxy formation simulation such as numerical simulations and semi-analytic modeling.

The sample selection of the ATLAS3D Project is detailed in Cappellari et al. (2011a). Here, we

briefly describe the ATLAS3D ETG sample. The ATLAS3D ETGs are selected from parent 871 galax-

ies which lie within D < 42 Mpc in the northern hemisphere (|δ − 29| < 35, where δ is the sky

declination) and have absolute K-band magnitude brighter than MK = −21.5 mag. The magnitude

limit corresponds to the stellar mass ofM∗ = 6× 109M⊙ for ETGs.

The ATLAS3D ETGs are morphologically selected based on the absence of spiral structure. The

spiral structure is visually examined using true color red-green-blue images (Lupton et al., 2004) pro-

vided by the SDSS DR7 (Abazajian et al., 2009) which is 82 percent of the parent sample as well as

B-band DSS2-blue images in the Online Digitized Sky Survey* and images taken by the ATLAS3D

team with the Isaac Newton Telescope. Basic properties of the sample such as masses, sizes, and col-

ors are given in the series of ATLAS3D papers (e.g., Cappellari et al., 2011a, 2013a). We note that the

ETG selection is solely based on the morphology and no color selection is applied although majority

of the selected ETGs have red color consistent with the red sequence.

In this study wemake use of publicly available data from the ATLAS3D Project†. The data include

the right ascension, declination, distance (Cappellari et al., 2011a), morphological features such as bar,

ring, and shell (Krajnović et al., 2011), ellipticity, spin parameters (Emsellem et al., 2011), luminosity

and the mass-to-luminosity ratio in r-band (Cappellari et al., 2013b), and Sérsic parameters (Krajnović

et al., 2013).

*http://archive.eso.org/dss/dss
†http://www-astro.physics.ox.ac.uk/atlas3d/
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2.1.2 SDSS Imaging Data

We prepare mosaic images for the ETG sample from SDSSDR12 because the galaxies are so large that

one single frame can not cover entire galaxy images. We collected all frames within± 10 arcmin from

the center of the galaxies from SDSS DR12 Science Archive Server. We make use of flux-calibrated,

sky subtracted images provided by SDSS DR12 which have been processed with the photometric

pipeline version 5_6. The sky subtraction around bright objects is improved in this version in that the

over-subtraction of the outer parts of large galaxies are minimal.

We then create a mosaic image for each galaxy using an iraf task wregister. First, we prepare a

reference image with the size of 4000 pix× 4000 pix in whichWCS parameters are defined so that the

central pixel (2001, 2001) has RA and Dec of the target galaxy with the same pixel scale as original

SDSS images (0.396 arcsec pix−1) and with the north up. Then, all frames for the target galaxies are

transferred to the projection defined in the reference image by wregister. Finally, all transferred

frames are combined. We created the mosaic images for all SDSS u, g, r, i, z filters, respectively,

although the results are derived from r-band images.

We also created mosaic images of variance. We prepared variance image for each single frame

from sky image, calibration factor, flat field, gain, and dark variance as described in SDSS website*.

We then transfer and combine all frames for the target galaxies, and obtain mosaic images of variance.

2.1.3 Non-barred ETGs Sample

In order to reliably measure the light profiles of the main body of galaxies, we focus on ETGs without

bars, rings, and shells based on the inspection by Krajnović et al. (2011). We exclude galaxies noted as

either ”B“ (bar), ”R“ (ring), ”S“ (shell), or ”U“ (unknown) in Table D1 in Krajnović et al. (2013). We

have 180 non-barred ETGs at this stage which are exactly the same galaxies whose Sérsic parameters

are studied by Krajnović et al. (2013).

We then selected galaxies which are within the SDSS imaging survey area. Among the 180 non-

barred ETGs, 14 galaxies lack SDSS coverage. Therefore, in this study, we focus on the remaining

166 galaxies.

*https://data.sdss.org/datamodel/files/BOSS_PHOTOOBJ/frames/RERUN/RUN/
CAMCOL/frame.html
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Figure 2.1 Distributions of themedian intensity within circular apertures for IC0560. The unit
of the intensity is given in nano Maggy per pixel which is the brightness unit of calibrated
images in SDSS DR12. From top-left to bottom-right panels, the aperture radius is 50, 100,
200, and 400 pixels as noted in the top-right corner of each panel. For comparison, Gaussian
distributions with the width σ equivalent to the standard deviation of the cyan histogram is
shown by blue curves. Red curves are also Gaussian distributions but with the width set to
the interval between 16 percentile and 50 percentile. Blue ones are too wide because of the
extended positive wings in the median intensity distributions, which indicates that the median
intensity (i.e., estimated sky residual) is probably affected by undetected objects.
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Figure 2.2 µbg (top) and σbg as a function of the aperture size for all of the ETG sample
(colored circles, same color for one galaxy). The vertical axis is normalized with the median
taken along the x-axis (µbg,med,r and µbg,med,r) which are noted in the panels. 16, 50, and 84
percentiles of the data points for each raper are shown by gray crosses.
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Figure 2.4 Histogram of the inner most radius (rin,0 = 0.7(r/rh,25.0)1/4). Vertical dotted line
indicates the typical PSF FWHM in SDSS r-band images.

2.2 Measuring surface brightness profiles and slopes

In this section, we describe how surface brightness profiles are obtained as well as how inner and outer

slopes are measure from the profiles.

2.2.1 Measuring light profiles

We obtain radial (semi-major axis) surface brightness profiles from SDSS r-band images. We prepare

mask images and measure radial light profiles. We also estimate possible sky residual and subtract

it from radial profiles, although automatic sky subtraction has already been applied by SDSS in a

sophisticated way. We then compute inner and outer slopes. We take account of local fluctuation of

the sky residual into uncertainty of the inner and outer slopes.
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Figure 2.5 Histogram of the surface brightness at the outer most radius (µrout,1). Vertical
dotted line indicates the median of µrout,1 .
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2.2.1.1 Creating masks by SExtractor

First, a mask image for objects around each target galaxy is prepared. We run Source Extractor

(SExtractor, Bertin & Arnouts, 1996) to detect objects within each mosaic image in two-step man-

ner (hot and cold detection; Rix et al., 2004). The detection and deblending parameters are optimized

by trial and error judged by the successful detection and segmentation of objects around the target

galaxies. We make use of the segmentation image provided by SExtractor to construct the mask im-

age. All the non-zero pixels in the segmentation are masked except for those belonging to the target

galaxy.

2.2.1.2 Measuring radial profiles

From the mosaic image and mask, r-band light profile is measured for each galaxy. We measure

the average intensity at ri within an elliptical annulus with the inner semi-major axis of ri − 0.5∆r

and outer one of ri + 0.5∆r. Here, ri is taken from 0.5 pixel to 20 times the Petrosian radius (i.e.,

PETRO_RADIUS in SExtractor) with the interval of 1 pixel, and∆r is set to 1 pixel. Near the edge of

the annulus, a pixel is divided into 100× 100 sub-pixels, and the intensity is integrated using the sub-

pixels. Geometry parameters of the ellipse such as the central position, position angle, and ellipticity is

fixed to those measured by SExtractor for all annulus. The average intensity is converted into surface

brightness after the subtraction of sky residual (see below) using the pixel scale and magnitude-zero

point (22.5 for SDSS).

2.2.1.3 Estimating and subtracting sky residual

Although the sky subtraction carried out with the SDSS photometric pipeline version 5_6 is sophisti-

cated, there may be global and/or local under- or over-subtraction within the mosaic images. We first

estimate the residuals of the sky subtraction as follows. For all 166 ETGs in our sample, we randomly

put circular apertures with various radii on the mosaic images, take median intensity, and estimate

the fluctuation of the median. Since the median intensity within an aperture can be regarded as local

background level (i.e., sky residual), the fluctuation of the median intensity over apertures reflects

the possible variation of the local sky residual plus the random error originated from noise. For this

purpose, we aggressively mask object by masking elliptical regions within r < 4rPetro with the el-
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lipticity and position angle determined by SExtractor. Here, rPetro is the Petrosian (semi-major axis)

radius (Petrosian, 1976) which is also derived by SExtractor. The pixels detected in the segmentation

image created by SExtractor are also avoided. We set the aperture radii (raper) to 50, 100, 200, and

400 pixels. We also set the number of apertures put on the mosaic images to 6400, 1600, 400, 200,

respectively for the aperture sizes. We discard apertures if the amount of unmasked pixels within an

aperture is less than 75 percent in which case a new aperture is taken instead.

Figure 2.1 is an example of the distributions of the median intensity within apertures. We also plot

two Gaussian distributions for comparison. One has the width (σ) equivalent to the standard deviation,

and the other to the interval between 16 and 50 percentile. Both has the same central value which is

set to the median of the original distribution (µbg). In this example (and most cases), the Gaussians

with the standard deviation are too wide while those with the 16 to 50 percentile interval agree well

with the original distribution in the area where the intensity (x-axis) less than the median. This is due

to extended positive wings in the median intensity distribution which may be caused by undetected

objects or fluxes outside the mask. The positive value of µbg is indicative of possible global sky

residual (i.e., under-subtraction) and negative value is indicative of over-subtraction. Therefore, we

apply additional subtraction of the residual from radial profiles. Note that the residual µbg ∼ 8×10−4

nMgy/pix is small (0.1 %) compared to the subtracted sky revel which is ∼ 0.7 nMgy/pix for the

typical r-band sky brightness of ∼ 21 mag arcsec−2. We have checked that the results do not change

significantly even if we do not apply the additional subtraction.

We also evaluate the possible variation of the local sky residuals. We also obtain the median

variance from mosaic variance image within the same aperture for the median intensity. We quadrat-

ically subtract the median of the median variance (background and photon noises) from the 16 to 50

percentile interval of the median intensity and obtain the possible variation of the local sky residuals

(σbg). For most cases, contribution from the variance is small. In Figure 2.2, µbg (top) and σbg for all

of the ETG sample are shown as a function of the aperture size. µbg tends to increase marginally with

increasing aperture sizes. This may be because larger apertures have more chance to contain pixels

close to masked regions. We check the dependance of the median fraction of unmasked pixels within

an aperture on aperture sizes. The fraction decreases from ∼ 97 percent for raper = 50 pix to ∼ 93

percent for raper = 400 pix, which indicates that the larger aperture tends to contain pixels close to

the edge of the masks likely to be contaminated by light from the masked objects. On the other hand,

σbg marginally decreases with increasing aperture sizes. This may be because small scale fluctuations
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of the sky residual are smoothed out by taking large apertures. Also, the contribution from the noise

could be underestimated because pixel-to-pixel correlation is not taken into account. Therefore, we

consider σbg as an upper limit of the fluctuation of local sky residual.

2.2.2 Stacked profiles of ETGs

In Figure 2.3, stacked profiles are shown for different spin parameters (λe ≤ 0.15, 0.15 < λe ≤ 0.3

and 0.3 < λe) in four stellar mass bins. The radius is scaled at the half-light radius rh,25.0 (see

below) and shown in the scale of (r/rh,25.0)1/4. The surface brightness is normalized at the surface

brightness at rh,25.0. Faster rotators with larger λe tend to have lower surface brightness in outer

regions ((r/rh,25.0)1/4 ! 1.2). Although the lower surface brightness is also observed in the central

regions (r/rh,25.0)1/4 " 0.6) in panels (a) to (c) in the upper row, the central region is likely to be

affected by the PSF. The difference of the stacked light profile is large in outer regions even for round

galaxies or massive galaxies. We quantify the difference using inner and outer slopes of light profiles

in this study. We describe how the slopes are measured in the following sections.

2.2.3 Measuring inner and outer slopes

Wemeasure the inner and outer slopes of light profiles as follows. We determine the scale length as the

half-light radius rh,25.0 in r-band so that one half of the light integrated above the surface brightness of

25.0 mag arcsec2 is included. Using the half-light radius is better than the effective radius re derived

by fitting a single Sérsic model when the light profile of a galaxy is deviated from the model in which

case re tend to be overestimated (e.g., Bernardi et al., 2014). We have checked that the derived half-

light radius rh,25.0 agree well with that derived with independent method by Cappellari et al. (2013a).

The slopes are defined as the slope of linear functions which are fitted to radial profiles on the

(r/rh,25.0)1/4 − µ plane where µ is the surface brightness. The radial ranges in which the fitting is

carried out are set to 0.7 ≤ (r/rh,25.0)1/4 ≤ 1.0 for the inner slope and 1.0 ≤ (r/rh,25.5)1/4 ≤

1.6. We equally weight all of the data point in the intervals regardless of the signal-to-noise ratio

during the fitting. As a result, the fitted slopes become close to the gradient of the light profile at

the mid point of the intervals, i.e., 0.85 × (r/rh,25.0)1/4 for the inner and 1.3 for the outer slopes,

respectively. We derive uncertainty of the slopes byMonte-Carlo simulations. We randomly resample

the surface brightness level at each data point from the noise estimated from variance images, assuming
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the Gaussian distribution. The one-sigma uncertainty is estimated by the standard deviation from

1000-time trials.

If the light profile of a galaxy follows pure Sérsic profile with the Sésic index of n, the light profile

is expressed as

µ(r) = µe +
2.5

ln 10
bn[(

r

re
)1/n − 1] (2.1)

= µe +
2.5

ln 10
bn[x

4/n − 1], (2.2)

where µe is the surface brightness at the effective radius re, bn is a dimensionless scale factor depend-

ing on n (Ciotti & Bertin, 1999), and x = (r/re)1/4. Therefore, the slope of the profile evaluated at

a radius x = xa is given as
∂µ

∂x
|xa =

2.5

ln 10
bn

4

n
x4/na . (2.3)

For example, for de Vaucouleurs (n = 4) profiles (de Vaucouleurs, 1948), the slope is always 8.33

regardless of radii. For smaller n than 4, the inner slope becomes shallower while the outer slope

becomes steeper, and vice versa. We will use Equation 2.3 in Section 2.3, in order to derive the

deviation of the slopes from pure Sérisic profiles for the ETG sample.

Setting the inner most radius to rin,0 = 0.7 × (r/rh,25.0)1/4 assures that the radial range for

determining the inner slope is well outside the very central region where point spread function (PSF)

may affect the measurement. In Figure 2.4, we show the histogram of rin,0. For most cases (163/166),

rin,0 is greater than PSF FWHM (1.3 arcsec). Moreover, the mid point of the radial interval, 0.85 ×

(r/rh,25.0)1/4, is 2.2-times larger than rin,0 in the linear scale. Therefore, we consider that the effect

of PSF on the inner slope should be small.

We note that the surface brightness at the outer most radius (µrout,1) is not very faint. In Figure

2.5, we show the histogram of µrout,1 . The majority of the sample have the surface brightness of

µrout,1 " 26mag arcsec−2. Only a few galaxies have low surface brightness at rout,1 reaching the level

of ∼27 mag arcsec−2 where the sky subtraction uncertainty may affect light profiles. We investigate

the effect of the sky subtraction uncertainty on the slopes later in the next section, and the effect is

taken into account the uncertainty of the slopes.
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2.2.3.1 Uncertainty of the Slopes

We then estimated uncertainty of the slopes in the following way. We subtract or add σbg evaluated

with the 200-pixel apertures (see Section 2.2.1.3) from the radial profile, and then derived the inner

and outer slopes. This aperture size of 200 pixel is close to the typical outer most radius (median

rout,1 = 260 pixels) of the radial range with which the outer slopes are derived. This chose is rea-

sonable because the outer slopes are more likely to be affected by sky subtraction as they are derived

in relatively faint regions. As uncertainty of the slopes, we take the largest value among the differ-

ence between those measured with σbg-subtracted and original profiles, those with σbg-subtracted and

original, and uncertainty derived from readout and photon noises. For the inner slopes, the median

uncertainty from σbg subtraction or addition is only slightly larger (∼0.08 percent) than that from the

noises (∼0.06 percent). On the other hand, the median uncertainty of the outer slopes become∼1 per-

cent from the σbg which is much larger than that from the noises (∼0.2 percent). Still, the uncertainty

of the outer slopes derived from σbg subtraction or addition is not very large and the outer slopes are

robustly measured. At a surface brightness level of 27.5 mag arcsec−2 which is the almost faintest

brightness at the outer most radius (rout,1) used for evaluating the outer slopes (Figure 2.5), the dif-

ference of the surface brightness between σbg-subtracted (or added) and original profile becomes as

much as ∼ 0.5 mag arcsec−2 in the case of σbg = 7.3 × 10−4 nMgy arcsec−2 (median, see Figure

2.2). Although this difference is not small, as the radial range in which the outer slopes are evaluated

lies much closer to the center of a galaxy than the outer most radius (rout,1), the outer slope is not

very sensitive to the edge of the interval. For example, the radius at the mid point of the interval,

1.3× (r/rh,25.0)1/4, is 2.3-times smaller than rout,1 in the linear scale.
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2.2.4 Example

In Figure 2.6, we show two examples of the measurement of inner and outer slopes with some other

properties. One is a slow rotator, NGC0661 (upper panels) and the other is a fast rotator, NGC0680

(lower panels). Both galaxies have similar stellar mass and half-light radius as shown in panel (b) as

well as similar ellipticity. In Krajnović et al. (2013), both of them are judged to be well fitted by a

single component Sérsic profile rather than two component (bulge + disk). These galaxies are undis-

tinguishable by usual photometric quantities such as ellipticity and Sérsic parameters. Using inner

and outer slopes, the slow rotator is classified as extended, i.e., the shallower outer slope compared to

the inner, while the other is classified as slightly truncated (panel (e)). For the panels (b), (c), and (d),

other galaxies are also shown. We assign colors according to kinematical properties based on λe and

k5/k1. The latter parameter indicates deviations in the velocity and velocity dispersion fields from

ordered rotation evaluated using the kinemetry method (Krajnović et al., 2006, 2011). We classified

the ETGs into three classes in these panels, regular rotators which have k5/k1 < 0.07, non regular

rotators with k5/k1 ≥ 0.07 and λe ≤ 0.15, and intermediate populations with k5/k1 ≥ 0.07 and

λe > 0.15. The classification mostly consistent with the classification using ellipticity and λe given

in Emsellem et al. (2011) and Cappellari (2016). The non regular rotators are located in the lower left

region in the inner and outer slope plot which is panel (e).
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2.3 Results

In this section, we present the relation between light profiles and kinematics.

2.3.1 Inner and outer slopes of light profiles

First, we present the inner and outer slopes of the light profile for ATLAS3D slow (λe ≤ 0.3) and fast

(λe > 0.3) rotators in Figure 2.7. Most of slow rotators have smaller outer slope values compared to

pure Sérsic profiles when compared at a fixed inner slope, which means their light profiles are more

extended than Sérsic profiles. Among slow rotators, those with smallest λe (e.g., λe < 0.05) tend

to have the most extended outer profiles. In contrast, fast rotators distribute evenly above (truncated)

and below (extended) the pure Sérsic curves (dotted curves).

This trend holds even after we select galaxies with ellipticity ϵe ≤ 0.4. In Figure 2.8, the inner and

outer slopes of ATLAS3D galaxies with ϵe ≤ 0.4 are shown. While slow rotators occupy the region

below the pure Sérsic curve, fast rotators distribute evenly above and below. Thus, the deviation

of outer light profiles from Sérsic profiles carries independent information about kinematics from

ellipticity. Later, we propose new method to discriminate slow and fast rotators using ellipticity and

deviation of light profiles from Sérsic.

2.3.2 Deviation of light profile from Sérsic: ∆Slope

We evaluate the deviation of light profiles from Sérsic profiles in the following manner. First, we fit

a linear function fout,Sersic to the pure Sérsic curves (shown in Figures 2.7 and 2.8) for Sérsic index

4 ≤ n ≤ 8. We obtain

fout,Sersic = −0.955(Slopein − 8.33) + 8.30. (2.4)

The fitting results are shown by the dotted lines in the Figures 2.7 and 2.8. Second, we define the

deviation ∆Slope as the difference between an outer slope and the fitting function at a inner slope,

∆Slope = Slopeout − fout,Sersic(Slopein). (2.5)
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Figure 2.7 Inner and outer slopes of ATLAS3D slow (left) and fast (right) rotators. Marker size
corresponds to the stellar mass denoted on the top left of the left panel while color corresponds
to the spin parameter λ as shown in the bottom left of each panel. Dotted curves indicate the
slopes of pure Sérsic profiles with the Sérsic index nwritten in the panels while dotted straight
lines are fits to the pure Sésic slopes in the range of 4 < n < 8. Median uncertainties of the
slopes are shown by error bars.

Figure 2.8 Same as Figure 2.7, but for round galaxies with ϵ ≤ 0.4.
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Although the linear function deviates from the original pure Sérsic curve especially for n < 2, most

of ETGs have n > 2 especially for round galaxies with ϵ ≥ 0.4. We will use both ellipticity and

deviation of light profiles to isolate slow and fast rotators. Therefore, this definition of the deviation

∆Slope is enough for the purpose. Compared at the same inner slope, i.e., the same concentration,

ETGs with negative ∆Slope have more extended outer profiles than pure Sérsic profile while those

with positive ∆Slope have more truncated profiles.

2.3.2.1 Relation between ∆Slope and λe

In Figure 2.9, relation between the deviation∆Slope and spin parameter λe is shown. There is a global

trend that ETGs with smaller∆Slope has smaller λe (slowly rotating). We carry out Spearman’s rank

correlation tests to investigate the significance because the scatter is large. Although the correlation

coefficient ρrank = 0.49 is not very large due to the scatter, the p-value, prank = 3.8 × 10−11, is

very small, which suggests there is a significant monotonic relation between the two parameters. The

significant correlation remains even after we select galaxies with ϵe ≤ 0.4. In this case, we get

ρrank = 0.55 with the p-value of 1.4× 10−8.

For round galaxies, the ∆Slope parameter gives the smallest p-value (1.4 × 10−8) among pho-

tometric parameters such as the total and bulge Sésic indices (n and nbulge) and disk-to-total ratios

(D/T ). In Section 1.4.1, we have shown the relation between these parameters and λe in Figures 1.4

to 1.6 in which p-values are also shown. The p-values are 1.5 × 10−2, 1.3 × 10−5, and 2.5 × 10−3

for n, nbulge, and D/T , respectively.

We fit a linear function to the relation between ∆Slope and λe. We derive the linear function by

minimizing the variance perpendicular to the function on the ∆Slope-λe diagram*. The uncertainty

of the coefficients of the function is estimated from Monte-Carlo simulations. In the Monte-Carlo

simulations, the∆Slope and λe values of each galaxy are resampled assuming Gaussian distribution.

The Gaussian width for ∆Slope is the measured uncertainty of each galaxy while that for λe is set to

0.05 for all galaxies. As mentioned in Emsellem et al. (2011), it is difficult to estimate the uncertainty

of λe because the measurement of λe is affected by systematics. Note that the uncertainty of λe from

noise in the data is smaller than ∼ 0.02 (Emsellem et al., 2007). Since the uncertainty is not given in

the table in Emsellem et al. (2011), we simply assign 0.05 following Emsellem et al. (2011) who carry

* This is similar to the method of primary component analysis (PCA) with two components.
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out Monte-Carlo simulation with this value to derive the fraction of slow rotators classified with λe

and ϵe. As a result, we obtain the linear function for all galaxies in our sample as

λe = 0.16+0.01−0.02∆Slope + 0.48+0.01−0.07, (2.6)

where upper and lower limits are 16 and 84 percentile of the distribution of each coefficient in the

Monte-Carlo simulation. Equation 2.6 indicates that ETGs whose profiles are consistent with Séric

(∆Slope = 0) rotates rapidly with λe ∼ 0.5. This is not surprising given that majority of ETGs are

fast rotators (Emsellem et al., 2011) and that light profiles of ETGs can be largely expressed by Séric.

Note that median ∆Slope0 of fast rotators is ∼ 0 for majority (log(M∗/M⊙) < 11). The physical

origin of the fact that ETGs with ∆Slope = 0 have λe ∼ 0.5 is not clear (see discussion in Section

4.1 for possible formation mechanisms for light profiles and kinematics).

We also fit a linear function for round galaxies (ϵe ≤ 0.4). We obtain

λe = 0.13+0.01−0.01∆Slope + 0.38+0.01−0.01. (2.7)

The round galaxies have shallower slope and smaller intercept. This reflects the fact that highly flat-

tened objects have relatively larger λe compared at the same ∆Slope. In fact, galaxies with small

ellipticity (ϵ ! 0.6) tend to have larger ∆Slope than the best-fit relation in Figure 2.7. The measure-

ment of the slopes may be affected edge-on projection.

We also evaluate the intrinsic scatter of the relation between ∆Slope and λe. The apparent stan-

dard deviation of the offset of λe from the fitted function is 0.26 and 0.16 for all and round galaxies,

respectively. We quadratically subtract the uncertainty of λe (i.e., 0.05) and the median uncertainty of

∆Slope. The intrinsic scatter becomes 0.25 and 0.15 for all and round galaxies, respectively, which

indicates the intrinsic scatter dominates the apparent standard deviation. Thus, λe could be predicted

from ∆Slope with an accuracy 0.16 for ETGs with ϵe ≤ 0.4. The accuracy is not very high but at

least ∆Slope can be used as a proxy for the dynamical properties such as λe of ETGs.

2.3.2.2 Relation between ∆Slope and V/σ

We also carry out similar analysis using the traditional spin parameter V/σ instead of λe. In Figure

2.10, V/σ is plotted as a function of∆Slope. The similar trend can be found that ETGs with smaller
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Figure 2.9 Deviation of the slopes (∆Slope) and spin parameter (λe) of ATLAS3D ETGs.
Left panel includes all sample galaxies while right is only for round objects with ϵe ≤ 0.4.
Marker size corresponds to the stellar mass while color corresponds to ellipticity ϵe. Median
uncertainties of ∆Slope and assumed uncertainty of λe (see text) are shown by error bars.
Spearman’s rank correlation efficiency ρrank and p-value (prank) are shown in the bottom right
of the panels. Dotted line indicates the fitted linear function (see text) whose coefficients are
given in the lower right in each panel. Intrinsic scatter from the relation along y-axis is also
shown in the lower right in each panel.
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∆Slope have smaller V/σ (slowly rotating). The correlation of the two parameter is significant. The

Spearman’s rank correlation coefficient is ρrank = 0.46 with the p-value of prank = 5.6 × 10−10 for

all galaxies while it becomes ρrank = 0.53 with the prank = 6.1× 10−8.

We fit a linear function to the relation in the same manner as for λe. In this case too, we assign

0.05 to the uncertainty of V/σ as it takes the similar value to λe (∼ 0 to 1). We obtain the function for

all galaxies

λe = 0.18+0.2−0.1∆Slope + 0.53+0.1−0.09, (2.8)

and for round galaxies, we have

λe = 0.122+0.01−0.009∆Slope + 0.39+0.01−0.01. (2.9)

The intrinsic scatter is also evaluated. The apparent standard deviation of the offset of V/σ from

the fitted function is 0.3 and 0.16 for all and round galaxies, respectively. By quadratically subtracting

the contribution of the uncertainty of the two parameters, the intrinsic scatter becomes 0.3 and 0.16

all and round galaxies, respectively.

Figure 2.10 Same as Figure 2.9 but for V/σ instead of λe.
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2.3.3 ∆Slope depending on mass

Many properties of galaxies such as ellipticity, Sérsic index, and spin parameter are correlated with

stellar masses of galaxies. The deviation of light profiles∆Slope also correlates with mass as shown

in Figure 2.11. We take running median of ∆Slope with the bin width of ±0.25. For slow rotators,

median ∆Slope monotonically decreases with increasing stellar masses. The Spearman’s rank corre-

lation test gives the correlation coefficient ρrank = −0.73with a small p-value of 1.1×10−13. For fast

rotators, median ∆Slope stays zero for log(M∗/M⊙) < 11.0 and decreases with increasing stellar

masses above this stellar mass. The correlation between ∆Slope and stellar mass is not significant.

The p-value of the rank correlation test is not small (0.019).

For galaxies with log(M∗/M⊙) < 11.5, slow rotators tend to have smaller ∆Slope compared

than fast rotators at a fixed stellar mass. Thus, correlation between∆Slope and λe (and V/σ) is not a

false correlation via stellar masses. We note that for the most massive galaxies (log(M∗/M⊙) > 11.5)

we do not have enough large number of fast rotator to examine the difference of∆Slope between slow

and fast rotators at a fixed stellar mass. The results above do not significantly change if we select round

objects with the ellipticity ϵe ≤ 0.4 as shown in Figure 2.12.

2.3.4 Photometric classification of slow and fast rotators

We propose a new criterion to classify photometric slow and fast rotators with the ellipticity and

∆Slope. The ellipticity shows strong correlation to the spin parameter. The correlation efficiency

and p-value of the rank correlation test is ρrank = 0.66 and prank = 3.6 × 10−34 (see Figure 1.2).

After selecting round objects as candidates of slow rotators as they are basically round with ϵ ≤ 0.4,

∆Slope is the most significantly correlated with λe compared to other photometric parameters such

as Séric parameters (see right panels in Figures 1.4 through 1.8). Therefore, we define photometric

slow rotators as those satisfy

ϵe ≤ ϵcrit and ∆Slope ≤ ∆Slopecrit, (2.10)

while photometric fast rotators are selected as remaining others.

In Figure 2.13, completeness and contamination of the photometric slow and fast rotators are

shown as a function of∆Slopecrit with different ϵcrit. Here, the completeness for slow (or fast) rotators
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Figure 2.11 ∆Slope as a function of stellar mass. Left panel is for slow rotators (λe ≤ 0.3)
while right is for fast rotators (λe > 0.3). Maker size corresponds to ellipticity as shown in
the top left of the left panel and color corresponds to the spin parameter. We take running
median with the bin width of±0.25which is shown by gray solid curves for slow rotators and
by black dotted curves for fast rotators. The one-sigma uncertainty of the running median is
evaluated by 1000-times bootstrap resampling and shown in the panels.

Figure 2.12 Same as Figure 2.11, but for round objects with ϵe ≤ 0.4.
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is given by the fraction of kinematic slow (or fast) rotators included in photometric slow (or fast)

rotators. The contamination is given by the fraction of kinematic fast (or slow) rotators included in

photometric slow (or fast) rotators. From Figure 2.13, ϵcrit = 0.4 can maximize the completeness

of both slow and fast rotators with the completeness of ∼ 0.83 at ∆Slopecrit ∼ 0.1. ϵcrit = 0.4 can

also minimize the contamination with the contamination of ∼ 0.18 with ∆Slopecrit ∼ −0.8. The

ellipticity limit ϵcrit = 0.4 is consistent with the fact that almost all of slow rotators have ϵe < 0.4

(Emsellem et al., 2011, Cappellari, 2016)

The best choice for∆Slopecrit depends on whether one would like to maximize the completeness

(∆Slopecrit ∼ 0.1) or to minimize the contamination (∆Slopecrit ∼ −0.8). For example, if we

simply take ϵcrit = 0.4 and ∆Slopecrit = 0, the completeness and contamination of the photometric

slow rotators become 0.84 and 0.22, whereas those of the fast rotators become 0.83 and 0.13. Our

selection criteria is better than previously proposed photometric parameter criterion. For example,

Krajnović et al. (2013) propose to select fast rotators by disk-to-total light ratio D/T > 0.5 and

total Sésic index n < 3 for D/T ≤ 0.05, and slow rotators as remaining. Although this selection

gives very high completeness for fast rotators (0.89), the contamination for fast rotators is as high as

0.29 and slow-rotator completeness is only 0.4 with the contamination of 0.29. Thus, our selection

criteria are better for lower contamination for the fast rotators, higher slow-rotator completeness, and

lower slow-rotator contamination. In addition, our criteria use parameters which are relatively easy

to measure. ∆Slopecrit can be measured from light profiles without applying complicated processes

such as Sérisic profile fit and bulge-disk decomposition.

2.3.5 Kinematic Classes of ETGs on the ϵe-∆Slope Diagram

We investigate kinematic properties of photometric slow and fast rotators selected by ϵe and∆Slope.

In Figure 2.14, we show ϵe and∆Slope of the ETGs. We replace λ by∆Slope of the ϵ-λ with which

slow and fast rotators are classifies based on IFU data. The panel (a) is essentially the same as Figure

2.9 but plotted in different projection. Clearly slowly rotating ETGs are clustering in the bottom-left

region (∆Slope < 0, ϵe < 0). In the panel (b), the color indicates ¯k5/k1 which represents deviations

of velocity fields from ordered rotation (Krajnović et al., 2006, 2011). While non-regular rotators

(slow rotators with large deviations) are clustering in the bottom-left region, slowly rotating ETGs but

whose velocity fields are consistent with regular rotation are also residing in the region and most of
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Figure 2.13 Completeness (left) and contamination (right) of slow (slid curves) and fast
(dashed curves) rotators as a function of critical ∆Slope (∆Slopecrit; x-axis) with different
ellipticity threshold (ϵcrit; color-coded). Completeness is given by the fraction of kinematic
slow (or fast) rotators included in the photometric slow (or fast) rotators while contamination
is given by the fraction of kinematic fast (or slow) rotators included in the photometric slow
(or fast) rotators. The photometric slow rotators are selected by the criterion ϵ ≤ ϵcrit and
∆Slope ≤ ∆Slopecrit (x-axis), and the fast rotators are remaining. Here, kinematic slow
rotators are galaxies with λe ≤ 0.3 and fast rotators are those having λe > 0.3.
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them are massive.

The situationmay becomemore clear whenwe see the kinematic classes in the diagram. Krajnović

et al. (2011) classified ATLAS3D ETGs into five groups based on key features in velocity and velocity

dispersion fields. Slow rotators are classified into three groups, a, b, and c. Galaxies in the group a

are non-rotators with no apparent rotation, those in the group b are non-regular rotators with irregular

velocity pattern but without any specific kinematic feature, and those in the group c have kinematically

distinct cores (KDC) or counter-rotating cores. These groups are shown in the panel (c) Figure 2.14.

While group c galaxies spread in the ∆Slope < 0 and ϵe < 0, group a galaxies tend to be the most

extended and round (∆Slope " −2.5 and ϵe " 0.1). Galaxies in the group b seem to have moderate

values of ∆Slope ∼ -2.5 to -1.5.

Fast rotators are classified into two groups, d and e. Galaxies in the group d is so-called 2 − σ

galaxies whose velocity dispersion field shows apparent double peaks offset from the galaxy center.

The feature is interpreted as systems which have two counter-rotating flattened stellar disks. Since

they are highly flattened and most of them have ϵ > 0.4, they are rarely classified into photometric

slow rotators, Group e galaxies are regular rotators whose rotation axis is almost aligned to photo-

metric semi-major axis. These groups are shown in the panel (d) in Figure 2.14. Galaxies selected

as photometric slow rotators are groups a, b, c, and e. As group e galaxies are regular rotators, the

photometric slow rotators are contaminated by face-on rotators.
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2.4 Discussion

In the previous section, we see that kinematic properties of ETGs are correlated with outer light profile.

While most of slowly rotating galaxies have more extended envelope than pure Sérsic profile, large

fraction of fast rotators have consistent or truncated profile with Sésic.

It is well known that the most massive (log(M∗/M⊙ ! 11)) ETGs are dispersion dominated

while less massive galaxies are supported by rotation. The deviation of outer light profile from Sésic

(∆Slope) is also correlated with stellar mass (Fig. 2.11). However, slow rotators have smaller∆Slope

(i.e., extended outer profiles) than fast rotators compared at a fixed stellar mass. We provide possible

interpretation about the correlation between∆Slope and kinematics in this section.

2.4.1 Which slope matters?

First, we investigate which slope, inner or outer, contributes to the correlation between∆Slope and λe

presented in Figure 2.9. In Figure 2.15, we plotλe against the inner and outer slopes. Between the inner

slope and λe, the Spearman’s rank correlation test reveals no significant correlation. Although the p-

value is not so large for all galaxies (prank = 0.04, panel (a)) and the parameters may be marginally

correlated (∼ 2σ), that for round galaxies is large (prank = 0.18, panel (b)).
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On the other hand, the outer slope and λe have significant correlation with the p-value of prank =

1.3×10−15 for all (panel (c)) and prank = 7.3×10−8 for round objects (panel (d)). Thus, we conclude

that the deviation of light profiles in the outer region is related to galaxy kinematics. We obtain an

approximated linear relation between the two parameters as well as the intrinsic scatter in a similar

manner done in Section 2.3.2.1. The linear relation becomes

λe = 0.15+0.01−0.02(Slopeout − 8.0) + 0.28+0.81−0.99, (2.11)

for all galaxies, and

λe = 0.12+0.01−0.01(Slopeout − 8.0) + 0.24+0.08−0.08, (2.12)

where Slopeout is the outer slope. The intrinsic scatter becomes 0.27 and 0.16 for all and round objects,

respectively.

Although the outer slope is correlated with λe,∆Slope provides better results when we try to iso-

late slow and fast rotator using the parameter. Figure 2.16 is a completeness-contamination plot sim-

ilar to Figure 2.13. This time, however, we use the criterion, ϵe ≤ ϵcrit and Slopeout ≤ Slopeout,crit,

instead of the original one in Equation 2.10. The maximum completeness of ∼ 0.79 is achieved at

Slopeout,crit ∼ 8.8 with ϵcrit = 0.4. This is slightly smaller than that obtained with the original cri-

terion (0.83). On the other hand, the minimum contamination becomes ∼ 0.19 at Slopeout,crit ∼ 8.1

with ϵcrit = 0.4, which is larger than the original value of 0.13.

2.4.2 ∆Slope and other structural parameters

Next, we investigate relation between ∆Slope and these structural parameters such as Sérsic index.

We also compare our criterion for separating photometric slow and fast rotators and that given in the

previous study (Krajnović et al., 2013).

In Figure 2.17, total Sésic index (ntot) is shown as a function of ∆Slope. There is significant

correlation between the two parameters except for the case where only galaxies with small disk-to-

total ratio and ellipticity are selected (panel (d)). The Spearman’s rank correlation efficiency and

p-value are given in the panels. From the panel (a) in Figure 2.17, we confirm that slower rotators

have on average greater ntot than faster ones. However, there are large number of fast rotators (e.g.,
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Figure 2.16 Completeness (left) and contamination (right) of slow (slid curves) and fast
(dashed curves) rotators as a function of critical outer slope (Slopeout,crit; x-axis) with dif-
ferent critical ellipticity (ϵcrit; color-coded) similarly to Figure 2.13.

λe ! 0.5) that have ntot ! 2 − 3. The situation is the same in the panel (b) where round galaxies

(ϵ ≤ 0.4) are plotted. Basically, the round galaxies have ntot ! 2.

The panel in Figure 2.17 indicates close connection between our classification criterion for pho-

tometric slow/fast rotators and those given in Krajnović et al. (2013). For galaxies with small disk-

to-total ratio D/T < 0.05, Krajnović et al. (2013) suggest a criterion, ntot < 3, for selecting fast

rotators. The panel (c) clearly shows their criterion efficiently selects fast rotators. The difference of

ours and Krajnović et al. (2013) is that we use ϵe instead of ntot. However, for round galaxies with

D/T < 0.05 (panel (d) in Figure 2.17), our criterion ∆Slope > 0 can efficiently select fast rotators

(e.g., λe ! 0.3) with only small contamination (1/7) from slower rotators. If we select galaxies with

ntot < 3 in the panel (d), the contamination fraction become larger. This is one reason why our cri-

terion works better than that of Krajnović et al. (2013) in terms of lower contamination for slow and

fast rotators and higher completeness for slow rotators.
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In Figure 2.18, disk-to-total ratio is plotted against ∆Slope for the galaxies requiring bulge-disk

decomposition (D/T > 0; see Krajnović et al., 2013, for detail). The Spearman’s rank correlation test

indicates significant correlation between these parameters only if all galaxies are used (left panel). This

figure highlights another reason why our selection criterion achieves lower contamination for slow and

fast rotators as well as higher completeness for slow rotators than that given in Krajnović et al. (2013).

As can be seen in the figure, there are significant amount of slowly rotating galaxies having quite large

disk-to-total ratios D/T ! 0.5, although D/T ! 0.7 is dominated by fast rotators. Using ∆Slope

gives better solution for separating slow and fast rotators thanD/T for galaxies requiring bulge-disk

decomposition.

Figure 2.18 Disk-to-total ratio D/T as a function of ∆Slope for the galaxies with D/T > 0
(left) and for those with D/T > 0 and ϵe ≤ 0.4. Symbols are the same as Figure 2.17.

Figure 2.19 shows the relation between the bulge Sérsic index (nbulge) and ∆Slope for galaxies

with D/T > 0. Significant correlation is found between the parameters from the Spearman’s rank

correlation test even after round galaxies are selected. The bulge Sérsic index is highly correlated with

λe, which is already shown by Krajnović et al. (2013). The correlation remains for round galaxies.

Even after applying our selection criterion for slow rotators (ϵe ≤ 0.4 and ∆Slope < 0), we can

ged rid of five fast rotators with λe > 0.3 by excluding galaxies having nbulge < 1.5 although one

slow rotator is discarded. If we apply this additional selection criterion with nbulge, we would get

smaller contamination for photometric slow rotators and higher completeness for fast rotators. The
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completeness and contamination of photometric slow rotators would be 0.81 and 0.15 while those of

fast rotators would be 0.89 and 0.13.

Figure 2.19 Bulge Sérsic index ntot as a function of∆Slope for galaxies withD/T > 0 (left)
and for those with D/T > 0 and ϵe ≤ 0.4. Symbols are the same as Figure 2.17.

We attempt to use the total and bulge Sérsic indices, ntot and nbulge, instead of ϵ. Using four pa-

rameters∆Slope, ntot,D/T , and nbulge, we now define alternative selection criterion for photometric

slow rotators as

ntot ≥ ntot,crit and ∆Slope ≤ ∆Slopecrit (D/T ≥ 0.05)

or

nbulge ≥ nbulge,crit and∆Slope ≤ ∆Slopecrit (D/T < 0.05),

(2.13)

while others are selected as photometric fast rotators. In Figure 2.20, the completeness and contamina-

tion of photometric slow/fast rotators are shown as a function of ∆Slopecrit with different nbulge,crit

and with ntot fixed to 2. With this selection criterion, nbulge,crit = 1.5 gives the maximum com-

pleteness (∼ 0.8 at ∆Slopecrit ∼ −0.5) and the minimum contamination (∼ 0.25 at ∆Slopecrit ∼

−1.5) for slow and fast rotators, simultaneously. If we set the parameters as nbulge,crit = 1.5 and

∆Slopecrit ∼ −0.5, the completeness and contamination of slow rotators become 0.78 and 0.27 while
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those of fast rotators become 0.82 and 0.14. Although the completeness and contamination are not as

good as when we use the original criterion including ϵe and∆Slopecrit given in Section 2.3, this alter-

native selection criterion works quite well. Of course, the original criterion is much simpler, we can

use the alternative to photometrically isolate slow and fast rotators. We note that taking ntot,crit = 2.5

instead of 2 also gives the similar result while taking ntot,crit smaller than 2 or greater than 2.5 gives

worse results.

Figure 2.20 Completeness (left) and contamination (right) of slow (slid curves) and fast
(dashed curves) rotators as a function of critical ∆Slope (∆Slopecrit; x-axis) with different
critical bulge Sérsic indices (nbulge,crit; color-coded) similarly to Figure 2.13. The photomet-
ric slow rotators are selected by the criterion defined in Equation 2.13.

2.4.3 Possible Interpretation of the Correlation between ∆Slope and Kinematics

In Section 2.3, we have shown that fast rotators can have positive and negative ∆Slope, while most

of slow rotators have ∆Slope < 0 (Figure 2.11). Therefore, there are largely three main populations,

(1) truncated fast rotators (∆Slope > 0), (2) extended fast rotators (∆Slope < 0), and (3) extended

slow rotators (∆Slope < 0). For fast rotators, the first population is the majority for low masses

(log(M∗/M⊙) " 11) while the second one becomes dominant for high masses.

These populations may be explained by the combination of spheroidal component and disks. First,

truncated fast rotators may be interpreted as systems consisting of inner spheroidal component (i.e.,

bulge) and outer disk. The left panel in Figure 2.21 illustrates this situation. The central region is

66



dominated by the spheroidal component and the inner slope reflects the profile of it. The outer disk

would appear as truncation if the inner profile is extrapolated to large radii, because the profile of disks

(exponential or Sésic index n = 1) declines faster than the extrapolation of inner bulge. NGC0680

is a typical example of this system. The light profile is given in Figure 2.6 (panel (d), bottom row).

While the slope of the measured light profile is comparable to the single Sérsic profile in the inner

region, the measured one becomes more truncated than the Sérsic in the outer region. The signature

of the outer disk can be seen in the image of this galaxy (panel (a), bottom row in Figure 2.6) as an

asymmetric component tailing toward upper right.

Figure 2.21 Possible interpretations for three main populations of ETGs, truncated fast ro-
tators (∆Slope > 0; left panel), extended fast rotators (∆Slope < 0; central panel), and
extended slow rotators (∆Slope < 0; right panel).

Second, extended fast rotators may be interpreted as systems consisting of central disk component

and outer spheroid (central panel in Figure 2.21). In this case, the outer profile influenced by the outer

spheroid can be more extended than the extrapolation of the inner profile dominated by the central disk.

Such systems may be observed as fast rotators because the field of view covered by the ATLAS3D

survey is not large and comparable to one half-light radius (Cappellari et al., 2011a), and the central

disk will be observed as a rotating component. The existence of disk components in fast rotators has

already reported by Krajnović et al. (2013). They have used Sérsic parameters, Sérsic index, disk-to-

total ratio, and bulge Sérsic index. We have reached similar conclusion with a much simpler parameter

to measure, ∆Slope.

Finally, slow rotators which usually have negative ∆Slope may be interpreted as systems dom-

inated by spheroidal components. The situation is illustrated in the right panel in Figure 2.21. As

spheroidal components are dynamically hot, they will be classified as slow rotators. Stars with large
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radial velocity dispersion in the spheroid may be the origin of extended profiles although we do not

know whether the systems are two-component or not. In Section 4.1, we will further discuss the

possible origins of fast and slow rotators.

2.4.4 ∆Slope using different radial ranges

We show the relation between ∆Slope and kinematic properties of ETGs using another chose of the

radial ranges in which inner and outer slopes are measured. In the next chapter, we will measure

∆Slope for distant galaxies. In such situations, we have to optimize the radial ranges. For the inner

slope, due to small apparent sizes of galaxies, the effect of point spread function (PSF) becomes much

more significant while lower surface brightness due to cosmological dimming limits the outer most

radius within which the outer slope is measured. For preparation for the next chapter, we measure

the slopes using radial ranges which are optimized to distant galaxies. In the next chapter the radial

ranges will be set to 0.8 ≤ (r/rh)1/4 ≤ 1.0 for the inner slope and 1.0 ≤ (r/rh)1/4 ≤ 1.4, taking

account of the PSF sizes and signal-to-noise ratio in the outer regions.

In Figure 2.22, the inner and outer slopes measured using the new radial ranges defined above.

Compared to those measured with the original ranges (Figures 2.7 and 2.8), fast rotators tends to be

shifted to smaller Slopeout. This may be because, the outer slope becomes less sensitive to the outer

truncation of the light profiles due to a narrower range and/or using more inner regions than original.

Because of this shift there would be more contamination in the photometrically selected slow rotators

using ϵe and ∆Slope. We will see the completeness and contamination late in this section.

In Figure 2.23, we show the relation between λe and ∆Slope. The significant correlation still

remains with the new ranges. We give the rank correlation efficiency (ρrank) and p−value (prank) in

the panels in Figure 2.23. We also derive the linear relation as done for the original ranges. The fitted

linear relation does not change very much from the original although the scatter becomes larger. The

fitting function becomes

λe = 0.19+0.01−0.01∆Slope + 0.58+0.01−0.01 (for all galaxies), and

λe = 0.15+0.01−0.01∆Slope + 0.44+0.02−0.02 (for ϵ ≤ 0.4). (2.14)

The intrinsic scatter becomes larger than original. It becomes 0.24 for all galaxies and 0.19 for round
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Figure 2.22 Same as Figures 2.7 and 2.8, but the slopes measured with different radial ranges.
Top panels are for all galaxies while bottom ones are for round galaxies with ϵe ≤ 0.4.
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galaxies. Similarly, the relation between V/σe and ∆Slope becomes

V/σe = 0.22+0.01−0.01∆Slope + 0.64+0.01−0.01 (for all galaxies), and

V/σe = 0.14+0.02−0.02∆Slope + 0.45+0.02−0.02 (for ϵ ≤ 0.4). (2.15)

The intrinsic scatter is 0.28 and 0.19 for all and round galaxies, respectively.

In Figure 2.24, we show∆Slope as a function of the stellar mass. As expected from the down shift

of the fast rotators seen in Figure 2.22, the difference between fast and slow rotators becomes less

prominent than original. Still, fast rotators tend to have larger∆Slope especially for round galaxies in

lower masses.

In Figure 2.25, we show the completeness and contamination as a function of critical ∆Slope as

in Figure 2.13. Similarly to the original case, using ϵcrit = 0.4 gives the best in terms of completeness

and contamination. The completeness does not change much from the original. It becomes 0.84 for

slow and 0.77 for fast rotators if we set ∆Slopecrit ∼ 0. On the other hand, the contamination to

the photometric slow rotator becomes as large as 0.29 from the original value of 0.22. Although the

contamination becomes large with the new ranges for distant ETGs, ∆Slope could be used at least as

a proxy for kinematical properties given the significant correlation to λe.
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Figure 2.23 Same as Figures 2.9 and 2.10, but∆Slopemeasured with different radial ranges.
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Figure 2.24 Same as Figures 2.11 and 2.12, but∆Slopemeasured with different radial ranges.
Top panels are for all galaxies while bottom ones are for round galaxies with ϵe ≤ 0.4.
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Figure 2.25 Same as Figures 2.13, but ∆Slope measured with different radial ranges.
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3
Evolution of Kinematic Properties of ETGs

Investigated by Light Profiles

In this chapter, we carry out surface photometry for high-redshift quiescent ETGs at z ∼ 1 as well as

low-redshift counterparts at z ∼ 0. We prepare a sample of ! 600 ETGs residing in massive clusters

at each redshift using color selection and morphological selection. We carry out surface photome-

try to derive radial light profiles of the ETGs, measure inner and outer slopes with appropriate PSF

correction, and obtain the ∆Slope parameter.

This chapter is structured as follows. We present the data and sample selection and basic properties

of the high- and low-redshift samples in Section 3.1. We describe surface photometry as well as

correction for the PSF effect in Section 3.2. We show the results in Section 3.3. We provide brief

discussions in Section 3.4.

3.1 The Galaxy Samples and Data

In this section, we describe the sample selection and basic properties of our sample galaxies. We create

stellar-mass limited samples of quiescent ETGs at high redshift (z ∼ 1.2) and low redshift (z ∼ 0.03).
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We make use of a color magnitude diagram and morphological parameters.

3.1.1 High-Redshift Galaxy Sample

For the high-redshift sample, we use imaging data obtained in the HST Cluster SN Survey (Dawson

et al., 2009). In the HST Cluster SN Survey (Dawson et al., 2009), twenty-five massive high-redshift

clusters are selected from X-ray, optical, and IR surveys (Dawson et al., 2009). The properties of the

clusters such as redshifts, virial masses, and radii are summarized in Tables 3.1 and 3.2. The total

mass of the clusters spans from log(M200/M⊙) ∼ 14.2 to 14.9, whereM200, adopted from Jee et al.

(2011), is the total mass enclosed in the radius, R200, inside of which the mean density is 200 times

the critical density of the universe at the cluster redshift. We include all of the twenty-five clusters.

The median halo mass is log(M200/M⊙) ∼ 14.6 from X-ray observations and ∼ 14.7 from lensing

analysis.

3.1.1.1 HST Imaging Data

In the survey program, we have obtained multi-epoch HST imaging data (PID 10496) and follow-up

spectroscopic data of galaxies in the clusters. Imaging data obtained by HST are detailed in Suzuki

et al. (2012) and Meyers et al. (2012). We briefly describe basic properties here.

The twenty-five target clusters were visited by HST four to nine times between July 2005 and

December 2006. Each visit typically consisted of four∼500 s exposures in the F850LP filter (hereafter

z850) of the Advanced Camera for Surveys (ACS) Wide Field Camera (WFC) (Ubeda, 2012) and

one ∼500 s exposure in the F775W filter (hereafter i775) of the ACS WFC. The i775 filter (central

wavelength λc = 7692.4 Å, bandwidth ∆λ = 434.4 Å)* roughly matches rest-frame U band for

clusters with 0.9 < z < 1.25, with the best match occurring at z = 1.1. The z850 filter (λc = 9033.1

Å,∆λ = 525.7Å) roughly matches the rest-frameB band in this redshift range with its closest match

occurring at z = 1.05. For more distant clusters with 1.25 < z < 1.46, the z850 filter more closely

matches the rest-frame U band, with the largest overlap at z = 1.45. For galaxies at z ∼ 1, these

two photometric bands cover the wavelength region around the 4000Å break which is an important

spectral feature of quiescent galaxies.

*http://www.stsci.edu/hst/acs/analysis/bandwidths
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Table 3.1. Properties of the High-Redshift Clusters

ID 1 Cluster 1 RA(J2000) 1 Dec(J2000) 1 Redshift 1 Discovery 1 Nspec
2 Nspec

2

[h:m:s] [d:m:s] member interloper

A XMMXCS J2215-1738 22:15:58.5 -17:38:01 1.45 X-ray 30 22
B XMMU J2205.8-0159 22:05:50.7 -01:59:30 1.12 X-ray 3 9
C XMMU J1229.4+0151 12:29:28.8 +01:51:33 0.98 X-ray 22 21
D RCS022144-0321.7 02:21:41.9 -03:21:47 1.02 Optical 10 26
E WARP J1415.1+3612 14:15:11.1 +36:12:02 1.03 X-ray 21 32
F ISCS J1432.4+3332 14:32:29.1 +33:32:47 1.11 IR-Spitzer 17 14
G ISCS J1429.3+3437 14:29:18.5 +34:37:25 1.26 IR-Spitzer 8 0
H ISCS J1434.5+3427 14:34:28.5 +34:26:22 1.24 IR-Spitzer 6 25
I ISCS J1432.6+3436 14:32:38.3 +34:36:48 1.34 IR-Spitzer 6 0
J ISCS J1434.7+3519 14:34:46.3 +35:19:44 1.37 IR-Spitzer 2 0
K ISCS J1438.1+3414 14:38:09.5 +34:14:18 1.41 IR-Spitzer 8 16
L ISCS J1433.8+3325 14:33:51.1 +33:25:50 1.376 IR-Spitzer 1 8
M Cl J1604+4304 16:04:22.6 +43:04:38 0.90 Optical 15 43
N RCS022056-0333.4 02:20:55.7 -03:33:10 1.03 Optical 1 6
P RCS033750-2844.8 03:37:50.4 -28:44:28 1.1a Optical 0 0
Q RCS043934-2904.7 04:39:38.0 -29:04:54 0.95 Optical 0 0
R XLSS J0223.0-0436 02:23:03.7 -04:36:18 1.22 X-ray 23 55
S RCS215641-0448.1 21:56:42.1 -04:48:04 1.07 Optical 0 0
T RCS2-151104+0903.3 15:11:03.8 +09:03:15 0.97 Optical 9 11
U RCS234526-3632.6 23:45:27.3 -36:32:49 1.04 Optical 27 28
V RCS231953+0038.0 23:19:53.3 +00:38:12 0.91 Optical 9 14
W RX J0848.9+4452 08:48:56.2 +44:52:00 1.26 X-ray 6 2
X RDCS J0910+5422 09:10:44.9 +54:22:07 1.11 X-ray 21 15
Y RDCS J1252.9-2927 12:52:54.4 -29:27:16 1.23 X-ray 37 168
Z XMMU J2235.3-2557 22:35:20.6 -25:57:41 1.39 X-ray 23 70

1Dawson et al. (2009).
2The number of spectroscopically confirmed member and interloper (Meyers et al., 2012).
aPhotometric redshift.

References. — Dawson et al. (2009) and references therein; (A) Stanford et al. (2006), Hilton et al. (2007); (B
and C) Böhringer et al. (2005); (D) Andreon et al. (2008a,b); (E) Perlman et al. (2002); (F) Elston et al. (2006);
(G, I, J, and L) Eisenhardt et al. (2008); (H) Brodwin et al. (2006); (K) Stanford et al. (2005); (L) Brodwin et al.
(2013), Wagner et al. (2015), Zeimann et al. (2013); (M) Postman et al. (2001); (N, U) Gilbank et al. (2008); (Q)
Cain et al. (2008); (R) Andreon et al. (2005), Bremer et al. (2006); (S) Gladders et al. (2003); (V) Hicks et al.
(2008); (W) Rosati et al. (1999); (X) Stanford et al. (2002); (Y) Rosati et al. (2004); (Z) Mullis et al. (2005);
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Table 3.2. Properties of the High-Redshift Clusters ||

ID 1 σS
V [km s−1]2 MX

200[10
14M⊙]3 ML

200[10
14M⊙]4 R200[Mpc]

A 720±110 2.0+0.5
−0.6 4.3+3.0

−1.7 0.90.2−0.1

B · · · · · · 3.0+1.6
−1.0 0.90.1−0.1

C 683±62 5.7+1.0
−0.8 5.3+1.7

−1.2 1.10.1−0.1

D 710±150 · · · 1.8+1.3
−0.7 0.80.2−0.1

E 807±185 4.6+1.5
−0.8 4.7+2.0

−1.4 1.10.1−0.1

F 734±115 · · · 4.9+1.6
−1.2 1.10.1−0.1

G 767±295 · · · 5.4+2.4
−1.6 1.00.1−0.1

H 863±170 · · · 2.5+2.2
−1.1 0.80.2−0.1

I 807±340 · · · 5.3+2.6
−1.7 1.00.1−0.1

J · · · · · · 2.8+2.9
−1.4 0.80.2−0.2

K 757+247
−208 3.2+3.9

−1.4 3.1+2.6
−1.4 0.80.2−0.1

L · · · · · · · · · · · ·
M 1226+245

−154
a · · · 1.5+1.5

−1.5
b · · ·

N · · · · · · 4.8+1.8
−1.3 1.10.1−0.1

P · · · · · · 4.9+2.8
−1.7 1.10.2−0.1

Q 1080±320 0.46+6.0
−1.7 4.3+1.7

−1.2 1.10.1−0.1

R 799±129 2.4+1.5
−1.5 7.4+2.5

−1.8 1.20.1−0.1

S · · · · · · 1.8+2.5
−1.0 0.80.3−0.2

T 717±208 · · · 1.9+1.4
−0.8 0.80.2−0.1

U 670±190 · · · 2.4+1.1
−0.7 0.90.1−0.1

V 990±240 5.4+1.2
−1.0 5.8+2.3

−1.6 1.20.1−0.1

W 720±140 3.8+1.5
−1.4 4.4+1.1

−0.9 1.00.8−0.1

X 675±190 7.4+2.6
−2.3 5.0+1.2

−1.0 1.10.1−0.1

Y 747+74
−84 4.4+1.1

−1.0 6.8+1.2
−1.0 1.10.1−0.1

Z 802+77
−48 6.1+1.4

−1.2 7.3+1.7
−1.4 1.10.1−0.1

1Dawson et al. (2009).
2Velocity dispersion from optical spectroscopy (Jee et al., 2011, Table2,

and references therein).
3Cluster mass derived from X-ray observation (Jee et al., 2011, Table2,

and references therein).
4Cluster mass derived from lensing analysis (Jee et al., 2011, Table2).
aPostman et al. (1998).
bSereno & Covone (2013).

References. — Dawson et al. (2009); Jee et al. (2011, Table2, and
references therein);
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Table 3.3. Properties of SDSS Imaging Survey I

SDSS imaging observation

Effective Aperture 2.5 m
Median PSF FWHM in r-band 1.3 arcsec
Pixel scale 0.396 arcsec
Exposure time per band 53.9 arcsec

References. — http://www.sdss3.org/
dr10/scope.php

Table 3.4. Properties of SDSS Imaging Survey II

SDSS imaging filters

Band pass filter u g r i z
Effective wavelength [Å] 3551 4686 6165 7481 8931
(95% completeness for point sources) 22.0 22.2 22.2 21.3 20.5

References. — http://www.sdss3.org/dr12/scope/
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Table 3.5. Properties of SDSS Spectroscopic Survey

SDSS Spectroscopic Observation

Wavelength coverage 3800 to 9200 [Å]
Resolution R 1800 to 2000
Typical redshift accuracy 30 km s−1 rms
Approximate magnitude limits r (Petrosian) < 17.7

Note. — The quantities are those for the SDSS spec-
trograph and for the main sample galaxies.

References. — http://www.sdss3.org/dr10/
scope.php

In this study, we use the deep co-additions of exposures from all observation epochs. Four clus-

ters, RDCS J0910+54 (Mei et al., 2006), RDCS J0848+44 (Postman et al., 2005), RDCS J1252-29

(Blakeslee et al., 2003), and XMMU 2235.3-2557 (Jee et al., 2009), had been previously targeted by

ACS in i775 and z850 (PID9290 and PID9919), and these exposures are also included in our co-added

images. We use both i775 and z850 images in order to select quiescent galaxies which are promising

candidates of cluster members while we only use z850 images for the morphological classification and

for obtaining radial light profiles because the co-added images in z850 is much deeper (the effective

exposure time is ∼10 k sec or more depending on clusters) than in i775.

We prepare PSF images for each cluster field by stacking images of stars as we have done in

Mitsuda et al. (2017). We select ∼ 30 unsaturated stars, cutout 101 × 101 pixel around them, and

normalize them with the central value. We then oversample the cutouts by 51 times, align the center

in the subpixel scale, and take an average. We measure PSF FWHM in z850 using IRAF task imexam.

The median FWHM for all cluster fields is 0.112 arcsec with the Moffat profile and the standard

deviation is 0.003 arcsec.
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3.1.1.2 Spectroscopic Redshifts

We will photometrically select quiescent galaxies in clusters based on photometry in two bands of i775

and z850 using color-magnitude diagrams. In order to determine the loci of cluster members on the

diagrams, we make use of spectroscopically confirmed members. The redshifts of the spectroscopic

members are taken from a spectroscopic catalog created in theHST Cluster SN Survey (Meyers et al.,

2012). The catalog information is described in Meyers et al. (2012). Briefly, as the HST Cluster

SN Survey produced SN candidates, galaxies were spectroscopically targeted with multi-object slits

using prescheduled observing time onDEIMOS onKeck II (Faber et al., 2003), and FOCAS on Subaru

(Kashikawa et al., 2002), and with Target of Opportunity (ToO) requests on FORS1 and FORS2 on

Kueyen and Antu at the Very Large Telescope (Appenzeller et al., 1998). The FORS1, FORS2, and

DEIMOS observations are described in Lidman et al. (2005) and Dawson et al. (2009); the FOCAS

observations are described in Morokuma et al. (2010). Galaxy redshifts are measured through cross-

correlation with template eigenspectra derived from SDSS spectra (Aihara et al., 2011). The important

spectroscopic features are the 4000Å break, the absorption of Ca H, K, and the emission lines of [O II]

3727Å doublet. The spectroscopic catalog includes these redshifts and additional ones from literature

(Andreon et al., 2008b, Bremer et al., 2006, Brodwin et al., 2006, Demarco et al., 2007, Eisenhardt

et al., 2008, Hilton et al., 2007, 2009, Postman et al., 1998, Rosati et al., 1999, Stanford et al., 2002,

2005). The equivalent width (EW) of the [O II] is also provided for some galaxies (about a half

of z ∼ 1 cluster galaxies). Although typical high-redshift spectroscopic surveys tend to target star-

forming blue galaxies with strong emission lines such as Hα and [O II], quiescent galaxies on the

red-sequence are mainly targeted in the program and our spectroscopic members are rich in quiescent

galaxies. Note that, however, the completeness of the spectroscopic sample is not high and varies with

cluster to cluster, since many galaxies are additional targets in HST Cluster SN Survey whose main

targets are SNe and their hosts.

We provide basic information about the spectroscopic members. We have 301 z ∼ 1 cluster

galaxies with the spectroscopic redshift. The redshift of the selected galaxies spans from 0.90 to 1.48

with the median redshift of z ∼ 1.2. Of these galaxies, 286 lie within oneR200 from the cluster center,

and other 15 galaxies within 1.5 R200, where R200 is adopted from Jee et al. (2011). The redshifts of

279 galaxies are within ±0.01 from the cluster redshift, and those of other 22 are within ±0.02.
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3.1.1.3 Reference red sequence from spectroscopic ETGs

We first select quiescent galaxies residing in the 25 clusters (i.e., quiescent member galaxies) using i775

and z850 color magnitude diagram. For this, we derive the i775−z850 color and z850 magnitude which

quiescent member galaxies in each cluster should have, using spectroscopically confirmed member

galaxies. We make use of the stellar mass limited, quiescent ETG sample created in Mitsuda et al.

(2017). Here, we briefly describe how the sample are created. In the study, we first select 224 red

galaxies from the 301 members whose i775 - z850 is consistent with passively evolving galaxies. We

then apply the stellar mass limit of log(M∗/M⊙) ≥ 10.5 and obtain 158 galaxies. Finally, ETGs are

selected based on the concentration parameter and mean surface brightness (Doi et al., 1993, and see

below), and 130 quiescent ETGs are included in the sample. In addition to the sample of Mitsuda

et al. (2017), we include lower mass ETGs than log(M∗/M⊙) = 10.5. In total, we use 180 galaxies

in total.

We compute the composite red sequence followingMeyers et al. (2012). We first derive Petrosian

magnitude (Petrosian, 1976) in i775 and z850 bands measured from the co-added images of each cluster

using the Source Extractor (SExtractor, Bertin & Arnouts, 1996). Since magnitude are measured

in cut out images in Mitsuda et al. (2017), we derived the magnitude again so that photometric quies-

cent ETGs can be selected using i775 and z850 magnitude measured exactly in the same way. Petrosian

magnitude (MAG_PETRO in SExtractor) is measured within 2.5-times the Petrosian radius (rP, Pet-

rosian, 1976) aperture, where rP is the radius at which the ratio of the local surface brightness to the

mean surface brightness within the radius comes the “Petrosian Ratio”, νP, as described by Blanton

et al. (2001) and Yasuda et al. (2001):

νP(r)

∫ 1.25r
0.8r dr′2πr′I(r′)/[π(1.252 − 0.82)r′ 2]∫ r

0 dr′2πr′I(r′)/[πr′ 2]
, (3.1)

where I(r) is the azimuthally averaged surface brightness profile. In SExtractor, νP is set to 0.2.

We run SExtractor in two-step mode (Cold/Hot method, Rix et al., 2004) on z850 images for object

detection and photometry in the band. In the two-stepmode, the first run (coldmode) is carried out with

a high threshold of the signal-to-noise ratio in order to detect relatively bright galaxies, aggressively

segmenting galaxies near cluster cores. After detecting bright galaxies, the second run (hot mode)

is carried out with a lower threshold and less aggressive parameter settings for deblending in order
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not to segment features within galaxies such as spiral arms and clumps. Newly detected objects in the

second run are compiled with those detected in the first run to create a combined catalog. The detection

parameters in the two steps are optimized by trial and error judged by the successful identification and

segmentation of galaxies near cluster cores. We then run SExtractor again on i775 images in double

image mode in which object detection is done in z850 images but photometry in i775 images. Finally,

we obtain i775 and z850 Petrosian magnitude by matching the position of detected objects and the

spectroscopic ETGs in Mitsuda et al. (2017).

From the measured i775 and z850 magnitude of the spectroscopically confirmed quiescent ETGs,

the magnitude of them at a redshift of every cluster is simulated using stellar population synthesis

models. First, we derive a stellar mass and metallicity of each spectroscopic ETGs by fitting simple

stellar population (SSP) models using Bruzual & Charlot (2003, hereafter BC03) with Salpeter initial

mass function (IMF).We fit synthetic spectral energy distribution (SED) to the i775 and z850magnitude.

Since we have photometry only in two bands, two parameters can be determined from the fitting. We

fix the formation redshift of the single population to zform = 3 following Meyers et al. (2012), and

the fitting parameters are the stellar mass and metallicity. In the next step, we derive i775 and z850

magnitude at redshifts of all 25 clusters by computing SEDs with the stellar mass and metallicity using

BC03 SSP models and convolving the synthetic spectra with system throughputs in the filters *.

Then, color-magnitude relation of red sequence at redshifts of all of the clusters (composite red

sequence) are computed from the simulated i775 and z850 magnitude. The color-magnitude relation

is derived by fitting a linear function to the i775-z850 colors and z850 magnitude. The simulation

procedure is not perfect inmany aspects such as the assumption of fixed zform, SSP, and of no dust. As a

result, when the i775-z850 color is computed at a very different redshift from the original, the simulated

color become inconsistent with observed colors of quiescent galaxies at the redshift. Therefore, in the

fitting, we assign a Gaussian weight w = exp(−(zgalaxy − zcluster)2/(2 · 0.152)) for each galaxy

following Meyers et al. (2012), where zgalaxy is the original redshift of the galaxy and zcluster is the

redshift of a target cluster. In Figure 3.1, we show an example of the computation of the composite

red sequence at a redshift of the cluster E (zcluster=1.026). Although the computed i775-z850 colors

of galaxies with original redshift less and larger than ∼ 1.1 are not consistent, the fitting function

(composite red sequence) is consistent with the colors of z ∼ 1.0 galaxies thanks to assigning the

weights. In the next section, we use the composite red sequence to select photometric quiescent

*http://www.stsci.edu/hst/acs/analysis/throughputs
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members of each cluster.

3.1.1.4 Selecting photometric quiescent members of each cluster

Quiescent galaxies which are likely cluster members are selected based on the composite red sequence

for each cluster. We first select objects whose z850 magnitude brighter than 25.5 mag and fainter than

min(z850)comp−redseq−0.2. Here,min(z850)comp−redseq is the minimummagnitude of the composite

red sequence (i.e., the brightest spectroscopic member). The fainter magnitude limit is set to 25.5

which is faint enough for quiescent galaxies with the stellar mass greater than 1010M⊙ to be selected

but brighter than the detection limit which is z850 ∼ 27.6 for point sources to be detected in ∼ 7σ.

Second, objects whose i775 − z850 color is consistent with the composite red sequence within ±0.3

mag is selected. Third, objects lie within 0.5×R200 from the cluster center are selected. Finally, we

exclude point sources by selecting objects with FWHM in z850 larger than 0.13 arcsec. Hereafter, we

refer to the galaxies selected in this procedure as the photometric quiescent galaxy sample.

In Figure3.2, we present an example of the selection procedure for the cluster E. We consider that

we could select likely members by applying these criteria. Although significant amount of spectro-

scopically confirmed interloper lie inside the i775−z850 color criterion, by applying the cluster-centric

distance, most of them (6/8) are excluded. Also the FWHM limit would be reasonable to separate stars

and galaxies. Note that spectroscopic members can be excluded from the sample if they are too blue

(or red) or too far from the cluster center.

For the selected quiescent galaxies, we create cutouts of i775 and z850 images with the size of

400 × 400 pixels from the co-added images. We run SExtractor again on the cutouts similarly as

previous in order to obtain photometry such as Petrosian magnitude, position angles, and axis ratios

of the galaxies. Hereafter, photometric quantities derived by SExtractor refer to those measured in

this step.

3.1.1.5 Contamination in the photometric quiescent members

We estimate a contamination fraction of spectroscopic interlopers included in the photometric quies-

cent galaxy sample. When the completeness of the spectroscopic member is given by fcomp,men, the
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Figure 3.1 Example of the simulated i775-z850 colors and z850 magnitude of the spectroscop-
ically confirmed ETGs computed at a redshift of the cluster E (zcluster = 1.026). Colors
correspond to the original redshift of each galaxy shown in as shown in the figure while
marker sizes is proportional to the weight assigned for each galaxy. The fitting function, i.e.,
composite red sequence, is shown with the thick dashed line with 1, 2, and 3σ scatters shown
with dotted lines. 84



Figure 3.2 Example of the selection of photometric quiescent members for the cluster E
(zcluster = 1.026). i775 and z850 color-magnitude diagram (left), position (center), and
FWHM and magnitude of all detected objects by SExtractor (green small crosses), spec-
troscopically confirmed interloper (cyan boxes), spectroscopic member (red circles), and
selected photometric quiescent members (orange crosses). In the left panel composite red
sequence is shown by thick dashed line with a ±0.3 mag window (blue dashed lines) for
selecting photometric members. We also show SSP model (thin dashed curve) with different
stellar masses denoted in the panel. In the central panel, circles with the radius of 0.5× and
1×R200 are shown by dash-dot lines as well as those with the radius of 0.5, 1.0, and 1.5 Mpc
are shown by dotted lines.
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number of spectroscopic member Nspec,mem is

Nspec,mem = fcomp,men Nmem, (3.2)

whereNmem is the total number of member galaxies. Likewise, the number of spectroscopic interloper

Nspec,intr is

Nspec,intr = fcomp,intr Nintr, (3.3)

where fcomp,intr is the completeness for interlopers, and Nintr is the total number of interlopers. The

number of the spectroscopic members and interlopers included in the photometric quiescent galaxy

sample can also be computed using the equations above by replacing Nmem and Nintr by the number

of interlopers and members included in the sample, respectively. In the following, we considerNmem

and Nintr as the number of interlopers and members in the photometric quiescent galaxy sample.

Assuming the same spectroscopic completeness for members and interlopers, fcomp,men = fcomp,intr,

we have the contamination fraction,

fcont =
Nintr

Nmem +Nintr

=

Nspec,intr

fcomp,intr

Nspec,mem

fcomp,men
+

Nspec,intr

fcomp,intr

=
Nspec,intr

Nspec,mem +Nspec,intr
. (3.4)

We note that the completeness can be different for members and interlopers. The interlopers can be

star-forming galaxies reddened by, e.g., dust attenuation, whose redshifts are mainly determined by

emission lines, such as Hα, Hβ, [O III] for foreground objects, accompanied with their strong star-

forming activity. On the other hand, the members are passive galaxies whose spectroscopic redshifts

often determined by absorption features when the [O II] emission line is weak. Since it is more

difficult to determine redshifts from absorption than emission, the completeness of the members may

be lower than that of the interlopers, and the contamination fraction estimated by Equation 3.4 may
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be an upper limit.

We compute the number of the spectroscopic members and interlopers (Nspec,intr andNspec,mem)

for all clusters that have at least 5 spectroscopic members and interlopers cataloged (see Table 3.1). We

use 15 clusters A, C, D, E, F, H, K, M, R, T, U, V, X, Y, Z. In Figure 3.3, we show the contamination

fraction as a function of the z850 magnitude as well as the stellar mass. We only include galaxies

with the stellar mass log(M∗/M⊙ ≥ 10) which is the mass limit of our final sample (see below).

The contamination fraction is ∼ 20 percent for the whole photometric sample. The fraction is a

strong function of the stellar mass as well as z850 magnitude. The fraction becomes the largest in

the smallest mass bin log(M∗/M⊙) < 10.5 reaching ∼ 28 percent. It decreases to ∼ 15 percent in

10.5 < log(M∗/M⊙) < 11.0 and ∼ 10 percent in 11.0 < log(M∗/M⊙) < 11.5, and then it drops to

∼ 0 in the highest mass bin.

Figure 3.3 Contamination fraction fcont (bottom panels) as a function of the z850 magnitude
(left) and stellar mass (right). We use clusters A, C, D, E, F, H, K, M, R, T, U, V, X, Y, Z,
which have at least 5 spectroscopic members and interlopers cataloged (Table 3.1). Only
galaxies with log(M∗/M⊙ ≥ 10), the stellar mass limit of our final sample, are included in
both panels. In top panels we present histograms of themembers (red), interlopers (cyan), and
all photometric quiescent members scaled by 0.29 (orange). Histograms are slightly offset
horizontally for visibility.
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3.1.1.6 Stellar mass limit

A stellar mass limit is imposed on the photometric quiescent galaxy sample. We select galaxies with

the stellar mass log(M∗/M⊙) ≥ 10, using the mass estimated in the following way. We estimate a

stellar mass by fitting SSP models of BC03 with Salpeter IMF using i775 and z850 magnitude. As we

have shown in Section 3.1.1.3, we only have photometry in two bands. Hence, only two parameters

can be determined by the fitting. This time, following Mitsuda et al. (2017), we use the relation

between stellar mass and age established in quiescent galaxies in the local universe (Thomas et al.,

2005) because the quiescent galaxy sample is likely evolving passively. During the fitting, the SSP

age is connected to the stellar mass by Equation (3) in Thomas et al. (2005). Then, independent fitting

parameters are the stellar mass and metallicity with the metallicity ranging from 1× 104 to 0.07. We

fit synthetic SSP SED to the i775 and z850 Petrosian magnitude.

We also estimate the stellar mass with different assumptions and check consistency. One assump-

tion is to connect stellar masses and metallicity also using Equation (3) in Thomas et al. (2005). The

stellar mass estimated this way is highly consistent with the original. The median difference is only

0.0042 dex with slightly larger value for masses estimated with the stellar mass-to-metallicity relation,

and the standard deviation of the difference is 0.26 dex. We have also done similar test of the stellar

mass estimated with the fixed formation epoch (zform) as well as fixed metallicity (Zform). The median

difference between the mass estimated with zform = 3.0 and the original is 0.27 with a larger value for

former, and the standard deviation is 0.21. The mass estimated with Zform = 0.02 (solar metallicity)

is on average slightly smaller than the original by 0.014 dex, and the standard deviation is 0.45. As

done in Mitsuda et al. (2017), as an uncertainty of a stellar mass, we take the difference between that

estimated with the mass-age and mass-metallicity relation. In Figure 3.4, an example of the stellar

mass estimation is presented.

The possible systematics in the stellar mass estimated with the mass-age relation is discussed in

Mitsuda et al. (2017). We have found that stellar masses estimated by our method with two-band pho-

tometry are on average under estimated by∼ 0.2 dex than those estimated with four-band photometry

presented in Delaye et al. (2014). Therefore, we would remind readers that the estimated stellar mass

may have systematic uncertainty of ∼ 0.2 dex, which is comparable to the standard of the difference

between masses estimated with the different assumptions.
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Figure 3.4 Example of the stellar mass estimation done for a galaxy in the cluster E.
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3.1.1.7 Selecting ETGs by morphological parameters

In the next step, we select ETGs using morphological parameters, and create a mass-limited sample of

quiescent ETGs. There are many ways to classify galaxy morphology. Visual classification which has

a long history in morphological classification (e.g, Sandage, 1961, Dressler, 1980, Sandage & Tam-

mann, 1981; recent studies by Fukugita et al., 2007 and Postman et al., 2005). There have also been

classification using the light concentration (Morgan, 1958), and parameter combination of the concen-

tration and mean surface brightness (Doi et al., 1993, Abraham et al., 1994), asymmetry (Abraham

et al., 1996), or smoothness (Conselice, 2003, Yamauchi et al., 2005). The Gini coefficient is also

adopted instead of the concentration parameter (Abraham et al., 2003) for its simplicity. Recently,

machine learning scheme is introduced by Huertas-Company et al. (2011).

In Mitsuda et al. (2017), we have compared the parameters, Gini coefficient, asymmetry, concen-

tration index, and mean surface brightness, to find the parameter sets which are the most insensitive

to signal-to-noise ratio. We have investigated the reproducibility of the parameters by measuring the

parameters in simulated noise-less and noise-added galaxy images. We have shown that the concentra-

tion parameterCin and the mean surface brightness SB are less likely to be affected by signal-to-noise

ratios. Thus, in this study, we make use of these parameters to select ETGs from the quiescent galaxy

sample following Mitsuda et al. (2017).

The concentration index and mean surface brightness are measured in the similar manner as de-

scribed in Mitsuda et al. (2017) and Doi et al. (1993, for further description). Here, we briefly intro-

duce how the parameters are measured. We first determine an isophote aperture by collecting pixels

above the certain limiting surface brightness µlim. We use the smoothed images with a Gaussian ker-

nel of σ = 2 pixel to determine the isophote. The mean surface brightness SB is computed as the

total flux within the aperture divided by the total area Aaper. We derive the equivalent outer radius as

rout =
√

Aaper/π and inner radius rin = α rout, where α is set to 0.3 in this paper. The concentration

index Cin is defined as the ratio between the fluxes within a circular aperture with rin and that with

rout.

We prepare interloper-subtracted images using GALFIT (Peng et al., 2002) on the z850 cut-out

image as done in Mitsuda et al. (2017). The target galaxies are modeled by a single Sésic profile with

its index n constrained between 0.2 and 16. Objects detected by SExtractor are fitted simultane-

ously or masked depending on the degree of overlap with the target galaxy. The PSF image of the
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cluster field (Section 3.1.1.1) is convolved with the model before fitting with the actual galaxy image.

We create interloper-subtracted images by subtracting nearby objects with the best-fit Sésic model

convolved with the PSF. The interloper-subtracted images are used for measuring Cin and SB while

other unsubtracted objects are masked.

In this study, µlim is set to 24.0 mag arcsec−2 in the rest-frame g band. When we measure Cin

and SB, we make the limiting brightness fainter taking account of the cosmological surface brightness

dimming in which apparent brightness decreases as a function of redshift as (1 + z)−4. In addition

to the cosmological dimming, we take account of the difference between the wavelength of the the

rest frame g and z850 at z ∼ 1.2 We also taking account of the luminosity evolution of the galaxies.

We set the limiting brightness so that it corresponds to the same stellar surface density between the

high-redshift ETG sample and the low-redshift comparison sample (see below). For this purpose, we

need some assumptions on the luminosity evolution because star formation and assembly history of

galaxies are complicated. Here, we just adopt the difference of average luminosity between low- and

high- redshift samples compared at the same stellar mass as the luminosity evolution. The difference

of the wavelength between rest-frame g and z850 at z ∼ 1.2 is also included here.

In Figure 3.5, magnitude in z850 of the quiescent sample is shown as a function of the stellar mass.

Also shown is the g-band magnitude of quiescent galaxies from the low-redshift comparison sample

galaxies. We will describe the comparison sample later in Section 3.1.2. Magnitude and stellar masses

are tightly correlated with a scatter of ∼ ±0.5 mag. We obtain the difference of running medians

of the magnitude between the high- and low-redshift samples. The difference is almost constant at

∼ 2.0−2.3magwith slight mass dependence in that the difference tends to be larger (∼ 2.2−2.3mag)

for massive galaxies (log(M∗/M⊙) > 11). We adopt themedian, 2.1mag, as the difference of average

luminosity between low- and high- redshift samples. This is largely consistent with the luminosity

evolution of∼ 2−3mag (in z850 at z ∼ 1.2 to g at z = 0) for galaxies with log(M∗/M⊙) = 11−12

predicted by BC03 SSP models assuming passive evolution with no merger. For example, when

we measure Cin and SB of a galaxy at z ∼ 2 where the cosmological surface brightness dimming

becomes µdim = −2.5 log(1 + z)4 ∼ 3.4mag arcsec−2, the limiting brightness is set to µlim =

24.0− 2.1 (luminosity evolution) +3.4 (surface brightness dimming) = 25.3 mag arcsec−2.

91



Figure 3.5 Magnitude (apparent magnitude - distance modulus) as a function of the stellar
mass for the high- (z850, red) and low-redshift (g, blue) quiescent galaxy samples. Gray
dash-dotted and dotted lines indicate the running median of the magnitude for the high- and
low-redshift samples, respectively. Black solid line indicates the difference of the running
median with its scale given on the right-hand side.
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We set the classification criteria for selecting ETGs from the quiescent sample as

Cin ≥ −0.250(SB − 22.5) + 0.330 (Mz850 ≤ −23), or

Cin ≥ −0.133(SB − 22.5) + 0.392 (Mz850 > −23). (3.5)

The reason why the different criterion is adopted for luminous and less luminous galaxies is detailed in

Mitsuda et al. (2017). Briefly, our target includemassive elliptical galaxies with low surface brightness

(Kormendy, 1977). As described in Doi et al. (1993), ETGs with low surface brightness (µe ! 23−

24mag arcsec−2) and LTG with the brightness of µe ! 23mag arcsec−2 overlap on the Cin − SB

plane depending on the PSF size (see Figures 1 and 2 inDoi et al., 1993). As a result, massive ellipticals

drop out from ETG selection if we simply adopt the criterion described in Doi et al. (1993). Therefore,

we introduce the additional criterion for massive (luminous), low surface brightness galaxies.

In Figure 3.6, the concentration index andmean surface brightness (Cin-SB diagram) is shown for

the mass-limited quiescent sample. While majority of the galaxies are consistent with de Vaucouleurs

(Sésic index n = 4) profiles, there is a fraction of galaxies which are consistent with exponential disks.

By the separation line defined by Equation 3.6, galaxies with n " 2 are excluded.

3.1.1.8 Interlopers in the quiescent ETG sample

We estimate the contamination fraction of the interlopers for the quiescent ETG sample as we have

done in Section 3.1.1.5. As shown in Figure 3.7, the fraction only slightly improved by the morpho-

logical selection. The fraction is ∼ 10 percent for 10.5 < log(M∗/M⊙ < 11.5) and ∼ 25 percent

for the lowest stellar mass bin. From the selected quiescent ETGs, we exclude known spectroscopic

interlopers in the following analysis.

3.1.2 Low-redshift comparison sample

For comparison, we make a low-redshift sample of quiescent ETGs residing in massive clusters. The

sample selection is almost the as in Mitsuda et al. (2017). The difference between the sample in this

study and Mitsuda et al. (2017) is the stellar mass limit and selection criterion in the ETG selection.

We briefly describe our sample selection. We make use of SDSS public DR12 (Alam et al., 2015).

We extract target galaxies from the spectroscopic and imaging catalogs provided by SDSS, and we
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Figure 3.6 Cin-SB diagram of the mass-limited quiescent galaxy sample for fainter (Mz850 >
−23, left) and brighter (Mz850 ≤ −23, right) galaxies. The Sérsic index n locally averaged
(i.e., smoothed) around each point on the Cin-SB plane is color coded. Gray dashed line
indicates expected loci for galaxies with n = 4 Sérsic (de Vaucleur) profile with the surface
brightness at the effective radius (mag arcsec−2) noted in the figures while gray dotted line
below indicates those for exponential disks with n = 1. Red solid line is the separation line
defined in Equation 3.6 above which galaxies are selected as ETGs.

Figure 3.7 Same as Figure 3.3 but for ETGs selected by morphological parameters.
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Table 3.6. Properties of the Low-Redshift Clusters

Cluster RA(J2000) Dec(J2000) Redshift M200 R200

[h:m:s] [d:m:s] z [1014M⊙] [Mpc]

A0119 00:56:15.6 -01:14:56 0.0440 15.1+2.1
−1.9 3.7+0.2

−0.2

A1367 11:44:45.7 +19:42:11 0.0216 8.0+0.9
−0.8 3.0+0.1

−0.1

COMA 12:59:47.2 +27:56:19 0.0232 27.1+2.9
−2.8 4.5+0.2

−0.2

MKW8 14:40:38.3 +03:28:18 0.0270 4.7+2.0
−1.2 2.5+0.3

−0.2

A2052 15:16:44.3 +07:01:16 0.0348 4.3+0.1
−0.2 2.5+0.0

−0.0

MKW3S 15:21:51.4 +07:42:21 0.0450 6.8+0.7
−0.7 2.8+0.1

−0.1

A2063 15:23:05.6 +08:36:40 0.0354 6.4+0.5
−0.4 2.8+0.1

−0.1

A2147 16:02:15.1 +15:57:31 0.0351 6.8+2.3
−1.4 2.8+0.3

−0.2

A2199 16:28:38.1 +39:32:52 0.0302 9.4+0.7
−0.7 3.2+0.1

−0.1

References. — Reiprich & Böhringer (2002)

use g-band images for the morphological classification as well as surface photometry. The central

wavelength of SDSS g-band for galaxies at z ∼ 0.03 is the similar, in terms of rest-frame wavelength,

to z850 for galaxies at z ∼ 1.

Low-redshift galaxies are selected from those residing in massive clusters. We selected nine low-

redshift massive clusters which are likely descendants of the high-redshift ones based on halo masses

(M200) and redshifts. We make use of a galaxy cluster catalog by Reiprich & Böhringer (2002) who

study basic properties of low-redshift clusters such as mass and radius based on X-ray observations.

The clusters are selected if they (i) lie in the redshift range 0.02 < zCL < 0.05, (ii) lie within the

SDSS imaging and spectroscopic surveys, and (iii) more massive than log(M200/M⊙) ∼ 14.5. They

are A0119, A1367, COMA, MKW8, A2052, MKW3S, A2063, A2147, and A2199. The median halo

mass is log(M∗/M⊙) ∼ 14.8. We summarize properties of the clusters in Table 3.6. The redshift

range is determined so that the PSF size of SDSS images for z ∼ 0 galaxies become comparable to

that ofHSTACS z850 images for z ∼ 1 galaxies in physical scales. By doing so, we try to make effects

of PSF on surface photometry comparable between high- and low-redshift samples. The median PSF

size of SDSS images is 1.3 arcsec FWHM which corresponds to 0.53 − 1.3 kpc at z = 0.02 − 0.05

while that of HST ACS z850 images (0.11 arcsec) corresponds to 0.87− 0.95 kpc at z = 0.9− 1.5.
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The halo mass of the low-redshift clusters spans from log(M200/M⊙) ∼ 14.6 to 15.2, which are

slightly larger than the high-redshift clusters. Considering halo mass growth from z∼1 to 0 (e.g., Zhao

et al., 2009), the high-redshift clusters with the halo mass of ∼ 1014.5M⊙ will evolve to as massive

as ∼ 1015M⊙ at z ∼ 0. Therefore, the selected low-redshift clusters are the likely descendants of the

high-redshift ones.

3.1.2.1 Selection of the Low-Redshift Galaxies

Then, member galaxies of each cluster are selected based on SDSS spectroscopic catalog. From the

catalog, all galaxies within 0.5 × R200 radius from the cluster center and within a redshift range

of zCL − ∆z ≤ z ≤ zCL + ∆z are selected, where we set ∆z = 0.0067 which corresponds to

2000 km · s−1. In total, 3278 galaxies with SDSS spectroscopy (r < 17.77 mag) are selected at this

point. The median redshift is z ∼ 0.029

3.1.2.2 Quiescent galaxy selection for the low redshift

In the next step, quiescent galaxies are selected based on the u − g color and g magnitude diagram.

This is done in the same manner in Mitsuda et al. (2017). Briefly, we compare the u − g color and

g magnitude to the synthetic color magnitude relation which is derived from the stellar mass-age and

stellar mass-metallicity relation of nearby quiescent ETGs (Thomas et al., 2005) using BC03 SSP

models with Salpeter IMF.

We select likely descendants of the high-redshift quiescent galaxies as the low-redshift counterpart

but it is not a simple task because we need to assume luminosity and color evolution. Here, we assume

passive evolution with no mergers. We obtain the color magnitude relation for the SSP that have a

smaller metallicity by three times the intrinsic scatter (σ[Z/H] ∼ 0.08dex, see Thomas et al., 2005)

from the mean stellar mass-metallicity relation and a fixed age of 7 Gyr which corresponds to the

look-back time to z ∼ 0.9, the lowest redshift of the high-redshift galaxies. We consider the color

magnitude relation obtained this way as the bluest limit for passively evolving galaxies from z ∼ 1,

and select galaxies with redder u− g colors than the limit. The color magnitude diagram of the low-

redshift galaxies and the synthetic color-magnitude relation is shown in Figure 2 in Mitsuda et al.

(2017)
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3.1.2.3 Stellar mass limit for the low redshift

We set a stellar mass limit of log(M∗/M⊙) ≥ 10.0 in this study in order to match the limit to the

high-redshift samples. The limit is slightly different from that in Mitsuda et al. (2017). We describe

possible concerns arising from setting the new stellar mass limit below. In Mitsuda et al. (2017), as

we have selected galaxies with the mass limit of log(M∗/M⊙) ≥ 10.5, all galaxies in the sample

are brighter than r = 17.77, the magnitude limit of the SDSS spectroscopic survey, taking account of

their mass-to-luminosity ratio (M/L). However, in our new sample, some of low mass galaxies (10 ≤

log(M∗/M⊙) < 10.5) with largeM/L (i.e., the reddest galaxies) could be fainter than r = 17.77. As

the low-redshift quiescent galaxies have the median g − r color of 0.77, the magnitude limit for the

SDSS spectroscopy corresponds to g ∼ 18.54 which is −18.19 in absolute magnitude at z = 0.05.

This magnitude corresponds to log(M∗/M⊙) ∼ 10.5 for galaxies with the largestM/L (e.g., Figure

3.5). The critical redshift below which all galaxies with log(M∗/M⊙) ≥ 10.0 can be included in the

SDSS spectroscopic catalog (r < 17.77) is z ∼ 0.04. Since redshifts of the majority of the clusters

(7/9) are less than 0.04, the fraction of galaxies more massive than log(M∗/M⊙) = 10.0 but excluded

by the magnitude limit may be small. Therefore, we consider that setting the stellar mass limit to

log(M∗/M⊙) ≥ 10.0 does not significantly change the results.

3.1.2.4 Morphological ETG selection for the low redshift

We select ETGs from the quiescent sample as for the high-redshift sample using Cin and SB. We

use the surface brightness limit for measuring SB to rest-frame 24.0 mag arcsec2. The cosmological

surface brightness dimming is taken into account. The selection criterion of the low-redshift ETGs is

given as

Cin ≥ −0.250(SB − 22.5) + 0.330 (Mg ≤ −20.5), or

Cin ≥ −0.133(SB − 22.5) + 0.392 (Mg > −20.5). (3.6)

This criterion is slightly different from that in Mitsuda et al. (2017) as the surface brightness limit has

been set to 24.5 mag arcsec2 in that paper. In Figure 3.8, Cin and SB of the mass limited low-redshift

quiescent sample. Similarly to the high-redshift sample, on average, galaxies with the Sésic index

greater than 2 are selected as ETGs.
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Figure 3.8 Cin-SB diagram of the mass-limited quiescent galaxy sample for fainter (Mg >
−20.5, left) and brighter (Mg ≤ −20.5, right) galaxies. Color coding and symbols are the
same as in Figure 3.8.

3.1.3 Properties of the samples

In the end of this section, we summarize basic properties of the high- and low-redshift samples.

3.1.3.1 Stellar mass distribution

In Figure 3.9, we show the stellar mass distribution of the high- and low-redshift ETG samples (left

panels) as well as parent quiescent samples from which ETGs are selected (right panels). Top panels

show the number of galaxies within 0.5×R200 per galaxy cluster per stellar mass bin, whereas bottom

panels show the normalized version of the top panels. From the normalized histograms of the ETG

samples, the shape of the stellar mass distribution is similar between the high and low redshifts. The

Kolmogorov-Smirnov (KS) test indicates that the two samples are statistically indistinguishable with

the large p-value of 0.11. Many previous cluster studies have shown that the shape of luminosity

function of ETGs has not changed from z ∼ 1, assuming passive evolution (e.g., de Propris et al.,

1998, 1999, Lin et al., 2006, De Propris et al., 2007, Cerulo et al., 2016). Our samples are in line with

these studies.

For the parent quiescent sample, the fraction of low mass (log(M∗/M⊙) < 10.5) is larger than
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the ETG samples both for the high- and low-redshift samples. The shape of the distribution is still

similar between low- and high-redshift samples, although the KS test indicates > 2σ difference (but

less than 3σ) with the p-value of 0.029. Also, looking at the high-redshift spectroscopic member

ETGs (magenta histograms in Figure 3.9), the decline of the number of lower mass galaxies than

log(M∗/M⊙) ∼ 10.5 indicates that the stellar mass limit for the spectroscopic members is around

there.

The stellar mass distribution without normalization, i.e., the number of galaxies per cluster in each

stellar mass bin, carries information about evolution of the distribution of galaxies in a halo (halo

occupation) which can be inferred from a scaling relation between the number of galaxies in a cluster

(i.e., richnessNgal) and cluster halo mass (e.g., Lin et al., 2003). For our samples, the average cluster

halo mass M200 increases from log(M200/M⊙) ∼ 14.6 at z ∼ 1.2 to log(M200/M⊙) ∼ 14.8 at

z ∼ 0.03. On the other hand, the total number of ETGs with log(M∗/M⊙) ≥ 10 per cluster increases

from 28 (= 692/25) to 69 (= 621/9) from z ∼ 1.2 to z ∼ 0.03. Taking account of the scaling

relation between richness and cluster halo mass Ngal ∝ (1 + z)γM s
200

* (Lin et al., 2006, Andreon

et al., 2008a), where s ∼ 0.8 (Lin et al., 2004, 2006). We input Ngal, z, and M200 of the high- and

low-redshift ETG samples, and compare the scaling relation. Then, we obtain the redshift evolution

factor γ ∼ −0.4, which is in agreement with previous studies (Lin et al., 2006, Andreon et al., 2008a).

The slightly negative value of γ indicates that the evolution of the richness can be mostly explained

by passive evolution of ETGs with mild increase of newly emerging ETG probably due to quenching

of star-forming galaxies (i.e., the progenitor bias).

The mild increase of newly quenched galaxies in the low-redshift sample is naturally expected. At

redshift ∼ 1, although the core of massive clusters (< 0.5Mpc) are dominated by quiescent galaxies,

the outer part is well populated by star-forming galaxies (Muzzin et al., 2012). Therefore, as the high-

redshift clusters grown in the virial mass and radius, those star-forming galaxies are included in the

low-redshift sample if they quench star-forming activity. Thus, there is a possibility that the newly

quenched galaxies below z < 1 are included in the low-redshift sample. Note that, however, we

have not applied any correction for completeness and contamination when we derive the stellar mass

distribution, and the derived γ parameter is only a rough estimate.

* The original formula has a normalization constant. But as it depends on the lower mass limit of the sample
and the choice of the virial mass such asM200 orM500, we do not take account of the normalization, and only
consider the proportionality.
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Figure 3.9 Left: Stellar mass distribution of the ETG samples The high-redshift sample is
shown by red while the low-redshift by blue. Also shown by magenta is the stellar mass
distribution for spectroscopic members in the high-redshift sample. Top: Number of galaxies
per bin per cluster (i.e., within 0.5 × R200). The total number of galaxies used in the plot is
presented in the legend. Bottom: Normalized version of the top panel. The total number is
normalized to unity. Error bars are given assuming the Poisson noise. Right: Same as left
but for the quiescent samples.
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3.1.3.2 Ellipticity distribution

In Figure 3.10, we show the ellipticity ϵ distribution of the high- and low-redshift ETG samples. The

ellipticity is converted from axis ratio q = b/a as ϵ = 1− q where a and b are semi-major and minor

axes. The axis ratio is measured by GALFIT. We note that for one galaxy in the high-redshift sample,

GALFIT failed to fit a model, which is the reason why the sample size here is N = 691 instead of

692. In our previous study, the evolution of ellipticity is only marginal (Mitsuda et al., 2017). In

this study, however, by increasing the sample size using photometric quiescent ETG members, we

detect significant evolution in the ellipticity distribution. The Kolmogorov-Smirnov test indicates the

high- and low-redshift samples are different with the p-value of 0.01 for the whole sample (panel (a)

in Figure 3.10). The median ellipticity is 0.36 ± 0.03 for the high-redshift sample and 0.31 ± 0.03

for the low-redshift, where the uncertainty is derived from 10000 times bootstrapping. If we divide

the samples in stellar mass bins, the difference of the ellipticity distribution is significant only for the

10.5 ≤ log(M∗/M⊙) < 11 bin although the ellipticity is marginally larger (i.e., flattened) for the

high-redshift ETGs in other bins. The fact that high-redshift ETGs have larger ellipticity is consistent

with other studies on ETGs in clusters (e.g., De Propris et al., 2015, 2016) as well as in fields (e.g.,

Chang et al., 2013b,a).

3.1.3.3 Size distribution

In Figure 3.11, we show the effective radius distribution of the high- and low-redshift ETG samples.

The effective radius re is measured by GALFIT. In the histograms in the figure, re is normalized with

the stellar mass at log(M∗/M⊙) = 11 in order to remove the correlation between re andM∗ (Newman

et al., 2012, Cimatti et al., 2012). The mass-normalized effective radius re,M11 is given as

log(re,M11) = (log(M∗/M⊙)− 11)− β. (3.7)

The parameter β corresponds to the slope of a linear mass-size relation, log(re) = β(log(M∗/M⊙)−

11)+α, which is indicated in the panels (b) and (d) by cyan and orange lines. In this study β is fixed to

0.57 following Delaye et al. (2014). Similarly to previous studies (Delaye et al., 2014, Mitsuda et al.,

2017), a significant size evolution is found for the whole samples (see KS p-value in Figure 3.11). The

KS tests indicates statistically significant difference for galaxies less massive than log(M∗/M⊙) = 11
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Figure 3.10 Ellipticity of the ETG samples. (a): Ellipticity distribution of the high- (red
histogram) and low-redshift (blue histogram) ETGs. Magenta histograms is that of spectro-
scopic members in the high-redshift sample. Median values for high-, low-redshift sample,
and spectroscopic members are written in the panel with orange, cyan, and pink, respectively.
The total number of galaxies used in the plot is presented in the legend. (b): Ellipticity and
stellar mass distribution of the high- (red) and low-redshift (blue) ETGs. Median uncertainty
is shown by error bars. (c)-(f): Same as (a) but for different stellar masses noted in the panels.
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(pKS < 0.004), In higher mass bins, although the KS p-value is not small, median re,M11 is smaller

for the high-redshift sample. The statistically significant size difference is also observed for round

galaxies. Even if we divide the samples into mass bins, the significant difference can be observed in

the stellar mass bin, 10.5 < log(M∗/M⊙) < 11 (pKS = 3× 10−5).

3.1.3.4 Sérsic index distribution

In Figure 3.12, we show the Sésic index n distribution of the high- and low-redshift ETG samples. The

distribution is significantly different for the whole samples as well as for those with log(M∗/M⊙) <

11, and the high-redshift ETGs tend to have smaller n. The similar trend is also found for the round

galaxies. In spite of the morphological selection with which galaxies n ! 2 are selected, the high-

redshift galaxy contains significant fraction of n < 2 galaxies especially in the low mass regime

(log(M∗/M⊙) < 11). We have checked the Sésic index distribution for the parent quiescent samples,

and we have found that the high-redshift quiescent sample has larger fraction of galaxies with n <

2. Later, we will discuss the influence of the morphological selection on the results which will be

presented in the next section.
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Figure 3.11 (a)-(f): Same as Figure 3.10, but for the effective radius re. (a): Mass-normalized
effective radius re,M11 , see text) distribution of the high- (red histogram) and low-redshift
(blue histogram) ETGs. We also present the p-values of KS tests (pKS) between the low-
and high-redshift sample by red text while those between the low and spectroscopic high-
redshift sample are shown bymagenta. Also shown in cyan, pink, and orange in the upper left
corner are median values of re,M11 for the low-, the spectroscopic high- and the high-redshift
samples with their uncertainty derived from bootstrap resampling. (b): Effective radius re
and stellar masses of the high- (red hexagons) and low-redshift (blue squares) ETGs. The
median uncertainty is shown by the error bars. The linear mass-size relations with a fixed
slope of 0.57 is fitted to the re andM∗ distribution for the high- and low-redshift samples are
presented by orange dash-dotted and cyan solid lines. (c)-(f): Same as (a) but for different
stellar masses noted in the panels. (g)-(l): Same as (a)-(f) but for round galaxies with ϵ ≤ 0.4.
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Figure 3.12 (a)-(f): Same as Figure 3.11, but for the Sérsic index n. (a): Sérsic index distribu-
tion of the high- (red histogram) and low-redshift (blue histogram) ETGs. (b): Sérsic index
and stellar masses. (c)-(f): Same as (a) but for different stellar masses noted in the panels.
(g)-(l): Same as (a)-(f) but for round galaxies with ϵ ≤ 0.4.
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Figure 3.13 Example of background residual analysis done for a high-redshift galaxy in the
cluster A. Cyan histogram is distribution of the median intensity within randomly placed
apertures with the size noted on the top right of each panel. Blue curves represent for Gaussian
distribution with the median and standard deviation derived from the intensity distribution.
Red curves are also Gaussian but with its width (σ) set to the interval between 16 and 50
percentiles.

3.2 Measuring the Slopes of Light Profiles of Distant Galaxies

In this section, we describe how we obtain radial light profiles of the high- and low-redshift ETGs

and measure the inner and outer profiles. We use the z850 cutout images for the high-redshift galaxies

while we use g cutouts for the low redshifts.

3.2.1 Measuring light profiles

We take the same procedure as in Section 2.2 in the previous chapter. First, we generate a mask

for each galaxy. All objects detected by SExtractor (see Section 3.1.1.3) are masked with the

segmentation map created by the program. We use the interloper-subtracted images created in Section

3.1.1.7 with pixels belonging to the subtracted objects masked. We use elliptical aperture with fixed

central position, position angle, and ellipticity to those measured by SExtractor. With the images

and masks, we obtain radial (semi-major axis) surface brightness profile.
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Figure 3.14 Same as Figure 3.13 but for a low-redshift galaxy.

3.2.1.1 Background residual subtraction

The background of the SDSS and HST images has already been subtracted. There could be, however,

residual of the global background level as well as local one due to the fluctuation of the background

level in an image, although the background is subtracted taking account of spatial variation both for

SDSS and HST images. We estimate the global and local background residual in the same manner

as described in Section 2.2.1.3. We randomly put circular apertures with various radii on the mosaic

images, take median intensity, and estimate the median (∼ global residual, µbg) and standard deviation

(∼ spatial fluctuation of residual, σbg) of the median intensity within the apertures. We prepare an

aggressive mask by which all objects detected by SExtractor are masked out either by ellipses with

the semi-major radius of 4 × rPetro or the segmentation map. The size of the circular apertures are

determined taking account of apparent sizes of the galaxies. For high-redshift galaxies, we set the

aperture radii to raper = 5, 10, 20, 40 pixels and the number of aperture put on an image to Naper =

2000, 1500, 1000, 500, respectively for the aperture sizes. For low-redshift galaxies, these value are

raper = 10, 20, 40, 80 and Naper = 2000, 1500, 1000, 500. We exclude apertures which have smaller

fraction of unmasked pixels than 75 percent.

Figure 3.13 is an example of the background analysis for a high-redshift galaxy in the cluster

A. Figure 3.14 is the same figure but for a low-redshift galaxy. While the distribution of the median

intensity can be well described by Gaussian (blue curves) for the high-redshift galaxy, that for the low-

redshift deviates from Gaussian when its width σ is set to the standard deviation of the distribution.
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Figure 3.15 µbg (top) and σbg as a function of the aperture size for all ETGs in the cluster A.
The vertical axis is normalized with the median taken along the x-axis (µbg,med,r and µbg,med,r)
which are noted in the panels. 16, 50, and 84 percentiles for each aperture are shown by gray
crosses.
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Figure 3.16 Same as Figure 3.15 but for a low-redshift cluster A0119.
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As we have seen in Section 2.2.1.3, the deviation is due to the extended positive wing arising from

insufficient masking of undetected objects. The situation is similar for other low-redshift galaxies.

On the other hand, the median intensity distribution for the high-redshift galaxy has no extended wing

implying that faint objects are detected thanks to high sensitivity of HST and very long exposure.

In Figures 3.15 and 3.16, themedian of themedian intensity (µbg) and fluctuation of it are shown as

a function of the aperture size raper. Here, µbg is derived by quadratically subtract contribution of noise

from the interval between 16 and 50 percentile. For the high-redshift cluster A, there is no dependence

of µbg and µbg on raper. For this cluster, there is significant global residual µbg ∼ 2.0−4 e−/s

which corresponds to ∼ 28 mag arcsec2, which means background is under-subtracted. The global

background residual for high-redshift galaxies varies for different cluster fields. For the low-redshift

galaxy, situation is almost the same in Section 2.2.1.3. From radial light profiles, we subtract µbg

measured with apertures of raper = 20 pixels (for high-redshift) and 40 pixels (for low-redshift)

before we measure the inner and outer profiles. The aperture sizes are comparable with the outer most

radius within which the slopes are measured (see below).

3.2.2 Measuring inner and outer slopes

Similarly to the previous chapter, we measure the inner and outer slopes. We carry out the same pro-

cedure as described in Section 2.2.3 but with slightly different parameter settings in order to optimize

them for the image quality of the high- and low-redshift samples. The parameters we optimized are

the surface brightness threshold for determining half-light radius (rh*) and radial ranges in which the

slopes are measured.

We set the surface brightness threshold for determining rh to rest-frame† 25.5 mag arcsec−2 in

g-band. Therefore the half-light radius rh is defined so that one half the total light integrated above the

surface brightness of 25.5 mag arcsec2 is included. We select 25.5 mag arcsec−2 so that the surface

brightness threshold becomes comparable with the threshold we have used in Chapter 2 (25.0 mag

arcsec−2 in r-band). As the median color of the low-redshift quiescent galaxies is g − r ∼ 0.8, the

threshold used in the chapter corresponds to ∼ 24.7 mag arcsec−2. When we measure rh for the low-

* As the surface brightness threshold depends on redshifts in observed-frame, we do not write suffix for the
half-light radius in this chapter.

† Although we take account of the surface brightness dimming, we do not take account of the wavelength
difference in g-band for the low-redshift galaxies at z ∼ 0.03, which is practically not a problem as the relative
wavelength difference between the high- and low-redshift samples is included.
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redshift galaxies, taking account for the surface brightness dimming, we use the surface brightness

threshold of µlim(zgal) = 25.5+µdim(zgal)mag arcsec−2, where µdim(zgal) = −2.5 log(1+ zgal)−4

is the surface brightness dimming at the redshift of a galaxy zgal. For high-redshift galaxies, we

also take account of the passive evolution of galaxy luminosity and difference of the wavelength.

Following Section 3.1.1.7, we adopt 2.1 mag for the correction. Therefore, the surface brightness

threshold for the high-redshift galaxies is µlim(zgal) = 25.5− 2.1 + µdim(zgal) mag arcsec−2.

We also optimize the radial ranges in which the slopes are measured. We use 0.8 ≤ (r/rh)1/4 ≤

1.0 for measuring inner slopes, and 1.0 ≤ (r/rh)1/4 ≤ 1.4 for outer slopes. The inner most radius (0.8

(r/rh)1/4) is determined so that it becomes larger than the PSF radius, i.e., one half the PSF FWHM,

for majority of the samples, while the outer most radius (1.4 (r/rh)1/4) is determined so that the outer

slopes can be meaningfully measured.

3.2.2.1 Uncertainty of the Slopes

We estimate uncertainty of the slopes originated from possible background residual fluctuation as

done in Section 2.2.3.1. We subtract or add σbg evaluated with apertures of raper = 20 pixels (for

high-redshift) and 40 pixels (for low-redshift). As uncertainty of the slopes, we take the largest value

among the difference between the slope measured with σbg-subtracted and original profiles, those with

σbg-subtracted and original, and uncertainty derived from readout and photon noise.

3.2.3 Effects of the PSF on the measured slopes

We evaluate effects of the PSF on the measured slopes and derive appropriate correction for the effect

because both for high- and low-redshift galaxies, the relative PSF size to galaxy sizes is not as small

as local galaxies which we have dealt with in the previous chapter.

We evaluate the effect using the SDSS g-band images of the non-barred ATLAS3D ETG sample

which we have created in Chapter 2. We carry out simulations for the high-redshift sample (high-

redshift simulation) and for the low-redshift sample (low-redshift simulation). We create simulated

galaxy images for the high- and low-redshift simulations as follows. We first prepare 8 binned images

with a different binning factor for each of the the non-barred ATLAS3D ETGs. The binning factors

are 5× 5, 7× 7, ..., and 19× 19.

Then the images are convolved with PSF images for the high- and low-redshift samples. For the
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high-redshift simulation, we use the PSF images of arbitrarily selected 12 clusters. Therefore, at this

point, 8×12 images are created for each non-barred ATLAS3D ETG. For the low-redshift simulation,

we use the PSF images of all 9 clusters, and there are 8× 9 images at this point.

Then random noise is added to the convolved images assuming Gaussian noise. Gaussian sigma

is set to the typical noise level for the high- and low-redshift samples. We create 5 independent noise-

added images for each convolution. Therefore, we have 8× 12× (1+ 5) and 8× 9× (1+ 5) images

including noise-free and noise-added images for the high- and low-redshift simulations, respectively.

Then, we measure the inner and outer slopes for the simulated images as well as for the original

SDSS g-band image, and compare the simulated values and the original value. We present the results

in what follows.

3.2.3.1 The PSF Effect on the Inner Slope

In Figure 3.17, how themeasurement of the inner slope is affected by the PSF is described. The ratio of

the simulated inner slope to the original value (inner slope correction, hereafter) is plotted as a function

of the half-right radius rh measured from the simulated image. Smearing due to the PSF affects the

measurement of inner slope of light profiles for the high- and the low-redshift simulations. The inner

slope correction clearly depends on the galaxy size. The PSF effect is larger for galaxies with smaller

rh. The effect is similar between the high- and the low-redshift simulations probably because the

relative PSF size to the galaxy size is comparable. The scatter of the inner slope correction is much

larger than uncertainty arising from the added Gaussian noise. Rather, the scatter is mostly originated

from different shapes of galaxies as well as difference of the PSFs convolved.

We correct inner slopes of the high- and low-redshift ETG samples using the rh-dependent inner

slope correction. The solid curves in Figure 3.17 indicate the running median of the inner slope

correction while dashed curves are 16 and 84 percentiles. We apply the PSF correction using the

running median. The measured inner slope of a galaxy having the half-light radius rh is divided by

the running median at rh. After we corrected the simulated inner slope for the rh dependence, we

could not find other parameters which are significantly correlated with residual inner slope correction.

There remains a scatter of ∼ 10 percent (comparable to the 16 to 84 percentile intervals at a fixed rh

in Figure 3.17).
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Figure 3.17 Inner slope correction (the ratio of the simulated inner slope to the original value)
is show as a function of rh. Different color indicates different galaxy in the non-barred
ATLAS3D ETG sample used in the previous chapter. Size of simbols corresponds to the stel-
lar mass as noted in the panels. Left: The low-redshift simulation. Right: The high-redshift
simulation. Histograms shown above are the rh distribution of the low- and high-redshift
quiescent ETG samples. The solid curve indicates the running median while dashed curves
indicate 16 and 84 percentiles.

3.2.3.2 The PSF Effect on the Outer Slope

Similarly to the inner slopes, we also evaluate the PSF effect on the outer slopemeasurement. In Figure

3.18, the ratio of the simulated outer slope to the original value (outer slope correction) is plotted as a

function of the half-right radius measured from the simulated image. Unlike the inner slope, the outer

slopes are less affected by the PSF as they are measured in the outer region of a galaxy. Still there

can be seen the rh dependence in the outer slope correction. Therefore, we correct outer slopes taking

account of the rh dependence. Similarly to inner slope, the measured outer slope of a galaxy having

rh is divided by the median outer slope correction at rh.

After the simulated outer slopes are corrected for the rh dependence, we find correlation between

the residual of outer slope correction and the Sérsic index n. In Figure 3.19, the residual of outer slope

correction after applying rh dependent outer slope correction as a function of n. The residual of outer

slope correction on average monotonically increases with increasing n. We take running median of

the residual outer slope correction between 1 < n < 6, and use the running median to correct the

measured outer slope of the high- and low-redshift galaxies. Since regions with n < 1 and n > 6
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are not well populated by the non-barred ATLAS3D ETGs, we use the edge values for actual galaxies

having n < 1 or n > 6. After we apply the n-dependent correction in addition to the rh-dependent

correction, the scatter of the residual outer slope correction becomes < 10 percent.

Figure 3.18 Same as Figure 3.17, but for the outer slope correction.

3.2.3.3 Amount of the Correction Applied In Practice

We present the amount of the applied correction for the inner and outer slopes for the high- and low-

redshift ETG samples. In Figure 3.20, the ratio of the corrected slope to originally measured one is

shown as a function of the stellar mass. For the inner slope, there is a fraction of high-redshift galaxies

whose inner slope correction is quite large (Slopein,corr/Slopein,orig > 1.3). For the outer slope, the

average amount of correction is similar between the high- and low-redshift samples with the difference

less than a few percent.
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Figure 3.19 Residual outer slope correction which is the residual after the simulated outer
slopes are corrected for the rh dependence. Color code indicates Sérsic index as noted in the
panels. Other symbols are the same as Figure 3.17. Dotted lines are the linear function fit to
the running median (solid curve), and 16 and 18 percentile (dashed curves), although we do
not use the linear function for correcting the slope.
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Figure 3.20 Amount of applied correction (the ratio of the corrected slope to originally mea-
sured one) as a function of the stellar mass for the high- (right) and low-redshift (left) samples.
Top: Inner slope. Bottom: Outer slope. Marker size corresponds to the half-light radius as
noted in the upper-left in panels, while color corresponds to the Séric index.

116



3.3 Results

In this section, we compare the inner and outer slopes of the high- and low-redshift ETG samples.

3.3.1 Inner and outer slopes of light profiles

In Figure 3.21, inner and outer slopes are shown for the high- and low-redshift ETGs. We also show

the slopes for pure Séric profiles for different n using Equation 2.3 in the figure (gray curve). The

distribution of the samples in the figure is similar in that they are clustering around Slopein ∼ 7.5

and Slopeout ∼ 8.0. This indicates that the light profiles are on average close to Sésic profiles with

n ∼ 3 − 4, roughly consistent with the Sérsic index distribution shown in Section 3.1.3.4. The high-

redshift sample contains significant amount of galaxies having the outer slope greater than∼ 11while

such galaxies are very rare in the low-redshift sample. This trend remains if we select round (ϵ ≤ 0.4)

galaxies (lower panels in Figure 3.21).

In the upper panels in Figure 3.21, round galaxies with smaller ϵ (redder symbols) tend to be

located in the lower right regions than flatter galaxies with larger ϵ (bluer symbols), which is more

prominent for the low-redshift sample. This trend is naturally expected from the relation between

galaxy rotation and ellipticity and that between galaxy rotation and Sésic index. More round galaxies

with slower rotation tend to have larger Sérsic indices, which results in smaller outer slopes and larger

inner slopes. The trend vanishes if we select round galaxies (lower panels in Figure 3.21). This is also

expected from the fact that the relation between galaxy rotation and Sérsic index becomes insignificant

for round objects.

3.3.2 Deviation of light profile from Sérsic: ∆Slope

As we have done in Section 2.3.2, we quantify the deviation of light profiles from Sérsic in the fol-

lowing manner just as described in Section 2.3.2. First, we fit a linear function fout,Sersic to the pure

Sérsic curves for Sérsic index 4 ≤ n ≤ 8. We obtain

fout,Sersic = −0.874(Slopein − 8.33) + 8.303 . (3.8)

The difference of the slope in this equation and that in Equation 2.4 in Section 2.3.2 (-0.955) reflects the

difference of the radial ranges in which the inner and outer slopes are measured. The fitting function
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Figure 3.21 Inner and outer slopes of the low-redshift (left) and high-redshift (right) samples.
Top two panels include all ETGs for which the slopes could be measured while bottom two
panels include only round objects with ϵ ≤ 0.4. The symbol size corresponds to the stellar
mass denoted on the top left of the left panel while color corresponds to the ellipticity as
shown in the bottom left of each panel. Dotted curves indicate the slopes of pure Sérsic
profiles with the Sérsic index n written in the panels while dotted straight lines are fits to the
pure Sésic slopes in the range of 4 < n < 8. Median uncertainties of the slopes are shown
by error bars.
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is shown by the dotted lines in Figure 3.21. Using the function, we define the deviation ∆Slope as

the difference between an outer slope and the fitting function at a inner slope,

∆Slope = Slopeout − fout,Sersic(Slopein) . (3.9)

The uncertainty of ∆Slope is calculated from that of the inner and outer slopes. In the following

sections, we compare ∆Slope between the high- and low-redshift ETGs.

3.3.3 Mass dependence of ∆Slope

In Figure 3.22, ∆Slope of the high- and low-redshift samples are shown as a function of the stellar

mass. For both samples, significant correlation is detected between ∆Slope and the stellar mass by

the Spearman’s rank correlation test with the p-value less than∼ 1× 10−6. Although the distribution

of ∆Slope overlaps between the two samples, median ∆Slope (running median) is larger for the

high-redshift sample compared at the same stellar mass in all stellar mass ranges.

Whilemedian∆Slopemonotonically decreaseswith an increasing stellarmass for the low-redshift

sample, that for high-redshift sample is nearly constant at ∆Slope ∼ −0.4 in the lower stellar mass

range (log(M∗/M⊙) " 10.8) and decreases in the higher mass range. The difference of median

∆Slope between high- and low-redshift samples becomes the largest (∼ 0.9) in 10.5 " log(M∗/M⊙) "
11.0. This trend is the same for round objects with ϵe ≤ 0.4 (lower panels in Figure 3.22).

3.3.4 Statistical Significance of the ∆Slope difference

We investigate the significance of the difference of ∆Slope between the high- and low-redshift sam-

ples. In Figure 3.23, the distribution of ∆Slope of the high- and low-redshift samples are compared

for the whole sample as well as for different stellar masses. We also plot the ∆Slope distribution of

the spectroscopic members in the high-redshift sample for reference. As expected from what we have

seen in the previous section, the low-redshift sample tends to have smaller∆Slope. ∆Slope distribu-

tion of the high- and low-redshift samples are significantly different when they are compared with the

whole sample. We carried out Kolmogorov-Smirnov (KS) test, and the p-value becomes 3.8× 10−15

between the high- and low-redshift samples which suggest the two samples are statistically different.

The median ∆Slope for the high- and low-redshift samples are −0.6 ± 0.1 and −1.2 ± 0.1, respec-
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Figure 3.22 Deviation of the light profile from pure Sérisic (∆Slope) as a function of the
stellar mass for the low-redshift (left) and high-redshift (right) samples. Top two panels
include all ETGs for which the slopes could be measured while bottom two panels include
only round objects with ϵ ≤ 0.4. The symbol size corresponds to the Sérisic index denoted
on the top left of the left panel while color corresponds to the ellipticity as shown in the
bottom left of each panel. We take running median with the bin width of ±0.25 which is
shown by gray solid curves for the low-redshift sample and by black dotted curves for the
high-redshift. The one-sigma uncertainty of the running median is evaluated by 1000-times
bootstrap resampling and shown in the panels. Results of the Spearman’s rank correlation
test, the correlation efficiency (ρrank) and p-value (prank), are presented in bottom left of each
panel.
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Figure 3.23 Histograms of∆Slope for the low-redshift (blue) and high-redshift (red) samples.
Spectroscopically confirmed galaxies in the high-redshift sample is also shown by magenta
histograms. Panel (a): Histograms for all galaxies in the sample. Panels (b) to (e): His-
tograms for galaxies in the stellar mass bin presented in each panel. Panel (f): Histograms
for round (ϵ < 0.4) galaxies of all stellar masses. Panels (g) to (j) Histograms for round
(ϵ < 0.4) galaxies in the stellar mass bin presented in each panel. The number of galaxies
included in the histogram is shown in the legends in each panel. We also present the p-values
of KS tests (pKS) between the low- and high-redshift sample by red text while those between
the low and spectroscopic high-redshift sample are shown by magenta. Also shown in cyan,
pink, and orange in the upper left corner are median values of∆Slope for the low-, the spec-
troscopic high- and the high-redshift samples with their uncertainty derived from bootstrap
resampling.
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tively. Here, the uncertainty of the median is estimated from bootstrap resampling. The difference of

the distribution is also significant if we choose spectroscopic members from the high-redshift sample.

The low-redshift sample has larger deviation if the samples are separated into stellarmass bins. For

galaxies with log(M∗/M⊙) < 11.5,∆Slope is significantly smaller for the low-redshift sample. The

difference of themedian∆Slope is the largest in the 10.5 ≤ log(M∗/M⊙) < 11.0 bin, just as expected

from Figure 3.22. For the lower mass galaxies with log(M∗/M⊙) < 11.0, the difference has already

been seen in the distribution of other structural parameters such as ellipticity, effective radius, and

Sérsic index. In the intermediate mass bin of 11 ≤ log(M∗/M⊙) < 11.5 where the Séric parameter

distributions are not significantly different, there is more than 2σ (but less than 3σ) significance in the

difference of the ∆Slope distribution. Only for the largest mass bin (log(M∗/M⊙) ≥ 11.5), there is

no statistically significant difference. The difference is also significant for round objects (lower panels

in Figure 3.23).

3.3.5 Which slope matters?

We have seen that∆Slope is significantly different between the high- and low-redshift samples. Now,

we investigate which slope of inner, outer, or both significantly changes between the two samples.

In Figure 3.24, distribution of the inner profile is shown instead of ∆Slope in Figure 3.23. For the

whole samples, the KS test indicates the distribution is significantly different between the high- and

low-redshift samples. The median inner slope is marginally smaller for the high-redshift sample. The

difference mostly comes from the lowest stellar mass bin. Only in this stellar mass bin, the distribution

and the median inner slope have significant difference between the low- and high-redshift samples. In

other stellar mass bins, the difference is not significant. The situation does not change for round

galaxies.

The distribution of the outer profile is shown in Figure 3.25. The KS test indicate that the distribu-

tion is significantly different for the whole samples. The median value is significantly larger for the

high-redshift sample. The smaller inner slope and larger inner slope in the high-redshift sample than

in the low-redshift are consistent with the smaller Sésic index presented in Figure 3.12. Unlike the

inner slope, the distribution of the outer slope is significantly different in all stellar mass bins except

for the massive end. The situation is the same for the round galaxies. Thus, we conclude that the

significant difference in ∆Slope between the high- and low-redshift samples would be driven by the
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Figure 3.24 Same as Figure 3.23 but for the inner slope (Slopein) instead of ∆Slope.
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Figure 3.25 Same as Figure 3.23 but for the outer slope Slopeout instead of ∆Slope.
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outer slope for 10.5 ≤ log(M∗/M⊙) < 11.5 whereas the difference is originated from both slopes

for the lowest stellar mass bin.

Figure 3.26 Same as Figure 3.25 but without the PSF correction.

3.3.6 Uncertainty arising from the PSF correction

The inner and outer slopes are corrected for the PSF effects. There is, however, significant uncertainty

in the correction. From the simulation using the ATLAS3D ETGs, we have shown that there remains
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Figure 3.27 Same as Figure 3.24 but without the PSF correction.
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Figure 3.28 Same as Figure 3.23 but without the PSF correction. The figure is only for ref-
erence because ∆Slope becomes meaning less unless the significant PSF effect on the inner
slope is corrected.
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the scatter of an order of ∼ 10 % after the PSF effects are corrected. Here, we test the significance

of the difference of the∆Slope distribution between the high- and low-redshift samples including the

uncertainty arising from the correction.

We estimate uncertainty of the p-value by carrying out Monte-Carlo Simulations in which uncer-

tainty of ∆Slope arising from the correction for inner slope (Slopein) and outer slope (Slopeout) is

taken into account as random errors. As the uncertainty is an order of ∼ 10 % for Slopein and less

than that for Slopeout, the absolute values is ∼ 0.7 for Slopein and ∼ 0.8 (or less) for Slopeout. This

amount of uncertainty in the slopes results in ∼ 1 for ∆Slope. Therefore, we resample the high- and

low-redshift sample galaxies assuming Gaussian distribution with the mean of the original ∆Slope

value and the width of σ = 1 for 1000 times. At each resampling, the KS p-value is computed

and the standard deviation from the 1000-times trial is considered as the uncertainty arising from the

correction of the slopes. We give this uncertainty in panels in Figure 3.23. Even if the correction un-

certainty is taken into account, the p-value is small for the whole sample and lower mass galaxies with

log(M∗/M⊙) < 11.0. For the intermediate mass bin (11.0 ≤ log(M∗/M⊙) < 11.5), the uncertainty

of the p-value is as large as 0.2, and the > 2σ difference is marginal if the correction uncertainty is

taken into account. Therefore, we conclude that the different ∆Slope is not caused by the correction

for the PSF effects but by the intrinsic difference of the shape of light profiles although there is caveat

that there can be systematics which is not taken account into in the simulations carried out in Section

3.2.3 such as intrinsic difference of luminosity profiles of the high- and low-redshift galaxies.

We also check the difference of the slopes without the PSF correction. In Figure 3.26, we show the

distribution of the outer slope similarly to Figure 3.25 but without the PSF correction. Although the

difference between the high- and low-redshift sample becomes slightly smaller, there is still significant

difference in the distribution as indicated by KS tests. This is because the applied correction of the

outer slope is not large (∼ 10% at most). Only for the stellar mass bin of 11.0 ≤ log(M)/M⊙ < 11.5,

the significant difference disappears (less than 2σ) according to the KS test. We confirm that the

significant difference of the outer slope seen in Figure 3.25 is real and not due to the correction.

Figure 3.27, the distribution of the inner slope without the PSF correction in shown. In this case,

the distribution of the high-redshift sample shifts toward the smaller inner slope. The difference be-

tween this figure and Figure 3.24 illustrates how PSF affect the inner slope. For lower mass galaxies

(log(M∗/M⊙) < 11), taking the PSF effect into account is crucial, otherwise we would overestimate

the evolution of the inner slope. We also show the distribution of ∆Slope without the PSF correc-
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tion in Figure 3.28. This figure is only for reference because the inner slope and therefore ∆Slope is

meaning less unless the PSF effect is corrected.

Figure 3.29 Stacked radial light profiles of the high- (red) and low-redshift (blue) samples in
different stellar mass bins. In each bin, the median surface brightness a radius is indicated by
dash-dotted line for the high-redshift sample and solid line for the low-redshift while shaded
area includes 16 to 84 percentile of the surface brightness. The top panels show the profiles
for all galaxies while bottom panels for round galaxies. The radius is scaled by the half-light
radius rh while the surface brightness is also normalized by the surface brightness at the half-
light radius µh. The median rh and µh with 16 and 84 percentiles are presented in the panels
with the same color as the profiles. rh is given in kpc and µh mag arcsec2. Note that µh is
in the observed frame and that for the high-redshift sample shown here is not corrected for
luminosity evolution, difference of the wavelength, and surface brightness dimming.

3.3.7 Stacked light profiles

Finally, we present stacked light profiles of the high- and low-redshift samples in Figure 3.29. Here,

the radius is scaled with the half-light radius rh, and the surface brightness is also normalized with

that at rh. We do not correct the profiles for PSF effects. Therefore, the apparent light deficit in the

high-redshift sample in (r/rh)1/4 " 0.6−0.8 is probably due to PSF smearing. On the other hand, in

outer regions, the low-redshift sample tend to have slight light excess. Although the difference of the

profiles is more evident in higher mass bins (log(M∗/M⊙) > 11), the light excess could be seen the
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Figure 3.30 Same as Figure 3.29 but the samples are separated into those with ∆Slope ≤
∆Slopemedian (extended) and ∆Slope > ∆Slopemedian (truncated), where ∆Slopemedian is
the median ∆Slope of each sample in each bin. The low-redshift sample is shown by blue
(extended) or cyan (truncated) while the high-redshift sample is shown by red (extended) or
magenta (truncated).
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lower mass bins. This is consistent with the fact that the low-redshift sample have larger median outer

slope values without the PSF correction (Figure 3.26). The results are the same for round galaxies.

Thus, we consider that the difference of the outer slope and ∆Slopemedian between the high- and

low-redshift samples is originated from the evolution of outer light profiles.

In Figure 3.29, we also present the median half-light radius with 16 and 84 percentile intervals.

For galaxies with log(M∗(/M⊙) > 10.5, the high-redshift sample has smaller rh than the low-redshift

sample. This is consistent with what we have seen for the effective radius re measured with galfit. For

the lowest mass bin, taking account of the small apparent size (∼ 2 kpc corresponds to 0.24 arcsec at

z ∼ 1.2 and 3.3 arcsec at z ∼ 0.03), the half-light radius would be affected by the PSF.

We also present stacked light profiles separately for those with ∆Slope ≤ ∆Slopemedian (ex-

tended) and ∆Slope > ∆Slopemedian (truncated), where ∆Slopemedian is the median ∆Slope of

each sample in each stellar mass bin. Clearly, extended galaxies tend to have shallower profile at

large radii than truncated ones. This also supports that the difference of ∆Slope between the high-

and low-redshift sample is originate from the outer light profile.

In inner regions, it seems that extended galaxies tend to have higher surface brightness, but it is

highly unclear again due to the PSF effect. The central region of truncated galaxies should be more

affected by the PSF because the scale length, the half-light radius rh is smaller for the truncated than

the extended. Therefore, we consider the profile evolution in the inner region is highly unknown while

the evolution of the outer profile would be real.
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3.4 Discussion

In this section, we discuss the effect of the ETG sample selection on the results presented in the

previous section. For the ETG sample selection we have made use of the structural parameters which

are the concentration index Cin and mean surface brightness SB. With these parameters, galaxies

that have early-type morphology with de Vaucouleurs profiles (n ∼ 4) and those that have late-type

morphology with exponential profiles (n = 1) could be separated. Our results, however, as they are

derived from light profiles, are likely to be affected by the ETG selection method. Therefore, we carry

our additional analysis using different sample selection method.

We also estimate the effect from interloper contamination. As we use photometrically selected

member galaxies in clusters at z ∼ 1, the high-redshift sample contains foreground or background

galaxy outside the clusters. If there is a significant contamination from disk galaxies into the high-

redshift sample, wemay observe evolution in the∆Slope distribution as shown in the previous section.

Although we applied ETG selection and the selection reduces the contamination fraction, the amount

of the reduction is small, and interlopers could be included in the ETG sample. Actually, we still have

as large as ∼ 20 % contamination for the low mass (log(M∗/M⊙) < 10.5) galaxies. If the outer

regions of the interlopers are dominated by disk their, ∆Slope would be positive. We will discuss

such effects in what follows.

3.4.1 Effects of ETG selection on the evolution of light profiles

We present the distribution of ∆Slope of the high- and low-redshift galaxies with different sample

selection criteria. First, we use the quiescent sample from which the ETGs samples are selected. In

Figure 3.31 the ∆Slope distribution is shown for the quiescent sample. The results do not change

significantly both for all galaxies and round galaxies. The high-redshift sample have significantly

larger ∆Slope for the galaxies with log(M∗/M⊙) < 11, and marginally (< 2 − 3σ) larger ∆Slope

for those in 11 ≤ log(M∗/M⊙) < 11.5.

We also check the results with the ETG samples selected by Séric indices. Here, we select ETGs

from the quiescent sample with a criterion of n ≥ 2. The∆Slope distribution in this case is shown in

Figure 3.32. Again, there is no significant impact on the difference of the∆Slope distribution between

the high- and low-redshift samples.

We note that, however, the median value of ∆Slope changes depending on the sample selection.
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In the original case, the median ∆Slope values for the whole samples is -0.57 and -1.19 for the high-

and low-redshift samples, respectively. They become -0.46 and -1.05 for the quiescent samples while

they are -0.68 and -1.13 for ETGs selected with Sésic indices. For the cause of the difference, we

consider that the ETG sample selected with Sésic indices (n " 2) would contain the smallest fraction

of disky galaxies which would have truncated outer profiles while the quiescent sample would have

largest fraction of such galaxies and the original may be the intermediate.

3.4.2 Effects of interloper galaxy contamination on the results

We discuss the contamination of the foreground and background interlopers included in the samples.

Thanks to the HST Cluster SN Survey (Dawson et al., 2009), we can select spectroscopically con-

firmed members from the photometric ETG samples. In Figures 3.23 to 3.25, we have shown the

distribution of ∆Slope, Slopein, and Slopeout for the spectroscopic members. The trend in ∆Slope,

the high-redshift ETGs have larger ∆Slope (i.e., more truncated), is also seen in the spectroscopic

members. The median values of ∆Slope are consistent within uncertainty between the photometric

and spectroscopic samples. The situation is the same for the outer slope.

The difference between the photometric and spectroscopic sample can be seen in the Slopein

distribution of the lowest mass galaxies (panel (c) in Figure 3.24). The distribution of the photometric

sample (red) has a tail in the smaller Slopein direction while the distribution is cut off at Slopein ∼ 5

for the spectroscopic members. We check the distribution of the spectroscopic interlopers. In Figure

3.33, we compare the Slopein distribution between the high-redshift spectroscopic interlopers and

members as well as the photometric ETG sample. The interlopers have flatter distribution compared

to other samples. Especially in the lowest mass bin, Slopein distribution of the interlopers is uniformly

extends from ∼ 3 to ∼ 11.

We subtract the distribution of the interlopers from that of the photometric ETG sample, assuming

interloper fraction presented in Section 3.1.1.8. We find that the tail in the Slopein distribution of the

photometric ETG sample become less pronounced. Therefore difference of the Slopein distribution

in the lowest mass bin between the high-redshift (photometric) and low-redshift ETG samples may

be due to contamination from interlopers. This result does not affect our main conclusions which are

drawn from ∆Slope and Slopeout because the differences in the ∆Slope and Slopeout distribution

between the high-redshift and low-redshift samples are also significant for the spectroscopic sample.
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Figure 3.31 Same as Figure 3.23 but for the quiescent galaxy samples before the ETG selec-
tion.
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Figure 3.32 Same as Figure 3.23 but for the ETGs selected bySésic index n ≥ 2 from the
quiescent samples.
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Figure 3.33 Inner slope distribution of the high-z spectroscopic interlopers (green) and mem-
bers (magenta), and the photometric ETG sample (red). Blue histogram is the interloper sub-
tracted version of that of the photometric ETG sample assuming the contamination fraction
presented in Section 3.1.1.8.
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4
Discussion on the Evolution of ETGs

In this Chapter we discuss the evolution processes of ETGs based on the findings in the previous

chapters. In Section 4.1, we present possible mechanisms for the formation and evolution of ETGs

based on the correlation between the outer profiles and kinematic properties that we have shown in

Chapter 2. In Section 4.2, we discuss favorable mechanisms which can explain the evolution of the

size and the outer profile of the ETGs based on the findings in Chapter 3. Finally, in Section 4.3, by

combining the results shown in Chapter 2 and 3, we discuss the evolution of kinematics of ETGs in

z < 1.

4.1 Possible Formation Mechanisms of Outer Light Profiles and Kinematic Properties of

ETGs

In Chapter 2, we have shown that kinematic properties of ETGs are correlated with outer light profile.

While most of slowly rotating galaxies have more extended envelop than pure Sérsic profile, large

fraction of fast rotators have consistent profiles with Sésic or more truncated than Sésic. Schombert

(2015) has already pointed out that there are two families of ETGs, one with extended (or diffuse

in their paper) light profiles than a template profile and the other consistent with the template. He
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has reported the mass dependence of the profile which is in accordance with our findings, and he

has also mentioned the relation between kinematics and outer profiles. In this study, we have shown

that slow rotators have extended profiles compared at a fixed stellar mass. Here, we discuss possible

mechanisms behind the correlation.

4.1.1 Formation scenarios for fast rotators

We first discuss formation scenarios for the origin of fast rotators. In this study, we have shown that

the deviation of a light profile from Sésic in the outer part of a galaxy,∆Slope. is correlated with the

spin parameter λe. We discuss possible formation scenarios of fast rotators from the results combined

with previous studies of local and high-redshift galaxies.

We consider that the truncation detected by positive ∆Slope may be originated from outer disk

components because the outer truncation is observed for majority of disk-dominated galaxies (van der

Kruit, 1979, Pohlen et al., 2004). We have shown that we can select photometric fast rotators with a

high completeness by large ellipticity or by truncation in light profiles (∆Slope > 0). We consider

that this may be because majority of fast rotators contain significant fraction of a stellar disk, and

that the disk component could be detected by ellipticity for edge-on objects or by∆Slope for face-on

objects, using the selection criterion (Equation 2.10). The possible disk component in fast rotators has

been reported by Krajnović et al. (2013) who detect stellar disks by independent parameters.

4.1.1.1 Truncated fast rotators with ∆Slope > 0

Our result that the majority of fast rotators show truncated profile at large radii (∆Slope > 0) even

for those with relatively large Sérsic indices (ntot ! 2, see, e.g., panel (a) in Figure 2.17) imply the

dominance of disk with a smaller Sérsic index (i.e., more exponential-like) in the outer part. Outer

disk would appear as outer truncation if the inner profile dominated by bulge (ntot ! 2) is extrapo-

lated to large radii. This suggests that disks do not have to be destroyed when they morphologically

transformed from (star-forming) spiral galaxies as long as bulges are formed in the center. Hence, trun-

cated fast rotators which are the majority of local ETGs could be formed in more secular processes

than major mergers.

Recent high-redshift studies show some cases in which progenitors of local ETGs at z ! 2 are

forming bulges within disks by intense dusty starburst (e.g. Tadaki et al., 2017a,b). Tadaki et al.
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(2017a) have shown that two Hα-selected star-forming galaxies at z = 2.2 and 2.5 have extremely

compact dust emission (Rh,870µm < 1.5 kpc) by high-resolution imaging of dust continuum using

Atacama Large Millimeter/submillimeter Array (ALMA) while the galaxies have disks detected in

rest-frame optical emission (Rh,1.6µm ∼ 3.2kpc). Considering their high central star formation rate

surface density, a central bulge would be formed by z ∼ 2. The extremely concentrated star-forming

activity is thought to be originated from rapid cold gas accretion which causes the formation ofmassive

gas clumps due to instability in disks (Dekel & Birnboim, 2006, 2008, Dekel & Burkert, 2014). Then,

the clumps are rapidly sinking into the center by dynamical friction between the clumps and disk stars

(Elmegreen et al., 2008, Burkert et al., 2016). Once such starburst galaxies form a massive central

bulge, they may experience quenching of star formation in outer disks due to suppression of disk

instability as the gravitational potential becomes deeper as a result of the central mass concentration

(Martig et al., 2009). Thus, internal extremely gas-rich processes which are likely to be at work only at

high redshifts could be an important channel for the formation of majority of ETGs (i.e., fast rotators).

Further discussions about this issue will be given later in Section 4.3.3.

4.1.1.2 Extended fast rotators with ∆Slope < 0

We also find a fraction of extended fast rotators (e.g., Figure 2.8) although they are relatively minor

population. Their outer region is probably dominated by spheroidal components with larger Sésic

indices than central components. This could be explained by gas-rich major mergers.

The disk component of merger progenitors may be destroyed as stars originally embedded in the

disks are spread out to large radii by obtaining radial velocity dispersion during violent relaxation (e.g.,

Binney & Tremaine, 2008), which would result in extended profiles in outer regions. If mergers are

gas-rich, the remaining gas accretes onto the merger remnant and a rotating disk could be re-created

from the gas (Kormendy et al., 2009). As a result, the remnant would be observed as a fast rotator

in central regions (e.g.,r < re) while their light profiles can be observed as extended. We note that

there are other possible mechanisms than mergers that are responsible for outer extended profiles.

We discuss such mechanisms later in the following sections. Extended fast rotators have relatively

small λ (∼ 0.3 − 0.4, e.g., Figures 2.11 and 2.12), which may be because their disk has once been

destroyed. The mergers may take place at high-redshifts z > 1 considering old stellar ages of our

ETGs (McDermid et al., 2015). This scenario may be supported by the result that more massive fast
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rotators are more likely to have extended profiles because higher major merger rate in more massive

galaxies is seen in observations (Xu et al., 2012) as well as in simulations (Rodriguez-Gomez et al.,

2015).

4.1.2 Formation scenarios for slow rotators

We have found that almost all of slow rotators have extended outer profiles (∆Slope < 0). Gas-poor

major mergers are one of the most plausible mechanism to form their extended profiles as well as their

slow rotation. If gas is absent from the merger remnant, a new disk could not be formed. As a result,

the remnant may only have spheroidal component dominated by dispersion rather than rotation and

observed as a slow rotator (Kormendy et al., 2009). However, there are other plausible mechanisms

which may be able to explain slow rotation and extended profiles which we discuss in the next section.

4.1.2.1 Possible contribution from major mergers

Major mergers can play a role in shaping dynamical properties as well as outer light profile of ETGs.

Binary merger simulations show that slow rotators can be formed in mergers between similar mass

disk galaxies with mass ratios smaller than ∼ 2 : 1 (Naab & Burkert, 2003, Jesseit et al., 2009, Bois

et al., 2011). In such cases, the dynamical property of the remnant depends on the orbit of the more

bulge-dominated progenitor (Bois et al., 2011). When the orbit is retrograde where the spin of the

galaxy rotation and the spin of the orbital angular momentum are anti-parallel, the remnant almost

always results in a slow rotator. On the other hand, if the orbit is prograde, i.e., the spin of the galaxy

rotation and orbital angular momentum are parallel, the remnant exclusively becomes a fast rotator.

State-of-art cosmological simulations also suggest that merger mergers occurring in z < 2 are the

main contributor to the spin down of slowly rotating ETGs (Penoyre et al., 2017).

Gas fraction of merger progenitors may also play a role. Some studies show that gas-poor major

mergers can be a channel for forming slow rotators (Khochfar & Burkert, 2005, Naab et al., 2006),

but others report that gas-rich major mergers can result in spin down of remnants (Naab et al., 2014,

Penoyre et al., 2017) and modest gas fraction may be important for slow rotators to achieve round

shapes consistent with observations (Jesseit et al., 2009, Naab et al., 2014). Smethurst et al. (2017)

compare the quenching timescale of star formation activity between slow and fast rotators using mass-

matched ETG samples from SDSS Mapping nearby Galaxies at Apache Point Observatory (MaNGA,
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Bundy et al., 2015). They find that slow rotators quench star formation in a shorter timescale (" 1

Gyr), which favors quick processes such as major mergers than less quick processes such as minor

mergers and other secure processes as formation mechanisms of slow rotators (Smethurst et al., 2017).

Major mergers are also relevant to the outer light profile of ETGs. Borlaff et al. (2014) have

analyzed dissipative N-body simulations of major mergers in order to investigate the origin of anti-

truncated S0 galaxies with stellar masses of 1−3×1011M⊙. They show that 70% of S0-like remnants

of major mergers have anti-truncated (i.e., extended) outer light profiles against simple exponential

disks. Although their simulations are for S0 galaxies which are the latest-type galaxies among ETGs

and our sample is simply ETGs including S0s and ellipticals, the simulation may provide us some

hints about the origin of the extended outer profiles of ETGs. The rotational velocity of the S0-like

remnants wide spreads from∼ 15 km/s (slow rotators) to 200 km/s (fast rotators). Therefore, if major

mergers in certain merging orbits are the main channel of the origin of slow rotators, the fact that

almost all slow rotators have extended outer light profiles but a fraction of extended ETGs are fast

rotators could be explained. In addition, as pointed out by Schombert (2015), the small fraction of

extended galaxies compared to normal or truncated galaxies may be originated from the rareness of

majormergers. Majormergers is one promising channel to form slow rotators although other processes

may not be ruled out.

4.1.2.2 Possible contribution from minor mergers

Not only major mergers but also multiple minor mergers with the mass ratios greater than∼ 6 : 1may

also be an origin of extended slow rotators. Importance of multiple minor mergers are emphasized in

order to explain strong size evolution of ETGs from z ∼ 2 to 0 (van Dokkum et al., 2008, Bezanson

et al., 2009) as they grow the effective radius more efficiently (re ∝ M2
⊙) than major mergers (re ∝

M⊙, Bezanson et al., 2009). High-resolution hydrodynamical simulations show that ETGs are formed

by early (z > 2−3) dissipation with intensive in-situ star formation in which the central component is

formed followed by later (z < 2− 3) accretion of ex-situ stars by minor mergers which is responsible

for the origin of outer envelops of ETGs and therefore rapid size growth (Naab et al., 2009, Hopkins

et al., 2010). During minor mergers, stellar material in smaller galaxies is stripped by at large radii and

accretes onto the outskirt of the larger central galaxy (Naab et al., 2009). The accreting component

has a more extended radial profile than the in-situ component, and can be the origin of the extended
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outer profiles of slow rotators. Although minor mergers can grow the outer component with the central

part almost unchanged (Hopkins et al., 2010), the surviving cores of the accreting galaxies from tidal

stripping can heat up the central in-situ component by dynamical friction (El-Zant et al., 2001) and

reduce the central stellar density (Naab et al., 2009).

Considering dynamical properties, multiple gas-poor minor mergers is one prevailing mechanism

to form slow rotators in addition to major mergers. Naab et al. (2014) analyze kinematic properties of

44 central galaxies from cosmological hydrodynamical simulations and show that remnants ofmultiple

gas-poor minor mergers are round slow rotators with consistent ellipticity and spin parameter with

observations. Also using cosmological simulations, Penoyre et al. (2017) have shown that for low

mass ETGs with log(M∗/M⊙) < 11, minor mergers tend to spin up the remnant when they are gas-

rich while more massive ETGs are usually spun down by minor mergers regardless of gas fraction.

4.1.2.3 Possible contribution from other mechanisms

Although many cosmological simulations show that properties of ETGs such as light profiles and

dynamical properties achieved by assembly history in z < 2 − 3, we mention other possible mech-

anisms. Some theoretical studies try to explain the shape of outer light profiles by initial condition

of dark matter haloes. Herpich et al. (2015) carry out hydrodynamical simulations and investigate

relation between outer profiles of disk galaxies including S0s and the initial spin of dark matter halos.

Galaxies residing in haloes with a spin parameter lower than λhalo " 0.03 have up-bending (extended)

outer profiles than exponential disk while galaxies in haloes with larger spin parameter have a down-

bending (truncated) profiles. Although the simulations mainly deal with late-type, disk galaxies, the

relation between outer profiles and initial halo spin might be relevant the relation between light profiles

and dynamical properties of ETGs.

Another studies presents possibility of internal processes for explaining kinematics. Martizzi et al.

(2014) investigate the effect of feedback from active galactic nuclei (AGN) on masses, sizes, star for-

mation rates and dynamical properties of brightest cluster galaxies (BCGs) by using cosmological

hydrodynamical zoom-in simulations. They show that the ellipticity and spin parameter of the sim-

ulated BCGs become consistent with observations when AGN feedback is included whereas BCGs

become more flattened and rotating faster when the feedback is not included. Taking account that

BCGs are the most massive cases of ETGs (e.g., Bai et al., 2014) the results indicate that internal
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processes such as AGN feedback can be relevant to the dynamical properties of ETGs. We note that,

however, the feedback processes could be both direct and indirect effect for the angular momentum

loss (Penoyre et al., 2017). A galaxy can spin down by strong outflows by blowing out large amount of

gas which have an angular momentum. Also they can be kept gas-poor by AGN feedback, as the cold

gas is blown out or heated up. As a result, they can experience minor mergers in gas-poor conditions.

This could be a formation path for slow rotators (Naab et al., 2014, Penoyre et al., 2017).

AGN feedback also influences the light profile by adiabatic expansion (Fan et al., 2008, 2010). By

blowing out a large amount of gas from the center by AGN feedback when a galaxy is very gas-rich

(e.g., at high redshifts), stars and dark matter could be puffed up as the central potential becomes less

deep, which would decrease the stellar density in the central region and increase in the outer region.

At this moment, we can not draw a firm conclusion about formation mechanisms and evolution

paths of slowly rotating ETGs. In order to discriminate the contribution from possible mechanisms

such as major and minor mergers and others, it is necessary in the future to compare observational

results with simulations using many parameters including light profiles (e.g., inner and outer slopes),

shapes (e.g., ellipticity), dynamical parameters (e.g., spin parameter), and stellar population parame-

ters (e.g., quenching time scales).
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4.2 Evolution of Outer Light Profiles and Sizes of ETGs

In this section, we address the likely mechanisms of the size evolution of ETGs in clusters in z <

1 based on the findings in the Chapter 3. In Chapter 3, we have presented that the shape of light

profiles of ETGs in massive clusters evolve from z ∼ 1 to 0. The ∆Slope parameter is larger for

the high-redshift ETGs (Figure 3.23), which is due to the change of outer regions (Figures 3.25 and

3.29). The largest amount of the median ∆Slope evolution (∼ 0.8) is observed at a stellar mass

of log(M∗/M⊙) ∼ 10.5 − 11.0. The amount of the median ∆Slope evolution for whole samples is

∼ 0.6±0.2. While lower mass galaxies (log(M∗/M⊙) < 11.5) show statistically significant evolution

in the∆Slope, the∆Slope evolution in the largest stellar mass bin (11.5 ≤ log(M∗/M⊙)) is marginal

possibly due to small sample size. More light excess in the outer region (r > rh) can be seen in the

low-redshift ETGs than than in high-redshift, which is also confirmed by the difference of the outer

slope distribution.

Previous observations of high-redshift ETGs spanning from redshifts z ∼ 0 to 2 have revealed that

ETGs are by a factor of ∼ 4− 5 more compact in the early epoch (Trujillo et al., 2007, van Dokkum

et al., 2008). In the field environment, ETGs show strong size evolution from z ∼ 0 to 1 (Damjanov

et al., 2011, Newman et al., 2012, Cimatti et al., 2012) and beyond (van der Wel et al., 2014). On the

other hand, in massive clusters, the size evolution is mild up to z ∼ 1 (Delaye et al., 2014) as well

as up to z = 1.8 (Andreon et al., 2016). The size of ETGs in dense environments may depend on

the halo mass of host clusters at high redshifts. At z ∼ 1, while ETGs are larger in massive clusters

(Delaye et al., 2014), those in groups (log(Mhalo/M⊙) " 14) have similar sizes to field counter parts

(Huertas-Company et al., 2013a). The different sizes of ETGs in different environments have been

seen only at z ∼ 1. The size of quiescent galaxies in dense environment becomes comparable to those

in fields at z ∼ 0 (Huertas-Company et al., 2013b, Weinmann et al., 2009, Maltby et al., 2010) as well

as z ∼ 2 (Allen et al., 2015, Wang et al., 2016).

In this study, we have observed the size evolution for the cluster quiescent ETGs between z ∼ 1

and 0 (Figure 3.11) similarly to previous studies (Delaye et al., 2014, Mitsuda et al., 2017). We have

found that the largest evolution occurs in the stellar mass range of 10.5 ≤ log(M∗/M⊙) < 11. The

difference of the median effective radius is 0.14± 0.02 dex between the high- and low-redshift ETGs.

In this stellar mass bin, the ∆Slope evolution is also most pronounced with the difference of the

median values ∼ 0.9 ± 0.2 (Figure 3.23). The evolution of ∆Slope is driven mainly by the outer
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slope with the inner slope unchanged (Figures 3.24 and 3.25). In addition, ellipticity and Sérsic index

also evolve. The observed mean size evolution can be explained by several mechanisms (Hopkins

et al., 2010). First, the evolution of the mean size can be originated from the evolution of individual

galaxies or change of the fraction of different galaxy population in the sample. The former include

external processes such as gas-poor major and minor mergers (Naab et al., 2009, Hopkins et al., 2010)

and secular processes such as AGN feedback (Hopkins et al., 2010). The latter include the progenitor

bias (van der Wel et al., 2009, Newman et al., 2012, Carollo et al., 2013) and different morphological

mixing (e.g., Bernardi et al., 2014, Huertas-Company et al., 2013a) We discuss these mechanisms in

what follows.

Likely mechanisms responsible for the size evolution of individual ETGs is external processes

such as gas-poor major and minor mergers We have already shown that major and minor mergers

can grow the outer light profile of a galaxy in Sections 4.1.2.1 and 4.1.2.2. The evolution of the

outer profile, ellipticity, and Sérsic index observed in this study do not rule out mergers. Rather, such

signatures are consistent with merger scenarios because of gas-poor merger remnants tend to be more

dispersion-supported (Khochfar & Burkert, 2005, Naab et al., 2006).

Minor mergers are often favored to explain the size evolution of ETGs because ETGs can grow in

size more efficiently with little amount of growth in mass(re ∝ M2
∗ ) than major mergers (Bezanson

et al., 2009, re ∝ M∗). In addition minor mergers can occur muchmore frequently thanmajor mergers.

The timescale during of minor mergers, i.e., in which low mass surrounding galaxies sink toward the

more massive galaxy by dynamical friction is only a few Gyr (Binney & Tremaine, 2008). Therefore,

galaxies would experience many minor mergers from z ∼ 1 to 0. Thus, minor mergers could be a

main contributor for the size evolution of ETGs below z ∼ 1.

Major mergers, on the other hand, may be rare in massive clusters because the large velocity dis-

persion prevents galaxies from slowly merging (Binney & Tremaine, 2008). Instead, galaxies would

experience high-speed encounters or fly-by with which structure of the galaxies do not change very

much except for dwarf galaxies (Moore et al., 1998, 1999) due to too short time scales of the encounter,

although not all interactions are done in the high-speed regime (Gnedin, 2003). Therefore, rather than

in z < 1, structural evolution due to major mergers is likely to be important at higher redshifts where

the progenitors of the z ∼ 1 massive clusters have smaller velocity dispersion. Delaye et al. (2014)

propose major mergers as origin of the larger size of ETGs in clusters than in fields at z ∼ 1. Consid-

ering these situation, minor mergers are more likely mechanisms than major mergers to explain the
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size evolution of the cluster ETGs in z < 1.

Internal processes such as stellar winds andAGN feedback canmake galaxy size large by adiabatic

manner (Fan et al., 2008, 2010). As the depth of central potential become less deep when significant

amount of gas is blown out from the center by AGN or stellar outflows, dark matter particles as

well as stars originally concentrated in the central region are redistributed in the outer region. Our

observational results alone do not rule out this mechanism because the outer light profile could be

changed by these mechanisms (Section 4.1.2.3). Based on the different size evolution between clusters

and fields (Delaye et al., 2014, Andreon et al., 2016), Andreon et al. (2016) propose that the internal

processes may have only minor contribution because AGN stellar feedback or stellar winds would

not dependent on environments. In addition, the quiescent ETGs have only small amount of gas and

they are inactive. Therefore, internal processes may not be likely mechanisms for the size evolution

of cluster ETGs in z < 1.

In stead of the size growth of individual ETGs, the size evolution can be explained by emergence

of new galaxy populations in the sample if the new population have larger sizes. This mechanism

is called the progenitor bias. If the progenitor bias is at work, newly quenched galaxies at z < 1,

which have been blue star-forming at z ∼ 1 and excluded from the high-redshift sample, would enter

into the low-redshift sample. As star-forming galaxies have larger size compared at a fixed mass than

quiescent galaxies, newly quenched galaxies can make the average size of ETGs larger (Newman

et al., 2012, Carollo et al., 2013). The large sizes in the star-forming galaxies is originated from

disk morphology with lower stellar density supported by large rotational velocity. Therefore, if the

progenitor bias significantly contribute to the size growth, the newly quenched galaxy should keep

their disky morphology and rotational support, and the outer profile of the low-redshift ETGs would

be more truncated than the high-redshift sample. This is not consistent with what we have observed

in the previous chapter. The low-redshift ETGs have more extended outer profiles indicative of more

dispersion support. Moreover, larger Sérsic index (probably driven by the outer profile evolution)

and smaller ellipticity in the low-redshift ETGs than in the high-redshift also indicate that they are

more likely to be dispersion dominated. We note that ETGs in our samples reside in very center of

massive galaxy clusters where most of galaxies are quenched at early epoch, e.g., at redshifts greater

than ∼ 1.4 (Hayashi et al., 2010, Brodwin et al., 2013) where we have only two clusters. Therefore,

the fraction of newly quenched population in z < 1 should not be large, and the progenitor bias may

not be a main contributor for the ETG size growth in clusters at z < 1. Still, we do not completely
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rule out the progenitor bias because there seems to be some contribution of newly quenched for the

evolution of richness-halo mass relation (Section 3.1.3.1).

The evolution of mean size of ETGs can also be explained by different morphological mixing in

the samples. This mechanism is similar to the progenitor bias in that it explains the difference of the

mean size by the different fraction of galaxy population. In the progenitor bias, the fraction between

recently quenched disk-like and old spheroidal galaxies matters. In this case, we consider the fraction

of S0s and Es. S0 galaxies with larger apparent ellipticity tend to be measured as more compact

when the size is measured by the circularized radius (Huertas-Company et al., 2013a, Bernardi et al.,

2014). Therefore, if a sample contains larger fraction of S0 galaxies, the average size of the sample

could appear to be smaller. For the whole samples, this mechanism can explain the size evolution

for our samples because the ellipticity is larger in the high-redshift sample. The size evolution as

well as the outer slope evolution, however, are also observed for the round galaxies, and the different

morphological mixing alone is insufficient for the size and profile evolution.

We have shown several mechanisms which may explain the observed size evolution of cluster

ETGs in z < 1. Among them, based on the discussion abovewith the outer profile evolution, structural

parameters such as Sérsic index and ellipticity, and other environmental arguments, minor mergers

may be the most favored mechanism to explain the size evolution, although the progenitor bias could

not completely be ruled out.
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4.3 Evolution of Kinematic Properties of ETGs inferred from Outer Light Profiles

We discuss the possible evolution of kinematic properties of ETGs from the evolution of∆Slope. We

apply the relation between∆Slope and the spin parameter λ or V/σ which we have shown in Chapter

2. Using Equations 2.14 and 2.15, we convert∆Slope into λ and V/σ. The uncertainty in λ and V/σ

are derived from that in the median∆Slope and in the intercept of linear relation defined in Equations

2.14 and 2.15.

We present an example here. For, the whole sample. i.e., stellar mass limited (log(M∗/M⊙) > 10)

quiescent ETGs, the median ∆Slope is −0.57 ± 0.2 and −1.2 ± 0.1 for the high- and low-redshift

samples, respectively (Figure 3.23). If we convert ∆Slope into λ, the median λ would be 0.47 ±

0.1 and 0.35 ± 0.02 for the high- and low-redshift samples, respectively. Similarly, if we convert

∆Slope into V/σ, V/σ would be 0.51± 0.05 and 0.38± 0.02 for the high- and low-redshift samples,

respectively.

We summarized median λ and V/σ converted from the median∆Slope for different stellar mass

bins in Table 4.1 for all galaxies and Figure 4.1. Similarly, we calculate median λ for round galaxies

Figure 4.1 Median λ (left) and V/σ (right) converted from median ∆Slope as a function of
the stellar mass using the relation between λ and∆Slope derived in Chapter 2. The figure is
created with the data listed in Table 4.1.

(ϵ ≤ 0.4) from median ∆Slope. The converted values are summarized in Table 4.2 and Figure 4.2.

Note that we apply oversimplified linear relation between ∆Slope and λ or V/σ. Also, we assume

that the relation does not change with redshifts and environment. Therefore there would be larger

uncertainty in the converted λ and V/σ than presented in here.
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Figure 4.2 Same as Figure 4.1 but for round galaxies (ϵ ≤ 0.4). The figure is created with
the data listed in Table 4.2.

Table 4.1. Median ∆Slope and converted λ and V/σ for the high- and low-redshift ETG
samples.

High-Redshift Low-Redshift

log(M∗/M⊙) ∆Slope λ V/σ ∆Slope λ V/σ

10.0 < −0.57±0.2 0.47±0.04 0.51±0.05 −1.19±0.1 0.35±0.02 0.38±0.02

10.0− 10.5 −0.41±0.1 0.50±0.02 0.55±0.02 −0.87±0.1 0.41±0.02 0.45±0.02

10.5− 11.0 −0.48±0.2 0.49±0.04 0.53±0.05 −1.33±0.1 0.33±0.02 0.35±0.02

11.0− 11.5 −1.48±0.2 0.30±0.04 0.31±0.05 −1.96±0.2 0.21±0.04 0.21±0.05

11.5 < −2.20±0.4 0.16±0.08 0.16±0.09 −2.63±0.1 0.08±0.02 0.06±0.02
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Table 4.2. Same as Table 4.1 but for round galaxies with ϵ ≤ 0.4.

High-Redshift (ϵ ≤ 0.4) Low-Redshift (ϵ ≤ 0.4)

log(M∗/M⊙) ∆Slope λ V/σ ∆Slope λ V/σ

10.0 < −0.71±0.2 0.33±0.04 0.35±0.03 −1.31±0.1 0.24±0.03 0.26±0.02

10.0− 10.5 −0.42±0.2 0.38±0.04 0.39±0.03 −0.98±0.1 0.29±0.03 0.31±0.02

10.5− 11.0 −0.56±0.2 0.36±0.04 0.37±0.03 −1.38±0.1 0.23±0.03 0.25±0.02

11.0− 11.5 −1.82±0.1 0.17±0.03 0.19±0.02 −2.18±0.2 0.11±0.04 0.14±0.03

11.5 < −2.27±0.4 0.10±0.06 0.13±0.06 −2.61±0.1 0.05±0.03 0.08±0.02

4.3.1 Comparison to simulations of ETG kinematics

We compare our findings to state-of-art cosmological simulations investigating the spin-down history

of ETGs. Although the simulations are still not perfect and limited by resolution, some of them provide

us the amount of spin down in z ∼ 1 which should be compared with observations. Now, we have

obtained kinematic parameters, λ and V/σ, from observations although they are indirect estimates

converted from ∆Slope. Therefore, we are able to compare the amount of spin down statistically.

From cosmological hydrodynamical zoom-in simulations, Naab et al. (2014) have presented three

major paths for the spin down of ETGs. One is gas-rich major mergers, another is gas-poor major

mergers, and the other is gas-poor multiple minor mergers. While major mergers cause a rapid drop

of the angular momentum of the remnant galaxy, minor mergers have cumulative effect, which results

in gradual spin down.

We compare evolution of the spin parameter λ quantitatively with simulations done by Penoyre

et al. (2017). Penoyre et al. (2017) have investigated the amount of spin down caused by several

processes seen in their cosmological hydrodynamical simulations. They suggest that major mergers

are the main contributor for the spin down of ETGs. They have presented that major mergers lead

to spin down of ∆λ ∼ −0.05 to −0.2 below z ∼ 1 (see the top panel in Figure 4.3) for progenitors

which originally have λ ∼ 0.2 (log(M∗/M⊙) > 11) to ∼ 0.5 (log(M∗/M⊙) < 11). They have

also shown that minor mergers cause smaller amount of spin down by ∆λ ∼ 0 to −0.1 below z ∼ 1

(see the bottom panel in Figure 4.3). The measured amount of the median spin down of our ETGs

(∆λ ∼ 0.08 − 0.16 depending on the stellar mass) is consistent with the prediction for both major
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and minor mergers. Focusing on the massive cluster environment in z " 1 where velocity dispersion

is too large for major mergers to take place, continuous gas poor minor mergers may be more likely

process.

We note that the simulations in Penoyre et al. (2017) and our observational results do not reach per-

fect agreement, although the λ evolution is roughly consistent as shown above. While the simulations

show that slow rotators have obtain their dispersion-dominated kinematics at z < 1, the massive end

of our high-redshift ETGs have significantly negative ∆Slope implying that they are already slowly

rotating. Our results suggest the important epoch for the spin down of the most massive ETGs would

be z > 1. However, as the evolution of λ inferred from ∆Slope in this study would have large un-

certainty, it is important to directly and statistically observe kinematics of high-redshift ETGs in the

future with next generation telescopes such as JWST and TMT.

The results of situations may be different in different environments. A cosmological hydrody-

namical zoom-in simulation focusing on massive clusters has been carried out by Choi & Yi (2017).

They have analyzed the spin down mechanisms of ETGs in cluster environments. They have found

that while major and minor mergers significantly contribute to the spin down, the dominant driver is

not mergers but others whose details are yet unclear. Choi & Yi (2017) propose environmental effects

such as fly-by as the unclear contributor to the spin down in their simulation. This looks opposite to

the results presented in Penoyre et al. (2017) who suggest major mergers as a main contributor. The

discrepancy may arise from the fact that while Choi & Yi (2017) focus on cluster environment with

massive haloes (13.5 < log(M200/M⊙) < 15). Penoyre et al. (2017) deal with various environment

from fields to clusters up to the halo mass of log(M200/M⊙) = 14.7 (Vogelsberger et al., 2014), and

the average environment would be less dense than clusters. Still, Penoyre et al. (2017) do not find

significant difference in their simulations between central and satellite galaxies in terms of ellipticity

and λ distributions, which implies the environmental effect may not important.

We note that observations of local ETGs have not detected significant dependence of kinematics

on environments. Very recent large IFU surveys of nearby ETGs have been revealing that kinematical

properties of ETGs do not depend on environments once mass dependence is taken account (Oliva-

Altamirano et al., 2017, Brough et al., 2017, Greene et al., 2017b,a), which contradicts with a previous

result from a small sample (Scott et al., 2014). Thus, the environmental effect on the kinematics of

ETGs has not been observationally confirmed.

To summarize, at the current stage, the most likely mechanism acting on the spin down of the
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Figure 4.3 Adopted from Figures 14 (top) and 16 (bottom) in Penoyre et al. (2017). Top:
Average evolution of λ due to major mergers ∆λ below z = 1 shown in the simulation
(Penoyre et al., 2017) as a function of λ of the main progenitor at z = 1. The left panel
is for lower mass galaxies (log(M∗/M⊙) < 11) while the right panes is for higher mass
galaxies (log(M∗/M⊙) < 11). Color indicate the number of snap show after the merger,
i.e., time steps after the merger from 0.25 Gyr (n=2) to 2.5 Gyr (n=20). Considering that
our high-redshift (z ∼ 1) ETG sample have λ ∼ 0.5 for log(M∗/M⊙) < 11 and λ ∼ 0.2
for log(M∗/M⊙) > 11 the expected change in λ due to major mergers is ∆λ ∼ −0.2 for
log(M∗/M⊙) < 11 and ∆λ ∼ −0.05 for log(M∗/M⊙) > 11. Bottom: Average evolution of
λ due to minor mergers ∆λ below z = 1 shown in the simulation (Penoyre et al., 2017) as a
function of λ of the main progenitor at a some redshift indicated by color. The left panel is for
lower mass galaxies (log(M∗/M⊙) < 11) while the right panes is for higher mass galaxies
(log(M∗/M⊙) < 11). Similarly to the case of major mergers, the expected change in λ due
to minor mergers for our ETG sample is ∆λ ∼ −0.15 for log(M∗/M⊙) < 11 and ∆λ ∼ 0
for log(M∗/M⊙) > 11.
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cluster ETGs in z < 1 may be minor mergers, if the environmental effect is not important. We note

that, however, environmental effects may be a function of redshifts. As mentioned in the previous

section, the size of ETGs does not depend on environment in the local universe but do at z ∼ 1. If

major mergers are the main contributor of the size evolution of cluster ETGs at z ! 1, and if they also

contribute to the spin down, we might observe environmental dependence of galaxy rotation at z ∼ 1.

In the future, ∆Slope evolution should be compared between clusters and fields.

4.3.2 Comparison to Observations of Kinematics of Distant ETGs

We compare our results with previous observational studies of kinematics of distant ETGs. It is a

hard task to investigate stellar kinematics of distant ETGs because absorption lines are very faint and

PSF effects on the observed velocity fields is obvious. However, van der Wel & van der Marel (2008)

have carried out ultra-deep optical slit spectroscopy (van der Wel et al., 2005), and derived V/σ for

25 field ETGs in the redshift range 0.6 < z < 1.2. They also apply dynamical modeling to take

account of the PSF effects. V/σ of the 25 ETGs widely spreads from ∼ 0 to 1.5. The median V/σ

of the filed ETGs is ∼ 0.5 (see also Wuyts et al., 2010). As stellar masses of the their sample is

log(M∗/M⊙) ∼ 11, the median V/σ agree well between the field ETGs and our cluster ETGs. This

implies that the environmental effect on ETG kinematics at z ∼ 1may not be significant. Note that we

have assumed that the relation between V/σ and∆Slope is independent of environments and redshifts,

and conversion from ∆Slope to V/σ should be taken with caution. Still, it is curious why we have

observed the environmental effect on the size of ETGs at z ∼ 1 (Delaye et al., 2014) which may be

originated from more frequent major merger in clusters in the past while we do not detect significant

difference in the median V/σ. In the future work, it is important to measure ∆Slope for field ETGs

at z ∼ 1 in order to investigate possible environmental effects.

Next, we compare our findings to another result on the ETG kinematics at a high redshift. Taking

advantage of strong gravitational lensing caused by a intermediate redshift cluster, Newman et al.

(2015) have obtained high-quality near-infrared spectra of a massive (log(M∗/M⊙) = 11.24) ETG

at z = 2.6. They analyzed dynamical properties from slit spectroscopic data. They detect rotation

in the stellar absorption features, and obtain the spin parameter V/σ = 0.70± 0.21 using dynamical

modeling with observational effects taken into account. The galaxy has very large V/σ compared to

the local counter part because it is massive (log(M∗/M⊙) = 11.24), round (ϵ = 0.12±0.06), and also
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have a large Sérsic index (n = 3.5± 0.9). A simple comparison of V/σ between the galaxy and local

counter part with a similar mass and ellipticity (V/σ ∼ 0.14) yields the evolution of∆V/σ ∼ −0.56

by z = 0. Moreover, even by z ∼ 1.2, the galaxy need to reduce a large amount of V/σ from 0.70 at

z = 2.6 to ∼ 0.19 at z ∼ 1.2, if we assume that the galaxy is a typical ETG at the redshift. If this is

the case, strong evolution of V/σ should take place in a short time scale (∼2.6 Gyr). In addition, the

inferred amount of the evolution may be an upper limit because we assume no evolution in the stellar

mass. In reality, the galaxy may grow in the stellar mass if major or minor mergers take place.

Minor mergers alone may not be sufficient to reduce the large amount of angular momentum in

such a short time scale. Penoyre et al. (2017) have shown that minor mergers decrease λ only by

∼ −0.1 per 8Gyr from z ∼ 1 to 0. If we extrapolate this decreasing rate into z > 1, λ (∼ V/σ) would

decrease at most by∼ 0.2−0.3 even with one order of magnitude higher minor merger rates at z ∼ 2

than z ∼ 0 (Rodriguez-Gomez et al., 2015). Even if we take the lower limit for V/σ of the galaxy

(V/σ = 0.5 at z = 2.6), the amount of V/σ to be reduced by z ∼ 1.2 is ∼ 0.3. This is still large

compared to the predicted amount in minor mergers, although they are marginally consistent.

On the other hand, major mergers may be responsible for the kinematic evolution of the galaxy

between z = 2.6 to ∼ 1. Taking account of rapidly increasing merger rates with increasing redshift,

∼ 1 major merger with mass ratio ! 1:4 can occur between the redshift range (e.g., Figure 7 in

Rodriguez-Gomez et al., 2015). Therefore, the galaxy may be able to reduce V/σ sufficiently by

z ∼ 1. Note that merger rates considered here are derived from simulations in various environments

(Vogelsberger et al., 2014, Rodriguez-Gomez et al., 2015) and the simulations do not focus on cluster

environments.

Based on the discussion above, we propose that the most important epoch for kinematic evolution

(i.e., spin down) of massive ETGs, which tend to be slow rotators in the local universe, may be z ∼

2− 3 to 1. We have found that massive ETGs (e.g., log(M∗/M⊙) > 11) have already had extended

profiles at z ∼ 1 at least in cluster environments. In addition, a possible progenitor of such massive

galaxies at z = 2.6 has large V/σ. Therefore, large amount of spin down is required for the galaxy if

it is a typical ETG at z = 2.6.

The possible large spin down in 1 " z " 2 is also supported by another observational study (Belli

et al., 2017). Belli et al. (2017) have investigated average V/σ of z ∼ 2 ETGs, using ellipticity and

(spatially-unresolved) line-of-sight velocity dispersion with a simple kinematical model. They have

shown that quiescent galaxies at z ∼ 2 have a factor of two larger V/σ than z ∼ 0. As the V/σ
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evolution inferred from ∆Slope is a factor of ∼ 1.3 (from 0.38 to 0.51), larger amount of evolution

in V/σ would take place at 1 " z " 2. Thus, further studies of ETG kinematics in the redshift range

of z ∼ 1 to 2 (or ∼3) would provide critical constraints on the evolution history and its mechanisms

of ETGs.

4.3.3 Possible Link between Truncated Fast Rotators andHigh-Redshift Star-FormingGalax-

ies

Finally, we discuss the possible link between truncated (∆Slope > 0) fast rotators and star-forming

galaxies at high redshifts. We have discussed the possibility that majority of intermediate mass ETGs

(i.e., truncated fast rotators) may have formed from star-forming galaxies at z ! 2 in secular processes

in Section 4.1.1.1. At z ∼ 0, fast rotators have small V/σ and normal star-forming galaxies have very

large V/σ (> 5, e.g., Epinat et al., 2010, Green et al., 2014). However, as there is significant evolution

of∆Slope from z ∼ 1 to 0, progenitors of the local fast rotators may have larger V/σ at high redshifts,

assuming passive evolution. We discuss the expected difference of V/σ of the passive progenitors and

star-forming galaxies observed at high redshifts

Recent advance of IFS in near-infrared wavelength range has provided us kinematic properties of

large samples of star-forming galaxies for which gas kinematics can be obtained from strongHα line

emission. Several studies have revealed that high-redshift galaxies are rotating disks but with smaller

V/σ compared to local galaxies (e.g., Genzel et al., 2008, Kassin et al., 2012, Wisnioski et al., 2015).

In the local universe, V/σ of star-forming galaxies is ∼ 10, it becomes ∼ 3 − 5 at z ∼ 1, and then

∼ 2 at z ∼ 2 − 3 (Wisnioski et al., 2015). Although the gradual decline of V/σ is due to increasing

velocity dispersion σ, it does not mean the galaxies are dynamically hot (dispersion dominated) like

ETGs or bulges. Rather, the large σ is interpreted as an integration of local non-ordered motion of gas,

i.e., turbulence due to large gas fraction in disks at high-redshifts (e.g., Genzel et al., 2011, Tacconi

et al., 2010).

On the other hand, the expected amount of evolution in V/σ of ETGs is not large. The average

V/σ of ETGs at z ∼ 1 is ∼ 0.5 which is converted from ∆Slope. This is much smaller than V/σ of

star-forming galaxies at z ∼ 2− 3. Therefore, on average, there is a large gap between V/σ of high-

redshift star-forming galaxies (V/σ ! 2) and z ∼ 1 ETGs. We note that there should be a fraction of

ETGs which would achieve larger V/σ than the average. This fraction may be explained by secular
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transformation from the star-forming galaxies into ETGs followed by passive evolution.

If high-redshift star-forming galaxies are transformed into average ETGs, V/σ need to be reduced

from V/σ ! 2 (z ∼ 2 star-forming galaxies) to V/σ " 0.5 (z ∼ 1 ETGs). Small V/σ of ETGs (not

only slow rotators but also fast rotators) is originated from a dynamically hot bulge. Therefore, bulge

formation is a key for the morphological evolution from star-forming disks to ETGs. As we have

mentioned in Section 4.1.1.1, at high redshifts (z ! 2), large gas fractions in disks leads to formation

of massive clumps which would shrink into the center a galaxy to form a bulge component with small

V/σ (∼ 1 Elmegreen et al., 2008). Soon after that, star formation may be quenched by morphological

quenching (Martig et al., 2009).

Once such a bulge is formed, V/σ become quite close to the expected value of the z ∼ 1 ETGs

(V/σ ∼ 0.5). Still, V/σ ∼ 1 at z ∼ 2 may be too large for such a galaxy to be an average population

of z ∼ 1 ETGs (V/σ ∼ 0.5). If ETGs formed in the secular process are the main population of fast

rotating ETGs with truncated profiles (Section 4.1.1.1), they need to reduce ∆V/σ ∼ 0.5 by z ∼ 1.

This amount seems to be too large if we assume the evolution is dominated by minor mergers in which

case V/σ would decrease only by∼ 0.2−0.3 between z ∼ 2 to 1 as discussed in the previous section.

Therefore, it may be difficult to form majority of fast rotators from the high-redshift star-forming

galaxies by secular processes which we have proposed in Section 4.1.1.1. However, we have relied

on too many assumptions such as the ∆Slope-V/σ relation and results from the improving yet still

imperfect simulations. Therefore, we would like to emphasize again the importance of investigating

the spin down history of ETGs or quiescent galaxies at z ∼ 1 to 2 in order to understand galaxy

formation history from star-forming disks to quiescent ETGs.
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5
Conclusions

In Chapter 1, we have reviewed up-to-date results of kinematics of ETG from observations and simula-

tions. Recent IFS observations of local ETGs, have established a view that they can be classified into

fast rotators and slow rotators. At the same time, observational studies at high redshifts have found

that there is a dramatic size growth of massive ETGs from z ∼ 2 to 0. Cosmological simulations show

a that two-phase formation scenario could explain these observational results. However, the dominant

processes are not clear mainly because of complexity in the formation and evolution processes. Ob-

servations of kinematic properties of high-redshift ETGs is inevitably important to observationally

constrain the processes. In spite of the importance, crucial difficulty of absorption line spectroscopy

at high redshifts prevents us from studying kinematics. Surface photometry measurement which is a

less observationally expensive tool is important with which kinematics of high-redshift ETGs could

be indirectly investigated. In this study, in order to observationally investigate the evolution of kine-

matic properties of ETGs, first, we find a photometric parameter which can be used as a good proxy

for kinematics of ETGs. Then, we measure the parameters for high-redshift and low-redshift ETGs.

In Chapter 2, we have analyzed radial light profiles of 166 non-barred ETGs in the local universe.

Since the ETGs have been observed by the large IFS survey ATLAS3D, spatially resolved kinematics

157



is available for the sample. By comparing the r-band light profiles, slowly rotating ETGs tend to have

extended profile in outer regions than fast rotators. We have defined a parameter ∆Slope using the

inner and outer slopes of the light profiles. With the parameter, the deviation of the light profiles from

a pure Sérsic profile can be evaluated. As a result, almost all slow rotators with the spin parameter

λe ≤ 0.3 have negative values of ∆Slope indicative of more extended profile than a Sérsic profile.

On the other hand, fast rotators can have various ∆Slope values from negative to positive, but a

large fraction of them have signature of disks characterized by large ellipticity (ϵ > 0.4) or positive

∆Slope (i.e., truncated outer profiles). We have found a significant correlation between ∆Slope and

λe by carrying out KS tests. The correlation is also found for round ETGs for which other structural

parameters do not show significant correlations to λe. We obtain an approximated linear relation

between ∆Slope and λe although the intrinsic scatter is large.

In Chapter 3, we have analyzed and compared radial light profiles of ETGs residing in massive

galaxy clusters at z ∼ 1 and 0, focusing on the ∆Slope parameter. We construct a sample of ∼

600 quiescent ETGs at each redshift using color-magnitude selection and parametric morphological

selection. For the high-redshift sample, we have made use of high-quality imaging data taken by

HST as well as spectroscopic data obtained the HST Cluster Supernovae Survey. For the low-redshift

counterpart, we have utilized publicly available imaging and spectroscopic data provided by SDSS.

We have measured the inner and outer slopes of light profiles in the rest-frame optical wavelength

(λ ∼ 4000 Å) and applied appropriate corrections for the effect of PSF. Our findings in this chapter

is summarized as follows: The high-redshift ETGs have significantly larger ∆Slope than the low-

redshift, with the largest difference at log(M∗/M⊙) ∼ 10.5 − 11. The difference of ∆Slope is

originated mostly from the outer slope of the light profile, and the contribution from the inner slope is

not significant. The difference of the outer slope could also be seen in the staked light profiles of ETGs

revealing that the high-redshift ETGs tend to have more truncated outer profiles than the low-redshift

ETGs. The mass dependence of ∆Slope is observed both in the high- and low-redshift samples with

the massive end dominated by extended (∆Slope<0) galaxies. The results do not significantly change

even if we do not apply correction for the PSF effect or if we use different selection criteria of ETGs.

In Chapter 4, we discuss evolution of ETGs based on the findings above. In Section 4.1, we first

discuss possible formation and evolution mechanisms of fast rotating and slowly rotating ETG based

on the relation between∆Slope and λ in Chapter 2. The fact that a large fraction of fast rotators have

signatures of the dominance of disks at large radii implies the possible contribution of secure processes
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for the formation mechanisms of rotating ETGs with which outer disks would not be destroyed. Major

mergers may be important for fast rotators with extended outer profiles which tend to be massive. We

consider that the formation and evolution processes forming slow rotators may also be responsible

for the extended outer profiles because most of them have negative ∆Slope. At this moment, we

have not yet reached a firm conclusion about which processes is the dominant, but they include ex-

ternal processes such as major or minor mergers, internal ones such as AGN feedback. In the future,

quantitative comparisons of parameters including λ, ∆Slope, and others between observations and

simulations will help us understand the mechanisms.

In Section 4.2, we address the possible mechanisms of the structural evolution of quiescent ETGs

in massive clusters, focusing the size evolution based on findings in Chapter 3. We have found the size

evolution for the ETG samples, which is consistent with previous studies (Delaye et al., 2014, Andreon

et al., 2016, Mitsuda et al., 2017). Taking account of the outer slope evolution from truncated at z ∼ 1

to extended at z ∼ 0 combined with other structural parameters such as Sérsic index and ellipticity,

we consider that the size evolution of the cluster ETG samples is more likely to be originated from

evolution of individual galaxies, although we do not completely rule out the progenitor bias. Together

with previous studies showing environmental dependence of the size evolution of ETGs (Delaye et al.,

2014, Andreon et al., 2016) as well as inactive nature of the ETGs and large velocity dispersion of the

clusters, minor mergers may be the most likely processes of the size evolution of individual ETGs in

clusters at z ∼ 1.

Finally, in Section 4.3, we have discussed kinematical evolution of ETGs, adopting the relation

between∆Slope and λ found in Chapter 2. We simply convert∆Slope of the high- and low-redshift

ETGs into λ or V/σ, assuming that the relation between∆Slope and λ does not change with redshifts

and environments. The median value of V/σ of the high-redshift ETG sample becomes ∼ 0.5. This

value is roughly consistent with that of 25 field ETGs (V/σ ∼ 0.5) at z ∼ 1 which is directly mea-

sured with ultra-deep slit spectroscopy (van der Wel & van der Marel, 2008). The average amount of

decrease of λ from z ∼ 1 to 0 (∼ 0.1) is comparable with the amount of spin down due to minor merg-

ers in cosmological simulation (Penoyre et al., 2017). Although we have found significant evolution

of ∆Slope between z ∼ 1 to 0, massive ETGs with log(M∗/M⊙) > 11 have extended outer profile

even at z ∼ 1, which suggests that the dominant processes for forming massive slow rotators would

work efficiently at z > 1.

As presented above, we have investigated evolution of kinematic properties of ETG in z < 1with
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large samples of ∼ 600 ETGs at z ∼ 1 and 0, using the relation between ∆Slope and λ found in the

local Universe. As a result, we have found significant evolution in ∆Slope which may be related to

kinematical evolution. Our approach is an indirect method, and therefore there would be uncertainty

in the interpretation from∆Slope into kinematics. In a future work, two approaches is important. One

is to test whether the relation∆Slope and λ holds in another environment using upcoming large IFU

surveys such as MaNGA (Bundy et al., 2015) and HECTOR (Bland-Hawthorn, 2015). Also, direct

observations of stellar kinematics of distant ETG, especially at z ∼ 1 to 2 (or 3), using next generation

space-based and 30-m class ground-based telescopes such as JWST, GMT, ELT, and TMT, which will

provide critical constraints on the formation and evolution mechanisms of ETGs.
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