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Abstract

The morphology, size, and angular momentum of galaxies are three fundamental quantities

that can be used as probes for internal structure and kinematics. Studying these quantities

at high-redshift provides us invaluable insights for galaxy formation and evolution.

This thesis consists of two parts. In the first part, we investigate the angular momentum

evolution of disk galaxies at z ∼ 2, 3, and 4. The stellar disk size of a galaxy depends on

the fraction of the dark halo mass settled as disk stars, m⋆ ≡ M⋆/Mdh, and the fraction

of the dark halo angular momentum transferred to the stellar disk, j⋆ ≡ J⋆/Jdh. Since

m⋆ and j⋆ are determined in a different manner by a series of star-formation related

processes such as inflows and feedbacks, measuring j⋆ and m⋆ at various redshifts is

needed to understand those processes and thus the formation history of disk galaxies.

However, angular momentum studies at z > 1 are still very limited because it is difficult

to kinematically measure j⋆.

We use the 3D-HST GOODS-S, COSMOS, and AEGIS imaging data and photo-z cat-

alog, where stellar masses and star formation rates are also given, to examine j⋆ and m⋆

for star-forming galaxies at z ∼ 2, 3, and 4, when disks are actively forming. For each

redshift, we divide the catalog into M⋆ bins and infer Mdh from clustering analysis and

abundance matching, thus obtaining m⋆ for each bin. We also measure, for objects in

each bin, effective radii rd at rest 5000Å with GALFIT which, combined with Mo et al.’s

(1998) analytic disk formation model and Mdh and m⋆ measurements, gives j⋆ without

measuring disk kinematics.

We find that the j⋆/m⋆ ratio is ≃ 0.77 ± 0.06 for all three redshifts over the entire

mass range examined, 8 × 1010 < Mdh/h−1M⊙ < 2 × 1012, with a possible (< 30%)

decrease with mass. This high ratio is close to those of local disk galaxies, descendants

of our galaxies in Mdh growth, implying a nearly constant j⋆/m⋆ over past 12 Gyr. It

is found that recent theoretical galaxy formation simulations predict smaller jd/md than

our values. We also find that a significant fraction of our galaxies appear to be unstable

against bar formation. We also examine the rd–M⋆ relation for our galaxies, finding

shallow power-law slopes of the relation decreasing from ≃ 0.19 at z ∼ 2 to ≃ 0.08 at

z ∼ 4. These shallow slopes less than 0.2 reflect the non-positive slopes of the j⋆/m⋆-Mdh
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relation, and the decrease toward z ∼ 4 may be due to a decrease (getting more negative)

in the slope of the j⋆/m⋆-Mdh relation over the same redshift range.

In the second part, we focus on the size and morphology of galaxies. We use a cos-

mological hydrodynamical simulation framework, FiBY, which is an updated version of

Gadget-3 in order to investigate what problem would happen if we adopt the same size

measurement procedure as one used in the local universe for very high-redshift galaxies

at z ∼ 6. The simulated galaxies are lensed onto the Hubble Frontier Fields (HFF) clus-

ter image, and the sizes are measured on the mock image. By comparing the intrinsic

sizes (rsim) in the simulations and the observed sizes (robs,mock) in the mock observa-

tions, we have examined whether the surface brightness profile of the simulated galaxies

is reproduced by a single Sérsic profile.

We find that our rsim–luminosity relation is slightly higher than the incompleteness

corrected size–luminosity relation by Kawamata et al. (2018). On the other hand, robs,mock

is measured two or three times smaller than rsim; the robs,mock–luminosity relation is

comparable to the incompleteness uncorrected size–luminosity relation. This is because

the surface brightness limit of the HFF image is too shallow, and a single Sérsic profile

can not trace the extended structure of our simulated galaxies.

For local to intermediate redshift galaxies, we can measure the accurate galaxy sizes

by using the size measurement method assuming a Sérsic profile. However, our results

in the second part indicate that we need special care to apply a Sérsic profile to very

high-redshift galaxies at z > 6, because the sizes of galaxies may be underestimated by

the size measurement procedure.
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Chapter 1

Introduction

1.1 Galaxy Evolution

Since William Herschel discovered that our galaxy ʞMilky Wayʟ is a cluster of stars,

galaxies have fascinated us with their beautiful shapes. We now know that a galaxy is a

more complex self-gravitating system that is composed of an innumerable number of stars,

cold gas, dust, and a surrounding dark matter halo. Galaxies are not only mere cradles

of stars but the building blocks of the Universe. They are distributed across cosmological

time scales with brightness that can be observed, which allows astronomers to probe the

evolution history of the Universe.

As the Universe evolves, the nature of galaxies also changes. One of the most notice-

able properties is morphology. In the past Universe, most of the galaxies have disky or

irregular shapes. Toward the present day, however, there appear a growing number of

elliptical galaxies with orderly structures. It is because a fraction of disk and irregular

galaxies evolve into ellipticals for some reasons. Interestingly, the morphologies of galax-

ies are closely related to their global properties, such as luminosity, color, gas content,

and star formation. These properties also evolve along with the evolution of morphology.

Therefore, the morphologies of galaxies reflect the underlying fundamental physics.

It is an intriguing mystery of the Universe why and how galaxies evolve. The recent

development of large telescopes has opened a new way to observe the evolution of galaxies

back to the first several hundred million years of the Universe. These telescopes make

it possible to measure various properties including internal structure and kinematics of

galaxies over the wide range of redshifts. In addition, the improvement of numerical

techniques and computational power allows modeling a vast range of dynamic scales of

the Universe from the large scale cosmic web to the internal structure of a single galaxy.

Cosmological galaxy formation simulations have made remarkable progress in reproducing

the various scaling relations of galaxies and helped to interpret observations. We are
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now in the golden age of extragalactic astronomy, because we are, and we will soon be,

able to understand the evolution process of galaxies from their birth thorough detailed

observations and cosmological simulations.

1.2 Structure and Kinematics of Galaxies

It is important to study the evolution of galaxies from the perspective of structure and

kinematics. Angular momentum, size, and morphology are three fundamental quantities

that can be used as probes for internal structure and kinematics. These quantities are in

the scope of this study.

Morphology

Galaxies have a variety of shapes. Edwin Hubble ordered galaxies based on their

shapes, which is known as the Hubble sequence (Hubble, 1936). Although the

Hubble sequence classifies galaxies based only on morphology, many other properties

like color, age, and gas content also change along the sequence. According to the

sequence, galaxies can be roughly classified into three types: disks, ellipticals, and

irregulars. Disk galaxies are characterized by a thin disk, which include a bar, spiral

arms, and a central bulge. Disks are rotationally supported and primally contain

young stars and cold gas. Elliptical galaxies, on the other hand, have a smooth

elliptical isophote and are composed of old stars and little cold gas. They are

mainly supported by velocity dispersion and generally have a low rotation velocity.

Angular momentum

Disks galaxies and ellipticals are also separated by their angular momentum. When

galaxies are formed, their angular momentum acquired by tidal torques stops the

gas concentration, which leads to the formation of disks. Thus angular momentum

plays an essential role in forming the disks of galaxies. Disk galaxies retain the

initial specific angular momentum obtained by tidal torques almost fully through

the concentration process and evolution history, whereas elliptical galaxies dissipate

angular momentum through mergers and have a low specific angular momentum.

Galaxy size

Galaxy sizes are a more direct quantity that can be easily measured and provide

information on kinematics. Since the angular momentum of disk galaxies play a

crucial role in the formation of disks, disk sizes reflect the amount of the specific

angular momentum. Thus, disk sizes can be used as an alternative measure of angu-

lar momentum, especially at high redshift where constructing a large spectroscopic

sample is difficult.
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1.3 Cosmological Simulations

Cosmological simulations have been strong tools to predict galaxy formation and evolution

within the ΛCDM cosmology ever since early attempts to simulate galaxy formation in

the cosmological context (e.g., Navarro & Benz, 1991; Navarro & White, 1994).

There exist two different approaches to model galaxy formation: semi-analytical mod-

eling and hydrodynamical simulations. A hydrodynamical simulation is a straightforward

way to calculate gravity and hydrodynamical equations for DM, gas, and stars. The 3D

positions and velocities of these particles and/or grid cells are traced, by accounting for

interactions with each other, which makes it possible to study the kinematics and other

properties of galaxies in detail. The other complementary way is semi-analytical modeling,

which was firstly developed by White & Frenk (1991). A semi-analytical model utilizes

merger trees calculated by N-body simulations and does not calculate fundamental equa-

tions. Alternatively, some simplified recipes are implemented: the cooling rate of hot

gas, the conversion rate of cold gas into stars, and feedbacks from supernovae and AGNs.

The advantage of semi-analytical models is that they alleviate the calculation cost that

imposes a severe limitation to the box sizes and resolution of hydrodynamical simulations

even for latest computers.

Cosmological zoom-in simulations are a suite of numerical techniques, which have be-

come popular in recent years. In zoom-in simulations, a subvolume including a matter of

interest such as a halo or a galaxy is simulated at a higher resolution within a surrounding

region at a low resolution. The low-resolution surroundings provide a tidal field allowing

for the precise calculation of the zoom-in region. After an initial run at a coarser resolu-

tion, a halo of interest is selected, and mass particles in the regions are traced back to the

initial state. The distribution of the mass particles determines the zoom-in region. The

selected zoom-in region is filled with much more highly resolved particles, and the entire

volume is re-simulated. A final run includes baryonic components such as gas and stars,

and hydrodynamics is turned on. Zoom-in simulations in this way allow studying small

scale baryonic processes precisely accounting for the effect of large scale structures within

limited computing resources.

Early hydrodynamical simulation projects suffered from a crucial angular momentum

catastrophe. During the assembly process of gaseous cores, a large proportion of their

angular momentum has been transferred to the surrounding halo. A resulting galaxy

had only a small fraction of specific angular momentum. Therefore simulations made

only early-type galaxies and failed to produce pure disks (e.g., Navarro & White, 1994;



4 Chapter 1 Introduntion

Sommer-Larsen et al., 1999; Navarro & Steinmetz, 2000). This problem has been improved

by using an adequate numerical resolution and implementing an efficient SF feedback (e.g.,

Sommer-Larsen et al., 1999; Kaufmann et al., 2007; Governato et al., 2007). An efficient

SF feedback ejects low angular momentum gases in the center of galaxies and redistributes

it to the outskirts, resulting in extended disk galaxies (Brook et al., 2012).

In recent years, large-volume cosmological hydrodynamical simulations have been con-

ducted and made significant progress in reproducing the structures and morphologies of

galaxies with a wide range of redshift, which include Illustris (Vogelsberger et al., 2014;

Genel et al., 2014), IllustrisTNG (Pillepich et al., 2018, 2019), and EAGLE (Schaye et al.,

2015; Crain et al., 2015). These high-resolution simulations with a proper treatment of

feedbacks produce late-type galaxies whose disk sizes and angular momentum are com-

parable to observed ones especially at z ∼ 0 (e.g., Brook et al., 2011; Genel et al., 2015;

Lagos et al., 2017).

1.4 Angular Momentum and their importance on the Formation

of Disk Galaxies in ΛCDM cosmology

Within the ΛCDM paradigm, galaxies form in the center of hierarchically growing dark

matter halos (Fall & Efstathiou, 1980). In the tidal torque theory, gases and dark matter

halos acquire angular momenta with a log-normal distribution of the spin parameter

through tidal gravitational fields (Peebles, 1969). The dimensionless spin parameter is

given by

λ ≡ J |E|1/2

GM5/2
, (1.1)

where J , E, and M are the total angular momentum, total energy, and total mass of the

system. Since gases and halos share initial tidal torque fields, it is expected that gases and

dark matter halos have the same amount of specific angular momentum. Gases gradually

radiate away the thermal energy and then cool and collapse toward the center of dark

matter halos. Their angular momentum halts the collapse and leads to a rotationally

supported disk galaxy (Fall & Efstathiou, 1980; White & Frenk, 1991; Mo et al., 1998).

In this formation scenario of disk galaxies, the disk size of a galaxy (rd) is given by

rd =
1.678√

2

(
jd
md

)
λr200fc(cvir)

−1/2fR(λ, cvir,md, jd),

(1.2)

(Mo et al., 1998). Here jd/md (jd ≡ Jd/Jdh, md ≡ Md/Mdh; d :star+gas) is the angular

momentum retention factor and displays how much angular momentum acquired via tidal
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torques is conserved during the disk formation, r200 is the radius of the dark matter

halo within which the average density is 200 times of the critical density, and fc and fR

show, respectively, the difference in the density profile from an exponential profile and

the gravitational effect of the disk. By assuming that the angular momentum of a disk is

fully conserved, jd/md = 1, this model successfully reproduces scaling relations of local

disk galaxies: the stellar mass–size relation and the stellar mass–size scatter relation (Mo

et al., 1998; Dutton & van den Bosch, 2012; Romanowsky & Fall, 2012). Because of this

success, this model has been adopted in many semi-analytical models (e.g. Hatton et al.,

2003; Somerville et al., 2008; Guo et al., 2011; Porter et al., 2014; Henriques et al., 2015;

Croton et al., 2016; Tonini et al., 2017).

However, the assumption that jd/md equals to unity independent of mass and cosmic

time is not trivial, because the angular momenta of dark matter halos and disk galaxies

evolve differently. Dark matter halos increase their angular momentum at the outskirts

through mergers, smooth accretion, and cosmic expansion (Obreschkow et al., 2015). On

the other hand, highly-complex baryonic processes such as cooling, dynamical friction,

and various feedback processes can change the specific angular momentum of disk galaxies

(e.g. DeFelippis et al., 2017; Tonini et al., 2017). These processes are closely dependent on

the mass of host dark matter halos. For example, the mass of dark matter halos controls

how much expelled gases, which exchange the angular momentum with hot halo gases, can

return to the galaxies again. The accumulation of such processes may increase or decrease

the disk specific angular momentum. This is why the information of angular momentum

is essential for comprehensive understanding of galaxy formation and evolution. It is

important to understand the evolution of the angular momentum of galaxies as a function

of dark halo mass at various redshifts.

In the present-day universe, since the pioneer work of Fall (1983), the angular momenta

of galaxies with various morphological types and masses have been studied by observations

and cosmological simulations (e.g. Steinmetz & Navarro, 1999; Governato et al., 2007;

Romanowsky & Fall, 2012; Fall & Romanowsky, 2013). Romanowsky & Fall (2012) and

Fall & Romanowsky (2013) have extended and updated the study of Fall (1983) with

recent observational data. They have found that the specific angular momenta of spiral

galaxies are not conserved, with jd/md ≃ 0.8 independent of halo mass. This implies that

some baryonic processes mentioned above decrease the disk specific angular momentum.

Recent semi-analytical and hydrodynamical galaxy formation models have also obtained

low angular momentum retention factors (Sales et al., 2012; Genel et al., 2015; Coĺın

et al., 2016; Stevens et al., 2016; Lagos et al., 2017). Lagos et al. (2017) have investigated

the specific angular momentum of simulated galaxies with EAGLE and found excellent
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agreement with observations especially at z ∼ 0. With Illustris, Genel et al. (2015) have

demonstrated that the stellar angular momenta of late-type and early type galaxies show

different types of relations as suggested by the observation of Romanowsky & Fall (2012).

The roles of baryonic processes that determine the disk specific angular momentum have

been examined: they include various types of feedback processes and the formation of

bulges by disk instabilities.

On the other hand, beyond z ∼ 1, there are only a few studies that have observationally

examined the specific angular momentum of galaxies because of the difficulty in obtaining

kinematic measurements. Burkert et al. (2016) have analyzed the angular momenta of 359

disk star-forming galaxies at z ∼ 0.8−2.6 and found jd/md ≃ 1. Contini et al. (2016) have

found in 28 low mass galaxies at z ∼ 1 almost the same stellar mass–angular momentum

relation as the local one. However, some semi-analytical and hydrodynamical models

predict that disk galaxies at z ∼ 1 have smaller specific angular momenta than local

galaxies (e.g. Sales et al., 2012; Pedrosa & Tissera, 2015). Some results of cosmological

galaxy formation simulations support the picture in which disk galaxies gradually acquire

specific angular momentum as they grow (Obreschkow et al., 2015; Coĺın et al., 2016). A

consensus has not been reached on the angular momentum evolution beyond z ∼ 1. More

observational data are needed to test the model predictions: disk galaxies are formed with

high specific angular momentum at the early stage of their formation or they are formed

with low specific angular momentum but increase it through their evolution with some

baryonic processes.

In this thesis, to tackle the issue of the angular momentum evolution of disk galaxies and

understand the formation and evolution of galaxy disks, we study the relation between the

fraction of the dark-halo angular momentum transferred to the stellar disk (j⋆ : ⋆ :star)

and the stellar to dark matter halo mass ratio (m⋆) at z ∼ 2, 3, and 4. We estimate dark

halo masses by two independent methods: clustering analysis and abundance matching

technique. In order to measure j⋆, it is popular to analyze galaxy kinematics with spec-

troscopy. However, it is very difficult to construct a large spectroscopic sample at high

redshifts. Instead, we make use of the analytical model of Mo et al. (1998) that connects

disk size with angular momentum. By measuring the disk sizes of galaxies and assuming

this analytic model, we estimate j⋆.

Kravtsov (2013) has investigated stellar disk size to halo size ratios (rd/rdh), which also

reflect angular momentum retention factors, for local galaxies with a similar approach.

Kawamata et al. (2015) and Shibuya et al. (2015) have extended his study to high red-

shift galaxies and found that the disk size to halo size ratios are almost flat out to high

redshift. Recently, Huang et al. (2017) and Somerville et al. (2018) have examined the
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disk size to halo size ratios as a function of stellar mass in more detail out to z ∼ 3

from CANDELS surveys using abundance matching. They have found that the disk sizes

are proportional to the halo sizes from z ∼ 0 − 3 and the ratios slightly decrease toward

z ∼ 0 and high stellar masses. Our studies are complementary to these studies. There are

some new aspects in our work. We study the mass–angular momentum relation at high

redshift. Moreover, while all previous studies have used abundance matching analysis, we

use clustering analysis, which is an independent of method to estimate dark halo masses.

We also compare our results with recent cosmological galaxy formation simulations.

1.5 Galaxy Sizes at very High Redshift

Recently, thanks to the development of large ground-based and space telescopes, large

samples of galaxies at very high redshift (z > 6) have been constructed (e.g., McLure

et al., 2013; Bowler et al., 2014; Finkelstein et al., 2015). In particular, Hubble Space

telescope (HST) with the Wide Field Camera 3 (WFC3) has dramatically improved our

ability to probe the structure and kinematics of galaxies. The Hubble Frontier Fields

(HFF; Coe et al., 2015; Lotz et al., 2017) is a revolutionary HST deep survey program

with the aim of imaging six massive cluster fields and six parallel fields. The strong

gravitational lensing effect by the foreground clusters allows detecting faint sources down

to MUV ∼ −16mag (Atek et al., 2014, 2015; Castellano et al., 2016; Livermore et al.,

2017). These considerably deep images have boosted the effort to study the sizes of faint

galaxies (MUV > −20mag) at z ≥ 6 (Kawamata et al., 2015; Laporte et al., 2016; Bouwens

et al., 2017; Kawamata et al., 2018).

The accurate size measurements of high redshift galaxies (z ≥ 6) can tell us valuable

information on galaxy evolution. As with the case of low-redshifts, galaxy sizes are a direct

probe of kinematics and can be used as an alternative measure of angular momentum. By

tracing the evolution of galaxy sizes, the relationship between galaxies and dark matter

halos is also invesgated (e.g., Kravtsov, 2013; Somerville et al., 2018). In addition, size

distribution of high-redshift galaxies is needed to correct the detection completeness of the

UV luminosity function. At a given magnitude, the detectability of a large galaxy is lower

than that of a small galaxy because the former has a lower surface brightness. Therefore,

source sizes have a large impact on the determination of the faint end slope of the UV

luminosity function, which constrains how faint galaxies play a crucial role in ionizing the

Universe. Kawamata et al. (2018) have provided size measurements of z = 6 ∼ 9 LBGs at

−21.6 < MUV < −12.3 using the six cluster fields and six parallel fields data and reported

that these galaxies have tremendously small sizes. By utilizing the fact that the surface
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brightness of galaxies rely on the lensing shear, Bouwens et al. (2017) have also indicated

that the intrinsic sizes of faint galaxies are small.

The improvements in simulation techniques allow some hydrodynamical simulations and

semi-analytical models to study the size–luminosity relation of faint galaxies at z ≥ 6 (Ma

et al., 2018b; Arata et al., 2019; Marshall et al., 2019). These studies have predicted a

larger size than observed at the faint end of the size–luminosity relation. Ma et al. (2018b)

have predicted the sizes and morphologies of simulated galaxies at z ≥ 5 with hydrody-

namical cosmological zoom-in simulations from the Feedback In Realistic Environments

(FIRE) project (Hopkins et al., 2014). The simulated galaxies have shown extended in-

trinsic structures, and the UV flux has been dominated by some small clumps. However,

it is not an easy task to compare the results of observations and simulations, at such high

redshifts because of significant surface brightness dimming and a clumpy morphology of

galaxies. In addition, because these faint galaxies have been detected on strongly lensed

fields, uncertainties due to the mass modeling of clusters, sky noise, the methodology of

size measurements may affect measured sizes.

1.6 Problem on Measuring Sizes at very High Redshift

For size measurements of galaxies, there are some different approaches. Among them,

a traditional and popular way is to perform surface brightness fitting assuming a Sersic

(1968) profile (e.g., Davies et al., 1988; Simard et al., 1999; Peng et al., 2002; Trujillo

et al., 2007; Tasca et al., 2009; Huang et al., 2013; Ono et al., 2013; van der Wel et al.,

2014; Kawamata et al., 2015; Shibuya et al., 2015; Bouwens et al., 2017; Paulino-Afonso

et al., 2017; Kawamata et al., 2018; Gillman et al., 2019). This is motivated by the studies

of local galaxies. In the local Universe, the bulges of early-type galaxies are well fitted

with a n = 4 Sérsic profile, and the disks of late-type galaxies tend to have a n = 1 Sérsic

profile (Courteau et al., 1996; Andredakis, 1998). The advantage of adopting a parametric

profile for size measurements is that it does not depend on the choice of the size of an

aperture. As the size of an aperture determines total flux, the galaxy sizes measured by

a non-parametric method is biased by the size of the aperture (Curtis-Lake et al., 2016).

An alternative way to define a galaxy size is a non-parametric approach, which defines

the size by an aperture enclosing a half or some percentage of total flux (e.g., Oesch et al.,

2010; Curtis-Lake et al., 2016; Arata et al., 2019) or the number of pixels above a surface

brightness threshold (Law et al., 2007; Ribeiro et al., 2016; Ma et al., 2018b).

From local to intermediate redshifts, size measurements assuming a parametric profile

require high signal-to-noise (SN) ratio, but the method generally works well. As the surface
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brightness dimming is not severe, we can observe the tail of galaxies, which is enough to

measure the accurate size of galaxies. On the other hand, some specific problems occur at

high redshifts. Recent observational studies have reported that very high-redshift galaxies

tend to have clumpy and irregular structures (e.g., Jiang et al., 2013; Bowler et al., 2017).

Jiang et al. (2013) have investigated the structure and morphology of spectroscopically

confirmed LBGs and LAEs at z ≥ 6 and found that about half of them exhibit merging

or interacting features. Bowler et al. (2017) have also found that the fraction of clumpy

or merging like galaxies is higher than 40 percent at the bright end (MUV < −22.5) of a

sample of z ≃ 7 LBGs with HST data. These studies have suggested that high redshift

galaxies are not well fitted by a simple parametric profile. Measured sizes and luminosities

may have large systematic errors if intrinsic shapes are not described by a single Sérsic

profile. In addition to that, because of low SN combined with strong cosmological surface

brightness dimming, it is technically difficult to optimize many structural parameters

simultaneously: positions, luminosities, elongation, position angle, and Sérsic index. Thus

it is still unknown if parametric methods such as Sérsic fitting are similarly applicable,

but most of the previous studies attempt the same method as the local one.

How to define a galaxy size is a complicated problem especially for these galaxies.

Because local galaxies tend to have well-ordered shapes, the half-light radius of a galaxy

is not affected by the definition of a galaxy size. However, for very high-redshift galaxies

with clumpy shapes, it can happen that a galaxy size changes depending on how we define

it. This is ultimately a problem of what the size of a galaxy is and which definition of

a galaxy size is physically meaningful. For example, how do we define a galaxy size for

the correction of the UV luminosity function? If a galaxy is clumpy, the detectability

at a given magnitude is not simply a function of size. It also depends on morphology.

We also need to consider the situation in which a clumpy galaxy is detected as multiple

galaxies. When we estimate angular momentum from observed sizes, we assume that a

galaxy is well approximated by a parametric profile. If this assumption is not the case,

the discussion is vulnerable.

This thesis aims to investigate what problem would happen if we adopt the same size

measurement procedure as one used in the local universe for very high-redshift galaxies.

To achieve this purpose, we provide mock observed size–luminosity relations by using

hydrodynamical cosmological zoom-in simulations and investigate whether the surface

brightness profile of simulated galaxies is reproduced by a single Sérsic profile by com-

paring intrinsic sizes in the simulations and observed sizes in the mock observations. We

use a cosmological hydrodynamical simulation framework, FiBY, which is an updated

version of Gadget-3. The simulated galaxies are lensed onto the Abell2744 cluster field
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and measured in the almost same manner as Kawamata et al. (2015, 2018).

1.7 Overview of This Thesis

This thesis consists of two parts. In Chapters 2− 6, we investigate disk angular momenta

at z ∼ 2, 3, and 4. In Chapters 7 − 9, we compare size–luminosity relations at z ∼ 6

with the mock observations and with the intrinsic relation. The layout of this thesis is as

below.

In Chapter 2, we describe the sample selection in the 3D-HST and CANDELS programs.

In Chapter 3, we present how we measure the sizes of galaxies with GALFIT. In Chapter

4, we obtain the best-fit stellar mass–size relation for our galaxies, assuming a single power

law for a stellar mass–size relation and a log-normal distribution at a given stellar mass.

We discuss the evolution of the median size (in section 4.2.1) and the slope (in section

4.2.2), and the scatter (in section 4.2.3) for the stellar mass–size relations. In Chapter

5, we estimate the hosting dark matter halo masses with two independent techniques:

clustering analysis and abundance matching. In Chapter 6, we calculate disk specific

angular momenta from the results in Chapter 4 and Chapter 5 and compare our results

with those of recent SAMs and hydrodynamical simulations.

In Chapter 7, we describe the details of our cosmological hydrodynamical zoom-in

simulations. In Chapter 8, we present the method of the mock observations. The simulated

galaxies are lensed onto the HFF image mosaics, and we conduct size measurements with

an almost same way as the real observational campaign accounting for the gravitational

lensing effect and the PSF. We also define galaxy sizes so as to fairly compare the sizes

in mock observations with those in simulations. In Chapter 9, we show size–luminosity

relations obtained through mock observations and compare with observations (in section

9.1) and discuss the validity of assuming a Sérsic profile (in section 9.2).

Conclusions are given in Chapter 10.

Throughout this thesis, we adopt a flat cosmological model with the matter density

ΩM = 0.3, the cosmological constant ΩΛ = 0.7, the baryon density Ωb = 0.045, and the

Hubble constant H0 = 70 km s−1 Mpc−1, the power-law index of the primordial power

spectrum ns = 0.965, and the linear amplitude of mass fluctuation σ8 = 0.8 (Planck

Collaboration et al., 2016). We assume a Chabrier (2003) initial mass function (IMF).

Magnitudes are in the AB system (Oke & Gunn, 1983), and coordinates are given in

J2000. Galaxy sizes are given in the physical scale.
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Chapter 2

Data and samples

2.1 Data

We use data from the 3D-HST and CANDELS programs (Grogin et al., 2011; Koeke-

moer et al., 2011; Brammer et al., 2012; Skelton et al., 2014). Skelton et al. (2014)

provide a photometric catalog of the 3D-HST and CANDELS imaging data for five sky

fields (COSMOS, GOODS-North, GOODS-South, AEGIS, and UDS) with a total area

of ∼ 900 arcmin2. As these fields have wealthy available data of optical to near-infrared

broadband photometry, one can obtain a precise spectral energy distribution (SED) for

many high-redshift galaxies. The number of optical to near-infrared broadband filters

ranges from 18 in UDS up to 44 in COSMOS. We make use of photometric redshift, stel-

lar mass, and star formation rates (SFR), all of which are available through the 3D-HST

Web site.*3 Sources have been detected with SExtractor (Bertin & Arnouts, 1996) from

the combined F125W, F140W, and F160W images. Among the five fields we only use

COSMOS, GOODS-South, and AEGIS fields because the clustering properties of galaxies

in the remaining two fields appear to largely deviate from the cosmic average as detailed

in Appendix.

Photometric redshifts have been determined from the EAZY (Brammer et al., 2008)

package, a public photometric redshift code. From the output catalog of EAZY, we adopt

z peak as photometric redshifts. Stellar masses and SFRs have been obtained by using

the FAST code (Kriek et al., 2009). See Skelton et al. (2014) for details of the procedure.

In this paper, we assume a Chabrier (2003) initial mass function (IMF). From here, we

take photometric redshifts as redshifts.

*3 http://3dhst.research.yale.edu
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Table 2.1: Number of star-forming galaxies for stellar mass subsamples

z log(M⋆/M⊙) Number (Clustering) a Number (Size “success”) b

2.0 10.4− 11.1 264 198

9.7− 10.4 1086 870

9.0− 9.7 3267 2458

8.3− 9.0 3173 1772

3.0 9.7− 10.4 805 560

9.0− 9.7 1596 1060

8.3− 9.0 838 412

4.0 9.7− 10.4 273 161

9.0− 9.7 348 176

8.3− 9.0 133 70

a Number of star-forming galaxies used for clustering analysis.
b Number of star-forming galaxies that have robust fitting parameters

with GALFIT detailed in Section 3.1

2.2 Sample selection

We limit our sample to H160 < 26.0, which is nearly equal to the 5σ complete magnitude

in the shallowest field COSMOS (Skelton et al., 2014). As size measurements need images

with high signal to noise ratios (S/N), the 5σ limit is marginally acceptable and slightly

shallower compared to other size measurement studies (van der Wel et al., 2014; Shibuya

et al., 2015). Stellar masses are limited to M⋆ > 108.3M⊙. In the H160–M⋆ diagram

(Figure 2.1), stellar masses are largely complete down to M⋆ ≃ 109.0M⊙ for z ∼ 2 and

down to M⋆ ≃ 1010M⊙ for z ∼ 3 and 4. Below those values, our samples are biased

toward low M/L galaxies. We exclude galaxies with M⋆ > 1010.4M⊙ from our samples

for z ∼ 3 and 4 because the number of galaxies is insufficient for clustering analysis.

We use the stellar mass–SFR diagram to remove quiescent galaxies. On the basis of

the stellar masses and the SFRs obtained from the FAST, we construct stellar mass–SFR

diagrams for our samples, as shown in Figure 2.2. First, we fit the stellar mass–SFR

distribution by a power law, which defines the main-sequence. At z ∼ 2 and 3, galaxies

that lie above the −2σ of the main-sequence are considered to be star-forming galaxies,

where the standard deviation of the MS is σ ≃ 0.33 dex for both redshifts. For z ∼ 4, we

remove galaxies that have small SFRs by eye. In this paper, we do not consider the effects
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of bulges because main sequence galaxies above z ∼ 2 have low B/T ratios (Brennan et al.,

2017).

We exclude regions that have a shallow or deep exposure time for each field because

clustering analysis requires images with a uniform depth. We also construct masks to

avoid the vicinity of bright stars and diffraction spicks. For each redshift, we divide the

entire sample into four (z ∼ 2) or three (z ∼ 3 and 4) subsamples according to stellar

mass. The number of galaxies in the final samples is summarized in Table 2.1.
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Figure 2.1: H160 − M⋆ diagram at z ∼ 2, 3, and 4 (left to right). The vertical dashed

lines and horizontal solid lines indicate the stellar mass limits and the observed HF160W

magnitude limits, respectively.
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Figure 2.2: SFR vs. stellar mass diagram at z ∼ 2− 4 (left to right). Objects used in our

study are shown in red.
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Chapter 3

Size measurements

3.1 Size measurements with GALFIT

Galaxy sizes are measured for the F160W imaging data provided by the 3D-HST. Position,

flux, half-light radius (rd), Sérsic index (n), axis ratio (q ≡ b/a), and position angle are

treated as free parameters to determine. In this paper, we use the half-light radius along

the semi-major axis of the Sérsic profile to define the size of galaxies. We make 100 pixels

× 100 pixels cutout images around object galaxies before size measurement. We then run

GALFIT (Peng et al., 2002, 2010) on those cutout images, where neighbors are masked as

not to perturb the fitting of the target galaxies. The masks are created from SExtractor

segmentation maps.

As an initial guess of the free parameters, we use SExtractor output parameters given

in the 3D-HST catalog. Results of GALFIT are not sensitive to initial values as long as

they are not far from real values Häussler et al. (2007). We vary individual parameters

over the following ranges: ∆x, ∆y < 3 pixels, 0.3 < rd < 100 pixel, 0.1 < n < 8,

0.1 < q < 1, where ∆x and ∆y are the difference in the centroids between SExtractor

and GALFIT. We define galaxies whose best-fit parameters are within these ranges as

“success”. We only use “success” galaxies in the following analysis in Sections 3 and 4.

The number of “success” galaxies is summarized in Table 2.1. While we obtain robust

structural parameters of only a part of our clustering sample, the average SExtractor

sizes of the “success” sample and the entire sample are nearly equal. Thus we use the

GALFIT sizes of the “success” sample as the representatives of the entire sample.

Figure 3.1 shows the distributions of Sérsic index (n) at z ∼ 2, 3, and 4. Most of our

galaxies have n ∼ 1 − 2; the majority of our samples are disk-like galaxies. The median

of Sérsic index (n) for each stellar mass subsample is summarized in Tabel 3.1.
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Table 3.1: Median of Sérsic index (n) and normalized correction factor of angular mo-

mentum for stellar mass subsamples

z log(M⋆/M⊙) n a fn(n)−1/fn(1)−1 b

2.0 10.4− 11.1 0.88 0.97

9.7− 10.4 1.14 1.03

9.0− 9.7 1.28 1.06

8.3− 9.0 1.19 1.04

3.0 9.7− 10.4 1.23 1.05

9.0− 9.7 1.25 1.06

8.3− 9.0 1.15 1.03

4.0 9.7− 10.4 1.22 1.05

9.0− 9.7 1.17 1.04

8.3− 9.0 1.16 1.03

a Median of Sérsic index (n)
b Normalized correction factor of specific angu-

lar momentum (jd) detailed in Section 6.1

3.2 Deriving rd at rest-frame 5000Å

We derive rd at the rest-frame 5000Å at all redshifts. While we measure sizes in observed

1.6µm (F160W band), there exists a color gradient that depends on stellar mass and

redshift. We obtain rest 5000Å rd by using the formula given in van der Wel et al. (2014):

rd = rd,F160W

(
1 + z

1 + zp

)∆ log rd/∆ log λ

. (3.1)

where zp is the “pivot redshift”(2.2 for F160W) and the wavelength dependence is given

by:

∆ log rd
∆ log λ

= −0.35 + 0.12z − 0.25 log

(
M⋆

1010M⊙

)
. (3.2)

Although van der Wel et al. (2014) have only examined wavelength dependence over

0 < z < 2, we extend this formula to z ≃ 4 because the redshift evolution of this relation

looks linear as a function of redshift. In any case, the correction values at z ∼ 3 and 4

are relatively small (∼ 1% at z ∼ 2, ∼ 1% at z ∼ 3, and ∼ 10% at z ∼ 4).
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Figure 3.1: Distribution of Sérsic index (n) at z ∼ 2, 3, and 4 (top to bottom).



19

Chapter 4

Stellar mass–size relation

The stellar mass–size distributions of our star forming galaxies are shown in Figure 4.1.

In Section 4.1, we analyze these distributions by modeling them with a power law. Then,

we discuss the results in Section 4.2.

4.1 Analytical Model of the stellar mass–size relation

The stellar mass–size relation is usually modeled as a single power-law:

rd(M⋆,10)/kpc = A ·Mα
⋆,10, (4.1)

where M⋆,10 = M⋆/1.0 × 1010M⊙, and rd (M⋆,10) is the median size at M⋆,10. For the

size distribution at a given stellar mass, we adopt a log-normal distribution:

p(rd|σln r, rd)drd =
1√

2πσln rrd
exp

(
− (ln rd − ln rd)2

2σ2
ln r

)
drd, (4.2)

where p(rd|σln r, rd)drd is the probability that a galaxy has a size between (rd, rd+drd) at

the given stellar mass, and σln r is the dispersion of the distribution. The reason for adopt-

ing a log-normal distribution comes from Equation (1.2). The disk size is proportional

to the dimensionless spin parameter λ, and the distribution of λ is well approximated by

a log-normal distribution according to N-body simulations (Barnes & Efstathiou, 1987;

Bullock et al., 2001).

We assume that each of the observed disk size has a gaussian error:

g(x|rd, δrd) =
1√

2πδrd
exp

(
− (x− rd)2

2δr2d

)
. (4.3)

The probability of observing (rd, δrd) assuming the log-normal distribution p(rd|σln r, rd)

is given by the convolution of the two functions:

(p ∗ g)(rd) =
∫

p(x)g(rd − x)dx. (4.4)
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We use the 1-σ error in GALFIT as δrd. For each redshift, the free parameters of this model

are given by P = (A,α,σln r,i), where, i denotes i-th subsample; we assume that different

stellar mass bins have different σln r values. We have six free parameters at z ∼ 2, and

five free parameters at z ∼ 3 and 4. We use the maximum likelihood estimation (MLE)

to determine these parameters, where the estimated parameters make the observed rd

distribution the most probable. For subsample i at a given redshift, the likelihood function

is defined as

L =
N∏

j=1

(p ∗ g)(rd,j |σln r,i, rd), (4.5)

where j represents the j-th object. We determine the parameter set P that will maxi-

mize the likelihood function L. The best-fit values are listed in Table 4.1. We use the

scipy.optimize package to find the maximizing point. The function fmin l bfgs b uses

the L-BFGS-B algorithm (Zhu et al., 1997). The uncertainties in the parameters are

estimated by the Markov Chain Monte Carlo (MCMC) sampling. MCMC is a powerful

algorithm to approximate multi-dimensional parameters using a Markov chain. We use

the python package emcee (Foreman-Mackey et al., 2013) to MCMC. In Figure 4.2-4.4,

we show for each parameter the best-fit values and the 68%, 95%, and 99% confidence

intervals. This figure is made using the public python package corner (Foreman-Mackey,

2016).

Table 4.1: Best-fit parameters of the stellar mass–size relation

z A α σ8.3<M⋆<9.0 σ9.0<M⋆<9.7 σ9.7<M⋆<10.4 σ10.4<M⋆<11.4

2.0 2.51+0.03
−0.05 0.19+0.01

−0.01 0.46+0.01
−0.01 0.51+0.01

−0.01 0.50+0.02
−0.02 0.53+0.03

−0.05

3.0 1.94+0.06
−0.05 0.14+0.01

−0.03 0.42+0.03
−0.03 0.47+0.02

−0.02 0.47+0.02
−0.02 . . .

4.0 1.57+0.11
−0.13 0.08+0.05

−0.05 0.45+0.18
−0.05 0.51+0.08

−0.07 0.47+0.09
−0.06 . . .
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Figure 4.1: Stellar mass–size distribution of disk galaxies at z ∼ 2− 4 (left to right). The

solid lines indicate the best-fit power laws.
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Figure 4.2: Sixty-eight percent, 96%, and 99% confidence intervals for individual parame-

ters at z ∼ 2. The top panels of each coloum show the probability distribution function of

each parameter. The median values and 68% confidence intervals are on the top of each

coloum. The solid blue lines indicate the median values.
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Figure 4.3: Same as Figure 4.2 but for z ∼ 3.
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Figure 4.4: Same as Figure 4.2 but for z ∼ 4.
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4.2 Size evolution

The evolution of A, α, and σln r are shown in Figure 4.5. In this Section, we discuss the

evolution of each parameter in detail.

4.2.1 Median size evolution

The size evolution at a fixed stellar mass is generally parameterized as (1 + z)−βz , where

βz is a constant expressing the strength of evolution (evolution slope). The top left

panel of Figure 4.5 represents the median size evolution of disk star forming galaxies

at M⋆ = 1.0 × 1010M⊙. The solid blue line shows the best-fit function over z ∼ 2 − 4:

rd(M⋆,10)/kpc = 6.88(1+z)−0.91±0.01. Allen et al. (2016) have measured the size evolution

of a mass-complete sample (log(M⋆/M⊙) > 10) of star-forming galaxies over redshifts z =

1 − 7, to find that the average size at a fixed mass of log(M⋆/M⊙) = 10.1 is expressed

by re = 7.07(1+ z)−0.89±0.01. The slope we find is in agreement with Allen et al. (2016)’s

value. Shibuya et al. (2015) also have measured the stellar mass–median circularized size

evolution of star-forming galaxies with 9.0 < log(M⋆/M⊙) < 11.0 at 0 < z < 6. The gray

dotted line represents the average circularized half-light radius from their samples with

the gray region showing the 16th and 84th percentiles. The evolution slope is consistent

with our result. The difference in the amplitude is due to the different definition of galaxy

sizes. We also note that Shibuya et al. (2015) have used the Salpeter IMF (Salpeter, 1955)

to derive the stellar masses.

However, βz = 0.91 ± 0.01 is slightly steeper than the value by van der Wel et al.

(2014). They have studied a mass complete sample of star-forming galaxies and have

found (1 + z)−0.75 at a log(M⋆/M⊙) = 10.7 over the redshift range 0 < z < 3. As their

method of size measurements is the same as ours, we attribute this discrepancy to the

difference in the redshift range. The evolution slope of star-forming galaxies appears to

become steeper above z ∼ 2 or 3. Allen et al. (2016)’s sample also shows steeper slopes

at higher redshifts (See Figure 3 of Allen et al. (2016)).

As size evolution is closely related to the evolution of hosting dark matter halos, βz

contains the information of dark matter halos. From Equation 1.2, when rd/rvir is constant

irrespective of z and Mdh, rd is given by

rd ∝ H(z)−1Vc (4.6)

∝ H(z)−2/3M1/3
dh , (4.7)

where Vc is the circular velocity of dark matter halos. The Hubble parameter as a function
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of z, H(z) = H0

√
Ωm(1 + z)3 + ΩΛ, is approximated as H(z) ∝ (1 + z)1.5. According to

Equations 4.6 and 4.7, rd ∝ (1 + z)−1.5 means evolution at a constant circular velocity

and rd ∝ (1 + z)−1.0 means evolution at a constant virial mass (Ferguson et al., 2004).

The βz = 0.91 is close to the prediction for a constant virial mass. This is consistent with

the really constant M⋆/Mdh value (at M⋆ = 1010M⊙) over z = 2 − 4 obtained by the

clustering analysis and the abundance matching.

4.2.2 Slope evolution

The top right panel of Figure 4.5 shows the slope evolution in the stellar mass–size relation

(α). The slope evolution of the stellar mass–size relation for late-type galaxies was first

investigated by van der Wel et al. (2014). They have found that the slope has nearly a

constant value ≃ 0.2 over the redshift range 0 < z < 3. Similarly Allen et al. (2016) have

found α = 0.15± 0.01 for star-forming galaxies at 1 < z < 2.5. Our results are consistent

with those of van der Wel et al. (2014) and Allen et al. (2016) at z ∼ 2 and 3, however,

being slightly lower at z ∼ 4.

The slope evolution of the stellar mass–size relation is determined as a combination of

the slope of the stellar mass–halo mass relation and the slope of the disk size–halo size

relation. In this thesis, I have measured all three slopes. I will discuss the relation between

the three slopes in Chapter 6.

4.2.3 Scatter evolution

We present the evolution of the intrinsic scatter in the bottom left panel of Figure 4.5:

here, “intrinsic” means that measurement errors have been removed. The scatter for local

galaxies is generally small. Shen et al. (2003) have found σln rd ∼ 0.3 for both late-type

and early type galaxies from SDSS. This result has also been ascertained by the result

of Courteau et al. (2007), σln rd ∼ 0.3, for local spiral galaxies. These studies have been

extended by van der Wel et al. (2014) to the high-redshift universe and they have found

that the intrinsic scatter had no strong evolution since z ∼ 2.75 for both late-type and

early-type galaxies. In their study, the scatter for late type galaxies is 0.16 − 0.19 dex,

which is comparable to the result of Shen et al. (2003) and Courteau et al. (2007). We

extend van der Wel et al. (2014)’s study up to z ∼ 4, and find that the intrinsic scatter is

constant with 0.4− 0.6 over z ∼ 2− 4.

The scatter of λ has been specifically investigated by N-body simulations and found to

be σλ ∼ 0.5 (Bullock et al., 2001). Thus the disk formation model of Equation 1.2 naively

predicts that the intrinsic scatter of sizes is ∼ 0.5.



4.2 Size evolution 27

The results for local galaxies imply that the size scatter is smaller than that of the spin

parameter λ. To explain the observed small scatters, some mechanisms are needed. One

possible mechanism is bulge growth. The growth of bulges increases the specific angular

momentum of disks and thus expands disk sizes. Low-spin galaxies selectively grow their

bulges. Some kind of disk instability and feedback have also been proposed which remove

galaxies with low-spin and high-spin halos.

Our result, σln rd ∼ 0.4 − 0.6, is comparable with the scatter of the log-normal distribu-

tion of λ. This implies that for star-forming galaxies at z ∼ 2−4 the size scatter at a given

stellar mass is fully explained by the scatter of λ. Our result, however, does not agree

with the large scatters, σln rd ∼ 0.8 − 0.9, found by Huang et al. (2013) for the size–UV

luminosity relations of z ∼ 4 − 5 LBGs. This may suggest that the UV luminosity–halo

mass relation of LBGs has a considerably large scatter.
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Figure 4.5: Redshift evolution of the stellar mass–size relation of star-forming galaxies.

Top left: the size evolution at M⋆ = 1.0 × 1010M⊙. The blue diamond symbols indicate

the results obtained in this thesis, and the solid blue line shows the best-fit power-law.

The red solid line indicates the size evolution of late-type galaxies from van der Wel et al.

(2014) at 109.75M⊙, and the red dashed line is its extrapolation. The gray dotted line and

the shaded region indicate the median circularized sizes and 16th and 84th percentiles

distribution of star-forming galaxies with 9.5 < logM⋆/M⊙ < 10.0 (Shibuya et al., 2015).

Top right: slope evolution. The blue symbols represent our galaxies. The red symbols

indicate the late-type galaxies from van der Wel et al. (2014). Bottom left: the intrinsic

scatter evolution from this work and previous studies. The blue symbols represent our

galaxies. The orange symbols represent the LBGs from Huang et al. (2013) at z ∼ 4 and

5. The red and red open symbols show the late-type galaxies of van der Wel et al. (2014).

The green symbol shows the SDSS galaxies of Shen et al. (2003) at the faint end.
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Chapter 5

Halo mass estimates

In this Chapter we estimate the masses of the dark matter halos hosting our galaxies by

using two independent methods: clustering analysis and abundance matching technique.

Clustering analysis utilizes the large scale clustering amplitude of observed galaxies to

obtain their hosting dark matter halo masses. Clustering analysis is a popular way to

estimate hosting dark matter halo masses, however the mass estimates in this thesis have

relatively large errors because the sizes of individual subsamples are not so large. To

test the results of the clustering analysis, we use abundance matching technique, which

connects the stellar mass of galaxies to that of dark matter halos. While abundance

matching can easily estimate hosting dark matter halo masses, it does not consider that

different galaxy types have different stellar mass dark halo mass ratios. We briefly explain

the two methods and show the obtained dark matter halo masses.

5.1 Clustering analysis

5.1.1 Angular correlation function

We compute the two point angular correlation functions (ACFs), ωtrue(θ), of star forming

galaxies. The observed ACFs, ωobs(θ), are measured by counting the number of unique

pairs of observed galaxies and comparing it with what is expected from random samples.

We adopt the estimator proposed by Landy & Szalay (1993):

ωobs(θ) =
DD(θ)− 2DR(θ) +RR(θ)

RR(θ)
, (5.1)

where DD(θ), DR(θ), and RR(θ) are the normalized numbers of galaxy-galaxy, galaxy-

random and random-random pairs, respectively, with separation θ. We generate 1000

times as many random points as the number of galaxies accounting for the geometry of
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the observed area and the masks. The formal error in ωtrue is given by

σω =
√

[1 + ωobs]/DD(θ). (5.2)

We assume a power low parameterization for the ACF,

ωtrue(θ) = Aωθ
−β . (5.3)

We fix β = 0.8 following previous studies (e.g., Peebles, 1975; Ouchi et al., 2001, 2004,

2010; Foucaud et al., 2003, 2010; Harikane et al., 2016).

It is known that ωobs is underestimated because we only use a finite survey area. This

is compensated by introducing an integral constant (IC; Groth & Peebles, 1977):

ωtrue = ωobs + IC. (5.4)

The IC value depends on the size and shape of the survey area, and is estimated using a

random catalog:

IC =

∑
i RR(θi)ωtrue(θi)∑

i RR(θi)
=

∑
i RR(θi)Aωθ−β

∑
i RR(θi)

. (5.5)

Because the three 3D-HST fields used in this thesis have almost the same size, we ob-

tain nearly the same IC value (ICGOODS−S = 0.016Aω, ICCOSMOS = 0.013Aω, and

ICAEGIS = 0.010Aω). The amplitude Aω is estimated through the ACFs of the three

fields by minimizing χ2:

χ2 =
∑

i, j=fields

Aωθ
−β
i − [ωobs,j(θi) + ICj]

σ2
ω,j(θi)

, (5.6)

where ICj , ωobs,j , and σ2
ω,j(θ) denote the IC, observed ACF, and errors in field j, respec-

tively. We use data at θ > 10” for fitting because at θ < 10” the contribution of the one

halo term cannot be ignored. In Figure 5.1, we plot the ACFs of our subsamples with the

best-fit power laws.

Then we estimate the spatial correlation function, ξ(r), from the measured ACFs and

the redshift distribution of galaxies. The spatial correlation function is usually assumed

to be a single power low as

ξ(r) =

(
r

r0

)−γ

, (5.7)

where r0 is the correlation length and γ is the slope of the power low. These parameters

are related to those of the two point angular correlation function via the Limber transform
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(Peebles, 1980; Efstathiou et al., 1991).

β = γ − 1, (5.8)

Aω =
rγ0B[1/2, (γ − 1)]

∫∞
0 dzN(z)2F (z)Dθ(z)1−γg(z)

[
∫∞
0 N(z)dz]2

, (5.9)

g(z) =
H0

c
(1 + z)2{1 + Ωmz + ΩΛ[(1 + z)−2 − 1]}1/2, (5.10)

where Dθ(z) is the angular diameter distance, N(z) is the redshift distribution of galaxies,

B is the beta function, and F (z) describes the redshift evolution of ξ(r). F (z) is often

modeled as F (z) = [(1 + z)/(1 + zc)]−(3+ϵ) for ϵ = −1.2 (Roche & Eales, 1999), where zc

is the characteristic redshift of galaxies. We assume that the clustering evolution is fixed

in comoving coordinates over the redshift range in question.
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Figure 5.1: ACFs of star-forming galaxies at z ∼ 2− 4 (top to bottom). Data points and

the best-fit power laws are color-coded by the stellar mass range.

5.1.2 Galaxy biases and halo masses

To understand the relation between galaxies and hosting dark matter halos we use the

halo model of Sheth et al. (2001), which is obtained from the ellipsoidal collapse model.

In their model the number density of dark matter halos is given by

n(M, z)dM = A

(
1 +

1

ν′2q

)√
2

π

ρ

M

dν′

dM
exp

(
−ν′2q

2

)
dM, (5.11)

where ν′ =
√
aν, a = 0.707, A ≃ 0.322, and q = 0.3. Here, ν is defined as

ν =
δc

σ(M, z)
=

δc
D(z)σ(M, 0)

(5.12)
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where D(z) is the linear growth factor, σ(z) is the mass rms. of the smoothed density

field, and δc = 1.69 is the critical amplitude above which overdense regions collapses to

form a virialized object. We calculate D(z) by the formula of Carroll et al. (1992) and

σ(M, 0) using an initial power spectrum of a power law index n = 1 and the transfar

function of Bardeen et al. (1986). In the model of Sheth et al. (2001) the dark halo bias,

bDH , which connects the fluctuation of dark halos and that of the matter density, is given

by

bDH = 1 +
1

δc

[
ν′2 + bν′2(1−c) − ν′2c/

√
a

ν′2c + b(1− c)(1− c/2)

]
, (5.13)

where b = 0.5 and c = 0.6. Then we define the linear galaxy bias, which is the relation

between the clustering amplitude of galaxies and that of dark matter halos, at a large

scale (= 8h−1
100 Mpc) as

bg =

√
ξg(r = 8h−1

100 Mpc)

ξDM (r = 8h−1
100 Mpc)

=

√
[8h−1

100 Mpc/r0]−γ

ξDM (r = 8h−1
100 Mpc)

, (5.14)

where ξDM (r = 8h−1
100 Mpc) is the dark matter spatial correlation function. We calculate

ξDM (r = 8h−1
100 Mpc) using the non-linear model of Smith et al. (2003). Assuming that

the galaxy bias at large scales is almost the same as the halo bias (bg ≃ bDH), we obtain

an estimate of dark halo masses. The correlation length and the estimated halo masses

are summerized in Table 5.1.

5.2 Abundance Matching

In order to reinforce the results of the clustering analysis, we also use abundance match-

ing analysis, which connects the number density of galaxies to that of dark halos to

estimate the hosting dark halo mass for a given stellar mass. We adopt the abundance

matching result of Behroozi et al. (2013). Many researchers that study the angular mo-

mentum retention factor adopt the abundance matching analysis of Dutton et al. (2010)

and Behroozi et al. (2013) to estimate halo masses (e.g. Romanowsky & Fall, 2012; Burk-

ert et al., 2016). This makes easy to compare our results with previous results of angular

momentum studies. The estimated halo masses are also summerized in Table 5.1.

Figure 5.2 shows a comparison of the estimated dark matter halo masses. The estimated

dark matter halo masses by the two independent methods are consistent within the error

bars except for the highest stellar mass bins at z ∼ 2. This makes the results of the

clustering analysis more plausible. In the following Section, we display the results based

on the both methods.
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Table 5.1: Summary of the clustering analysis and the abundance matching analysis

z log(M⋆/M⊙)a N Aω[arcsec0.8] r0[h−1Mpc] logMdh,CL
b logMdh,AM

c

2.0 10.58 264 5.40+0.96
−0.96 12.30+1.18

−1.25 13.37+0.10
−0.12 12.23

9.94 1086 0.69+0.25
−0.25 3.92+0.73

−0.87 11.69+0.32
−0.56 11.79

9.30 3267 0.67+0.07
−0.07 3.86+0.21

−0.23 11.66+0.11
−0.13 11.51

8.72 3173 0.51+0.08
−0.08 3.31+0.28

−0.30 11.32+0.18
−0.23 11.30

3.0 9.93 805 1.45+0.31
−0.31 5.18+0.58

−0.65 11.92+0.17
−0.23 11.81

9.37 1596 0.86+0.15
−0.15 3.87+0.36

−0.39 11.40+0.17
−0.21 11.53

8.78 838 0.51+0.31
−0.31 2.90+0.87

−1.18 10.79+0.56
−1.60 11.29

4.0 10.01 273 2.08+0.93
−0.93 5.57+1.27

−1.56 11.79+0.31
−0.56 11.78

9.37 348 1.77+0.72
−0.72 5.09+1.06

−1.28 11.64+0.30
−0.51 11.45

8.82 133 2.78+1.74
−1.74 6.54+2.03

−2.75 12.03+0.38
−0.91 11.22

a Median stellar mass.
b Dark matter halo masses estimated by using clustering analysis.
c Dark matter halo masses estimated by using the abundance matching technique of

Behroozi et al. (2013). We extrapolate the result of Behroozi et al. (2013) to obtain

the dark matter halo masses of the lowest stellar mass bins at z ∼ 3 and 4.
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Figure 5.2: Dark matter halo mass as a function of stellar mass obtained from clustering

analysis and abundance matching technique at z ∼ 2, 3, and 4. The colored symbols

indicate the results of clustering analysis, while the solid lines indicate the results of the

abundance matching of Behroozi et al. (2013).
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Chapter 6

Angular momentum

6.1 Estimation of the specific angular momentum

In this Section, we briefly explain the way to estimate the disk specific angular momentum.

As already mentioned in Chapter 1, the disk size of a galaxy reflects its specific angular

momentum. According to the model of Mo et al. (1998), the specific angular momentum

of disk galaxies with an exponential profile (n = 1) for a singular isothermal sphere is

given by:

jd =

√
2

1.678
rdmdλ

−1r−1
200. (6.1)

If we assume rd as the half-light radius of a Sérsic index n, we can expand this equation.

A Sérsic profile is defined as

Σ(r) = Σ0(r) exp

[
−κ

(
r

rd

)1/n
]
, (6.2)

where Σ(r), Σ0(r), and κ are the surface density profile, the surface density at r = 0,

and the conversion factor from the scale radius to the half-right radius, respectively. The

conversion factor κ is well approximated by

κ = 2n− 1

3
+

4

405n
+

46

25525n2
+

131

1148175n3
+O(n−4) (n > 0.36), (6.3)

κ = 0.01945− 0.8902n+ 10.95n2 − 19.67n3 + 13.43n4 (n < 0.36) (6.4)
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(Ciotti & Bertin, 1999; MacArthur et al., 2003). The surface density profile is related

with the disk mass (Md) and the disk angular momentum (Jd) as

Md = 2π

∫ ∞

0
rΣ(r)dr, (6.5)

=
2π

κ2n
r2dΣ0nΓ(2n), (6.6)

Jd = 2π

∫ ∞

0
Vcr

2Σ(r)dr, (6.7)

=
2π

κn
r3dΣ0VcnΓ(3n), (6.8)

=
Γ(3n)

Γ(2n)κn
MdrdVc, (6.9)

where Vc is the circular velocity, Γ is the gamma function. By using Equation (1.1) and

Equation (6.9) and writing Md = mdMdh and Jd = jdJdh we get

rd =
Γ(2n)κn

Γ(3n)

λGM3/2
dh

Vc|E|1/2

(
jd
md

)
. (6.10)

The total energy of a singular isothermal sphere is obtained from the virial theorem

E = −MdhV 2
c

2
. (6.11)

The halo mass for a singular isothermal sphere is related with r200 as

Mdh =
V 2
c r200
G

. (6.12)

On inserting Equation (6.11) and (6.12) into Equation (6.10) we can get

jd = fn(n)
−1rdmdλ

−1r−1
200, (6.13)

fn(n) =

√
2Γ(2n)κn

Γ(3n)
. (6.14)

For a NFW profile, Equation (6.13) can be expanded to

jd = fn(n)
−1rdmdλ

−1r−1
200fc(cvir)

1/2fR(λ, cvir,md, jd)
−1. (6.15)

The full functional forms of fc and fR are given in Mo et al. (1998). The values of λ and

cvir are well determined by N -body simulations (Vitvitska et al., 2002; Davis & Natarajan,

2009; Prada et al., 2012; Rodŕıguez-Puebla et al., 2016). We adopt (λ, cvir) = (0.035, 4.0)

throughout the examined redshift range (z ∼ 2 − 4). From the dark matter halo masses

estimated in Section 5, we can calculate md and r200, where r200 is calculated by

r200 =

(
GMdh

100H(z)2

)1/3

. (6.16)

Combined with n and rd measured in Sections 3 and 4, we can estimate jd from Equation

6.15. The normalized correction values (fn(n)−1/fn(1)−1) are summarized in Table 3.1.
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6.2 Mass–angular momentum relation

6.2.1 Average jd/md ratio and its evolution

Figure 6.1 shows the angular momentum retention factor of star-forming galaxies as a

function of hosting halo mass. We find j⋆/m⋆ = 0.77± 0.06 from clustering analysis and

j⋆/m⋆ = 0.83 ± 0.13 from abundance matching at z ∼ 2, 3, and 4. No strong redshift

evolution is confirmed. As we mention in Section 1, j⋆/m⋆ = 1 means that the angular

momentum is fully conserved and j⋆/m⋆ < 1 means that galaxies lose their specific angular

momentum during their formation and evolution.

Romanowsky & Fall (2012) and Fall & Romanowsky (2013) have investigated kine-

matical structure for about 100 bright early and late-type galaxies at z ∼ 0. They have

found that late-type galaxies typically have jd/md ≃ 0.8 and early-type galaxies have

jd/md ≃ 0.1. A small jd/md value has also been reported by Dutton & van den Bosch

(2012). They have calculated angular momentum retention factor as a function of halo

mass by constructing the mass models (Dutton et al., 2011) tuned to observed scaling

relations for SDSS galaxies. They have obtained a constant value jd/md = 0.61+0.13
−0.11 with

halo masses 1011.3M⊙ ! Mdh ! 1012.7M⊙. Our values at z ∼ 2, 3, and 4 are in agreement

with these local values for late-type galaxies within errors.

There exist a few studies that have investigated the mass–angular momentum relation

at high redshifts. Recently, Burkert et al. (2016) have investigated the relation for ∼ 360

star-forming galaxies at z ∼ 0.8 − 2.6, among which about 100 are at z ∼ 2, by Hα

kinematics based on KMOS and SINS/zC-SINF surveys. They have found jd/md = 1.0

with a statistical uncertainty of ±0.1 and a systematic uncertainty of ±0.5. This jd/md

value is consistent with our result at z ∼ 2.

We then compare our results with those of Huang et al. (2017) and Somerville et al.

(2018). These authors have derived disk size to halo size ratios (rd/rdh) as a function

of stellar mass over z ∼ 0 and 3 using the CANDELS data and mapping stellar masses

to halo masses with abundance matching. At z ∼ 2, the rd/rdh ratios obtained by

Huang et al. (2017) are consistent with ours, with values of ∼ 0.03 in the stellar mass

range 109M⊙ < M⋆ < 1010.5M⊙. We note that our method is very similar to theirs.

Their definitions of disk sizes and halo sizes are the same as ours. They have used four

abundance matching results including that of Behroozi et al. (2013) which we also use.

On the other hand, Somerville et al. (2018) have obtained somewhat higher ratios of

rd/rdh ≃ 0.4. They have adopted a different halo definition and also taken a different

method to link stellar masses to halo masses; they have carried out “forward modeling”
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Figure 6.1: Angular momentum retention factor j⋆/m⋆ vs. Mdh for z ∼ 2, 3, and 4. The

colored symbols in the top panel and the bottom panel indicate the results of clustering

analysis and the results of abundance matching analysis, respectively. For each panel, the

black solid line and the gray shaded region indicate the average of all estimates and its

1σ error, respectively.

where halos are taken from an N -body simulation and are assigned to stellar masses taking

account of a random scatter. These differences may be a cause of the inconsistency in

rd/rdh estimates.

To connect our study to those for low redshifts, we use Extended Press-Schechter (EPS)

formalism (Bond et al., 1991; Bower, 1991; Lacey & Cole, 1993). The EPS formalism is

able to calculate the conditional probability mass function (f(M2|M1)) of z = z2 descen-

dant halos for a given halo mass (M1) at a high-redshift (z1) universe by following their
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merger histories. We set M1 = 5.0 × 1011h−1M⊙ and z1 = 3.0 to follow the evolution of

our halos. The lower 68 and upper percentiles of f(M2|M1) at z2 = 0 are 2.0×1012h−1M⊙

and 5.6 × 1012h−1M⊙, respectively. This implies that some fraction of our galaxies are

the progenitors of objects in the Dutton & van den Bosch (2012) sample in terms of mass

growth. From the results we obtain, we can depict a unified view of the angular momen-

tum evolution. Figure 6.2 shows the angular momentum evolution of disk galaxies and

comparison with some observations (top) and galaxy formation simulations (bottom). As

shown in the top panel of Figure 6.2, observed disk galaxies maintain high jd/md values

(∼ 0.6 − 1.0) during their evolution from cosmic noon to the present day, unless they

lose angular momenta by some mechanisms like mergers and turn into early-type galaxies

(Romanowsky & Fall, 2012). One the other hand, galaxy formation simulations predict a

variety of jd/md values (∼ 0.1−1.0) at z ∼ 2. We will present a detailed comparison with

those galaxy formation simulations in Section 6.3. We note that although our samples

can be connected with those of Dutton & van den Bosch (2012) in terms of mass growth,

the sample selection is not unified with the previous studies shown in Figure 6.2. We

also note that the progenitor-descendant connection based on halo mass is a simplified

argument. In reality, this connection involves galaxy halo bias and some galaxy properties

in a complex way. For example, Genel et al. (2014) have reported that galaxies in a small

stellar mass range at z ∼ 2 evolve into galaxies with diverse masses due to differences in

SFR.

6.2.2 Halo mass dependence of jd/md and the slope of the size–stellar mass

relation

When we introduce the disk size–halo mass relation in Equation (4.7), we assume that

rd/r200 is constant, which means that j⋆/m⋆ is constant irrespective of z and Mdh. How-

ever, it appears from Figure 6.1 that j⋆/m⋆ weakly depends on both Mdh and z. Similar

dependencies have also been shown in Huang et al. (2017) and Somerville et al. (2018):

rd/rdh weakly depends on both Mdh and z. We approximate the observed j⋆/m⋆–Mdh

relation at each redshift by a power law, j⋆/m⋆ ∝ Mγz

dh . We find γz = −0.09 ± 0.02 for

z ∼ 2, γz = −0.13 ± 0.01 for z ∼ 3, and γz = −0.29 ± 0.02 for z ∼ 4. A negative slope

of γz = −0.19 ± 0.04 has also been obtained by Burkert et al. (2016) for z ∼ 0.8 − 2.6

galaxies. With a non-zero slope γz, Equation (4.7) is replaced by:

rd ∝ H(z)−2/3Mγz+1/3
dh . (6.17)

We also approximate the stellar mass–halo mass relation by a single power-law,M⋆ ∝ M ϵ
dh:

ϵ ≃ 1.6, from the abundance matching results of Behroozi et al. (2013). By combining
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Figure 6.2: Redshift evolution of angular momentum retention factor jd/md by observa-

tions (top) and galaxy formation simulations (bottom). Our results of clustering analysis

are shown with red circles, and those from previous studies are shown in colored diamond

symbols.

these two relations, we obtain the disk size–stellar mass relation:

rd ∝ M1/3ϵ+γz/ϵ
⋆ , (6.18)

rd ∝ M0.2+0.6γz
⋆ . (6.19)

The slope of the size–stellar mass relation of our galaxies is α = 0.19+0.01
−0.01 for z ∼ 2,

0.14+0.01
−0.03 for z ∼ 3, and 0.08+0.05

−0.05 for z ∼ 4 (see Section 4.2.2). The result that α is less

than 0.2 for all three redshifts is explained by the negative γz values obtained above. We

also find that the decrease in α from z ∼ 3 to z ∼ 4 is due to the decrease in γz.

Using a theoretical modified cooling model which includes disc instability, Dutton & van

den Bosch (2012) have predicted a slightly negative γz for high redshift disk galaxies, in
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qualitative agreement with our results. Their negative slope reflects the fact that the mass

loading factor decreases with increasing of halo mass. While this model is not consistent

with their empirical model at z ∼ 0, this model may be applicable to high redshifts. The

possible decrease in γz from z ∼ 3 to z ∼ 4 found above may imply that feedback processes

also change in this redshift range.

As already seen in Figure 4.5, van der Wel et al. (2014) have reported constant disk

size–stellar mass slopes (∼ 0.2) since z ∼ 2 − 0. From the model of Equation (6.19),

this implies that the angular momentum–halo mass relations are also flat. This is quite in

agreement with the empirical results of Dutton & van den Bosch (2012) at the present-day

universe. Thus Equation (6.19) well represents the relation between angular momentum

and disk size.

6.3 Comparison with galaxy formation models

As the kinematics of galaxies provides us with important constraints on galaxy formation

and evolution as well as do other global properties like stellar mass, star-formation rate,

and metallicity, many modelers have attempted to reproduce the kinematic structures of

galaxies. Early attempts concerning angular momentum with hydrodynamical simulations

were in trouble with reproducing observations. They suffered from unexpected angular

momentum loss. In those simulations, most of the angular momentum of galaxies was

transferred to the background hosting halos. As a result, compact disk galaxies were

produced (e.g. Navarro & Benz, 1991; Navarro & White, 1994). This problem is known

as the “angular momentum catastrophe”.

This problem has been considerably improved by high-resolution hydrodynamical sim-

ulations with a proper treatment of feedback processes (Robertson et al., 2006; Governato

et al., 2007; Scannapieco et al., 2008). In recent years, many galaxy formation simulations

have succeeded in reproducing the mass–angular momentum relation for both early-type

and late-type galaxies in the present-day universe (Genel et al., 2015; Teklu et al., 2015).

On the other hand, at high redshifts, there do not exist theoretical studies that compare

with observational data. It is still unknown that these simulations are able to reproduce

the observed mass–angular momentum relation beyond z ∼ 1. Here, we first compare our

observational angular momentum results with those of some galaxy formation simulations

(Sales et al., 2012; Pedrosa & Tissera, 2015; Stevens et al., 2016).

In Figure 6.3, we compare the mass–angular momentum distribution of star-forming

galaxies obtained from clustering analysis and abundance matching analysis with predic-

tions from hydrodynamical and semi-analytical galaxy formation models at z ∼ 2. To
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Figure 6.3: Observed mass–angular momentum relation compared with three hydrody-

namical and semi-analytic galaxy formation simulations. The left panels show the relation

for the stellar component and the right panels for the stellar plus gas component. The

colored symbols in the top panels are the results obtained from clustering analysis and

those in the bottom panels are from abundance matching analysis. The solid cyan lines

indicate the semi-analytical galaxy formation simulation of Stevens et al. (2016) at z ∼ 2.

The solid purple and yellow lines on the right panels indicate the hydrodynamical galaxy

formation simulations of Sales et al. (2012) and Pedrosa & Tissera (2015), respectively,

at z ∼ 2. The gray dashed lines indicate the line of angular momentum conservation.

directly compare with two models which give only stellar plus gas properties, we also esti-

mate the entire disk masses by correcting for gas masses using the gas fraction estimates

given in Schinnerer et al. (2016). They have investigated the gas masses for 45 massive

star-forming galaxies observed with ALMA at redshifts of z ∼ 3 − 4. We extend their
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results to lower mass and lower redshift by the prediction of 2-SFM (2 star formation

mode) model (Sargent et al., 2014). We correct m⋆ and j⋆ by the same factor assuming

that the stellar and gas disks have the same j value. The right panel of Figure 6.3 shows

the baryonic disk mass–angular momentum relation.

Sales et al. (2012) have presented baryonic mass–angular momentum relations with

various types of feedback from large cosmological N -body/gasdynamical simulations at

z ∼ 2. They have found that regardless of the strength of the feedback process md vs.

jd follows the same relation (the yellow solid lines in Figure 6.3). When strong feedbacks

push out most of the baryons from the galaxies, both md and jd are reduced. Pedrosa &

Tissera (2015) have also analyzed the mass–angular momentum relation by decomposing

disks and bulges with cosmological hydrodynamical simulations at z ∼ 0− 2. They have

found no significant evolution since z ∼ 2 to z ∼ 0. The relation for total baryonic

components at z ∼ 2 is shown in Figure 6.3.

Stevens et al. (2016) have presented a semi-analytical model DARK SAGE, which is de-

signed for specific understanding of angular momentum evolution. They have investigated

the evolution of the stellar mass–specific angular momentum relation over 0 < z < 4.8.

The solid cyan lines in Figure 6.3 indicate the predicted mass–angular momentum relation

at z ∼ 2.

All of these simulations other than the model by Stevens et al. (2016) in the star+gas

plot predict specific angular momenta systematically smaller than our values from both

dark matter halo mass estimation methods. Our relations are almost parallel to the line

of angular momentum conservation (dashed gray lines in Figure 6.3) regardless of mass

scales, however, the simulations predict smaller specific angular momenta and the devia-

tions are large for smaller m⋆ and md. While the star+gas plots appear to have smaller

deviations than those of the star only plots, note that we ignore a possible difference in

the distribution of gases and stars within galaxies. In other words, we assume that gases

and stars have the same specific angular momentum. However, Brook et al. (2011) have

shown that the angular momentum distributions of stars and HI gases are different, with

HI gases having a tail of high angular momentum. Indeed, extended HI gas disks are

found in intermediate (Puech et al., 2010) and high redshift (Daddi et al., 2010) galaxies.

Gases beyond star-forming regions serve as a high angular momentum reservoir (Brook

et al., 2011). These gases should have a larger specific angular momentum than stars. In

this case, the gaps on the right panels in Figure 6.3 become larger.

These deviations imply that it is not trivial for galaxy formation simulations to produce

large disk sizes at high redshifts. Some mechanisms that increase disk specific angular

momentum at high redshifts may be needed. For example, selective ejection of low angular
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momentum material from galaxies leads to a redistribution of angular momentum (Brook

et al., 2012; Governato et al., 2012). This explains the difference in the distribution of

angular momentum between dark matter halos and visible galaxies: dark matter halos

have a large low angular momentum tail, while observed galaxies do not. This process

reproduces large bulge-less high angular momentum galaxies.

Whether or not these feedback related mechanisms are enough to solve the deviations

seen in Figure 6.3 is still unknown. More detailed observations and simulations are needed.

6.4 Disk instability

The angular momentum of disks is also closely related to their global instabilities. Disks

can be unstable against bar mode instability, because low angular momentum material

forms a bar (Shen et al., 2003). Efstathiou et al. (1982) have investigated this kind of

instabilities for a exponential disk embedded in a variety of halos usingN -body simulations

and found a stellar disk is globally unstable against bar formation under the criterion:

ϵm ≡ Vmax

(GMd/rd)1/2
! 1.1, (6.20)

where Vmax is the maximum rotation velocity of the disk. The threshold for gaseous

disks is ϵm ≃ 0.9. According to Mo et al. (1998), for a NFW halo, this criterion is well

approximated by

λ′ < md, (6.21)

where λ′ ≡ λjd/md.

We note that the criteria of Equations (6.20) and (6.21) are not strict. Guo et al. (2011)

have proposed an alternative criterion, Vmax <
√

GMd/3rd, which reflects that Vmax of

the real dark matter halo systems is smaller than that of ideal systems. In this paper, we

use Equation (6.21).

We show in Figure 6.4 the distribution in the λ′–md plane of our star-forming galaxies

over z ∼ 2 − 4. We find most of the data points to be near the line of instability over the

entire redshift range regardless of the method to estimate dark halo masses. This implies

some fractions of z ∼ 2 − 4 galaxies may be dynamically changing the disk structure

toward forming a bar and a bulge through bar formation.

To compare with local spiral galaxies, we assume λ = 0.04 and jd/md ≃ 0.8 (Fall

& Romanowsky, 2013) in the present-day Universe. Then, the average value of λ′ is

estimated as 0.032. The abundance matching result of Behroozi et al. (2013) predicts md

lower than 0.032 in a wide range of halo mass. This displays that local spiral galaxies

appear to be more stable than high redshift galaxies.
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Figure 6.4: Diagram of λ′ vs. md at z ∼ 2, 3, and 4. The colored symbols in the top panel

and the bottom panel indicate results from clustering analysis and abundance matching

analysis, respectively. Galaxies in the gray shaded regions are unstable against bar-mode

instability.

We have to keep in mind again that we should take into account a possible difference

in angular momentum between gases and stars mentioned in Section 6.3. In this case, the

plots in Figure 6.4 will move to more stable regions.

Other than the global instability, there exist scenarios that form bars and bulges (Mo

et al., 2010). For example, an interaction with a massive perturber leads to a bar-like

structure (Noguchi, 1987). In addition to this, the migration of giant clumps, which are

created by local Toomre Q instabilities (Toomre, 1964), grows a bulge. Global instability

may be one of the ways to explain galaxies with bars or bulges in the local Universe.
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Chapter 7

Zoom-in Simulation

In this Chapter, we describe the detail of our cosmological zoom-in simulations.

7.1 Simulation Setup

We use a numerical framework from the First Billion Years (FiBY) project (e.g. Johnson

et al., 2013; Paardekooper et al., 2013; Agarwal & Khochfar, 2015) for our simulations

presented in this thesis, which is a modified version of the Tree-PM SPH code GADGET-

3 (Springel, 2005). The modifications include updates to pop3-SF and non-equilibrium

primordial chemistry and an update of the dust formation law, which is intended to

investigate specific physics relevant for the galaxy formation in the high-redshift Universe

(Johnson et al. 2013). The overall effect of the modifications has been studied in a suite

of the FiBY project. The FiBY reproduces the observed mass function and star formation

rates of galaxies at z ≥ 6 (Khochfar et al., in preparation), the metallicity evolution (Dalla

Vecchia et al., in preparation), and other general properties of high-redshift galaxies (e.g.,

Cullen et al., 2017; Arata et al., 2019).

We run the simulations from z ∼ 100 to z ∼ 6. The initial conditions are generated

with MUSIC code (Hahn & Abel, 2011). The MUSIC generates the positions and velocities

of DM and gas particles following Lagrangian cosmological perturbation theory up to the

second-order within a specified comoving volume.

First, we carry out dark-matter only coarser resolution simulations of a (250Mpc)3

comoving volume with 2563 DM particles to define zoom-in regions. Halos and sub-halos

are identified by the Friends-of-Friends (FOF) algorithm. For the zoom-in simulations,

we are required to select halos large enough ( > 1012 h−1M⊙) to expectedly host bright

galaxies that can be detected in the following mock observations. In order to make

several large halos, the (250Mpc)3 comoving volume are needed according to the halo

mass function at z ∼ 6 (e.g., Press & Schechter, 1974; Angulo & White, 2010). We
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Table 7.1: Parameters of our cosmological zoom-in simulations

halo ID Mh[h−1M⊙]a mDM[h−1M⊙] b mgas[h−1M⊙] c ϵmin[h−1pc] d A

1 3.3× 1012 2.0× 106 3.5× 105 200 2.5× 10ʵ 3

2 2.7× 1012 2.0× 106 3.5× 105 200 2.5× 10ʵ 3

a Halo mass at z ∼ 6.
b Mass of a dark matter particle.
c Initial mass of a gas particle.
d Gravitational softening length.
e Amplitude factor for the star formation model based on the Kennicutt-Schmidt law.

select two halos whose masses are 3.3× 1012 h−1M⊙ and 2.7× 1012 h−1M⊙. We call them

halo1 and halo2, respectively. The DM particles of the halos and the surrounding regions

are traced back to the initial conditions for zoom-in simulations. The defined zoom-in

regions are distributed with baryons at much higher resolutions. Then, we simulate the

entire volume again. For all halos, the effective resolution is 80963. After the second

run, we select sub-halos which include galaxies with a magnitude of MUV ≤ −17 taking

into account the detection limit of the HFF field, where MUV is calculated from UV flux

density as detailed in Section 7.5. Finally, we select 27 galaxies at z ∼ 6: 17 galaxies from

halo1 and 10 galaxies from halo2. The gravitational softening length is set to 200h−1Mpc

in the comoving unit, which corresponds to ∼ 40 pkpc at z ∼ 6. This resolution makes it

possible to investigate the sizes of faint high-redshift galaxies. The adopted stellar IMF

for Population II stars is that of Chabrier (2003). The parameters of our halos are shown

in Table 7.1.

7.2 Star Formation

The spatially resolved star formation rates of local galaxies follow the Kennicutt-Schmidt

(KS) law (Kennicutt, 1998):

Σ̇∗ = A

(
Σg

1M⊙pc−2

)n

, (7.1)

where Σ̇∗ is the star formation rate per unit area per unit time and Σg is the gas surface

density. Kennicutt (1998) found Alocal ∼ 1.5 × 10−4 M⊙ yr−1 kpc−2 and n ∼ 1.4 as the

best fit parameters for normal star-sforming galaxies assuming a Saltpeter IMF. Because

we are using a Chabrier IMF, the amplitude should be changed by a factor of 1/1.65:

Alocal,Chab = 2.5× 10−4M⊙yr−1kpc−2.
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In our simulations, the star formation rate is calculated based on an adapted version

of the Kennicutt-Schmidt (KS) law, which is proposed by Schaye & Dalla Vecchia (2008).

They analytically modified the KS law in terms of volume density and pressure rather

than surface density, which enables us to implement the empirical star formation law into

simulations:

ṁ∗ = mgA(1M⊙pc
2

)−n

(
G

γ
fgPtot

)
, (7.2)

where ṁ∗ is the star formation rate, mg is the mass of a gas particle, G is the gravitational

constant, γ = 5/3 is the ratio of specific heats, fg is the gas mass fraction and Ptot is the

total pressure.

Because high redshift galaxies tend to have much higher star formation rates than local

galaxies, we adopt the amplitude A ten times larger than that of local galaxies assuming

a Chabrier IMF i.e., A = 2.5 × 10−3 M⊙ yr−1 kpc−2. As for the threshold density above

which star formation occurs, we adopt nH = 10 cm−3. We also assume fg = 1 following

Schaye (2002).

7.3 Supernova Feedback

It is widely accepted that stars, especially massive stars, distribute a vast amount of

energy and momentum into the ISM via supernova feedback. The injected energy and

momentum contribute to regulating the subsequent star formation (e.g., Agertz et al.,

2011; Hopkins et al., 2011; Aumer et al., 2013). For hydrodynamical simulations, various

kinds of sub-grid recipes have been developed. One approach is to turn off cooling (Stinson

et al., 2006) and deposit the thermal energy from stars into gases selectively (Murante

et al., 2010) or stochastically (Vecchia & Schaye, 2012).

In this work, we implement the thermal supernova (SN) feedback introduced by Vecchia

& Schaye (2012). They treat SN feedback as a stochastic thermal distribution as a means

to solve the overcooling problem (e.g., Suginohara & Ostriker, 1998; Lewis et al., 2000;

Tornatore et al., 2003). The thermal energy released by a single star particle is injected

into a nearby SPH particle. The temperature of the SPH particle increases by ∆T =

107.5K with a probability which is determined by the fraction fth. According to Crain

et al. (2015), fth depends on the local physical properties: gas metallicity, Z, and gas

density nH,birth. The parametrisation is given as

fth = fth,min +
fth,max − fth,min

1 +
(

Z
0.1Z⊙

)nZ

+
(

nH,birth

nH,0

)nn
, (7.3)

where fth,min and fth,max are the asymptotic values of a sigmoid function, Z⊙ = 0.0127 is
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the solar metallicity (Allende Prieto et al., 2001).

Vecchia & Schaye (2012) estimated the maximum gas density nH,tc under which stochas-

tic heating would be effective by comparing the sound crossing time and cooling time for

heated resolution elements:

nH,tc ∼ 10 cm−3

(
T

107.5 K

)3/2 ( mg

106 M⊙

)−1/2

. (7.4)

7.4 Cooling

The cooling rate of gas is based on line-cooling in photoionization or collisional equilibrium

for metal elements. FiBY tracks 11 metal elements (H, He, C, N, O, Ne, Mg, Si, S, Ca,

and Fe) following Wiersma et al. (2009). All radiative cooling is calculated by using the

publicly available photoionization code CLOUDY v07.02 (Ferland et al., 1998).

7.5 Projected Images

Figure 7.1 represents the visualization of the projected gas density of the zoom-in regions

for our halos at z = 6.0. The gas distribution features a turbulence and filamentary

structure. The yardstick represents the scale of 1 h−1Mpc in comoving coordinates.

Figure 7.2 shows the projected gas density map (top left panel), the stellar mass surface

density map (bottom left panel), the dust mass surface density map (top right panel), and

the surface brightness (bottom right panel) at UV (1500Å) of the most massive galaxy at

z = 6. The yardstick represents the scale of 5 kpc in physical coordinates.

We calculate the UV flux density due to star formation taking dust extinction into

account. Without dust extinction, the SFR is estimated with equations (3) from Kennicutt

(1998):
SFR

M⊙yr−1
= 1.4× 10−28 Lν

erg s−1 Hz−1
. (7.5)

As each SPH particle has the information of metallicity, we estimate dust masses assuming

that dust mass is proportional to metal mass (Draine et al., 2007). We adopt a constant

dust mass to metal mass ratio, Mdust/Mmetal = 0.04, following Yajima et al. (2015). Dust

attenuation is related to dust mass surface density as:

AUV ≃ 1.5× Σdust

105 M⊙ kpc−2
, (7.6)

under the assumption of the ’foreground screen’ model from Calzetti et al. (1994), the

dust model from Draine & Li (2007), and the dust-to-gas ratio from Draine et al. (2014).
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Figure 7.1: Projected gas density for our halos at z ∼ 6. The white yardstick corresponds

to 1h−1Mpc in comoving coordinates.
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Figure 7.2: Projected gas (top left), dust (top right), stellar (bottom left), UV flux densi-

ties (bottom right) of the most massive galaxy. The white yardstick corresponds to 5 kpc

in physical coordinates.
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Chapter 8

Mock Observations

Here we describe our mock observations for the simulated galaxies. We put the simulated

galaxies in the Abell2744 cluster field image mosaic accounting for the gravitational lensing

effect and the PSF effect simultaneously (in Section 8.3), and then we measure the sizes

of the lensed images with almost the same procedure as in Kawamata et al. (2015, 2018)

(in Section 8.4). We introduce two types of definitions of galaxy size: an observed size

(robs,mock) in the mock observations and an intrinsic size (rsim) in the simulations (in

Section 8.5).

8.1 HFF Data

We base our mock observations on the reduced mosaic data in the HFF program, which

are released to the public through the STScl website. This program includes the reduced

data of the F435W (B435), F606W (V606), F814W (i814), F105W (Y105), F125W (J125),

F140W (JH140), and F160W (H160) bands. We only use the Abell 2744 cluster field

among the six cluster fields, Abell2744, MACS J0416.1 ʵ 2403, MACS J0717.5+3745,

MACS J1149.5+2223, Abell S1063, and Abell 370, and accompanying six parallel fields

observed in this program. We base our work on the v1.0 reduction mosaics. We utilize

the JJHH combined image, which has been used for the i-dropout selection in Kawamata

et al. (2018). This image was created by combining the J125, JH140, and H160 images.

The 5σ limiting magnitude is ∼ 29 mag on a 0”.35 diameter aperture. The pixel scale of

this image is 0”.03.

8.2 Mass Modeling with Glafic

In this thesis the gravitational lensing equation is solved with the public software glafic

v1.2.8 (Oguri, 2010), which has been widely used for mass modeling of cluster fields (e.g.,
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Oguri et al., 2012, 2013; Köhlinger & Schmidt, 2014; Ishigaki et al., 2015; Petrushevska

et al., 2018). We utilize the mass model for the Abell2744 cluster field constructed in

Kawamata et al. (2016, 2018). The details of the mass modeling are described in Kawa-

mata et al. (2016, 2018), but we give a brief summary below.

The glafic constructs mass models with three mass components: cluster-scale ha-

los, cluster member galaxy halos, and external perturbation. The cluster-scale halos are

modeled by the NFW profiles (Navarro et al., 1997). The profiles of NFW are given as

ρ(r) =
ρs

(r/rs)(1 + r/rs)2
, (8.1)

where ρs is the characteristic density and rs is the scale radius. The scale radius is defined

with the concentration parameter (c) by

rs =
rvir
c

, (8.2)

where rvir is the virial radius of the cluster-scale halo. The scale radius and the character-

istic density are related to the virial mass (Mvir) and the concentration parameter with

the following relation:

rs =
rvir
c

=

[
3Mvir

4π∆(z)ρ(z)

]1/3 1

c
, (8.3)

ρs =
∆(z)ρ(z)c3

3mnfw(c)
, (8.4)

mnfw(c) =

∫ c

0

r

(1 + r)2
dr = ln(1 + c)− c

1 + c
, (8.5)

where ∆(z) is the nonlinear overdensity and the mean matter density of the universe at

redshift z. The cluster-scale halos have four free parameters: Mvir, c, ellipticity, and

position angle. For the Abell2744 cluster field, three NFW profiles are placed on the

bright galaxies in the core of the cluster.

The cluster member galaxy halos are modeled by pseudo-Jaffe ellipsoids (Keeton, 2001).

In this model, the mass profile of galaxies is determined by the velocity dispersion (σ) and

the truncation radius (rturn). The velocity dispersion and truncation radius are calculated

using the following scaling relations:

σ

σ∗
=

(
L

L∗

)1/4

, (8.6)

rturn
rturn,∗

=

(
L

L∗

)η

, (8.7)

where L∗ is the normalization luminosity, which is set to i814 = 18.33 for the Abell2744

cluster field, and σ∗, rturn, and η are treated as free parameters. The luminosity L,

ellipticity, and position angle of each galaxy are measured in the i814 band.
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External perturbation is included in order to improve mass modeling. The perturbation

is described by (e.g., Kochanek, 1991)

φ =
C

m
rn cosm(θ − θ∗), (8.8)

where C is the expansion coefficient, θ is the angular coordinate, θ∗ is the position angle,

and r is the distance from the brightest cluster galaxy. For the Abell2744 cluster field,

the second (n = 2,m = 2) and the third (n = 3,m = 3) order term are modeled.

The parameters of these components have been constrained in order to reproduce the

positions and the photometric redshifts of lensed multiple images. The multiple images

have been identified in Merten et al. (2011), Atek et al. (2014), Richard et al. (2014),

Zitrin et al. (2014), Lam et al. (2014), Ishigaki et al. (2015), Jauzac et al. (2015), and

Mahler et al. (2018). The positions and redshifts of 132 multiple images of 45 systems

have been used.

In this thesis glafic is used for two purposes. One is that we calculate the images

on the image plane from the simulated galaxies on the source plane (in Section 8.3).

The other is that we measure the galaxy sizes on the source plane by fitting the lensed

simulated images with a lensed Sérsic profile (in Section 8.4).

8.3 Lensing onto the JJHH Image

We lens the projected UV surface density images simulated in Chapter 7 onto the JJHH

image. The procedure is as follows. First, on the source plane, we create count maps,

whose count scales are matched to that of the JJHH image, from the projected UV surface

density images. We calculate pixel counts from UV flux densities by using PHOTFLAM

for the Abell2744 cluster field, i.e., fλ = PHOTFLAM × COUNT, where fλ is the flux

density in units of erg s−1 cm−2 Å−1 and PHOTFLAM = 3.0386574× 10−20. Given that

the pixel scale of the JJHH image is several times coarser than that of the projected UV

surface density images, we adjust the latter to the former by increasing the pixel scale to

0”.03. Then we calculate the gravitational lensing effect for tophat sources with a radius

(rtophat), which is placed as an alternative of each pixel. Although glafic can lens some

parametric profiles such as a tophat profile or a Sérsic profile onto the image plane, there

is no means to lens the entire image of a galaxy at once. Among the usable parametric

profile, we select a tophat profile that would best reproduce the original pixel. We set

rtophat to 0”.017 so as to have the same area and same total count as the original pixel

(0”.03). Positions and luminosities on the image plane are calculated, and the lensed

image of a galaxy is reproduced as a summation of lensed tophat sources. Finally, we

convolve the lensed images with the point-spread function (PSF). Within the Abell2744
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cluster field, we select three positions where the lensed images emerge, as shown in Figure

8.1. These positions are determined by the following criteria: appropriate magnification

factor (µ = 3 ∼ 5) and not the vicinity of bright stars or galaxies. By using several

positions, we avoid a systematic error by a specific magnification factor and sky noise.

8.4 Size Measurements

Size measurements are conducted in almost the same manner as described in Kawamata

et al. (2015, 2018), but we briefly describe them. We make a 3.0” × 3.0” cutout image

around a lensed galaxy on the image plane. An ellipsoidal Sérsic profile with a set of initial

parameters on the source plane is lensed onto the image plane. This lensed-distorted

profile, which is convolved with the PSF, is fitted with a cutout image with the optimize

command of the glafic. The best fit parameter which minimizes χ2 on the image plane

is searched on the parameter space on the source plane. This is a more direct method

compared with one in which a galaxy on the image plane is fitted with an unlensed

Sérsic profile by using GALFIT, and the parametric profile is corrected simply based on the

magnification factor. We mask bright neighbors so that they do not disturb the fitting for

the galaxies of interest. Six parameters are treated as the free parameters to determine:

positions, half-light radius, flux, ellipticity, and position angle. We restrict the upper limit

of ellipticity to 0.9. The Sérsic index is fixed to n = 1 considering recent size measurements

for faint galaxies at z > 6 (Bouwens et al., 2017; Kawamata et al., 2018).

8.5 Size Definition

We define the galaxy size in the mock observations (robs,mock) as the circularized half-light

radius of the best-fit Sérsic profile. A Sérsic profile is defined as

I(r) = I0 exp

[
−κ

(
r

re,major

)1/n
]
, (8.9)

where I(r), I0,κ, re,major, and n are the surface brightness profile, the surface brightness

at r = 0, the conversion factor from the scale radius to the half-light radius, the half-light

radius along the semi-major axis, and the Sérsic index, respectively. The circularized

radius (robs,mock) is derived from the half-light radius along the semi-major axis (re,major)

through robs,mock ≡ re,major

√
b/a.

For the intrinsic sizes of the simulation galaxies, we use the radius (rsim) as the radius of

a circle which is centered on the brightest pixel and encloses a half of the total flux. Before

we measure intrinsic sizes, each SPH particle is smoothed over a 2D gaussian kernel with
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Figure 8.1: The image of the A2744 cluster field where three simulated galaxies (yellow

open squares) have been added.
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a dispersion equal to the softening length. Here, we adopt a straightforward definition

of a half-light radius. We do not intend to determine the definition of a galaxy size

universally applicable to clumpy or irregular galaxies. Our aim is to investigate whether a

parametric fitting assuming a Sérsic profile reproduces an intrinsic size. For this purpose,

this definition of rsim makes sense.
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Chapter 9

Mock Observed

Size–luminosity Relation

9.1 Overview of the simulated galaxies

To give a visual inspection, we show the projected UV images of our simulated galaxies

at three different viewing angles in Figure 9.1. The fourth column shows the same image

as the first column at the resolution of the JJHH image (0”.03 arcsec).

These galaxies have different morphologies from clumpy structures to a single smooth

isophoto. Interestingly, clumpy structures are not resolved at the resolution of the JJHH

image (the fourth column in Figure 9.1). The surface brightness profiles are blurred and

look like smooth and extended profiles. In addition, our galaxies do not have a clear

disk. Recent cosmological simulations also suggest that high-redshift galaxies tend to

have giant clumps via violent disk instabilities and have a clumpy or irregular shape (e.g.,

Genel et al., 2012; Mandelker et al., 2017).
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Figure 9.1: The projected UV images of our simulated galaxies on the source plane at

three different viewing angles. The fourth column shows the same images as the first

column at the resolution of the JJHH image.
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Figure 9.1: Continued.
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Figure 9.1: Continued.
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Figure 9.1: Continued.
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Figure 9.1: Continued.
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9.2 Size–luminosity Relation

Figure 9.2 shows the size–luminosity relations of our simulated galaxies, together with the

previous results. The intrinsic sizes (rsim) and magnitudes defined in the simulations are

shown as filled cyan circles and the mock observed sizes (robs,mock) and UV magnitudes

are shown as filled orange circles. We perform the size measurements for all galaxies

brighter than -17 mag, but we failed to converge the parameters for a fraction of them,

which are shown as open cyan circles.

Kawamata et al. (2018) have performed the simultaneous maximum-likelihood estima-

tion of the size–luminosity relation and the luminosity function assuming a log-normal

size distribution at a given magnitude. They have found that the slope (β) of the ob-

served size–luminosity relation is considerably steeper (β ≃ 0.52) (the black dashed line)

than those (β ∼ 0.25) at z ∼ 4 − 5 (Huang et al., 2013) and the those with brighter UV

magnitudes at z ∼ 6 (Shibuya et al., 2015). This situation remains unchanged (β ≃ 0.47)

even after incompleteness correction for large galaxies (the black solid line).

Our rsim–luminosity relation is slightly higher than the incompleteness-corrected size–

luminosity relation by Kawamata et al. (2018), and is consistent with recent morphological

studies using hydrodynamical simulations and SAMs (Ma et al., 2018b; Arata et al., 2019;

Marshall et al., 2019). On the other hand, the robs,mock–luminosity relation agrees with

the uncorrected size–luminosity relation because sizes and magnitudes become smaller

and fainter. This suggests that the underestimation of sizes and magnitudes is due to the

size measurement procedure, and the incompleteness correction suggested by Kawamata

et al. (2018) is not large enough to reproduce the intrinsic size–luminosity relation.

Before we discuss the cause of the underestimation of the sizes of the simulated galaxies

in Section 9.3, we examine if the simulated galaxies also have a log-normal size distribution.

According to the analytical disk model of Mo et al. (1998), the size of galaxies at a given

magnitude is proportional to the dimensionless spin parameter (λ) of the hosting halos. As

λ has a log-normal distribution with σλ ≃ 0.5 (Bullock et al., 2001), disk sizes also follow a

log-normal distribution (Shen et al., 2003; Courteau et al., 2007; van der Wel et al., 2014).

In Figure 9.3, we show the rsim distribution with −19 ≤ MUV ≤ −17. In spite of a small

sample size and the fact that our galaxies do not have a clear disk, the rsim distribution

follows a log-normal distribution with σln rsim ≃ 0.7. This is consistent with the previous

works for high-redshift galaxies (Huang et al., 2013; Kawamata et al., 2018). Therefore,

the assumption of a log-normal distribution can not be the cause of the difference between

the rsim–luminosity relation and the incompleteness-corrected size–luminosity relation.
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Figure 9.2: The distribution on the size–luminosity plane of the simulated galaxies. The

intrinsic sizes (rsim) and UV magnitudes are shown as filled cyan circles and the mock

observed sizes (robs,mock) and UV magnitudes are shown as filled orange circles, respec-

tively. The open cyan circles represent the rsim and UV magnitudes of galaxies for which

fitting fails. The black dashed line and black solid line show the incompleteness-corrected

and uncorrected results at z ∼ 6 − 7 by Kawamata et al. (2018), respectively. The cyan

dotted line shows the best-fit line for rsim.

Our results also have an implication on the faint-end slope of the luminosity function.

Bouwens et al. (2017) and Kawamata et al. (2018) have suggested that if the detection

incompletness of faint but large galaxies is corrected, the faint-end slope of the luminosity

function becomes steeper than previous estimates (Atek et al., 2014, 2015; Alavi et al.,

2016; Castellano et al., 2016; Livermore et al., 2017). However, our results imply that the

intrinsic sizes of faint sources are even larger than inferred by Bouwens et al. (2017) and

Kawamata et al. (2018), which requires further incompleteness correction to the luminosity

function.
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Figure 9.3: The rsim distribution with −19 ≤ MUV ≤ −17. The black dashed line shows

the best-fitting log-normal distribution.

9.3 Simulated sizes versus Observed sizes

Figure 9.2 has suggested that robs,mock is slightly smaller than rsim. It is helpful to compare

robs,mock and rsim in detail, which is shown in Figure 9.4. The black line denotes the y = x

line. This figure shows that robs,mock is systematically two or three times smaller than

rsim. In this Section, we discuss possible causes of the underestimation.

One possible reason is that the surface brightness limit of the HFF data is too shallow,

which is also suggested by Ma et al. (2018b). Ma et al. (2018b) have predicted the sizes
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Figure 9.4: The comparison between robs,mock and rsim. The gray dashed line shows the

y = x line.

of faint (−22 < MUV < −7) galaxies at z ≥ 5 by using the FIRE simulation. They have

found that UV half-light radii, which is defined by a non-parametric method, are strongly

affected by the surface brightness limit because a large fraction of UV fluxes is emitted

from several bright stellar clumps. Although their galaxies have a larger intrinsic size than

the extrapolation of the size–luminosity relations of Bouwens et al. (2017) and Kawamata

et al. (2018), most of the clumpy structures of their galaxies become invisible and the half-

light radii dramatically decrease if they assume the HFF surface brightness limit. Many of

our simulated galaxies on the image plane also have faint extended structures originating

from multiple clumps and the shear effect. A part of the structures are assimilated with

the sky background and also becomes invisible on the JJHH image.

The second possible reason is that a single Sérsic profile with n = 1 can not trace

the extended structures of a simulated galaxy. We show some examples of our simulated

galaxies on the image plane and the fitting results in Figure 9.6. The lensed images are

strongly magnified and elongated by the gravitational lensing effect. The galaxy on the
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top row of Figure 9.6 has a faint extended structure at the right side. While our best-fit

profile (third column from the left) successfully reproduces the surface brightness profile

around the central region of the galaxy, the extended structure is not sufficiently traced.

This may lead to the underestimation of the size and magnitude of the galaxy, even though

we fit half-light radius and total magnitude simultaneously.

To examine these possibilities, we create a stacked image of our simulated galaxies on

the source plane. The stacking is performed centered at the brightest pixel of each galaxy

image. The surface brightness profile for the stacked image is shown in Figure 9.5. The

gray horizontal line and the gray shaded region denote the average sky level of the JJHH

image and 1-σ, respectively. This figure illustrates that a Sérsic index of the surface

brightness profile changes at ∼ 0.2 arcsec from the center. The surface brightness profile

within ∼ 0.2 arcsec is well fitted with a Sérsic profile with n = 1 (the black dotted line),

whereas a deviation from it is seen beyond that point. This extended structure is traced

with a Sérsic profile with n ∼ 0.36 (the solid black line). A surface brightness profile that

consists of two different Sérsic indices is never followed by using a single Sérsic profile.

The same feature is also shown for the stacked image of lensed simulated galaxies on the

image plane. Many of our galaxies are composed of several clumps, as indicated by the

previous morphological studies in observations (Jiang et al., 2013; Bowler et al., 2017)

and simulations (Ma et al., 2018a). On the JJHH image, these clumpy structures are not

resolved and observed as extended structures.
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Figure 9.5: Surface brightness for the stacked image of the simulated galaxies on the

source plane. The black dotted line shows the best-fitting Sérsic profile with n = 1 for

data above the sky threshold, and the black solid line shows the best-fitting Sérsic profile

at > 0.2 arcsec. The gray dashed line and the gray shaded region show the average sky

level and the 1-σ error, respectively.
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Figure 9.6: Example projected images of the simulated galaxies. From left to right columns

are the lensed images on the image plane, those combined with the JJHH background

images, the best-fitting Sérsic profile, the original images on the source plane.
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9.4 Systematic Errors

In Section 9.3, we conclude that the shallow surface brightness limit and the assumption

of a single Sérsic profile may be the cause of the underestimation of the sizes of the

simulated galaxies. Besides them, there are many other possible causes of a systematic

error in the procedure of the size measurements, by which robs,mock is underestimated or

overestimated: the lensing effect, sky noise, and definition of a galaxy size. In this Section,

we discuss systematic errors caused by them. In order to avoid a systematic error by sky

noise, we bury our simulated galaxies in several places in Section 8.3.

The systematic errors by the lensing effect and the random error by sky noise are

estimated by Kawamata et al. (2018) in the same field and mass map. The sky noise

would also be the cause of a random error, which disperses the measured sizes randomly.

They put a Sérsic profile with a randommagnitude, size, ellipticity, and position angle, into

a random position of the Abell2744 cluster field and perform the same fitting procedure

as ours. They repeat this process until they obtain sufficient statistics. They find that

the mock observed sizes are slightly larger (< 10%) than the sizes of the original Sérsic

profile. (see Figure 2 in Kawamata et al., 2018). This result is contrast to ours: the

lensing effect systematically increases the observed sizes slightly. This is not the main

cause of our underestimation.

A systematic error may also arise from the difference of the definition of a galaxy size.

In the previous Section, we define rsim as the radius which encloses the half light of a

galaxy. On the other hand, the robs,mock is measured by a Sérsic profile. It is worth

investigating whether the difference between the definition of rsim and robs,mock affects

our results. Here, we redefine rsim as the circularized half-light radius of a Sérsic profile

according to robs,mock. We call this definition rsim,sersic. We preform a Sérsic profile fitting

for the simulated UV surface density images with GALFIT. In the left panel of Figure 9.7,

we show the same plot as Figure 9.4, but rsim is changed to rsim,sersic. We also show the

comparison between rsim and rsim,sersic in the right panel of Figure 9.7. Although rsim,sersic

is slightly smaller than rsim, the overall trend is not changed: the observed sizes (robs,mock)

are systematically smaller than the simulated sizes (rsim,sersic). Our main results are not

affected by the difinition of rsim.

9.5 Caution for Size Measurements at very High Redshift

Here, we caution the traditional use of a Sérsic profile for z ≥ 6 galaxies. Although a

Sérsic profile approximated well the surface brightness profile of local ellipticals or disk
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Figure 9.7: The comparison between robs,mock and rsim,sersic (left) and rsim,sersic and rsim

(right) . The gray dashed lines show the y = x line.

galaxies, and probably of z ≤ 3 galaxies, it still remains uncertain whether this profile

is applicable to very high-redshift galaxies, which tend to have clumpy and extended

structures. In Chapter 6, we estimate disk angular momentum from the observed sizes of

galaxies at z ∼ 2− 4. This discussion is based on two assumptions that galaxies have an

ordered disk with a parametric surface brightness profile and that the sizes are accurately

measured with a parametric profile. These assumptions are almost valid at these redshifts.

Compared with z ∼ 6, the surface brightness dimming is ∼ 30 times less severe at z ∼ 2.

This allows us to have deep images where we can measure accurate galaxy sizes. In reality,

a Sérsic profile fitting for galaxies at z ∼ 2− 4 with GALFIT reproduces the galaxy surface

brightness profile from the center to the outskirt.

However, sizes measured by assuming a Sérsic profile at z ∼ 6 may be underestimated

because it is biased toward the central region of the galaxies. Recently, a non-parametric

approach, which defines the galaxy size by the number of pixels above a surface brightness

threshold, has been introduced for size measurements, reflecting the clumpy and irregular

morphologies of high-redshift galaxies. Figure 9.5 indicates, however, that we have a risk

of underestimation even if we adopt a non-parametric size definition because most of the

extended structures are under the average sky level without a magnification effect. Thus it

is dangerous to use the same size measurement method as the local one. As high redshift

galaxies (z ≥ 6) tend to have clumpy or irregular shapes, the definition of a galaxy size is

also crucial. We may need to change the definition according to the purposes.

Bouwens et al. (2017) have pointed out that in regions with a high shear in cluster lensing
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fields, larger galaxies have been strongly stretched out along the shear axis, whereas small

galaxies are not much affected. We note that our galaxies brighter than -17 mag tend

to be affected by the shear, which means that the galaxies are elongated along the shear

axis as shown in the bottom row in Figure 9.6. Galaxies like a point source are few. On

the other hand, many of the observed galaxies fainter than -18 mag in Kawamata et al.

(2018) show a round shape and look like they are not strongly affected by shear. The

fact raises one possible concern that our hydrodynamic simulations make more extended

sources than reality, though our result of robs,mock–luminosity relation is consistent with

observations. Future observations and simulations with next generation instruments will

be necessary for further investigation. The James Webb Space Telescope (JWST), which

is scheduled to be launched in 2020, will provide more samples of faint galaxies at z > 6

in and outside of the lensing fields, extending our understanding of the morphologies and

sizes of galaxies.
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Chapter 10

Conclusions

In this thesis, we have investigated the sizes, angular momenta, and morphologies of

high-redshift galaxies. This thesis consists of two parts. In the first part, we have used

the 3D-HST GOODS-South, COSMOS, and AEGIS imaging data and galaxy catalog to

analyze the relation between the fraction of the dark halo mass settled as disk stars,

m⋆ ≡ M⋆/Mdh, and the fraction of the dark halo angular momentum transferred to

the stellar disk, j⋆ ≡ J⋆/Jdh for 11738 star-forming galaxies over the stellar mass range

8.3 < log(M⋆/M⊙) < 11.1 at z ∼ 2, 3, and 4. For each redshift, we have divided the cat-

alog into several M⋆ bins and infer Mdh by two independent methods, clustering analysis

and abundance matching, to obtain an average m⋆ value for each bin. We have confirmed

that the two mass estimators give consistent results. For our objects we have also mea-

sured effective radii rd at rest 5000Å with GALFIT, and combined them with m⋆ and Mdh

estimates to obtain j⋆ by applying Mo et al. (1998) analytic model of disk formation. The

followings are the main results of the first part.

(i) We have found the median size evolution of disk star-forming galaxies rd(M⋆,10)/kpc =

6.88(1+ z)−0.91±0.01 at M⋆ = 1.0× 1010M⊙. This redshift evolution is in agreement with

the results by Allen et al. (2016) and Shibuya et al. (2015). We have also analyzed the

slope of the disk size–stellar mass relation. While the slope is consistent with the results

by van der Wel et al. (2014) at z ∼ 2, we have found that the slope becomes shallower

beyond z ∼ 2. The scatter of rd–M⋆ relation is σln rd ∼ 0.4 − 0.6 over the redshift range

examined, which is comparable with the scatter of the log-normal distribution of λ.

(ii) We have obtained the angular momentum retention factor j⋆/m⋆ averaged over mass

and redshift to be ≃ 0.77±0.06 from clustering analysis and ≃ 0.83±0.13 from abundance

matching. These values are in rough agreement with those of local late-type galaxies by

Romanowsky & Fall (2012) and those of star-forming galaxies at z ∼ 0.8− 2.6 by Burkert
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et al. (2016).

(iii) Contrary to the star-forming galaxies at the present-day universe, j⋆/m⋆ appears

to decrease with halo mass especially when abundance matching is used as the mass es-

timator. Combined with the slope of the M⋆–Mdh relation, this negative slope of the

j⋆/m⋆–Mdh relation explain the shallow (< 0.2) slopes of the rd–M⋆ relation obtained in

this thesis. We have also found a possible decrease in the j⋆/m⋆–Mdh slope from z ∼ 2

to z ∼ 4, which may imply that feedback processes also change over this redshift range.

(iv) We have for the first time compared the observed mass–angular momentum relation

with those of the recent galaxy formation simulations at z ∼ 2 by Sales et al. (2012),

Pedrosa & Tissera (2015), and Stevens et al. (2016). We have found that all of these sim-

ulations predict specific angular momenta systematically smaller than our values, which

implies that these simulations produce too small disks at high redshifts while reproducing

local measurements. We also find that a significant fraction of our galaxies appear to be

unstable against bar formation.

In the second part, we use a cosmological hydrodynamical simulation framework, FiBY,

which is an updated version of Gadget-3, in order to investigate what problem would hap-

pen if we adopt the same size measurement procedure as one used in the local universe

for very high-redshift galaxies by providing simulated and mock observed size–luminosity

relations. The simulated galaxies are lensed onto the JJHH image of the Abell2744 cluster

field, and the sizes are measured with the almost same way as Kawamata et al. (2015,

2018). By comparing the intrinsic sizes in the simulations and the observed sizes in the

mock observations, we have examined whether the surface brightness profile of the simu-

lated galaxies is reproduced by a single Sérsic profile. The followings are the main results

of the second part.

(v) Our simulated galaxies show a variety of shapes from clumpy structures to a sin-

gle smooth isophote, and most of the galaxies do not have a disk. Our rsim–luminosity

relation is slightly higher than the incompleteness corrected size–luminosity relation by

Kawamata et al. (2018). However, the sizes and magnitudes are observed systematically

smaller and fainter by the size measurement procedure. The robs,mock–luminosity relation

is comparable to the incompleteness uncorrected size–luminosity relation. Our results

suggest that the intrinsic sizes of faint galaxies are larger than estimated by previous

studies, and further incompleteness correction to the luminosity function are required.
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(vi) Regarding the cause of the underestimation of the sizes of the simulated galaxies,

two possible reasons are considered. One is that the surface brightness limit of the JJHH

image is too shallow. The faint extended structures of our galaxies are assimilated with

the background noise and become invisible. The other is that a single Sérsic profile can

not trace the extended structures of the galaxies because a Sérsic profile may be biased

toward the central region of the galaxies.

The results in the first part show that disk galaxies from local to intermediate redshifts

retain relatively high specific angular momentum, which implies that these galaxies have

well-ordered disks. For these galaxies, combined with the fact that the surface bright-

ness dimming is not severe, we can measure the accurate galaxy sizes by using the size

measurement method assuming a Sérsic profile. However, our results in the second part

indicate that we need special care to apply a Sérsic profile to very high-redshift galaxies

at z > 6, because the sizes of galaxies may be underestimated by the size measurement

procedure. As very high redshift galaxies tend to have clumpy or irregular shapes, how

to define a galaxy size is a complicated problem. For very high-redshift galaxies, we may

need to determine an appropriate definition according to different purposes.
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Appendix A

Clustering properties of

GOODS-North and UDS fields

Before clustering analysis in Chapter 5, we calculate the angular correlation functions for

all five fields. We separate each sample to luminosity bins, and compare with previous

results (Ouchi et al., 2004; Lee et al., 2006; Barone-Nugent et al., 2014). Figure A.1 shows

the angular correlation functions for the GOODS-North and UDS fields. The clustering

properties for two fields are relatively smaller than the values by the previous results.

The GOODS-North field has a negative correlation with luminosity. The UDS field has a

smaller angular correlation function and there are no signals beyond 100 arcsec. Because

of this strange behavior, we does not include these two fields for our analysis. The cause

of this weak clustering properties is not clear. The small number of filters used for SED

fitting may affect clustering properties.
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Figure A.1: Angular correlation functions compared with three previous results in UDS

and GOODS-North fields at z ∼ 4. The top and bottom panels show the results in

UDS and GOODS-North fields, respectively. The solid red and green lines indicate the

best-fit power laws for luminosity bins. The dashed yellow, green, and blue lines indicate

the results by Barone-Nugent et al. (2014), Ouchi et al. (2004), and Lee et al. (2006),

respectively.
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