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Abstract

Galaxies have internal structures such as a central black hole, bulge, disk, and stellar and

dark matter halos. Identifying these structures across cosmic history and measuring their

physical parameters (e.g., size and detailed mass distribution) are crucial in revealing

galaxies’ past formation and evolution history, as each structure is suggested to drive and

regulate the galaxy evolution dynamically. To accurately derive the mass distribution of

galaxies, it is essential to have both (1) high-resolution observations required to derive

central mass distribution and (2) wide-field observations covering the radius where dark

matter starts to dominate. The recent development of ALMA allows us to obtain gas

kinematics with sufficient angular resolution to measure the central black hole mass and

stellar mass distribution separately in nearby galaxies and mass distribution of galaxies at

high redshift galaxies at a redshift of >4.

No spectroscopic imaging instrument can simultaneously archive such a high

resolution and wide field of view for a nearby galaxy (i.e., z ∼ 0). NGC 1380 has a wealthy

data set that includes: stellar kinematics measured from the atomic absorption features in

a stellar continuum obtained by Multi-Unit Spectroscopic Explorer (MUSE) on the Very

Large Telescope (VLT); and stellar surface brightness distribution obtained by Advanced
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Camera for Survey(ACS) on Hubble Space Telescope (HST); and high-resolution

CO(2-1) molecular gas kinematics by Band 6 receiver on ALMA. The stellar kinematics

and surface brightness data cover the large area of the galaxy out to 120 arcsec. In

contrast, the high-resolution molecular gas kinematics allows us to accurately trace the

central mass distribution. We identified galactic structures: a central black hole, bulge,

disk, stellar, and dark matter halos in the early-type galaxy NGC 1380 and accurately

measured these mass distributions, exploiting and combining these archival data. We

first directly measured the black hole mass in NGC1380, which was consistent with

the known black hole and host galaxies scaling relations. Our measurements of each

galactic structure in NGC1380 locate the galaxy’s disk in the stable regime in the bar-like

instability, which may explain the absence of significant substructure in the disk in

NGC1380.

With the developed methods and experiences, we also investigated galactic structures

more than 12 billion years ago, which was an unexplored epoch for detailed galactic

structure. The luminous [CII] emission from an extreme star formation and ALMA’s

high sensitivity allow us to obtain the most detailed [CII] gas kinematics for an unlensed,

hyper luminous infrared galaxy (HyLIRG) at redshift 4.4, BRI 1335-0417. Analyzing

the spatially resolved [CII] gas and dust kinematics, we have identified a rotating disk, a

central compact structure like a bulge, and spiral structures on the disk in BRI 1335-0417.

HyLIRGs are thought to be formed mainly through major mergers, in which we expect

the presence of highly disturbed structures. But surprisingly, the dust-obscured internal

structures revealed in this study are similar to those of a spiral disk galaxy. This may give

us a clue to the detailed formation scenario of HyLIRGs and massive galaxies in cosmic

history.
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1
Introduction

1.1 Formation of Galactic Structures inΛCDMuniverse

1.1.1 General Introduction

Galaxies are fundamental building blocks of the universe, and mostly through their

electromagnetic radiation, we can probe the evolution of matter distribution in the

universe. A key result in galaxy formation is the evidence of dark matter, which was
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revealed for the first time by an observation of a galaxy cluster in the 1930s (Zwicky,

1933) and galaxy rotation curves in the 1970s (Rubin et al., 1978, 1980). The most

accepted standard model of the universe is the one in which dark energy and dark

matter are the major components of the universe, the universe initially experiences an

exponential expansion (i.e., Big Bang), and initial density fluctuations amplified due to

self-gravity and grow hierarchically by merging. This model reproduces successfully

the large-scale distribution of observed galaxies, as well as the cosmic microwave

background radiation (Bennett et al., 2014). The evolution of the matter distribution over

a broader range of cosmic epoch has still been explored with advanced observational

instruments, testing the current standard model of the universe (Ouchi et al., 2018).

On the other hand, at the scale of individual galaxies, we can observe common distinct

structures: a bulge; a flat, extended rotating disk; non-axisymmetric bar structures

and spiral arms on the disk; and stellar and dark matter haloes in the outer part of the

galaxy. When and how these structures were formed is one of the major questions in

modern astronomy. Although several scenarios have been proposed so far, gaining a full

understanding is challenging because of the incompleteness of observations (we can only

observe a particular galaxy from a given direction at a given moment in time) and the

number of baryonic processes involved. The main focus of this paper is to explore

the formation and evolutionary processes of galaxies through the dynamics of these

structures, which allow us to recover their distribution and kinematics with currently

available rich but ultimately limited information. In this chapter, we will summarise the

current understanding of the galactic structures. The main references for this chapter are

Binney & Tremaine (2008), Longair (2008) and Mo et al. (2010).
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1.1.2 Galaxy Formation in Dark Matter Halo

Zwicky (1933) showed for the first time the evidence of dark matter by analyzing the

motion of individual galaxies in the Coma cluster. The kinetic energy far exceeds the

gravitational potential energy expected from visible matter: stars, gas, and dust in the

cluster, suggesting the presence of invisible matter is necessary for the cluster to be

gravitationally bound. A few decades later, more evidences of dark matter were found in

galaxies. Rubin et al. (1978, 1980) found the flat rotation velocity ({A>C ∝ const) of

neutral hydrogen (HI) in galaxies even at the radius well beyond the visible part of

galaxies. This is contrary to the expectation that the rotational velocity decreases with

the radius to the power of 1/2 (i.e., Keplerian rotation {A>C ∝ 1/A 1
2 ) under the assumption

that the galaxy is composed of only visible matter, which manifests the presence of

invisible matter enveloping the galaxy. These results are exemplified by Figure 1.1.

Figure 1.1: The rotation curve for nearby spiral galaxy M31 as presented in Longair
(2008) with courtesy of Dr. Vera Rubin. Constant rotation velocity can be seen at the
radius well beyond the visible region of the galaxy, which manifests the existence of an
extended dark matter halo in this galaxy.

Although dark matter is still hypothetical and its physical nature is not yet known, it

is widely accepted that the cold (move slow compared to the speed of light) and dark

(have a very small cross-section for electromagnetic interaction and interact mainly
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through gravity) hypothetical matter play an essential role in the formation and evolution

of galaxies (Peebles, 1982; Blumenthal et al., 1984), with the development of the ΛCDM

model of the universe,

In the cosmic epoch prior to the recombination, baryons in the plasma state are

strongly coupled to photons. The growth of density fluctuations of baryons was

suppressed by the pressure of photons (i.e., silk damping; Silk 1968), while dark matter

can already grow density fluctuations in this period. As the temperature of the thermal

equilibrium decrease gradually, baryons become neutral and decouple from photons (i.e.,

recombination) and then condense into the gravitational potential well of dark matter,

forming the first stars and galaxies in the center of the halo. In addition, Ostriker &

Peebles (1973) showed that, in the absence of dark matter, disk galaxies are subject to a

bar instability due to strong differential rotation and that a dark matter halo is necessary

for the stable disk galaxy.

Navarro et al. (1997) show that the density profile of the dark matter halos found in N

body numerical simulation can be described by the following double power law profile

(which is called NFW profile after Navarro, Frenk and White), independent of the

mass of the halo, the spectrum of the initial density fluctuations, and the cosmological

parameters;

d(A) = 4ds

(A/As) (1 + A/As)2
, (1.1)

where As is the scale radius, and ds is the density at the scale radius. This function

contains two free parameters, As and ds. Navarro et al. (1997) found that there are

tight correlation between halo mass "200 = 200dc
4
3cA

3
200 and concentration of the halo

2 ≡ A200/As 1 so that we can consider this formula to have one free parameter, as the

1radius A200 is such that the average density of the halo surrounded by that radius is 200 times the
critical density of the universe dc.
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enclosed mass within A is given by

"DM(< A) = 16cdBA3
B

[
ln

(
1 + A

AB

)
− A/AB

1 + A/AB

]
(1.2)

The detailed distribution of dark matter is the most fundamental parameter of

galaxies, but it has not yet been established, and continuous research is being conducted.

While the total mass (baryon + dark matter) distribution of the galaxy can be derived

using stellar kinematics and the rotational curve of the gas, measuring the detailed

distribution of dark matter requires the precise mass distribution of baryon (stars, gas,

and dust). Deriving the stellar mass distribution from the stellar surface brightness

distribution is a major uncertainty (Courteau & Dutton, 2015) since the exact conversion

factor (i.e., stellar mass to luminosity ratio) depends on the initial mass function, star

formation history, and ages, which are still difficult to completely recover with the

current instruments. Furthermore, in a more realistic galaxy formation scenario with

baryon physics, the outflow of gas due to star formation and AGN would inject energy

into the dark matter particle via gravity, and the density profile of dark matter would be

flatter than the NFW model (Navarro et al., 1996; Mashchenko et al., 2008; Pontzen &

Governato, 2012). In competition with this effect, gas inflows into the galactic center will

lead to a centrally concentrated dark matter profile (adiabatic contraction; Blumenthal

et al. 1986; Cautun et al. 2019). It has also been suggested that there is a substructure in

the Milky Way halo (Bonaca et al., 2019). Even in the Milky Way, the detailed density

distribution of dark matter is still not well understood (Hattori et al., 2020). In order to

disentangle these effects and to understand the interaction history between dark matter

and baryons across cosmic history, it is essential to explore the methodology to derive

dark matter with higher accuracy and to derive and compare dark matter distribution for
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a sample of galaxies with various masses and morphologies (Wasserman et al., 2018).

1.1.3 Galaxy’s Morphologies and Hubble Classification

Galaxies have a great variety of shapes and forms. Hubble classified the galaxies

according to their morphology as shown in Figure 1.2 (Hubble, 1936). This morphological

classification, called a tuning fork diagram, shows a continuous sequence of elliptical

galaxies on the left and spiral galaxies on the right. The spiral galaxies are separated like

tuning forks into ordinary spirals and barred spiral galaxies with bar-like structures.

These morphological classifications are correlated with the overall physical properties of

the galaxy (e.g., color and gas content; Roberts & Haynes 1994). As van den Bergh

(1998) emphasized that the original Hubble classification was for intrinsically bright

galaxies, it has been updated to include the majority of less luminous galaxies (e.g.,

Kormendy 1982; van den Bergh 1998). The idea of the Hubble sequence remains as an

essential galaxy classification, and nowadays, machine learning is being used to classify

a huge number of galaxy photometric images (e.g., Vega-Ferrero et al. 2021; Dieleman

et al. 2015).

Figure 1.2: Hubble’s morphological classification of galaxies as presented in The Realm
of the Nebulae (Hubble, 1936)
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Elliptical Galaxies

Elliptical galaxies have a featureless, elliptical luminosity distribution and are thought to

have an ellipsoidal structure in three dimensions. They are classified according to their

observed flattening, labeled as a letter E followed by 10 × (0 − 1)/0, where 0 and 1 are

the major and minor axes, respectively. Galaxies, flatter than E7, are called lenticular

galaxies (S0) because they all show disk and bulge structures. Surface brightness of

elliptical galaxies are well described by de Vaucouleurs’s A1/4 law as a special case

(= = 4) of the Sérsic profile (Sersic, 1968)

� (') = �eexp

{
−1=

[(
'

'4

)1/=
− 1

]}
, (1.3)

where 'e is the radius within which half of the total luminosity enclosed, and 1= is

the value such that Γ(2=) = 2W(2=, 1=) (Γ is the gamma function and W(2=, G) is the

incomplete gamma function; Graham & Driver 2005). Elliptical galaxies are typically

supported by the random motion of stars rather than their rotation motions. Galaxy

mergers are likely to play a role in forming elliptical galaxies by transporting stars’

angular momentum outward. Recent numerical calculations have shown that merging in

a gas-rich disk does not effectively remove angular momentum (e.g., Hopkins et al. 2009)

and gas accretion leading to the reformation of disk (Zeng et al., 2021). Therefore, AGN

feedback might be necessary to remove the gas from the galaxy before merging and to

prevent the cooling of new gas from accretion to form the disk-less elliptical galaxies

(Somerville & Davé, 2015).
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Spiral Galaxies

Spiral galaxies have distinct structures: stellar bulge; a flat, extended rotating disk

consisting of stars, gas, and dust; non-axisymmetric features on the disk such as spiral

arms and bars as the schematic picture is shown in Figure 1.3. Spiral galaxies are

classified as either "normal" spiral galaxies (S) or barred spiral galaxies (SB), depending

on the presence of a bar structure. S and SB galaxies are further classified in a sequence

from a (through b) to c as the spiral becomes more open and the relative size of the bulge

or bar to the disk decreases (Figure 1.2). These structures are thought to have a complex

influence on each other (Fujii et al., 2018), and the expected correlation is confirmed

quantitatively (central bulge mass vs. arm pitch angle Davis et al. 2018a). The Hubble

classification (see Figure 1.2) is regarded as a continuous sequence based on the relative

importance of the bulge and disk as the sequence goes accordingly, from elliptical

galaxies at the leftmost, which have a dominant bulge and no disk, through intermediate

S0 galaxies, which have both a bulge and a featureless disk, to spiral galaxies at the

rightmost, which have dominant disk and smaller bulge, with spiral arms on the disk.

Therefore, disks, bulges, arm and bar structures are the fundamental structures of

galaxies, and a brief review of these structures will be given in the next subsection.

1.1.4 Galactic Structures

Disk

The galactic disk is a flat structure supported by rotation, consisting of stars, gas, and

dust. The disk typically shows an exponential surface brightness and density distribution

(Gadotti, 2009).

� (') = �0exp(−'/'3), (1.4)
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Figure 1.3: Schematic picture of typical structures of spiral galaxies.

where '3 is a disk-scale radius and �0 is the central surface brightness. The flat galactic

disk structure is naturally expected to form where an isolated gas cloud collapses under

the dark matter potential, conserving its initial angular momentum. The gas releases

energy outside via radiative cooling, while the angular momentum is conserved. The gas

particles subsequently archive the lowest energy state with the initial angular momentum

conserved, namely, a rotating disk where the angular momentum of all gas particles is

aligned in one direction. A stellar disk may form as some fraction of the gas disk cools

further and then collapse to form stars by local disk instability (Toomre, 1964; Goldreich

& Lynden-Bell, 1965). Afterward, dust disk may form as dust component being ejected

from asymptotic-giant-branch stars and core-collapse supernovae (Gall et al., 2011).

In an attempt to reproduce the galactic structure using numerical simulations, disk

formation and its physical properties (e.g., degree of rotation over random velocity,
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clumpiness, gas, and stellar fraction) are sensitive to sub-grid model assumed (For a

review, see Somerville & Davé 2015). Therefore, observationally constraining the disk

characteristics and formation time is essential to test and improve our galaxy formation

models.

Bulge

Although the bulge refers to a dense stellar cluster in the center of the galaxy, there are

several types of bulges that show different structures, possibly due to different formation

scenarios. One type of bulge is called a classical bulge, which has a surface brightness

typically described by Sérsic profile = > 2, and a structure supported by pressure due to

random motion rather than rotation, similar to elliptical galaxies (Sérsic n ∼ 4, dispersion

dominated system). It is thought to have been formed by violent galaxy mergers. The

other type is called "pseudo bulge" which has a flat, rotationally supported spheroidal

structure with the surface brightness typically described by Sérsic profile of = < 2.

"Pseudo bulges" are thought to have been formed by secular processes, such as gas inflow

to the center by angular momentum transport driven by non-axisymmetric structures like

a bar. Classical bulges lie on the same 〈`e〉-Ae relation of the elliptical galaxies while

"pseudo bulge" not (Figure 1.4). As exemplified by this plot, differences in the detailed

distribution of structures may tell us different formation histories, and measuring detailed

structures can provide clues to reveal the galaxy formation history (Gadotti, 2009). See

also Athanassoula (2005); Kormendy & Kennicutt (2004) for a review of bulge types and

their possible formation scenarios.
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Figure 1.4: 〈`e〉-Ae relation for = > 2 bulges, typically occupied by classical bulge (top)
and = > 2 bulge, typically occupied by pseudo bulge (bottom) as presented in (Gadotti,
2009). Note that the = > 2 bulges lie on the same relation of the elliptical galaxies while
= < 2 bulges deviate from the relation.

Black Hole

The gravitationally dominant region of a black hole in a galaxy (i.e., sphere of influence

Ag ≡ �"BH/f2
∗ , where f∗ is stellar velocity dispersion of the galaxy nucleus 2 is

typically small ∼ 1 − 100pc (Kormendy & Ho, 2013), and its detection and confirmation

requires high spatial and spectral resolutions. The mass of black holes has been measured

in various ways since the 1990s due to the progress of observation technology. Despite

the significant order of difference between the gravitational radius of a black hole and the

2In zeroth-order approximations (assuming spherical symmetry and neglecting the detailed stellar
mass distribution), Ag can be derived as follows. From the Virial theorem, the kinetic energy and
potential energy of a stellar system in equilibrium are related by Ω + 2 = 0. We can find radius
A where the potential energy due to the central black hole dominates over (or is numerically less
than) the potential energy of galaxies (stars) by −�""BH/A < Ω = −2 ∼ −"f2

∗ , leading to
A < �"BH/f2

∗ ≡ Ag. This nice explanation can be found at https://physics.stackexchange.com/questions/
578665/formula-of-black-hole-gravitational-sphere-of-influence.

https://physics.stackexchange.com/questions/578665/formula-of-black-hole-gravitational-sphere-of-influence
https://physics.stackexchange.com/questions/578665/formula-of-black-hole-gravitational-sphere-of-influence
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Figure 1.5: Scaling relation of black hole mass "BH with K-band absolute magnitude
"K,bulge (left) and luminosity !K,bulge and velocity dispersion f4 (right) for classical
bulges (red points) and elliptical galaxies (black points) as presented in Kormendy & Ho
(2013). The lines are least-square fits excluding extreme outliers (transparent points).

physical scale of the galactic structure 3, a strong correlation is suggested between

the mass of the central black hole and properties of the host galaxy (e.g., the velocity

dispersion and mass of the classical bulge, see Figure 1.5 and Kormendy & Ho 2013 for

a review). Thus, the galaxy evolution is thought to be closely related to the central black

hole formation. Several scenarios have been proposed for the co-evolution of the black

hole and its host galaxies (e.g., feedback between galaxies and AGN; Fabian 2012 and

hierarchical galaxy mergers; Jahnke & Macciò 2011), but they have not yet been fully

understood. To distinguish various co-evolution scenarios, it is essential to accurately

measure both the mass of central black hole and host galactic structures, constraining

3Typical bulge size is several hundred pc to a few kpc, while typical disk size is a few to several kpc
(e.g. Gadotti 2009).
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accurate measurements of the slope, intrinsic scatter, and shape of these correlations

(Kormendy & Ho, 2013).

Spiral Arms and Bar

Spiral arms serve as the main site of star formation and shape the properties of the disk.

Disk galaxies can violently change shape in a short period of time due to galaxy mergers.

On the other hand, non-axisymmetric structures such as spiral arms and bars drive the

long-term evolution of galactic disks through scattering and migration of stars as well as

radial transport of the angular momentum of the gas (through its gravitational torque),

driving gas inflow to the center and nuclear starburst, leading to the growth of bulges and

feeding central black hole. However, understanding the evolution and formation of spiral

structures is one of the long-standing questions in astronomy. "Stationary Spiral Density

Wave" (Lin & Shu, 1964) is a hypothetical theory based on the belief that the shape of

the spiral arms remains unchanged throughout their long-lived duration (i.e., stationary

spiral structure hypothesis). The proposed theory does not consider spiral arms as a solid

material but as regions of excess density with gas and stars moving through. Although

the static spiral density wave theory provides a useful framework to study spiral arms,

numerical simulation has not yet reproduced such stable spiral density waves. Recently,

rather dynamic pictures have been proposed, in which the spiral arms are transient and

recurrently reform Baba et al. (2013); Baba (2015), induced by tidal interactions, and/or

driven by a bar (see Dobbs & Baba 2014 for a review.) To reveal whether the spiral arms

are stable, tidally induced transient, or dynamic structure which is repeatedly generated

and destroyed, it is important to compare the distribution and kinematics of the stars

and gas with the numerical simulation Dobbs & Baba (2014) resembling the typical

properties of galaxies at the given cosmic epoch such as gas fraction and accretion rates.
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1.2 Dynamical Model of Galaxies

The construction of a dynamical model of galaxies is essential to recover the 3d structure

and kinematics of galaxies and to estimate the underlying gravitational potential (mass

distribution of galaxies) from observations that are limited in principle (line of sight

velocity distribution and luminosity distribution which are projected in the sky). In this

section, we summarize the commonly used methods for building dynamical models for

stars and gas. The main reference for this section is Binney & Tremaine (2008).

1.2.1 Modeling Stellar Systems

The gravity is a long-range force (∝ A−2, where A is the distance from the mass). For

stellar systems with homogeneous number density, the force on a single star is contributed

from the most distant location (the net force from stars in a volume at a distance of A is

∝ A). In a galaxy, the time scale (i.e., relaxation time Crelax), after which the cumulative

effects of encounters between two stars significantly change the orbit of stars, is larger

than the age of the universe. Therefore, when we model galaxies, we can ignore the

gravitational interactions between individual stars (e.g., collisionless) and approximate

the gravitational potential set by an ensemble of stars as smooth potentials rather than

peaked potentials created by myriads of individual stars. In the following, we summarize

the basic framework for modeling collisionless stellar systems.

Distribution Function and Observables

When modeling collisionless stellar systems, a useful concept is the distribution function

5 , where 5 (x, v, C)33x33v is the probability that a star exists in a given volume of phase
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space at a given time C. By definition, 5 is normalized as

∫
33x33v 5 (x, v, C) = 1 (1.5)

From the condition of probability conservation in phase space, the time evolution of 5

satisfies the equation (i.e., collisionless Boltzmann equation),

m 5

mC
+ v · m 5

mx
− mΦ
mx
· m 5
mv

= 0 (1.6)

under the Hamiltonian � = 1
2{

2 +Φ(x, C) with gravitational potential Φ(x, C), in terms

of Cartesian coordinates. Constraining the distribution function 5 and gravitational

potential Φ from observable is one of the main objectives in galactic dynamics.

In relating the distribution function 5 to the observable, the probability of finding a

star per unit volume regardless of its velocity a(x) is

a(x) ≡
∫

d3v 5 (x, v). (1.7)

a(x) is related to luminosity density distribution by 9 (x) = !a(x) where ! is total

luminosity of stars under the assumption that a single population of stars makes up the

stellar system (also related to mass density distribution by dstar(x) = "stara(x) where "

is the total mass of stars). The surface brightness of galaxies which can be obtained by

photometric observation, is

� (x⊥) =
∫

3G‖ 9 (x), (1.8)

where G‖ is components of x parallel to the line of sight and x⊥ is perpendicular to

the line of sight. Estimating the 3 dimensional (3D) luminosity density 9 (x) from



16 Chapter 1. Introduction

the observed 2D surface brightness � (x⊥) is important task for modeling galaxies.

However there is no unique solution 9 (x) for a given � (x⊥) (e.g. Rybicki 1987; Franx

1988), except for spherical system and axisymmetric system with edge-on configuration

(Kochanek & Rybicki, 1996; Gerhard & Binney, 1996). A simple and robust method for

giving one possible solution is to expand a photometric stellar image in multiple two

dimensional (2D) Gaussian functions, and then de-project each 2D Gaussian function

into a 3D Gaussian functions using the mathematical property that 2D projection of

3D Gaussian function is a 2D Gaussian function (see Bendinelli 1991 for an original

conceptualization; Monnet et al. 1992 for generalization for non-spherical case; and

Emsellem et al. 1994a and Cappellari 2002 for further development and its efficient

implementation).

The line-of-sight velocity distribution � (x⊥, {‖) which can be obtained by spectro-

scopic observation is

� (x⊥, {‖) =
∫
3G‖3

2v⊥ 5 (x, v)∫
3G‖33v 5 (x, v)

. (1.9)

Mean velocity and velocity dispersion are useful quantities to quantify the line-of-sight

velocity distribution and compare the model with the observed data, which are respectively

related to the distribution function 5 as,

〈{‖〉 ≡
∫

d{⊥� (x⊥, {‖) =
∫

dG‖d3v{‖ 5 (x, v)∫
dG‖d3v 5 (x, v)

; (1.10)

f2
‖ ≡

∫
d{‖ ({‖ − 〈{‖〉)2� (x⊥, {‖)

=

∫
dG‖d3v({‖ − 〈{‖〉)2 5 (x, v)∫

dG‖d3v 5 (x, v)
.

(1.11)
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Gravitational Potentials

Gravitational poential Φ(x) and mass density distribution d(x) is related by Poisson’s

equation;

∇2Φ = 4c�d. (1.12)

This linear equation allows us to consider the potential of the entire galaxy ΦGalaxy as the

sum of the gravitational potential created by the density distribution of each component

of the galaxy.

ΦGalaxy = ΦBH +Φstar +Φgas +Φdust +Φdark matter + etc. (1.13)

Schwarzschild’s Orbit-based Method

Schwarzschild’s method was first devised by Schwarzschild (1979) as a way to show the

existence of stable systems with a triaxial density distribution under its self-gravity

as suggested by the observed luminosity distribution of elliptical galaxies. In this

subsection, we will briefly describe the basic idea of this method, which is widely used

to construct a dynamical model (equivalently finding 5 ) under the assumed gravitational

potential, which reproduces the observed surface brightness and line of sight velocity

distributions (e.g., Van Den Bosch et al. 2008).

First, the space occupied by the galaxy is divided into K cells ( 9 th cell has volume+ 9 ).

Then, we integrate a large number # of orbits under an assumed gravitational potential

for a time ) much longer than the crossing time with a range of initial conditions of the

orbits to ensure that the set of orbits samples all the phase space that the galaxy would

occupy. Finally, orbits are weighted and added together to reproduce the observed

surface brightness of the galaxy and the velocity distribution in the line of sight. The
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weighting |8 (> 0) for 8th orbit is optimized to reproduce observables, for example, the

luminosity density a 9 in 9 th cell;

0 = Δ 9 ≡ a 9 − !
#∑
8=1

|8?8, 9 , (1.14)

where ?8, 9 is the fraction of time for which the 8-th orbit spend in the 9 th cell to the

total orbit integration time ) . N-dimensional vector w can be found by quadratic

programming by maximizing the objective function q(w) = −j2, where j2 describes

the difference between the model and the observed line of sight velocity distribution at

various positions of the sky.

Although Schwarzshild’s method gives full generality for representing distribution

functions 5 , it has much larger degrees of freedom # than constraints imposed by

observation as each orbit has a free weight parameter |8. As a result, there are delicate

problems: the resulting confidence interval is unrealistically small (Magorrian, 2006;

Vasiliev & Valluri, 2019); and 5 is not unique for a given condition. In order to

avoid this problem, we need some regularization methods (Lipka & Thomas, 2021),

which are under active investigation and development. Moreover, it is computationally

demanding as we must compute a sufficiently large number of orbits for a possible range

of gravitational potentials. Therefore, to investigate a wide range of possible shapes of

the gravitational potential with an increased number of parameters, the modeling method

based on the Jeans equation, which we will discuss in the following subsection, is often

used rather than the computationally expensive Schwarzschild’s methods.
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Jean’s Equation-based Method

As seen above, the distribution function cannot be entirely constrained by observables

and is not uniquely determined. In this subsection, we introduce a method that does not

recover the distribution function but instead estimates the moment of the distribution

function directly related to the observables.

For simplicity, we consider the case where the galaxy is axisymmetric and static

( m 5
mC
= 0, m 5

mq
= 0). In cylindrical coordinates, the collisionless Boltzmann equation 1.6

becomes (Binney & Tremaine 2008, equation 4.12)

{'
m 5

m'
+ {I

m 5

mI
+

(
{2
q

'
− mΦ
m'

)
m 5

m{'
− mΦ
mI

m 5

m{I
−
{'{q

'

m 5

m{q
= 0. (1.15)

Multiplying by {' and {I, and integrating over all velocity components, we obtain Jeans

equations (Jeans, 1922; Cappellari, 2008)

a〈{2
'
〉−a〈{2

q
〉

'
+ m(a〈{2

'
〉)

m'
+ m (a〈{'{I〉)

mI
= −a mΦ

m'

{〈{'{I〉
'
+ m({〈{2

I〉)
mI

+ m (a〈{'{I〉)
m'

= −a mΦ
mI
,

(1.16)

with the notation

a〈{:{ 9 〉 ≡
∫

{:{ 9 5 3
3v. (1.17)

Assuming that the potential is known, the Jeans equations relate four functions, and

for these equations to be closed, at least two additional functions of (R,z) are needed. {',

{I, 〈{'{I〉 can be fully specified in terms of \ellipse and @ellipse, which characterize the

velocity dispersion ellipse as follows: \ellipse is the angle between the major axis of the

ellipse and the equatorial plane, and @ellipse is the axial ratio of the ellipse,
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tan 2\ellipse =
2〈{'{I〉
〈{2
'
〉 − 〈{2

I 〉
, (1.18)

@2 =
〈{2
'
〉 + 〈{2

I 〉 −
√(
〈{2
'
〉 − 〈{2

I 〉
)2 + 4〈{'{I〉2

〈{2
'
〉 + 〈{2

I 〉 +
√(
〈{2
'
〉 − 〈{2

I 〉
)2 + 4〈{'{I〉2

. (1.19)

Cappellari et al. (2007) found that the shape of the velocity dispersion ellipsoid in

fast-rotators (galaxies which have significant angular momentum, e.g., disk galaxy) is (i)

spherically aligned within the effective radius and (ii) the axial ratio depends on the polar

angle and is flattened along z-direction at the axis of symmetry and the equatorial plane

(where the density is maximum). See the qualitative description of velocity ellipsoids of

real galaxies in the meridional plane (', I) in Figure 1.6. From these observations, it

may be reasonable to assume that the ellipse of the overall velocity dispersion of galaxies

is flattened along the z-axis direction and aligned on the equatorial planes (Cappellari,

2008).

Assuming the velocity ellipsoid aligned with the cylindrical coordinates (\ellipse = 0,

thus 〈{'{I〉 = 0 and 〈{2
'
〉 = 1〈{2

I 〉), Cappellari (2008) provides the efficient (single

numerical quadrature) solutions of equation 1.16 (cylindrically-aligned Jeans Anisotropic

Modelling method JAMcyl; Cappellari 2008);

a{2
I (', I) =

∫ ∞
I
{ mΦ
mI

dI

a{2
q
(', I) = 1

[
'
m

(
a{2

I

)
m'
+ {{2

I

]
+ '{ mΦ

m'

(1.20)

The second velocity moment projected in the line of sight 〈{los2〉 is



1.2 Dynamical Model of Galaxies 21

Σ〈{2
los〉 =

∫ ∞

−∞

{
a〈{2

I 〉 cos2 8 +
(
a〈{2

'〉 sin2 q + a〈{2
q〉 cos2 q

)
sin2 8

}
dG‖ , (1.21)

where Σ is normalized surface brightness, � (x⊥)/! of stars. To avoid confusion, note

again that (', q, I) denote the galaxy coordinate where I axis is normal to the galactic

plane, while (x⊥, G‖) denote the sky coordinate where G‖ is along the line of sight.

Inclination 8 is defined as the angle between the vector normal to the galactic plane (I

axis) and the line of sight (G‖ axis). 〈{2
los〉 can be directory compared to the observable√

〈{‖〉2 + f2
‖ .

The assumption that the velocity dispersion ellipse is aligned with the cylindrical

coordinate in the disk plane is expected to be violated, especially at the significant height

above the disk plane. This is because the motion of the star only under the plane-parallel

potential can be described by oscillatory motion in vertical and radial directions in

addition to the circular motion (i.e., epicyclic motions). Stellar motion in the bulge

and halo regions is dominated by a near-spherical potential. In such a potential, the

orbit of a star is nearly on a plane determined by its angular momentum with random

direction. Thus the velocity dispersion ellipse is expected to be spherically aligned.

Recent observations of Milky Way stars by Gaia (Gaia Collaboration, 2018) found that

the velocity ellipse is approximated as being aligned with the spherical coordinates

in halo region (Wegg et al., 2019) and disk region (Hagen et al., 2019; Everall et al.,

2019). Motivated by these observations and expectations, Cappellari (2020) presented an

efficient general solution of the axisymmetric Jeans equations under the assumption of

the velocity ellipsoid being aligned to the spherical coordinates (spherically-aligned

Jeans Anisotropic Modelling method JAMsph; Cappellari 2020).
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For convenience, we also briefly summarize the formula and solution of Jeans

equation under the assumption of the spherically aligned velocity ellipsoid and axial

symmetry (mΦ/mq = m 5 /mq = 0) (Cappellari, 2020, JAMsph). To begin with, the

collisionless Boltzmann equation 1.6 can be written in spherical coordinates as (Binney

& Tremaine 2008, equation 4.14)

0 ={A
m 5

mA
+ {\
A

m 5

m\
+

(
{2
q
+ {2

\

A
− mΦ
mA

)
m 5

m{A

+
(
{2
q

tan \
− {A{\ −

mΦ

m\

)
m 5

m{\
−
{q

A

(
{A +

{\

tan \

) m 5
m{q

.

(1.22)

Multiplying equation 1.22 by {A and by {\ and then integrating over all velocities, we

obtain two Jeans equations in spherical coordinates (de Zeeuw et al. 1996)

m (a〈{2
A 〉)

mA
+ 1
A

[
m (a〈{A {\ 〉)

m\
+ 2a〈{2

A 〉 − a〈{2
\
〉 − a〈{2

q
〉 + a〈{A {\ 〉

tan \

]
= −a mΦ

mA

A
m (a〈{A {\ 〉)

mA
+ m (a〈{2

\
〉)

m\
+ 3a〈{A{\〉 +

a〈{2
\
〉−a〈{2

q
〉

tan \ = −a mΦ
m\
.

(1.23)

with the notation 1.17. By assuming the spherically aligned velocity ellipsoid (〈{A{\〉 = 0),

and introduction of the anisotropy parameter V = 1 − 〈{
2
\
〉

〈{2
A 〉

which parametrizes the ratio

between 〈{2
\
〉 and 〈{2

A 〉. Jeans equations 1.23 become (e.g. Bacon et al. 1983)

m (a〈{2
A 〉)

mA
+ (1+V)a〈{

2
A 〉−a〈{2

q
〉

A
= −a mΦ

mA

(1 − V) m (a〈{
2
A 〉)

m\
+ (1−V)a〈{

2
A 〉−a〈{2

q
〉

tan \ = −a mΦ
m\
.

(1.24)

Eliminating a〈{2
q
〉 between two equations yields a linear first order partial differential

equation for a〈{2
A 〉,

(1 − V) tan \
A

m (a〈{2
A 〉)

m\
− 2Va〈{2

A 〉
A

− m (a〈{
2
A 〉)

mA
= Ψ(A, \) (1.25)
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where

Ψ(A, \) ≡ a(A, \) ×
(
mΦ

mA
− tan \

A

mΦ

mA

)
. (1.26)

Under the boundary condition that 〈{2
A 〉 = 0 as A →∞, the explicit solution of equation

1.25 is
a〈{2

A 〉(A, \) =
∫ ∞
A

(
A ′

A

)2V
Ψ (A′, \′) dA′

\′ = arcsin
[(
A ′

A

) V−1
sin \

] (1.27)

After 〈{2
A 〉 = 0 is obtained, a〈{2

q
〉, a〈{2

\
〉 can also be derived as

a〈{2
q〉(A, \) = (1 − V)

[
a〈{2

A 〉 +
m

(
a〈{2

A 〉
)

m\
tan \

]
+ a mΦ

m\
tan \ (1.28)

By definition, 〈{2
\
〉 can be derived as well,

〈{2
\〉 = (1 − V)〈{2

A 〉. (1.29)

Finally, projecting from the spherical coordinate (the coordinate with \ = 0 on the axis of

symmetry) to observer coordinate (G‖ is aligned with line of sight) and integrating over

the line of sight, we obtain the second moment velocity moment 〈{2
los〉, which can be

compared with the observable
√
〈{‖〉2 + f2

‖ , as

Σ〈{2
;>B〉(x⊥) =

∫ ∞

−∞
[〈{2

A 〉(sin \ sin q sin 8 + cos \ cos 8)2 + 〈{2
\〉(cos \ sin q sin 8 − sin \ cos 8)2

+ 〈{2
q〉 cos2 q sin2 8]dx‖

(1.30)

where the inclination 8 is defined as the angle between I axis (\ = 0) aligned with axis of

symmetry and G‖ parallel to the line of sight.
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Figure 1.6: comparison of two alignments of velocity ellipsoid (blue ellipses) typically
assumed to solve Jeans equation: cylindrical alignment (left) and spherical alignment
(right). Black ellipses show qualitative descriptions of velocity ellipsoid for fast rotator
galaxies. The black dashed line denotes the contour of the typical stellar luminosity
density. The solid black line shows the prolate spheroidal coordinates. Cylindrical
alignment can mimic the typical velocity ellipsoid near the disk plane and symmetry axis
(z-axis). However, it cannot reproduce the expected spherical alignment near the galactic
center and halo region, where the shape of gravitational potential is close to spherical
due to the bulge, central black hole, and dark matter halo. The spherical alignment
can reproduce the typical velocity ellipsoid near the disk and the expected spherical
alignment near the Galactic center and halo region. Figure is adopted from Cappellari
(2008).

1.2.2 Modeling Gas Dynamics

In galaxies, cold gas takes a thin disk configuration as the lowest energy state with

conserved angular momentum. Coldmolecular and atomic gas typically has small velocity

dispersion (/ 10 km s-1; Mogotsi et al. 2015) compared to the rotation velocity and is on

nearly circular orbits. For gas disks for which this thin disk approximations are valid, the
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rotational velocity +rot(') of the gas at ' is approximated to the circular velocity 4

+circ(') which directly links to the gravitational potential via+2
rot(') ∼ +2

circ(') = −'
mΦ
m'

.

The line of sight velocity distribution +‖ (G, H) on the sky coordinate (x, y) for the disk

which has inclination 8 and position angle Γ can be described by

+‖ (G, H) = +sys −+rot(') cos (atan2(H/G) + Γ) sin(8), (1.31)

where atan2 is 2-argument arctangent function which gives the angle in radians between

the positive x axis and the ray to the point (x,y) and +sys is systemic velocity. All

parameters +sys, +rot('), 8 and Γ can be sufficiently recovered from the data (2D line-of-

sight velocity distribution +‖ (G, H)) typically obtained by interferometric observation at

radio to sub-millimeter wavebands or IFU observation at optical to infrared wavebands.

If the gravitational potential is spherically symmetric, enclosed mass " (')5 and density

profile d(') can be derived from the rotational velocity as (i.e. Newton’s second

theorem).

+2
rot(') ∼ +2

circ(') = −'
mΦ(')
m'

=
" (')�
'

=
�

∫ '

0 4c'2d(')3'
'

(1.32)

If the gravitational potential deviates from the spherical symmetry, the rotational velocity

for a given enclosed mass, depends on the 3D structure and shape of the potential

(Noordermeer, 2008; Binney & Tremaine, 2008). Figure 1.7 compared the circular

velocity due to an infinitely thin exponential disk6 and the spherical mass distribution

with the same enclosed mass. The velocity difference around a peak is about 15%. If the

4Circular velocity is defined to be the speed of a test particle in a circular orbit
5total mass enclosed within radius '
6given by the freeman’s equation (Freeman, 1970): {2

disk (A) = 4�Σ0'3H
2 [�0 (H) 0 (H) − �1 (H) 1 (H)],

where H = A/(2'3). �0,  0, �1 and  1 are modified Bessel functions.
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Figure 1.7: Circular velocities for exponential disk (solid line), spherical mass distribution
with the same enclosed mass (dashed line) as the exponential disk and point mass with
the same total mass(dotted line), as presented in Binney & Tremaine (2008)

deviation from spherical symmetry is not large (minor to major axis ratio of greater than

0.5), the difference can be negligible (Sofue et al., 2009).

1.3 The Problems and Challenges Addressed by This

Thesis

We have summarized our understanding of the diverse morphology of the galaxies

observed (e.g., Hubble sequence) and the internal structure of galaxies that form the

basis for the morphological classification: bulges, disks, spiral, and bar structures. In

addition to those visible structures, galaxies have formed and are embedded in a dark
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matter halo, which dominates the mass of galaxies and has a significant impact on

galactic dynamics. The dynamics of galaxies are governed by the gravity of the internal

structures of the galaxy, each of which is suggested to drive or regulate the galaxy

evolution. For example, flat disk structures can be gravitationally unstable to serve as the

main site for star formation and form bar and spiral structures, while the dark matter halo

and bulge structures are suggested to stabilize the disk and suppress the spiral and bar

formation (Ostriker & Peebles, 1973; Efstathiou et al., 1982; ?). Developed bar and

spiral structures act as gravitational torques, transporting gas and stars to the center of

the galaxy, which leads to central star formation and bulge growth (Athanassoula, 1992;

Wada & Habe, 1992). The disk-bulge fraction seems to dynamically control the shape of

the spiral via determining the shear rate, the degree of differential rotation, suggested by

observations (Seigar et al., 2006; Davis et al., 2019) and numerical simulations (Fujii

et al., 2018). Therefore, as galaxies evolve via gravitational instability determined by the

galactic dynamics, measuring the mass distribution of internal structures of galaxies

is most fundamental to uncover the galaxy evolution and address the question how

galaxies came to have diverse morphology as we observe today?. Figure 1.8 shows the

evolution of galaxies depending on the contribution of the bulge, disk, dark matter halo

to galactic dynamics. Delineating the physical conditions of different galaxy morphology

and property may be archived by studying the dynamical stability of galaxies through

measuring their mass distributions and kinematics and comparing them across different

cosmic ages. As we summarize below, there are practical challenges in identifying the

structure of galaxies and measuring their mass distribution.
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Figure 1.8: Snapshots at 5 Gyrs for galaxies with different initial conditions obtained in
N-body numerical simulation. The first row shows the initial conditions between five
models, indicating the contributions of bulge, disk, dark matter halo to the galactic
dynamics (i.e., circular velocity). The second row shows the 5 Gyrs snapshots. Disk
dominated galaxy immediately forms the bar structure and grand design spiral. On
the other hand, in galaxies with lesser disk contribution, bar and spiral formation is
progressively suppressed. Figure is adapted from Fujii et al. (2018)

Challenge 1: Uncertainty in Stellar Mass to Light Ratio

The kinematics of gas and stars in galaxies allow us to derive the total mass distribution

of all internal structures of galaxies(a central black hole, bulge, disk, and dark matter).

However, it is challenging to decompose the total mass distribution into that of each

internal structure. The black hole is much smaller than any other galactic structure, so it

can be regarded as a particle (i.e., the circular velocity can be described as +28A2 ∝ 1/A).

In order to separate the black hole mass from the rest of other extended structures, we

need sufficient resolution to resolve the black hole gravitational influence (Davis, 2014).

The stellar mass distribution can be estimated to some extent from its light since stars



1.3 The Problems and Challenges Addressed by This Thesis 29

radiate energy from internal nuclear reactions, and this radiation from an ensemble of

stars can be obtained as a photometric image in the visible to the near-infrared band.

However, there is a factor of two uncertainty at best in the conversion factor to derive

stellar mass from stellar light (stellar mass to light ratio, "/!∗) because it relies on the

correctness of the stellar evolution model, stellar initial mass function, star formation

history, and chemical enrichment history, which are barley accessible by the current

observations (Courteau et al., 2014). This uncertainty is large enough to encompass a

wide range of unknown dark matter density in a given radius.

Challenge 2: Mass - Anisotropy Degeneracy

In an attempt to derive mass distributions for galaxies with a wide range of morphologies

and masses, it is not always possible to obtain the information necessary to trace the

gravitational potentials of galaxies. Early-type galaxies typically do not have enough

neutral hydrogen (HI) to detect the emission and measure the velocity with sufficient

signal-to-noise ratio and high spatial resolution. We need to rely on the kinematics

of stars or globular clusters to derive the total mass distribution of galaxies, which

is subject to the uncertainty of the orbital anisotropy (i.e., so-called mass-anisotropy

degeneracy; Courteau & Dutton 2015). The velocity dispersions, fG , fH, and fI for the

three spatial directions are not necessarily the same (i.e. isotropic, fG = fH = fI), but

in general anisotropic fG ≠ fH ≠ fI. It is difficult to determine the anisotropy which

quantifies the fraction of two components to close the Jeans equation (for example,

V = 1 − (fI/f')2 in cylindrical coordinates (', \, I)) since we can only measure the

velocity dispersion projected along the line of sight with the specific viewing angle.

Furthermore, the velocity anisotropy may vary with the location of the galaxy and

take different values depending on the stellar structures (i.e., bulge and disk) or stellar
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population. The general prescription for dealing with this degeneracy is to use multiple

kinematic tracers (e.g., different stellar populations): each can effectively constrain the

mass at its characteristic radius (Zhu et al., 2016).

Challenge 3: Photometric Decomposition vs. Kinematic Decomposition

Decomposing the stellar surface brightness distribution into main stellar components

such as a bulge and disk has been widely conducted to study the structure of galaxies.

The decomposition is usually done by fitting the 2d stellar surface brightness with a

Sérsic profile for bulge (Sersic, 1968) and an exponential profile for disk (Freeman,

1970). So, it is model-dependent and can be largely affected by substructures (Gao

& Ho, 2017). Moreover, we can only obtain the two-dimensional stellar luminosity

distribution, a projection of light to a certain line of sight. For example, it is not clear

whether the exponential nature of the disk conserves down to the center of galaxies

where the bulge structure dominates (Breda et al., 2020), or to the outer radius (Erwin

et al., 2005) where stellar halo starts to dominate. Therefore, the decomposition result is

not necessarily unique, and its interpretation is challenging. The stellar structure may be

better recognized and more physically characterized with the kinematic information

of the stars because the shape of the structure is determined by the stellar orbits that

comprise it. For example, a round bulge and stellar halo consist of stars on radial orbits

with random orientation, while the flat disk consists of stars on nearly circular orbits with

a common rotating axis (e.g., Zhu et al. 2018b). Integral field spectroscopy (IFS) surveys

such as SAURON, ATRAS3d, CALIFA, SAMI and MaNGA provide the information of

stellar kinematics for a large sample of galaxies (see details in de Zeeuw et al., 2002;

Cappellari et al., 2011; Sánchez et al., 2012; Croom et al., 2012; Bundy et al., 2015,

respectively), which has led to ideas to decompose the galactic structure with the help
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of stellar kinematics (Taranu et al., 2017; Zhu et al., 2018a). Du et al. (2019, 2020)

developed a method to automatically decompose the galactic structures of simulated

galaxies based on their stellar kinematics in the phase space using unsupervised machine

learning. The studies suggest that the structures identified by stellar kinematics do not

necessarily correspond to the structures identified by surface brightness. Some studies

decomposed stellar spectra into a bulge and disk based on the photometric decomposition

and studied their kinematics (Tabor et al., 2019, 2017; Oh et al., 2020), suggesting the

overall kinematics of galaxies can be interpreted as the combination of two kinematically

distinct components, bulge, and disk. Further investigations are required to identify and

interpret the galactic structure in terms of both stellar kinematics and morphology.

Challenge 4: Galactic Structure in High Redshift Galaxies

The internal structure of distant massive galaxies (z>3), which are rapidly building up

their stellar masses and usually heavily dust-obscured, has remained to be unknown due

to the heavy dust attenuation of stellar radiation as well as the sensitivity and resolution

limitations of the current telescopes at optical to near-infrared wavebands. Even with

high-resolution HST images, it is challenging to study the internal structures of massive

star-forming galaxies, and the results are largely inconclusive.

Structure of This Thesis

In chapter 2, we collect various observational data for NGC 1380 (i.e., large-field-of-view

stellar photometric image by HST, and stellar kinematics by VLT/MUSE and central

molecular gas kinematics by ALMA). We use both stellar kinematics and photometric

data to identify and interpret the galaxy’s stellar structures (i.e., bulge, disk, stellar halo).

In terms of photometric data, we decompose the observed stellar light into spherical
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(like a bulge and halo) and flat (like a disk) structures non-parametrically by fitting the

stellar surface brightness with multiple Gaussians with two axial ratios (@flat<@spherical).

In terms of stellar kinematics, we infer the stellar structure by studying the variation

of velocity anisotropy and the ratio of rotational motion to velocity dispersion. The

identified structures of bulge (within ∼ 20 arcsec), disk (from ∼20 to ∼100 arcsec),

and stellar halo (from ∼100 arcsec) in NGC1380 are concordant with both the stellar

kinematics and photometric data (Challenge 3). The molecular gas kinematics shows

a velocity rise towards the center, which manifests the presence of a black hole. By

modeling the rotating disk kinematics, we, for the first time, measure the black hole

mass in NGC 1380 and the extended stellar mass distribution, independent of the

assumption of star formation history, initial mass function, and chemical enrichment

history (Challenge 1). The distribution of dark matter is estimated by modeling the

stellar kinematics, which covers a large area of the galaxy. Previous studies modeling

early-type galaxies simply assumed the constant orbital anisotropy over the galaxy

(Cappellari et al., 2013). We allow the spatial variation of orbital anisotropy by assigning

different velocity anisotropies to the bulge and disk structures identified. The degeneracy

between velocity anisotropy and the mass distribution was further mitigated by using

the central mass distribution (i.e., stars and black hole mass 5 arcsec) measured by

molecular gas modeling as a prior distribution (Challenge 2).

The recent development of the ALMA telescope with high sensitivity and resolution

has allowed us to spatially resolve far-infrared radiation of dust near the peak of black

body radiation in the rest frame. Since the radiation from massive stars mainly heats

dust, it can map out star-forming regions and investigate the ongoing formation of

substructures in galaxies. The [CII] emission line (158 microns) in the far-infrared band

is typically the brightest emission line in star-forming galaxies (Jones et al., 2017). The
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[CII] line is considered to be emitted from a variety of gas phases, from ionized to

neutral and molecular gas, which makes its interpretation difficult (Pineda et al., 2013).

However, it allows us to trace the kinematics of the entire disk, allowing us to derive the

mass distribution of the galaxy. In Chapter 3, we aim to apply the method developed in

Chapter 2 to a further distant galaxy and identify its internal structure and ongoing

formation. The luminous [CII] emission from an extreme star formation and ALMA’s

high sensitivity allow us to obtain the most detailed [CII] gas kinematics for an unlensed,

hyper luminous infrared galaxy (HyLIRG) at redshift 4.4, BRI 1335-0417. Analyzing

the [CII] gas kinematics, we discovered a rotating disk, a central compact structure like a

bulge, and a spiral structure on the disk in a galaxy at a redshift of 4.4, long before

the peak of cosmic star formation (Tsukui & Iguchi, 2021). HyLIRGs are thought to

be formed mainly through major mergers, but surprisingly the dust-obscured internal

structure revealed in this study is similar to those of a spiral disk galaxy, which may give

us a clue to the detailed formation scenario of HyLIRGs and massive galaxies in cosmic

history (Challenge4).

In chapter 4, we conclude our work and discuss the prospects based on our results

obtained throughout this thesis.
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2
Measurement of Mass Distribution of

Galactic Structures

We have developed a method to measure the mass distribution of galactic structures: a

central black hole, bulge, disk, and stellar and dark matter halos. In order to derive

these structures with a high degree of accuracy, it is essential to have a high-resolution

observation that allows us to dynamically derive the mass distributions of the central

black hole, bulge, and disk in the center of the galaxy, which was difficult to do before
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the operation of ALMA, as well as wide-field observations that cover the radius where

dark matter starts to dominate. Otherwise, the indeterminacy of the baryon-dominated

central mass will affect the determination of the dark matter mass distribution in the

outer part of the galaxy (i.e., Newton’s theorems). Although there is no spectroscopic

imaging instrument that can archive such high resolution and wide field of view at the

same time, NGC 1380 has a very rich data set that includes: stellar kinematics measured

from the atomic absorption features in the stellar continuum obtained by Multi Unit

Spectroscopic Explorer (MUSE) (Sarzi et al., 2018) on the Very Large Telescope (VLT);

stellar surface distribution obtained by Advanced Camera for Surveys (ACS) on Hubble

Space Telescope (HST); and high-resolution CO(2-1) molecular gas kinematics by

ALMA Band 6 (Boizelle et al., 2017). In this chapter, we present our studies to identify

distinct galactic structures: a central black hole, bulge, disk, stellar and dark matter halos

in the early-type galaxy NGC 1380 and measure these mass distributions, exploiting and

combining those archival data.

2.1 Introduction of This Chapter

Most galaxies form and are embedded in dark matter halos, which dominate the total mass

of galaxies and have a significant impact on the stability and evolution of galaxies (Fujii

et al., 2018). Therefore, the relative distribution of dark matter to baryon would be one of

the useful predictions of galaxy formation models to be compared with observations. But

it is still challenging to estimate the dark matter distribution observationally. Measuring

dark matter mass distribution in galaxies requires a precise stellar mass to light ratio

(M/L). However, stellar M/L is indirectly estimated from stellar population synthesis

models, and the estimated stellar M/L carries an uncertainty of factor 2 at best due to
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unknown star formation history and the initial stellar mass function (Courteau et al.,

2014).

For disk dominated late-type galaxies (LTGs), various methods have been used

to separate baryons from dark matter, e.g., Tully-fisher residuals (Courteau & Rix,

1999; Dutton et al., 2007; Courteau et al., 2007), gravitational lensing (Barnabè et al.,

2012; Dutton et al., 2011), vertical disk kinematics (Martinsson et al., 2013a). For

early-type galaxies (ETGs), on the other hand, it is more challenging to separate the total

mass into baryons and dark matter since there is no means to do so dynamically. The

prevalence of molecular gas in the central sub-kpc region of ETGs recently shown by

Young et al. (2014) and Atacama Large Millimeter/ submillimeter Array (ALMA) allow

us to measure the kinematics of molecular gas with sufficient resolution to measure the

black hole mass and extended stellar mass distribution separately (Davis et al., 2013a;

Onishi et al., 2015; Barth et al., 2016a,b; Boizelle et al., 2019; Davis & McDermid,

2017; Davis et al., 2018b; Smith et al., 2019). By separating the mass distribution

into a central black hole and stars with the signature of quasi-Kepler rotation in the

high-resolution molecular kinematics, these studies give stellar M/L ratio independent of

assumptions on star-formation history and initial stellar mass function.

In order to break the degeneracy between baryons and dark matter in early-type

galaxies, in this paper, we first dynamically measure the stellar mass to light ratio and

black hole mass using high-resolution molecular gas kinematics detected in the central

region where the contribution of dark matter can be negligible (� '4). Then, with

the derived mass to light ratio as prior information, we aimed to further constrain the

fraction of dark matter by adding a wider field of view stellar kinematics that covers the

outer region of the galaxy where dark matter starts to dominate.

In addition, the early-type galaxies typically do not have enough neutral hydrogen



38 Chapter 2. Measurement of Mass Distribution of Galactic Structures

(Hi) to enable us to detect the emission with a sufficient signal-to-noise ratio and high

spatial resolution. We need to rely on the kinematics of stars or globular clusters in order

to derive the total mass distribution of galaxies, which is subject to the uncertainty of the

stellar orbits (i.e., so-called mass-anisotropy degeneracy; e.g., Courteau & Dutton 2015).

Our idea of combining rotating gas kinematics and stellar kinematics has merit on this

point because the general prescription of dealing with this degeneracy is to use multiple

kinematic tracers: each can effectively constrain mass at its characteristic radius.

This chapter is organized as follows. In the next subsection, we summarize the basic

properties of our target NGC 1380, which is an optimal target for our purpose. In Section

2.2, we describe HST/ACS � band imaging, VLT/MUSE stellar kinematics and ALMA

CO (2-1) molecular gas kinematics. In Section 2.3, we infer the galactic structure and

decompose that into bulge plus stellar halo and disk in NGC 1380 based on HST/ACS �

band imaging and VLT/MUSE stellar kinematics in terms of the dominance of velocity

dispersion over mean rotation velocity of stars, the shape of velocity ellipsoids and

morphological geometrical properties of stellar brightness distribution. In Section 2.4,

we describe the method and result of dynamical modeling based on molecular gas

kinematics and stellar kinematics to derive the mass of central black hole, stars, and dark

matter halo. In Section 2.5, we discuss the results, implication of derived BH mass,

stellar mass and dark matter halo mass in NGC 1380. In Section 2.6, conclusions in this

chapter are summarized.

2.1.1 Target NGC 1380

Early type galaxy NGC 1380 resides in the Fornax cluster. The luminosity distance �L is

21.2 ± 0.7 Mpc (Blakeslee & John, 2015). Adopting this distance, 1 arcsec corresponds
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to 102.2 ± 3.4 pc. There has been no direct measurement of the black hole mass so far in

NGC 1380. The empirical "BH − f relationship (Kormendy & Ho, 2013) provides a

black hole mass "BH of 3.9 × 108"� (solar masses) and the estimated black hole sphere

of influence Ag = �"BH/f2
∗ of 38 pc (0.37"). The sphere of influence rg is used as an

estimate of the radius within which the black hole mass dominates over stellar mass, and

thus used as a measure of the angular resolution needed for accurate BH measurement.

NGC 1380 was observed by Multi Unit Spectroscopic Explorer (MUSE) on the Very

Large Telescope (VLT) as a part of Fornax 3D project, and its stellar kinematics is

measured with the high-quality spectroscopic data (Sarzi et al., 2018). The � band image

of the stellar surface distribution of NGC 1380 was obtained by Advanced Camera for

Survey (ACS) on Hubble Space Telescope (HST). These data covered a large field of

view out to 120", that is 3 effective radius '4, where the dark matter starts to dominate.

('4 is the radius within which half of the total light of the galaxy is enclosed.) Also, the

CO (2-1) emission in NGC 1380 is observed by ALMA (Boizelle et al., 2017) with

superb angular resolution and sensitivity. Aiming to derive the dark matter distribution

of NGC 1380, we present an analysis combining the high angular resolution ALMA data

of CO (2-1) molecular gas kinematics in the central sub-kpc of the galaxy and MUSE

stellar kinematics with a large field of view covering the halo of the galaxy. We derive

the mass distribution of central BH, bulge, and disk, purely dynamically from molecular

gas kinematics obtained as the ALMA data cube and then derive the mass distribution of

dark matter from a large field of view stellar kinematics by properly taking into account

the mass of BH, bulge, and disk.



40 Chapter 2. Measurement of Mass Distribution of Galactic Structures

# Properties Values
(1) Alternative names FCC 167, ESO 358-G28
(2) Morphological Type Early type, S0/a
(3) Kinematical Type Fast rotator
(4) R.A. [h m s] 03 36 27.573
(5) Dec. [° ’ "] -34 58 33.84
(6) Radial velocity [km s−1] 1854.5
(7) Distance [Mpc] 21.2 (0.7)
(8) mB [mag] 11.3
(9) I-band Re [arcsec] 36.6
(10) Gas disk position angle [°] 182.1 (3.2)
(11) Gas disk inclination [°] 75
(12) Stellar position angle [°] 183.9
(13) Velocity dispersion [km s−1] 211

Table 2.1: Properties of NGC 1380 (1) Galaxy alternative names; (2) and (3)
morphological type from Ferguson (1989) and kinematical type from Pota et al. (2013);
(4) and (5) Right ascension and declination (J2000) reported in Boizelle et al. (2017)
from ALMA nuclear continuum observation; (6) heliocentric radial velocity from
Boizelle et al. (2017); (7) luminosity distance measured by the surface brightness
fluctuation from Blakeslee et al. (2009); (8) B band magnitude from Ferguson (1989);
(9); � band (F814W filter) effective radius along semimajor axis estimated from MGE
components (see subection 2.3.2). (10) and (11) position angle and inclination of the gas
disk based on the gas kinematics from Boizelle et al. (2017); (12) position angle of
stellar kinematics from Sarzi et al. (2018); (13) central velocity dispersion of stars from
the HyperLeda data base Makarov et al. (2014)
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2.2 Observation Data

2.2.1 HST � band Image

NGC 1380 was observed with Advanced Camera for Surveys (ACS) Wide Field Channel

F814W (� band) filter on HST (PI: Blakeslee) on 2006 August 3 as a part of program

GO-10911. The calibrated data is available at Hubble Legacy Archive 1. This filter

choice provides a good tradeoff between angular resolution and amplitude of dust

extinction. Also, ACS provides a large field of view (∼ 105"). The effective point spread

function is measured from the stellar images using ePSFbuilder in astropy package

photutils (Bradley et al., 2019), resulting in FWHM ∼ 0.15" which is sufficient to resolve

the black hole sphere of influence Ag. The � band image and its inner 32 arcsec region is

presented in Figure 2.1. Since the galaxy’s light dominates the field of view of the HST

image, it is impossible to estimate the sky background emission accurately. We estimated

the background emission in HST image using data obtained with a ground-based

telescope OmegaCam in which the background emission was accurately estimated and

subtracted by Iodice et al. (2019). A surface brightness profile of � band image of HST is

measured using the same procedure in Iodice et al. (2019). The resulting � band profile

in the outer region of the galaxy is compared and matched with the sky subtracted 8 band

profile from (Iodice et al., 2019), which gives us an estimate of the spatially constant sky

background. After the sky background subtraction, there is a good agreement between �

band profiles measured from HST and OmegaCam (Figure 2.2).

1https://hla.stsci.edu/hla_welcome.html

https://hla.stsci.edu/hla_welcome.html
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Figure 2.1: HST � band image of NGC 1380. Left panel: The HST Advanced Camera
for Surveys (ACS) F814W image of roughtly 200" × 200" (20.4 kpc × 20.4 kpc) region,
displayed in logalithmic scale. Right panel : Same as left panel, but for a central 32" ×
32" (3.3 kpc × 3.3 kpc) region around the nucleus, indicated by the black square in the
left panel. The image clearly reveals the dust lane in this galaxy.

2.2.2 VLT/MUSE Spectroscopic Images - Atomic Absorption Lines

in Stellar Continuum

NGC 1380 was observed with the MUSE instrument on ESO VLT as a part of the Fornax

3D project. The deep observation was conducted with 3 pointings of the field of view of

1 × 1 arcmin2 with spatial sampling of 0.2 × 0.2 arcsec2 under Wide Field Mode (Bacon

et al., 2010), providing integral-field stellar spectra out to stellar halo region (∼120"). A

wavelength range is 4650-9300 Å with spectral resolution of ∼ 2.5 Å (FWHM) at 7000 Å

and spectral sampling of 1.25 Å pixel−1. The details of the observation and the data

reduction are described in Sarzi et al. (2018). The stellar kinematics were also measured

by the Fornax 3D team (Sarzi et al., 2018) with a standard method briefly described
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Figure 2.2: Azimuthally-averaged surface brightness profile of the HST � band image of
NGC 1380 with the subtraction of the sky background emission (black points) and
without (glay points and line). The sky background in HST image is estimated and
subtracted by comparing with the OmegaCam � band data from Iodice et al. (2019) (blue
points and line).



44 Chapter 2. Measurement of Mass Distribution of Galactic Structures

as follows. After the standard calibration, the data were binned to have a minimum

S/N=40 per pixel by Voronoi binning method (Cappellari & Copin, 2003) for the reliable

extraction of stellar kinematics. Then, stellar kinematics in each Voronoi bin is extracted

by Penalised Pixel Fitting Code (pPXF; Cappellari & Emsellem 2004; Cappellari 2017).

pPXF fits stellar templates to the observed spectra, providing the line of sight stellar

kinematics parametrized by mean velocity + , velocity dispersion f, and ℎ3 and ℎ4

(Cappellari & Emsellem, 2004; Cappellari, 2017). They used a representative subset of

MIUSCAT models (Vazdekis et al., 2012) as a stellar template. The subset was taken

by uniformly sampling 65 templates with age from 0.1 to 15.8Gyr and metallicity2

from -2.32 to 0.22 dex. In Figure 2.3, we shows stellar kinematics maps of line of sight

mean velocity V, velocity dispersion f [see also Figure 7. in Sarzi et al. (2018)] and

root-mean-square velocity +rms =
√
+2 + f2. We carefully checked the data for any

extreme outliers which may affect our result and applied sigma clipping to the data points

where the root mean square velocity deviates more than 2.5 sigmas from the mean value

of neighboring data points (within 4 times the distance to the nearest data point).

2.2.3 ALMA Band 6 Spectroscopic Images - CO(2-1) and Dust Con-

tinuum

NGC 1380 was observed in CO (2-1) line emission (230.538 GHz) using ALMA with the

Band 6 receiver on 2015 Jun 11 as a part of program 2013.1.00229.S. The observation

consisted of a single pointing with three spectral windows with a bandwidth of ∼ 2GHz;

one spectral window positioned to observe the redshifted CO (2-1) line emission, the

remaining two positioned to observe the continuum emission at ∼ 227 and ∼ 245 GHz.

2Metallicity is defined as the mass fraction of elements heavier than helium typically in the unit of
decimal exponent (dex) relative to the solar values /sun = 0.0134.
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Figure 2.3: Stellar kinematic maps of the line of sight mean velocity V (top) and velocity
dispersion f (middle) for NGC 1380 derived from the Voronoi-binned MUSE data,
which are adapted from Sarzi et al. (2018), Figure 7. In addition, the root mean square
velocity +rms =

√
+2 + f2 is computed and shown (bottom). The major axis is shown in

black solid line. The width used to extract the 1 dimensional profile along major and
minor axis (see Figure 2.7 for major axis)
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The frequency channel width of spectral windows was 488kHz for line spectral window

and 15.6MHz for continuum spectral window. The sampled spatial frequency of the

observation (uv coverage) is shown in Figure 2.4 and the resulting point spread function

is shown in Figure 2.5, although the effect of the side lobes of point spread function is

removed by the task of tclean in the imaging process. The same data set has been

reduced and presented in Boizelle et al. (2017). We reduced the data similarly but

independently and imaged with different parameters suited for our purpose of the gas

dynamical modeling. The data reduction was performed using the version 4.3.1 of the

Common Astronomy Software Applications (CASA; McMullin et al. 2007) pipeline.

The flux density of the continuum emission was subtracted by fitting the first-order

polynomial to the line-free channels of the bandpass response and subtracted its emission

components from the visibility data in the uv-plane using a task of uvcontsub in CASA.

After the continuum subtraction, we imaged the line spectral window into the observed

cube with the three dimensions of right ascension, declination, and velocity using a task

of tclean in CASA with the velocity channel resolution of 10 km s−1 after binning

about 16 frequency channels of 488kHz in order to improve the signal to noise ratio. The

visibility data were weighted by the Briggs scheme with a robust parameter of 0.5,

resulting in a synthesized beam with FWHM 0.25" × 0.18" at a position angle of 86◦.

The cell size of the image is set with one-third of the minor beamwidth. The root mean

square noise of each velocity channel with a width of 10 km s−1 is about 0.54 mJy/beam,

which agrees with that obtained in Boizelle et al. (2017) taking the difference of channel

width into account. The moment maps of intensity, velocity, and velocity dispersion

were made from the observed cube using moment mask method (Dame, 2011) and are

shown in Figure 2.6.
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Figure 2.4: The relative position vectors (D, {) for each antenna pair are shown. The
vectors are projected onto the sky plane orthogonal to the phase reference position
(approximately the position of NGC 1380). These position vectors correspond to the
spatial frequency components (:D, :{) = (_/D, _/{) of intensity distribution sampled by
the interferometer observation at an observing wavelength _.
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Figure 2.5: The point spread function (i.e. synthesized beam is shown). Note that the
effect of the side lobes is removed by the imaging process of the task, tclean.
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Figure 2.6: Morphology and kinematics of CO (2-1) line emission in NGC1380.
Top, middle, bottom panels are respective CO (2-1) maps of intensity (moment 0),
intensity-weighted velocity (moment 1) and intensity-weighted velocity dispersion
(moment 2). The masked moment method (Dame 2011) is used to produce intensity
weighted velocity and velocity dispersion map. The full width half maximum (FWHM)
of the synthesized beam, 0.25" × 0.18" at a position angle of 86◦, is shown by an ellipse
in the left bottom corner of each panel.
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2.3 Result I: Identifying Galactic Structures of NGC

1380

2.3.1 Distinct Galactic Structures with Stellar Kinematics

In Figure 2.7, we show the 1 dimensional profile of line of sight mean velocity V, velocity

dispersion f, and root-mean-square velocity +rms =
√
+2 + f2 along the major axis (see

Figure 2.3). In the central region within ∼ 20 arcsec, velocity dispersion f exceeds

the mean velocity V, suggesting that the galaxy has a bulge-like structure, which is

supported by random motion rather than rotational motion. From the radius of about 20

arcsec, the mean velocity starts to dominate over the velocity dispersion, reaches the

maximum velocity of 220 km s−1 at a radius of 40 arcsec, and remains constant up to a

radius of about 105 arcsec. This indicates that the stars have a disk structure supported

by rotational motion. Furthermore, from a radius of 105 arcsec, the rotational speed

decreases, and the velocity dispersion increases again to about 110 km s−1. There may

be a transition from a disk structure to a stellar halo structure at this radius. These global

trends of + and f dominance are more clearly visible in the 1-dimensional profile of

+/f shown in Figure 2.8 since the + and f are appeared to be anti-correlated with

each other. On the other hand, root-mean-square velocity is almost constant over the

galaxy. The root-mean-square velocity is a good tracer of total mass, like a circular

velocity in a purely rotation supported system, regardless of whether the galaxy is

supported by rotation or random motion of stars (Williams et al., 2009). The constant

root-mean-square velocity indicates the existence of dark matter halo by the analogy to

the flat rotation curve observed in spiral galaxies.

To corroborate these pictures, we also make the 1-dimensional profile of the axis
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ratio of the intrinsic velocity ellipsoid, fq/f' as shown in Figure 2.9. fq and f' are

the azimuthal and radial components of velocity ellipsoid. Those are related to the

observed major and minor axis velocity dispersions, fmaj and fmin under the assumption

of thin-disk geometry as (Noordermeer et al., 2008)

f2
maj = f

2
q

sin2 8 + f2
I cos2 8

f2
min = f

2
'

sin2 8 + f2
I cos2 8,

(2.1)

where the f' is the vertical component of the velocity ellipsoid. Since the inclination of

NGC 1380 is ∼75◦ and cos2 8 ∼ 0.07, second term related to fI is negligible. Thus, the

equations 2.1 reduce to

f2
q
= f2

maj/sin2 8

f2
'
= f2

min/sin2 8.
(2.2)

The ratio fq/f' can be computed as

fq/f' = fmaj/fmin. (2.3)

Interestingly, in the region of 40 to 100 arcsec – inferred to have a rotation supported

disk structure –, the value of fq/f' takes 0.7 ∼ 1/
√

2. This value is expected from the

epicyclic approximation for a stellar disk with a constant circular velocity, suggesting

a flat, rotating disk structure in this region. In the central 20 arcsec region, which

is considered to be a pressure supported bulge structure, the assumption of the thin

disk may violate, and line of sight projection make it difficult to interpret the value of

fq/f' as the axis ratio of the velocity ellipsoid. Nevertheless, the obtained value of

fmaj/fmin ∼ 1 in the center can still be interpreted as the stellar structure being isotropic

and nearly spherical. From 100 arcsec, fq/f' starts to increase towards 1, implying the
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transition from disk structure to spherical stellar halo structure.

In addition to the global trends of the velocity profile, as noted in Sarzi et al. (2018),

there is a slight increase/decrease in velocity/velocity dispersion localized at 75 arcsec.

That is more clearly seen in Figure 6 as a sudden decrease in +/f. Sarzi et al. (2018)

shows that there is a bright knot at this distance, and such substructure may produce the

increase of velocity dispersion.

2.3.2 Distinct Galactic Structures with Luminosity Profile

We revealed the stellar structures such as a bulge, a disk, and a stellar halo from their line

of sight kinematics. We here aim to model these stellar structures based on a photometric

image. After carefully masking out the fore/background stars and galaxies, and the

central dust extinction (see Figure 2.1), the surface brightness of the HST � band image

is measured in the sector spaced uniformly in angle and logarithmically in radius using

SECTORS_PHOTOMETRY package (Cappellari, 2002). Then, we parametrized the

observed surface brightness distribution with two-dimensional (2D) multi-Gaussian

expansion (MGE; Emsellem et al. 1994b; Cappellari 2002). MGE is widely used for

reproducing the surface brightness profile of galaxies (Boizelle et al., 2019; Barth et al.,

2016a; Onishi et al., 2015), and has the advantage that it provides an estimate of intrinsic

luminosity density through the analytical deprojection.

As the galaxy is nearly edge-on, we performed a non-parametric bugle/disk

decomposition. MGE allows us to divide Gaussians into two sets, each with a unique

axial ratio (qbulge, qdisk; qdisk < qbulge). The two sets of Gaussians are meant to represent

a round structure like a bulge with axis ratio qbulge and a flatted disk structure with axis

ratio qdisk. While fitting the surface brightness of the galaxy by the MGE, we restricted
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Figure 2.7: Stellar kinematics of NGC1380 extracted from the MUSE data along the
major axis at P.A. = 3.9 degree. The mean velocity, the velocity dispersion, and the root
mean square velocity are shown by black points with error bars in green, orange, and
blue, respectively. The extraction aperture is shown in Figure 2.3. Its width is set to
0.0001 × (radius (arcsec)) 2.25 + 0.1 arcsec in order to include the data points at large
radius, since the Voronoi-binned MUSE data is sparser at larger radii.
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Figure 2.8: +/f profile along the major axis of NGC1380. The central region within
∼ 20 arcsec is pressure supported while the outer region from ∼20 arcsec is rotation
dominated. The decrease from ∼100 arcsec corresponds to pressure supported structure
such as stellar halo.
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Figure 2.9: The axis ratio of the velocity ellipsoide fq/f' of NGC 1380, where fq and
f' is the azimuthal and radial intrinsic velocity dispersion respectively. fq/f' is derived
approximately by the equation 2.3. The holizontal blue line shows the expectation from
epicycle approximation for flat rotating disk fq/f' = 1/

√
2 ∼ 0.7, manifesting the flat

rotating disk from 40 arcsec out to 100 arcsec.
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the position angle (P.A.) and center of all Gaussians to be the same under the assumption

that the galaxy is axisymmetric. The measured effective point spread function is

approximated with three Gaussians and taken into account for the fitting (Cappellari,

2002). The mask for the central dust extinction is iteratively modified and improved until

the mask sufficiently encloses the dust extinction (see Figure 2.10). The final MGE

model of the galaxy has 14 Gaussians, the parameters of which are shown in Table 2.

The model reproduces the observed isophote (see Figure 2.10) well. The relative error of

the most location is below 10 %, except the region where the substructure is reported in

Sarzi et al. 2018 at a radius of ∼ 75 arcsec. The non-parametric decomposition of bulge

and disk does not work well near the galactic center because the difference in axial ratios

between the two components is not obvious. Therefore, two Gaussians with flat axial

ratios (with dispersions of 0.07 and 0.32 arcsec) in the bulge-dominated region (<20

arcsec) are classified as bulge components.

Figure 2.11 shows the surface brightness profile of the HST � band image with the

bulge and disk components non-parametrically decomposed by MGE. It can be seen that

the round component analogous to a bulge and/or stellar halo is dominant in the central

20 arcsec and the outer region from 100 arcsec, while the flat component analogous

to a disk is dominant from 20 arcsec out to 100 arcsec, which is concordant with the

bulge, disk, and stellar halo structures inferred from the stellar kinematics discussed

in subsection 2.3.1. Figure 2.12 shows the circular velocities of the bulge and halo

component and bulge components of the best fit MGE model in which both M/L ratios

were assumed to be 1. The peak of the disk circular velocity is found to be at a radius of

79.1 arcsec. By analogy with the exponential disk, whose peak of the circular velocity

is at 2.2 'd ('d is disk scale length), the scale length of the disk non-parametrically

identified is roughly estimated to be 36 arcsec. This value is consistent with the disk
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scale length of 36.3+1.0−0.4 arcsec estimated by the parametric disk-bulge decomposition in

NGC 1380 by Bedregal et al. (2006). From the resulted MGE parametrization, the �

band (F814W filter) effective radius along the semimajor axis is 36.6 arcsec, estimated

using mge_half_light_radius code in JAM package (Cappellari, 2008).

log10�I band f′ @′

(!� pc−2) (arcsec)
(1) (2) (3)

Bulge components
5.169 0.07 0.38
4.218 0.30 0.74
4.203 0.32 0.38
4.084 0.59 0.74
3.768 0.76 0.74
4.058 1.53 0.74
3.559 3.43 0.74
2.711 3.99 0.74
3.005 14.1 0.74
3.382 6.22 0.74
2.066 59.8 0.74

Disk components
2.611 4.36 0.38
2.527 18.4 0.38
2.473 45.7 0.38

Table 2.2: MGE parametrization and non parametric bulge/disk decomposition of
NGC 1380 I-band surface brigtness distribution. Column (1) lists the central surface
brightness, assuming � band (HST ACS F814W) ST magnitude of 5.36 mag for the Sun
(Willmer, 2018). Column (2) lists the standard deviation along the major axis of each
Gaussian. Column (3) lists the axis ratio of each Gaussian.

2.3.3 Distinct Galactic Structures with Gas Kinematics

In Figure 2.13, we show the position velocity diagram (PVD) of observed CO (2-1)

emission, extracted from the observed cube with an aperture along the major axis with a
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Figure 2.10: HST � band (ACS F814W) image of NGC 1380 (black contours), overlaid
with our MGE model (blue contours). The yellow shade indicates the masked out region
for the MGE fitting to construct the MGE model due to the central dust extinction and
fore/background stars and galaxies.
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Figure 2.11: Surface brightness profile of the HST � band imaging (black dots), best fit
MGE model (thin black solid line), spherical component corresponding to a bulge and
stellar halo (axial ratio @bulge of ∼ 0.74), and flat component corresponding to a disk
(axial ratio @disk of ∼ 0.38). The decomposition into spherical and flat components was
performed by fitting HST � band image with Gaussians having either of the two unique
axial ratios @bulge, @disk (@bulge < @disk; @bulge and @disk were left free while fitting).
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Figure 2.12: Circular velocities of bulge (including halo) and disk components of the
best fit MGE model. M/L ratio was assumed to be 1. The peak of the disk circular
velocity is found to be at 79.1 arcsec.
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width of one beam width. In the center, we can see the quasi-Keplarian upturn in which

rotation velocity of CO (2-1) rises sharply in the center (rotation velocity+A>C ∝ 1/
√
',

where R is the radius from the center), indicating the central black hole dominates the

gravitational potential. At the outer region from about 300 pc, the rotation velocity +rot

becomes flat (+rot ∝ constant), suggesting that the stellar distribution of bulge dominates

in the gravitational potential of this region. The constant rotation velocity suggests a

density distribution such that the density d decreases as d ∝ A−2, which is typical to the

central region of galaxies (Cappellari et al., 2013). The velocity width of the CO(2-1)

emission in PVD reflects the velocity dispersion that originates from the random motion

of the gas clouds. The increase of velocity dispersion in the center is due to the beam

smearing effect (Burkert et al., 2016). Since the spatial resolution of the beam is not

enough to capture the intrinsic velocity gradient in the center, the velocity is averaged

over the beam width resulting in the decrease and increase of velocity gradient and the

observed velocity dispersion, respectively. In the outer region, where the beam smearing

is less severe, it can be seen that the intrinsic velocity dispersion is ∼ 5km/s (see bottom

panel of Figure 2.6) much smaller than the rotation velocity, indicating the CO(2-1)

line emission arise from the dynamically cold thin disk and its rotation velocity trace

the gravitational potential. We will estimate the velocity dispersion of the disk by the

detailed modeling of the disk dynamics taking the beam smearing effect into account.

2.4 Result II: Measuring Galactic Mass Distribution

So far, we have seen that HST imaging and VLT/MUSE stellar kinematics consistently

reveal the galactic structures, including stellar bulge, disk, and stellar halo. The profile of

the root mean square velocity of stars is flat up to a large radius, suggesting the need
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Figure 2.13: PVD of the observed CO(2-1) line emission of NGC 1380. The PVD is
produced by extracted from the observed cube along the kinematic major axis with a
width of roughly the one beam width (3 pixels, 0.18").
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for dark matter in the outer part of the galaxy. Also, ALMA CO (2-1) molecular gas

kinematics is dynamically cold and shows the quasi-Keplarian increase, a signature of

the central black hole. In this section, we derive the stellar mass (stellar mass to light

ratio, given the stellar distribution by HST) and black hole mass accurately by modeling

the molecular gas dynamics. Then, with the help of the derived stellar mass and black

hole mass in the central region, we aim to estimate the dark matter profile in early-type

galaxy NGC 1380 using VLT/MUSE stellar kinematics data, with a large field of view.

2.4.1 Measurement of BHmass and StellarMass DistributionUsing

Gas Kinematics

We used the publicly available KinMS code (Davis, Bureau, et al. 2013) for CO(2-1) gas

dynamical modeling. KinMS takes gas intensity distribution and kinematics as an

input and generates a model cube, taking observational effects such as beam smearing

into account. We produced model cubes with identical synthesized beam, pixel size,

velocity resolution to the observed data cube and derived best-fit parameters by directly

comparing the model cube and observed data cube (Onishi et al. 2017). We detail gas

distribution and kinematics used in KinMS as follows.

Gas Distribution

As in the case of most early-type galaxies (Davis et al., 2013b), the observed CO(2-1)

surface brightness distribution of NGC 1380 can be described well by an exponential

profile. However, we chose to non-parametrically model the observed gas distribution for

accurate gas dynamical modeling. Using skysampler (Smith et al., 2019), We generate a

set of gas particles on the 2d sky based on the clean model produced by clean algorithm
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(equivalent to the psf-deconvolved image). This exactly reproduces the observed CO(2-1)

distribution (Intensity map of Figure 2.6) after being convolved by the psf without any

model parameters. Then we transform the gas distribution in the 2-dimensional sky to

the 3-dimensional physical space (R.A., Dec., distance along the line of sight) with three

free parameters (Position angle, Γ, Inclination i), with the assumption that the CO(2-1)

disk is thin. The disk center in position and velocity is specified by additional three

parameters (R.A. center ΔG, Dec. center ΔH, velocity center Δ+)

Gas Kinematics

The gravitational potential of a galaxy Φgal can be constructed as the sum of potentials of

individual mass components, such as a central black hole, bulge and disk, gas disk, dark

etc. In the cylindrical coordinate (R,z) at equatorial plane z= 0 under the assumption that

the galaxy is axisymmetric, circular velocity +circ =
√
'

(
mΦgal/m'

)
of the gas particle

can be expressed as

+2
circ(') = +2

BH(') ++
2
star(') ++2

DM halo(') (2.4)

,where R is the radius from the galaxy center, and VBH (R), Vstar(R) and VDM halo (R)

are the circular velcoity of a test particle at a radius R due to the gravitational potential of

the central black hole, star and dark matter. The CO (2-1) is detected at most up to about

0.5 kpc. The contribution of the dark matter halo is generally negligible in central

sub-kpc scale for early type galaxies (Cappellari et al., 2013), so we removed VDM halo(R)2

in the central CO(2-1) dynamical modeling. VBH(R) is Keplerian
√
�"BH/', where

"BH is the mass of black hole and � is the gravitational constant. +star(') are calculated

from the intrinsic � band luminosity profiles derived from the MGE models (Table 2.2),
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where the velocity is scaled with the stellar mass to � band luminosity ratio M/L. After

some experimentation, we found that spatially constant mass to light ratio "/! cannot

reproduce well the circular velocity of CO(2-1) at radius from 3 arcsec in NGC 1380.

Therefore, following North et al. (2019), we adopted spatially varying M/L described by

linear function with two free parameters, M/L at center, M/L0 and at 5 arcsec, M/L5 arcsec,

expressed as

"/! (A) = "/!0 + ("/!5 arcsec − "/!0) (A/5 arcsec) (2.5)

In the case of spatially constant "/!, the circular velocity can be computed efficiently

by mge_vcirc code (Cappellari, 2008) and can be simply scaled by a single "/!.

Under spatially varying M/L(r) (equation 2.5), we approximately derived the circular

velocity as follows: we first computed spherically averaged luminosity density a(r)

(mge_radial_density code: Cappellari 2008) and spherically averaged mass density

d(A) = a(A)"/! (A). We then derived circular velocity +star by integrating d(A) as

+star(') =

√
�

∫ '

0 4cA ′2d(A ′)3A ′
'

. Although this approximation becomes exact for spherically

symmetric system, it provide an accurate circular velocity for our purpose with only 2%

error at maximum within 0.6 kpc. The contribution of the molecular gas mass to the

circular velocity is not included, because the total estimated gas mass is ∼ 8.4 × 107"�

(Boizelle et al., 2017) which is negligible compared to the enclosed mass of & 1010"�

within CO(2-1) emitting region (' ∼ 500pc). For the turbulent velocity dispersion of the

molecular gas, we adopted spatially constant velocity dispersion fgas over the disk.
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Model Fitting

In summary, model cubes are produced by KinMS code with 8 or 9 free parameters:

the inclination 8 and position angle Γ of the molecular gas disk, the position of the disk

center ΔG, ΔH, Δ+ , the mass of the central black hole "BH constant stellar mass to �

band luminosity ratio "/! or spatially varying "/! (A) with "/!0 and "/!5arcsec,

and velocity dispersion fgas. The best-fit parameters and their associated confidence

intervals are derived in the Bayesian framework using the emcee code (Foreman-Mackey

et al., 2013), which is an implementation of affine invariant MCMC ensemble sampler

(Goodman & Weare, 2010). Following recent studies (Onishi et al., 2017), we directly

compare the observed cube with the model cube. The posterior distribution of a set of

these free parameters \ given data can be written as

%(\ |data) ∝ %(\) × %(data|\), (2.6)

where P(\) is the prior distribution of the free parameters, and P(data|\) is the likelihood

that is the probability of obtaining the data on the given parameters \. Uniform prior

distributions are adopted for all parameters, setting the range much larger than expected

from the data. All parameters are sampled in linear space except for the black hole mass

MBH which is sampled in log space to cover the multiple orders of magnitude. The

likelihood can be written as

%(data|\) ∝ exp(−j2(\)/2)

j2(\) = Σ#
8=0

[
( �data,i−�model,i

frms
)2

]
,

(2.7)

where Idata, i and Imodel, i(\) are the intensity of the pixel i in the observed cube and

model cube respectively. frms is the root mean square noise of 0.54 mJy beam-1.
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log10 "BH "/!0 "/!5arcsec fgas 8 Γ XG XH X+ j2
red

("�) ("�/!�,� band) ("�/!�,� band) (kms−1) (deg) (deg) (arcsec) (arcsec) (kms−1)
"/! constant 8.520 2.59 - 8.34 76.11 186.89 0.02 0.01 9.62 1.0588

+0.039 +0.03 - +1.17 +0.31 +0.26 +0.01 +0.02 +1.07
-0.039 -0.03 - -1.04 -0.32 -0.26 -0.01 -0.01 -1.05

"/! varying 8.402 2.93 1.75 7.55 76.02 186.81 0.02 0.01 9.82 1.0392
+0.052 +0.11 +0.25 +1.04 +0.29 +0.25 +0.01 +0.01 +0.95
-0.064 -0.11 -0.25 -0.96 -0.30 -0.24 -0.01 -0.01 -0.96

Table 2.3: The gas dynamical modeling result.

Fitting Result

In the fitting, two cases are considered: "/! is spatially uniform, or "/! is spatially

variable with a linear function. The derived best-fit parameters and their confidence

intervals are shown in Table 2.3 for both cases. The observed flat rotation velocity at

radius about >2.5 arcsec (see Figure 2.14) can be reproduced with spatially variable

"/! but not with spatially constant "/!. Also, the spatially variable case is preferred

in terms of j2 statistics. So, we adopt the result of spatially variable "/! as best-fit

model for later discussion. Its posterior distributions and covariance matrix is shown in

Figure 2.15. Figure 2.16 shows the intensity and velocity images which are made from

the best-fit model cube and the observed data cube, as well as the residual maps (data -

model), demonstrating that the best-fit model is in good agreement with the observed

data. Figure 2.14 shows the position velocity diagram extracted from the model cube

overlaid on that extracted from the observed cube. The central rise of the velocity is well

reproduced by the central BH with a mass of 2.52+0.32
−0.35 × 108"�. The estimated BH

masses only lowered by 0.12 dex when using spatially varying "/! rather than constant

"/! (Table 2.3).
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Figure 2.14: Observed PVD of CO(2-1) line emission of NGC 1380 (orange) and model
PVD (black contours).
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Figure 2.15: Posterior distributions of 9 model parameters by MCMC sampling of
CO(2-1) dynamical model (spatially variable "/!). The histograms of marginalized
posterior distributions are shown along the diagonal panels. The dashed vertical lines in
histograms are the 16th, 50th, and 84th percentiles. The derived values of eight model
parameters are indicated above the histogram, summarized in Table 2.3. The panels
except for these histograms show the covariances between all model parameters (contour
levels are equivalent to 68%, 95% and 99.7% confidence intervals for the 2D Gaussian
distribution).
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Figure 2.16: Intensity (moment 0) and velocity (moment 1) images of CO(2-1) emission,
which were made from the observed data cube (left top and bottom) and the best-fit
model cube (middle top and bottom), as well as the residual maps (data - model; right
top and bottom)

2.4.2 Measurement of Stellar and Dark Matter Mass Distribution

Using Stellar Kinematics

Gas dynamical modeling enables us to derive the BH mass and the stellar mass

distribution within ∼ 500pc. Using this central mass distribution and wide-field-of-view

stellar kinematics data, we aim to quantitatively estimate the mass distribution, including

dark matter halo, out to about 12 kpc. The galactic gravitational potential Φ gal can be

expressed as

Φgal = ΦBH +Φstars +ΦDM halo, (2.8)
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where ΦBH, Φstars, ΦDM halo are gravitational potential of BH, stars, and dark matter

halo, respectively. In order to model the stellar kinematics under the gravitational

potential and fit to the observed kinematics (e.g. line-of-sight root-mean-square velocity

+rms =
√
+2 + f2; Figure 2.3 bottom), we utilized Jeans Anisotropic Modeling (JAM;

Cappellari 2008, 2020). JAM provides efficient axisymmetric solution of Jeans equations

assuming that the stellar system reached equilibrium and is in steady state under the

smooth gravitational potential. JAM is based on two assumptions for Jeans equation to

be closed: the velocity ellipsoid is aligned to the cylindrical polar coordinates (', I, q)

(Hereafter JAMcyl; Cappellari 2008) or spherical polar coordinates (A, \, q) (Hereafter

JAMsph; Cappellari 2020); and the orbital anisotropy V = 1 − (fI/f') for JAMcyl or

V = 1 − (f\/fA) for JAMsph.

For convenience, we briefly summarize the formula and solution of Jeans equations,

JAMcyl and JAMsph in subsection 1.2.1. Required inputs for the solution of Jeans

equations are luminosity density of kinematic tracer (stars in this study), anisotropy

parameter V, and mass density (for calculating gravitational potential under which stars

archive equilibrium). The luminosity density of stars is already parameterized by MGE

(see Table 2.2). In the next subsections, we describe the details of the parametrization for

the anisotropy parameter V and the unknown mass density structure of galaxies.

Velocity orbital anisotropy

Previous studies have adopted a spatially constant V when modeling early-type galaxies

(Cappellari et al., 2013). However, both stellar photometric and kinematic data suggest

the presence of distinct stellar structures: rotation-supported flat structure like a disk and

spherical structure like a bulge and stellar halo (see for example Figure 2.9). Therefore,

we allow the spatial variation of V in the galaxy by assigning different V to the spherical
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MGE component (bulge and stellar halo, Vbulge) and the flat MGE component (disk,

Vdisk). The luminosity distribution of stars in the galaxy is described by the superposition

of those of spherical structure abulge and the flat structure adisk. The orbital anisotropy

beta at a given point in the galaxy V(', I) is described by the sum of the Vbulge and Vbulge

weighted by their respective luminosity distribution abulge and adisk as (Cappellari, 2008)

V(', I) ≡ 1 −
f2
I (', I)
f2
'
(', I)

= 1 −
abulge(', I)f2

I bulge(', I) + adisk(', I)f2
I disk(', I)

1bulgeabulge(', I)f2
I bulge(', I) + 1diskadisk(', I)f2

I disk(', I)

≈ 1 −
abulge(', I) + adisk(', I)

1bulgeabulge(', I) + 1diskadisk(', I)
,

(2.9)

where 1bulge = 1/(1 − Vbulge) and 1disk = 1/(1 − Vdisk). The last approximation is

due to the fact that f2
I depends on the total galactic potential and the spatial variation is

much smaller than a. In this way, we reproduce the continuous variation of anisotropy

V(', I) in the galaxy with two free parameters, Vbulge and Vdisk. Cappellari et al. (2007)

found that all fast rotating early type galaxies have anisotropy V = 1 − (fI/f')2 > 0.05

and a positive correlation between anisotropy V and the flatness of the galaxies. These

results motivate us to set the boundaries 0.05 < Vdisk < 1 for flat rotating structure

like a disk, while −1 < Vbulge < 1 for spherical structures like a bulge and halo to have

tangentially biased orbits Vbulge < 1, fI > f'.

Gravitational Potential of the Galaxy

We describe each mass component of the galaxy contributing to the galactic potential.

For stellar components, we consider the "/! variation within 500 pc suggested by the

gas dynamical modelling. In order to extrapolate and apply the "/! variation to larger
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radius ∼120 kpc, we modified eq 2.5 as

"/! (A) =


"/!0 + ("/!5arcsec − "/!0) (A/5arcsec), if A ≤ Abreak

"/!0 + ("/!5arcsec − "/!0) (A1A40:/5arcsec), otherwise
(2.10)

,where "/! decreases in proportion to the radius A inside the break radius Abreak, and is

constant beyond that radius. If we simply extrapolate the M/L variation estimated at the

center to a larger radius, the M/L ratio would be zero at 9 to 17 arcsec. So, in order to

make sure that the M/L is in the physically acceptable range, we limited rbreak in a range

of 5<rbreak<16 arcsec for the fitting. Such a simple trend of stellar "/! variation is

suggested from spectral data in early type galaxies, which show a sharp decrease at the

center and an approximately constant value from the outer radius of about 0.4 effective

radius (van Dokkum et al., 2017).

For dark matter halo potential, ΦDM halo we have used NFW dark matter halo density

profile (Navarro et al., 1997)

where dB is density at break radius AB. This profile has a double-power-law shape:

d(A) ∝ A−1 inside of AB (A � AB), and d(A) ∝ A−3 outside (A � AB). In stead of the two

parameters AB and dB that uniquely characterize the density profile, we can use the virial

radius of halo "200 and concentration of halo c, because of the two equation relates

between (dB, AB) and ("200, 2),

dB =
"200

16cA3
B (log(1+2)−2/(1+2))

AB = ("200�

100�2
0
) 1

3 /2.
(2.11)

We reduce the number of free parameters to one parameter "200 using the virial
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mass and concentration "200 − 2200 relation derived by Dutton & Macciò (2014).

Model Fitting

In summary, the second-order moment of stars are computed by JAM with 8 free

parameters, inclination 8, anisotropy parameter Vbulge and Vdisk, black hole mass "BH,

three parameters to describe "/! (A): "/!0, "/!5arcsec, and Abreak, and virial mass

of NFW halo "200 The computed second-order moment of stars is fitted to observed

root-mean-square velocity +rms =
√
+2 + f2 in the Bayesian framework using the same

procedure as gas dynamical modeling described in subsection 2.4.1. Four of the free

parameters: inclination 8, black hole mass "BH, "/!0 and "/!5arcsec are already

derived by the gas dynamical modelling, so we used Gaussian prior with their median

values and confidence intervals. We use uninformative flat prior distribution for others.

All parameters are sampled in linear space except for the black hole mass "BH and "DM

which is sampled in log space in order to cover the multiple orders of magnitude. The

likelihood can be written as

%(data|\) ∝ exp(−j2(\)/2)

j2(\) = ΣN
8=0

[(
+rms,i−〈{2

los〉
1/2
i (\)

n+rms,i

)2
]

(2.12)

where Y+rms,8 is the error of the observed root-mean-square velocity +rms,8 =
√
+2
8
+ f2

8
,

and 〈{2
los〉8 is second moment computed by JAM model at each spatial position 8. The

error of the observed root-mean-square velocity Y+rms,8 is computed considering the error

propagation as

Y+rms,8 =

√(
+8Y+,8

)2 +
(
f8Yf,8

)2

+rms,8
, (2.13)
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where Y+,8 and Yf,8 is error on mean velocity +8, and velocity dispersion f8, respectively.

In order to avoid the parameters from being influenced too much by the high-S/N pixels

in the center, following prescription by Mitzkus et al. (2017), we adopt a constant value

of Y+,8 = 5km s−1 and constant fraction of Yf,8 = 0.07f8. The fraction of 0.07 is chosen

so that the error of the velocity dispersion is not smaller than that of the mean velocity.

These are consistent with the median error of mean velocity 5km s−1 and velocity

dispersion of 6km s−1 reported in Sarzi et al. (2018).

Fitting Result

Figures 2.17 and 2.18 show the best-fit Jeans equation-based models of stellar kinematics

with two different velocity anisotropy assumptions, JAMcyl and JAMsph respectively,

and their comparison with the observed data +rms =
√
+2 + f2. Figures 2.19 and 2.20

show the posterior probability distributions of the 8 model parameters along with the

prior distributions that are the result of ALMA gas modeling for JAMcyl and JAMsph

respectively. These results are summarized in Table 2.4 and 2.5. The JAMcyl result is

inconsistent with the measured mass distribution obtained by ALMA (central 5 arcsec),

with overall larger values of stellar-mass-to-light ratio and black hole mass. On the other

hand, JAMsph result converges closer to the central mass distribution derived by ALMA

than JAMcyl. This may suggest that the model assumption of the spherically aligned

velocity ellipsoid may be more appropriate in the central region than cylindrically

aligned velocity ellipsoid. Under the nearly spherical gravitational potential of the

bulge and the central black hole in the center or dark matter halo in the outer part of the

galaxies, the orbit of the star is close to the planer orbit, and the velocity ellipsoid is

expected to be spherically aligned (Cappellari, 2020). In JAMcyl, the anisotropy for the

disk structure Vdisk hits the boundary of 0.05 and favors lower values. JAMsph results in
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Vdisk ∼0.67, indicating that the velocity ellipsoid is anisotropic (f' > fI), which is

consistent with the observation that the flatter structure have more anisotropic velocity

ellipsoid (i.e., larger V; Cappellari et al. 2007). The JAMsph archives total j2 = 30733.3

and j2
a = 1.628 with the degree of freedom of #dof = 18878, which is significantly

preferable over the the results JAMcyl with total j2 = 32125.7 and j2
a = 1.702. Therefore,

we discuss the result of JAMsph as the best fit model for NGC 1380.

We utilize prior constraints of the central mass distribution measured by modeling

gas kinematics, which may help to mitigate the mass anisotropy degeneracy in the central

region. In the covariance maps (Figure 2.20), bulge anisotropy Vbulge is well constrained

without significant correlations with parameters which determine the central mass

distribution such as ("/!)0, ("/!)5arcsec and "BH. We can see the correlation between

the disk velocity anisotropy Vdisk and the mass of the dark matter halo because the

disk-dominated region does not overlap with the ALMA data, but two parameters are

well constrained. Although significant correlation between "/!50A2B42 and Abreak can be

seen, the shape of overall M/L ratio variation is constrained as shown in Figure 2.21 for

JAMsph. Interestingly, the M/L ratio has a large scatter in the outer regions of the galaxy

but shows only little correlation with dark matter mass "200, suggesting that the dark

matter distribution does not significantly depend on the M/L and mostly constrained by

the stellar kinematics data at large radii. Figure 2.22 shows the resulting cumulative mass

distribution and dark matter fraction as a function of radius, with the dark matter fraction

of 0.55+0.05
−0.05 at the peak radius of the disk circular velocity (Table 2.6).

The stellar M/L estimated from the stellar kinematics is up to ∼25% (2.2f) larger

than the M/L constrained by ALMA data (∼ 2 to 4 arcsec, see Figure 2.21).

This overestimation is consistent with the general trends suggested by Thater

et al. (2020) that the black hole masses estimated by stellar kinematics seem to be
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systematically larger than those estimated by gas kinematics. Even with the difference in

spatial resolution between steller kinematics　(0.9” in FWHM) and gas kinematics (0.25”

× 0.18” in FWHM), the discrepancy between our mass distributions estimated by stellar

and gas kinematics (∼25%) is fairly small compared to the discrepancy reported up to a

factor of four in black hole masses (e.g., Pinkney et al., 2020; Barth et al., 2016b; Walsh

et al., 2013, 2012). This may suggest that it is effective to incorporate the constraints on

the central mass distribution derived by the gas kinematics into the modeling of stellar

kinematics as a prior distribution for reconciling the discrepancy between the estimated

mass distributions by gas and stellar kinematics.
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Figure 2.17: Comparisons between observed root-mean-velocity +rms,8 =
√
+2
8
+ f2

8
(top

panel) and the best-fit JAMcyl model (middle panel). Bottom panel shows the residual
between the model and data.
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Figure 2.18: Comparisons between observed root-mean-velocity +rms,8 =
√
+2
8
+ f2

8
(top

panel) and the best-fit JAMsph model (middle panel). Bottom panel shows the residual
between the model and data.
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Figure 2.19: Posterior probability distributions of the 8 model parameters of our Jeans
equation-based model JAMcyl. Histograms of marginalized distributions for each
parameter are shown along the diagonal panels with the Gaussian prior distribution from
the ALMA gas dynamical modeling results (blue line). The dashed vertical lines in these
histograms are the 16th, 50th, and 84th percentiles (68% confidence interval). The
derived values of 8 model parameters are indicated above the histogram, summarized in
table 2.4. The other panels show the covariances between all model parameters (contour
levels are equivalent to 68%, 95% and 99.7% confidence intervals for the 2D Gaussian
distribution).
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Figure 2.20: Posterior probability distributions of the 8 model parameters of our Jeans
equation-based model JAMsph. A histogram of marginalized distribution for each
parameter is shown along the diagonal panels with the Gaussian prior distribution from
the ALMA gas dynamical modeling results (blue line). The dashed vertical lines in these
histograms are the 16th, 50th, and 84th percentiles (68% confidence interval). The
derived values of 8 model parameters are indicated above the histogram, summarized in
table 2.5. The other panels show the covariances between all model parameters (contour
levels are equivalent to 68%, 95% and 99.7% confidence intervals for the 2D Gaussian
distribution).
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JAMcyl NFW model (unit) median best upper lower prior
inclination degree 74.74 74.94 0.54 0.54 (76.02+/-0.3)
"/!0 "�/!I,� 3.19 3.14 0.13 0.13 (2.93+/-0.11)
"/!5 arcsec "�/!I,� 2.76 2.77 0.06 0.07 (1.75+/-0.25)
Abreak arcsec 13.91 15.83 1.60 2.84 [5.0,16.0]
BH mass "�(log) 8.48 8.50 0.10 0.09 (8.4+/-0.06)
Vdisk - -0.09 -0.08 0.05 0.05 [-1.0,1.0]
Vbulge - 0.09 0.05 0.05 0.03 [0.05,1.0]
"200 "�(log) 13.59 13.69 0.17 0.19 [11.0,15.0]

Table 2.4: The stellar dynamical modeling result using cylindrical JAM model.

JAMsph NFW model (unit) median best upper lower prior
inclination degree 75.68 75.63 0.30 0.30 (76.02+/-0.3)
"/!0 "�/!I,� 2.99 2.96 0.10 0.09 (2.93+/-0.11)
"/!5 arcsec "�/!I,� 2.44 2.49 0.11 0.15 (1.75+/-0.25)
Abreak arcsec 11.52 15.51 3.05 4.30 [5.0,16.0]
BH mass "�(log) 8.41 8.39 0.06 0.06 (8.4+/-0.06)
Vdisk - -0.03 0.02 0.18 0.21 [-1.0,1.0]
Vbulge - 0.67 0.68 0.08 0.11 [0.05,1.0]
"200 "�(log) 14.23 14.39 0.22 0.22 [11.0,15.0]

Table 2.5: The stellar dynamical modeling result using spherical JAM model.
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Figure 2.21: The M/L ratio variation in NGC 1380 estimated by ALMA molecular gas
modeling (gray shade) and MUSE stellar kinematics modeling with JAMsph (blue shade).
Note that we used the M/L in the central region of the galaxy (gray shade), derived from
ALMA gas kinematics, as a prior distribution to estimate the M/L for the entire galaxy
(blue shade) using MUSE stellar kinematics. The shaded regions encompass the 68%
confidence interval.
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Figure 2.22: The enclosed mass distribution (top) and dark matter fraction (bottom) of
NGC 1380 as a function of radius estimated by MUSE stellar kinematics modeling with
JAMsph. Shaded regions encompassing the median lines indicate the 68% confidence
interval.
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2.5 Discussion of This Chapter

2.5.1 Internal structures of NGC 1380

Table 2.6 summarizes the structural parameters of NGC 1380 derived by MGE

nonparametric decomposition of bulge and disk (Section 2.3.2) and dynamical

modeling (Section 2.3.2), compared with the results of traditional parametric bulge-disk

decomposition (Sersic profile for bulge and exponential profile for disk; Bedregal et al.

2006). Our bulge-to-total ratio and bulge effective radius are ∼ 10% and 1.6 times

larger than those derived by parametric decomposition. Since our decomposition is

non-parametric and fully based on the axial ratio of the structures, our bulge component

effectively includes the stellar halo component in the outer part of the galaxy. The

scale length of the disk 'd, defined for exponentially declining profile as the radius at

which the brightness falls off by a factor of e from the center, is ill-defined and has

an ambiguous physical meaning for our non-parametric disk model. Therefore, we

have redefined and estimated the scale length for our disk in terms of the gravitational

contribution of the disk to the dynamics of the galaxy. By analogy with the exponential

disk, whose peak of the circular velocity is at 2.2'd ('d is the disk scale length) and the

fact that the peak of our disk circular velocity is found to be at the radius of 79.1 arcsec

(see 2.12), scale-length 'd of our non-parametric disk is estimated to be 36.0 arcsec,

which is consistent with that of the disk obtained by parametric decomposition.

Based on the tensor virial theorem, the ellipticity of an oblate spheroidal stellar

structure is determined by the kinetic energy of the bulk rotational motion around the

symmetry axis and those of random motions in the symmetric axis and radial (major)

axis (Binney & Tremaine, 2008). The orbital anisotropy V quantifies the ratio of random

kinetic energies in the symmetric and radial axes, which is expected to correlate with the
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ellipticity of the structure and has been confirmed observationally (Cappellari et al.,

2007). Figure 2.23 show the anisotropy V ≡ 1 − (fI/f')2 as a function of intrinsic

ellipticity nintr for early-type galaxies obtained by Cappellari et al. (2007) with our

measurements, approximately equivalent quantity V ≡ 1− (f\/fA)2 and nintr for disk and

bulge structure of NGC 1380. Our measured V for the bulge and disk are consistent with

the general trend that the flatter structures have larger anisotropy. Furthermore, our

results may indicate even stronger correlations between V and nintr, deviating from the

average trend obtained by Cappellari et al. (2007) galaxy sample. V and nintr measured in

Cappellari et al. (2007) is averaged quantities over the entire galaxy. On the other hand,

in this study, bulge and disk structures were separated and V was measured for each

structure, allowing us to measure the intrinsic V of the bulge and disk structures.
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Name (unit) derived value in this study Bedregal et al. (2006)
(1) (�/))light - 0.68 0.58+0.01

−0.01
(2) (�/))mass - 0.70+0.01

−0.01 -
(3) log "bulge "� 10.89+0.04

−0.03 -
(4) '4 arcsec 28.35 17.6+0.4−0.3
(5) nbulge - 0.28 -
(6) log "disk "� 10.53+0.05

−0.06 -
(7) 'd arcsec 36.0 arcsec 36.3+1.0−0.4
(8) ndisk - 0.71 -
(9) 5DM - 0.55+0.05

−0.05 -

Table 2.6: Structural parameters of NGC 1380 computed from MGE model (Table 2.2)
and stellar dynamical modeling results (Table 2.5) in this study and those derived by the
traditional bulge-disk decomposition (Bedregal et al., 2006). Row (1): Bulge-to-total
fraction in luminosity at � band in this study and K band in Bedregal et al. (2006); Row
(2): Bulge-to-total fraction in mass; Row (3): Bulge mass; Row (4): Bulge half light
radius ; Row (5): Intrinsic ellipticity of bulge component; Row (6): Disk mass; Row (7):
Disk scale length 'd; Row (8) Intrinsic ellipticity of disk component; (9) Dark matter
fraction at the disk scale length 'd. Values without confidence intervals are derived by
the best-fit MGE model (which describe the intrinsic 3D luminosity distribution given
inclination). Values with 68% confidence intervals are derived by our final posterior
distribution obtained by JAMsph modeling. See text for our definition and derivation of
Disk scale length 'd.
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Figure 2.23: Orbital anisotropy V as a function of intrinsic ellipticity nintr for the sample
of early type galaxies measured by Cappellari et al. (2007) (Black circles) and for
bulge and disk components measured in this study (shown with orange and green stars
respectively). Black line shows the best fitting linear relation for early type galaxies
obtained in Cappellari et al. (2007), V = (0.6 ± 0.1nintr)

2.5.2 Anisotropy variation in NGC 1380

Figure 2.24 shows the best fit shape of the velocity ellipsoid in the meridional plane of

NGC 1380 in JAMsph. With the assumption of the velocity ellipsoid being spherically

aligned and only two free anisotropy parameters, Vbulge and Vdisk, our model reproduces

the realistic velocity ellipsoid in the meridional plane: (1) The velocity ellipse is

spherically aligned and nearly isotropic anisotropy in the bulge dominated region

(Cappellari, 2020); (2) The velocity ellipse is nearly cylindrically aligned and radially

elongated near the equatorial plane, where the density of the disk is maximum (Cappellari,

2008); (3) The velocity ellipse is spherically aligned and radially elongated above the disk
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plane (Hagen et al., 2019; Everall et al., 2019) and stellar halo region (Wegg et al., 2019).

Figure 2.24: The shape of velocity ellipsoid in the meridional plane (R,z) of NGC
1380. The velocity ellipsoid is shown in black ellipse using the best fit parameters Vbulge
and Vdisk of JAMsph results (see Equation 2.9). We show the contours of luminosity
distribution of bulge and disk with black sold line and black dashed line, respectively.
Note that the direction of the ellipsoids’ major axis is towards the center by the assumption
of spherical alignment. The color indicates the V value in each position of the galaxy.

2.5.3 Central black hole - galaxy correlation

The central black hole mass of NGC 1380 is, for the first time, directly measured to be

2.52+0.32
−0.35 × 108"�. The central black hole is suggested to correlate with a host galaxy

properties (Kormendy & Ho, 2013), such as stellar velocity dispersion and bulge mass.

We plot our measurements on the known scaling relations in Figure 2.26 (black hole

mass - stellar velocity dispersion) and 2.24 (black hole mass - bulge mass) compiled by

Saglia et al. (2016). We measure the effective velocity dispersion f4 by computing

intensity-weighted average of the root mean square velocity
√
+ + f within one half of

the half light radius '4/2 as (Kormendy & Ho, 2013; Saglia et al., 2016),

f4 =
∑

'≤'4/2

(
|(')

√
+ (')2 + f(')2

)
/

∑
'≤'4/2

|(') (2.14)
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where the weight |(') is circularized intensity �c('). For the half light radius, we

adopted the r-band effective radius of '4 = 56.4 obtained by unprecedented deep imaging

(Iodice et al., 2019). The measured effective velocity dispersion is 188.7 km s−1. The

uncertainty estimated following Saglia et al. (2016) (the standard deviation of
√
+ + f

divided by the square root of number of data points within '4/2) is unphysically small,

0.0015 km s−1. Therefore, we rather adopted the value 24.3 km s−1 derived as the simple

standard deviation of
√
+ + f within '4/2, which fully encompass the values when

assuming different fractions of '4 used by different authors in the literatures: '4/2

(Kormendy & Ho, 2013) to '4/8 (Ferrarese & Merritt, 2000). Our measurements agree

well with the trend seen in other galaxies and the scaling relation derived by Saglia et al.

(2016).
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Figure 2.25: Central black hole mass and effective velocity dispersion relation compiled
by Saglia et al. (2016). Morphological type of galaxies is indicated by colors: elliptical
(red), lenticular (green), and spiral (blue). The scaling relation and its associated
uncertainty obtained by Saglia et al. (2016) are plotted with black line and dashed black
lines respectively. Our measurement for NGC 1380 is shown with a star.
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Figure 2.26: Central black hole mass and bulge mass relation compiled by Saglia et al.
(2016). The symbols and colors are same as Figure 2.25.

2.5.4 Darkmatter fraction in NGC 1380 and the stability of the disk

We consider the dynamical stability of NGC 1380 based on our measured mass

distributions of structures: round bulge and halo structure, flat disk structure, and dark

matter halo. Efstathiou et al. (1982) found the simple stability criteria of the stellar disk

against the bar-like mode instability using N-body simulations

+max/("disk�/'d)1/2 > 1.1, (2.15)

where +max denotes the maximum rotation velocity and "d is disk total mass. Galaxies

with only exponential disk (self-gravitating exponential disk) are unstable with
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+max/("disk�/'d)1/2 = 0.62. Stable disk structures require round pressure supported

structures like bulge (including stellar halo) and dark matter halo. The stability

criterion (equation 2.15) can be rewritten regarding the dark matter plus bulge fraction

5 (DM+Bulge) at 2.2'd as

5 (�") = 1 − (+disk,max)/(+max)2 > 0.67. (2.16)

Figure 2.27 shows the comparison of our measured dark matter fraction 5DM and

+circ at 2.2'd in NGC 1380 with those measured for spiral galaxies in literatures (Disk

mass survey; Martinsson et al. 2013a,b SWELLS survey; Dutton et al. 2013; Barnabè

et al. 2012). NGC 1380, like other spiral galaxies, appears to be located in a regime for

stellar disk being unstable to bar-like instability mode. However, the prominent bulge

structure in NGC 1380 may contribute to the disk stability in addition to the dark matter

halo. Once the bulge contribution is taken into account and dark matter plus bulge

fraction 5DM+bulge = 0.85+0.02
−0.02 is used instead of 5DM as a stability measure in Figure

2.28, the disk of NGC 1380 locates in a stable region for stellar disk, which can explain

the absence of significant spiral and bar structures in NGC 1380.

NGC 1380 seems to have a higher dark matter fraction at the given disk radius than

other spiral galaxies and depart from the trend, 5DM decreases with a circular velocity of

the galaxy suggested by Courteau & Dutton (2015) for spiral galaxies. Further studies

with a larger sample are needed to clarify whether this indicates the intrinsic difference

between the S0 galaxies (including NGC 1380) and late-type spiral galaxies, or the

specific galaxy environment of NGC 1380, a central region of Fornax cluster, allows the

dark matter accumulation proceed efficiently.
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Figure 2.27: The dark matter fraction and total circular velocity +circ for a sample of
late-type galaxies (Martinsson et al., 2013a; Dutton et al., 2013; Barnabè et al., 2012)
and NGC 1380. Our measurement is highlighted with a blue star. Gray region indicates
the stability criteria for stellar disk (above 5�" ≈ 0.67 Efstathiou et al. 1982) and gas
disk (both light and dark glay; above 5�" ≈ 0.51 Courteau & Dutton 2015).
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Figure 2.28: The dark matter plus bulge fraction at 2.2'd and total circular velocity +circ
for 5 bulge-dominated late-type galaxies (Dutton et al., 2013) out of galaxies plotted in
Figure 2.27 and NGC 1380. Our measurement is highlighted with a blue star. The
symbols and colors are same as Figure 2.27.

2.6 Concluding Remarks of This Chapter

We analyzed various observational data for NGC 1380 (i.e., large-field-of-view stellar

photometric image by HST, and stellar kinematics by VLT/MUSE and molecular

gas CO(2-1) kinematics by ALMA) to infer the internal structures and their mass

distributions of NGC 1380.

• We non-parametrically decomposed the � band HST photometric image into a

round and flat structures using MGE. The result is concordant with the stellar

kinematic data (the ratio of the rotation velocity to random velocity dispersion, the
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variation of velocity anisotropy), suggesting (1) a dispersion dominated spherical

structure like a bulge within ∼ 20 arcsec (2) a rotation dominated flat structure like

a disk from ∼ 20 to ∼ 100 arcsec and (3) a spherical structure like a stellar halo

from ∼ 100 arcsec.

• In addition to the visible structures, the velocity rises towards the center in the

molecular gas kinematics, which suggests the presence of a central black hole.

Root mean square velocity
√
+2 + f2 of stellar kinematics remains constant up to

the outer part of the galaxy, suggesting that the dark matter dominates in the outer

part of the galaxy.

• The black hole mass of 2.52+0.35
−0.32 × 108"� is estimated by dynamical modeling of

ALMA CO(2-1) molecular gas, which is robust to the assumption of the spatially

variable mass to light ratio. The modeling also allows us to measure the extended

stellar mass distribution separately from the BH mass. The estimated "BH is

consistent with scaling relations such as "BH − fe and "BH − "bulge.

• We model the stellar kinematics using the mass distribution derived from ALMA

CO(2-1) molecular gas as a prior and assigning different velocity anisotropies Vbulge

and Vdisk to spherical and flat stellar components. Spherically aligned velocity

ellipsoid JAMsph is preferred in terms of the resulted likelihood, consistency of the

central mass distribution, and physically motivated anisotropy values.

• The derived velocity anisotropy of V and intrinsic ellipticity nintr of bulge and disk

is consistent with the observationally suggested correlation by Cappellari et al.

(2007) that the flatter structure has larger anisotropy.

• The dark matter fraction at 2.2 disk scale radius 'd is estimated to be 0.55+0.05
−0.05,
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making NGC 1380 in the regime where the stellar disk is unstable to the bar

mode instability (Efstathiou et al., 1982). However, if considering that the bulge

component also contributes to the stability of the disk, the fraction of bulge plus

dark matter halo is 0.85+0.02
−0.02, explaining the absence of significant spiral and bar

structures in the lenticular galaxy NGC 1380.
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3
Galactic Structures in the Early Universe

3.1 Introduction of This Chapter and Target BRI 1335-

0417

Most spiral galaxies have common distinct structures: a bulge; a flat, extended rotating

disk; and prominent spiral arms that stretch from the center. As observationally

established, the cosmic star formation in the universe has undergone a particular process



100 Chapter 3. Galactic Structures in the Early Universe

of evolution; the star formation rate rises steeply after the Big Bang, reaches a peak at

redshift I between 1.5 and 3, and declines steadily since then (Madau & Dickinson,

2014). Optical observations provide evidence that the prominent bulge structure is

already formed in some massive galaxies at I of 0.5 to 2.5 (Tacchella et al., 2015; Lang

et al., 2014). Spiral structure has been reported in three galaxies at redshift of I = 2.18

[Q2343-BX442: (Law et al., 2012)], I = 2.01 [HDFX 28: (Dawson et al., 2003)] and I =

2.54 [A1689B11: (Yuan et al., 2017)]. The high-resolution observation by the Atacama

Large Millimeter/submillimeter Array (ALMA) have begun to reveal the potential

substructures, including spiral structure in two submillimeter galaxies at redshift of I =

2.32 (ALESS 112.1) and I = 2.67 (ALESS 15.1) (Hodge et al., 2019) and the existence

of the dynamically cold disk in galaxies at redshift I ∼ 4 (Rizzo et al., 2020; Neeleman

et al., 2020; Tadaki et al., 2018; Lelli et al., 2021) and a compact structure like a bulge

at redshift I of 4 to 5 (Rizzo et al., 2020; Lelli et al., 2021). It is currently unclear

whether the later appearance of spiral structure is due to different formation times or

observational limitations.

BRI 1335-0417 is a quasar host galaxy at redshift I = 4.4074 ± 0.0015 (Guilloteau

et al., 1997), 1.4 Gyr from the Big Bang, and is classified as a Hyper Luminous InfraRed

galaxy (HyLIRG) with a luminosity of 3.1 × 1013!� (!� is the luminosity of the Sun) at

far-infrared wavelengths (Carilli et al., 2002) and is one of the most intensely star-forming

galaxies known at I > 4 with a star formation rate of 5 ± 1 × 103"�yr−1 ("� is the

mass of the Sun) estimated from the modeling of spectral energy distribution (Wagg

et al., 2014). Physical properties of BRI 1335-0417 derived so far are summarized in

Table 3.1. [Cii] line emission from this galaxy was detected in previous observations at

lower spatial resolution, which was insufficient to determine the gas distribution and

kinematics (Wagg et al., 2010).
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# Properties Values
(1) R.A.[h m s] 13 38 03.4145
(2) Dec.[◦ ′ ”] -04 32 34.9769
(3) !′CO(2→1) (1011 K km s−1pc−2) 1.09 ± 0.08
(4) ! [Cii] (109 !�) 16.4 ± 2.6
(5) "H2 (U=0.8) (1010"�) 1.03 ± 0.07
(6) "H2 (/ ′=1) (1010"�) 5.1 ± 0.4
(7) "H2 (/ ′=0.02) (1011"�) 6.5 ± 0.5
(8) SFR(103 "� yr−1) 5± 1
(9) log"BH 9.77

Table 3.1: Properties of BRI1335-0417: (1) and (2) Right ascension and declination
(J2000) from Gaia data release 2 catalogue (Gaia Collaboration, 2018), (3) CO(J=2→1)
luminosity !′CO(2→1) (Jones et al., 2016) (4) [Cii] luminosity ! [Cii] (Wagg et al.,
2010) (5), (6) and (7) Respective molecular gas masses "H2 estimated using three
different conversion factors from !′CO(2→1) to "�2 (Jones et al., 2016), that are
UCO = "H2/!′CO(1→0) = 0.8 M�  −1 km−1 s pc−1, a standard value for low I star-
bursting galaxies (SMGs; Bolatto et al. 2013), and the valuses UCO in the case of solar
metallicity / = /� and unphysically low metallicity / = 0.02 /� considering the
dependency of metal abundances (Narayanan et al., 2012). For all cases, Jones et al.
(2016) used !′CO(2→1)/!

′
CO(1→0) = 0.85 which is a standard value for SMGs. (8) Star

formation rate (SFR) estimated by modeling spectral energy distribution (Wagg et al.,
2014) (9) BH mass estimated using broad Civ line width (Shields et al., 2006).
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3.2 ALMA Observation Data

3.2.1 Band 7 Spectroscopic Images - [Cii] Gas and Dust Continuum

BRI 1335-0417 was observed in [Cii] line emission (rest-frame frequency of 1900.5369

GHz) using ALMAwith the Band 7 receiver for the rest-frame frequency being redshifted

to around 351 GHz in the observed frame. At the redshift for BRI 1335-0417 of I =

4.4074 (Guilloteau et al., 1997), the [Cii] line of 1900.5369 GHz is shifted to 351.470

GHz and can be observed with ALMA Band 7 (275 – 373 GHz) that has two single

sideband (2SB) receiver systems (Iguchi, 2005), providing upper sideband (USB) and

lower sideband (LSB) simultaneously with the intermediate frequency (IF) bandwidth of

4-8 GHz. We retrieved archival ALMA observations obtained on 2018 January 21 in the

observing frequency range of 337.434 GHz -341.433 GHz (LSB) and 349.705 GHz

-353.271 GHz (USB), so the USB contains the redshifted [Cii] line emission. The LSB

consists of two spectral windows, each of which has 128 frequency channels with a

width of 15.625 MHz, while USB consists of two spectral windows, each of which has

1920 frequency channels with a width of 977 kHz. The total bandwidths of LSB and

USB were 4 GHz and 3.75 GHz, respectively. The observation was executed in the

C43-5 array configuration with baseline lengths of 15 m to 1398 m. The 5th percentile

shortest baseline of the configuration was 70 m, providing the maximum recoverable

scale of 2.47 arcsecond at 351.47 GHz [(Remĳan et al., 2019) their equation 7.7]. Total

observing time was 2.0 h, including an on-source time of 1.0 h and the other 1.0 h for

calibration sources and overhead. QSO B1334-127 (VCS1 J1337-1257) was utilized as a

flux and bandpass calibrator and NGC 5232 (VCS1 J1336-0829) as a phase calibrator.

We performed data reduction using version 5.1.1 of the Common Astronomy

Software Applications (CASA; McMullin et al. 2007) pipeline. We first imaged the dust
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continuum emission shown in Fig. 3.1 using the line-free channels (with a 4.75 GHz

total bandwidth over both sidebands at a central frequency of 345 GHz in the observed

frame corresponding to 1863 GHz in the rest frame) using the task tclean in CASA. We

identified the line-free channels using the hif_findcont task in CASA and removed

channels that show a dip feature around ∼ 352.3 GHz due to atmospheric absorption.

The visibility data were weighted by the Briggs scheme with a robust parameter of 0.0,

which provides a trade-off between resolution and sensitivity, resulting in a synthesized

beam with FWHM 0.17" × 0.14" (∼ 1.16 kpc × 0.95 kpc in physical scale) at a position

angle of 86 deg and a root mean square noise of 0.036 mJy beam−1. Secondly, we

imaged the [Cii] line emission shown in Fig. 3.1 (A and B). We measured the flux

density of the dust continuum emission by fitting a linear function to the line-free

channels and subtracted its emission components from the visibility data using the task

uvcontsub in CASA. After continuum subtraction, we imaged two spectral windows of

the USB to produce a data cube with the three dimensions of right ascension, declination,

and velocity using the task tclean in CASA. The velocity channel resolution was 20 km

s−1 (=23.4 MHz) after binning by 24 frequency channels of 977 kHz to improve the

signal-to-noise ratio. The visibility data were weighted by the Briggs scheme with a

robust parameter of 0.5, resulting in a synthesized beam with FWHM 0.20" × 0.16"

( 1.33 kpc × 1.11 kpc in a physical scale) at a position angle of 80 deg. The root mean

square noise of each velocity channel with a width of 20 km s−1 is about 0.35 mJy

beam−1. The clean threshold was set to 1.5 times the rms noise for the dust continuum

image and 1.0 times rms noise for the [Cii] line image to maximize the flux in the cleaned

model. The clean mask was drawn closely around the areas of source emission. For both

dust continuum and [Cii] line images, the cellsize was chosen to be roughly one third of

the minor synthesized beam width. Primary beam correction was performed, smaller
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than 1 % at the edge of the images.

Figures 3.1 (A and B) show [Cii] images of the integrated flux and line-of-sight

velocity respectively. Figures 3.1 B were made by the masked moment method (Dame,

2011). The observed data cube was smoothed by convolving with a uniform filter

spatially (1.5 times the beam size) and spectrally (4 times the channel width), then the

mask area was determined by the intensity threshold (7.5 times the root mean square

noise in the smoothed cube) and applied to the original observed cube. Finally, these

velocity images (Moment 1) were created from the masked cube using plotting code in

the KINMS package (Davis et al., 2013a). The filter size and threshold of the mask were

selected, so the mask covered the [Cii] line emission area.Figure 3.1D shows a composite

image of the gas velocities, produced from [Cii] velocity channel maps (Fig. 3.2) that

show the [Cii] line intensity images at each velocity.
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Figure 3.1: Morphology and kinematics of [Cii] line and dust continuum emission in
BRI 1335-0417. (A) and (B) the ALMA [Cii] line maps of intensity (moment 0) and
intensity-weighted velocity (moment 1). The kinematic major and minor axes are shown
in panel B by black solid and dotted lines, respectively. (C) the ALMA dust continuum
map at a rest-frame frequency of 1863 GHz. (D) a composite color image, showing in
red the redshifted gas emission with velocity of 30 to 150 km s−1, in yellow gas at the
systemic velocity of -30 to 30 km s−1, and in blue the blueshifted gas with velocity of
-150 to -30 km s−1. The FWHM of the synthesized beam is 0.20" × 0.16" in (A), (B) and
(D), and 0.17" × 0.14" in (C), which are shown by an ellipse in the bottom left corners.
In each figure panel, the right ascension (RA) and declination (Dec) offsets are given
relative to the position (J2000) 13h38m03s.416, -4◦32’35".02. (E) PVD of the observed
[Cii] line emission, extracted along the major kinematic axis shown in panel B, which
has a position angle of 4.5◦ (Table S1). Data were averaged over one beam width (three
pixels). (F) the velocity dispersion measured from the line profile at each position of
PVD. The error bars correspond to the sum in quadrature of the profile fitting uncertainty
(95% confidence level) and the velocity channel width. The red dashed line shows the
estimated intrinsic velocity dispersion of 71+14

−11 km s−1. Positive position in panels (E)
and (F) is the direction toward the north along the kinematic major axis in (B).
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Figure 3.2: Velocity channel maps of the [Cii] line emission, showing the spiral structure.
Each panel shows an image at each velocity of the [Cii] line emission, labeled in the top
left. Overline with white lines is the best-fitting two-armed logarithmic spiral model,
which has a pitch angle U = 26.7◦ (14). The images have been de-projected to be viewed
as face-on using a position angle of 4.5◦ and inclination of 37.8◦ (Table S1). The white
ellipse shows the FWHM of the synthesized beam in the left bottom of each panel.
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3.3 Results: Identifying Galactic Structures

3.3.1 Identifying Disk and Bulge

Morphology and Kinematics of [Cii] Gas and Dust Continuum Distribution

Images of the [Cii] line and Dust continuum emissions show a central compact structure

and an extended structure like a disk. The composite color image shows a spiral

morphology with clear northern and southern arms extended from the radius of 2 to 5

kpc. In addition to the composite color image, two spiral arms are much more clearly

seen on the [Cii] velocity channel images (Fig.3.2). The CO(2→1) line images were

obtained by the Karl G. Jansky Very Large Array (JVLA), which showed different

spatial distributions of CO(2→1) depending on the antenna configuration used for the

observations. The images obtained with BnA and B configuration showed a structure

with a bright central component and a weaker northern component (Jones et al., 2016),

while with B and C antenna configuration showed a complex structure with multiple

components (Riechers et al., 2008). However, these multiple CO(2→1) components

correspond to the northern spiral arm, southern spiral arm, and central disk of [Cii]

images in position and velocity, indicating that CO(2→1) line has similar dynamics with

[Cii] line. This can be explained by the difference of the emitting region: [Cii] line

emission arises from multiple phases of the interstellar medium, including ionized gas,

atomic gas, and molecular gas, while CO (2-1) line emission traces dense molecular

gas (Pineda et al., 2013), and also by the difference of the observations: ALMA [Cii]

data enable us to make images of compact and diffuse extended structures with high

fidelity thanks to broad uv coverage, maintaining a sensitivity with reasonable spatial and

spectral resolutions.
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We can see a central, steep rise of [Cii] line velocity reaching about 240-260 km s−1,

which is a signature of the centrally concentrated mass distribution, and a constant

velocity of 70-110 km s−1 in the outer parts, in the Position-Velocity Diagram (hereafter

PVD; Fig. 3.1E) along the kinematic major axis. A slowly rising or constant velocity

curve has been detected in other high redshift galaxies (Rizzo et al., 2020; Neeleman

et al., 2020; Tadaki et al., 2018). Such a velocity curve has been observed in nearby spiral

galaxies where the galaxy’s gravitational potential is determined by a combination of

some galactic structures (Sofue et al., 2003). This PVD of observed [Cii] line emission

also indicates the presence of a central compact structure like a bulge and an extended

disk. Looking at the more detailed features of PVD, the central rise of the velocity in the

northern side appears steeper than the southern side. At larger radii, the subsequent

decrease of the velocity appears steep in the southern side while shallow in the northern

side. These may be due to streaming motion along spiral arms, warping of the disk,

recent gas accretion (Lelli et al., 2021) and/or the central lopsided gas distribution.

These slightly disturbed features are rather common in nearby galaxies and also have

been revealed in high-redshift galaxies at I ∼ 4 with recent high-resolution observations

(Neeleman et al., 2020; Lelli et al., 2021). Figure 3.1F shows the velocity dispersions

extracted at each position of PVD in Fig. 3.1E. The velocity dispersions of ∼ 70 km s−1

seem to be constant in the outer parts, but the velocity dispersion increases up to ∼

140 km s−1 in the center. This increase in the center is known to be due to the beam

smearing effect (Burkert et al., 2016). Since the spatial resolution of the beam is not

enough to capture the intrinsic velocity gradient, the velocity gradient decreases as the

velocity is averaged over the beam width, and the observed velocity dispersion increases.

Thus, the intrinsic velocity dispersion f of 71 km s−1 (see red dashed line in Fig. 3.1F)

is estimated by a method proposed by Green et al. (2010) that extracts the velocity
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dispersion at the outer region of the disk where the beam smearing is less severe and

corrects the beam smearing effect.

Quantifying the [Cii] Gas and Dust Continuum Distribution

Both the Dust continuum and [Cii] line intensity distributions of BRI 1335-0417 include

complex structures which may indicate a disk and spiral arms; accordingly, the position

angle of the disk was estimated by using PAFIT Package (Krajnović et al., 2006) from

the [Cii] line velocity image (Figure 3.1 B), which shows the regular rotation and

kinematic position angle. The central 0.5" region in [Cii] line velocity image was

utilized for measuring position angle, as this region features a sufficient signal-to-noise

ratio. The estimated position angle is 4.5 ± 3.7 (95 % confidence interval). We also

derived the position angle of the disk from the gas dynamical modeling (see below),

finding 7.6+7.3 ◦−7.1 at 95 % confidence level. To estimate the axis ratio of the disk with the

estimated position angle, we fitted 2-dimensional (2D) Sérsic functions to the dust

continuum image (see Fig 3.8C) and the [Cii] line intensity image (Fig. 3.1A), using

GALFIT code (Peng et al., 2010). While fitting these images, the synthesized beam was

taken into account. From the estimated axis ratio (@) of the dust continuum image, the

inclination of the disk 8 = 37.8+2.4 ◦−3.3 was calculated with equation @ = cos(8) and the

confidence interval was estimated from the uncertainty of the measured position angle.

This estimated inclination was used as a prior in our MCMC sampling (see below),

where the gas dynamical modeling finds 37.3+3.0 ◦−3.1 at 95 % confidence level. As GALFIT

outputs, the measured Sérsic index is = = 0.87 ± 0.02 (close to exponential n=1) from

the [Cii] line intensity distribution, while it is = = 2.48 ± 0.05 from the distribution of

the dust continuum emission. These indicate that the [Cii] line distribution has a shallow

and near exponential profile like a typical disk (Driver et al., 2006), while the dust
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continuum distribution has a centrally concentrated profile with a high Sérsic index

(= > 2) compatible with that of a typical galaxy with a bulge (Driver et al., 2006). We

therefore fitted a 2D exponential function to the [Cii] line intensity image, resulting

in a disk-scale radius '3 = 1.83 ± 0.04 kpc. The physical parameters derived in this

section using PAFIT Package and GALFIT are listed in Table 4. Figure 3.3 shows the

azimuthally-averaged intensity profile of the [Cii] line image and continuum image with

the best fit exponential profile and Sérsic profile, respectively.
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Figure 3.3: Left figure shows the observed [Cii] line intensity profile (blue point) and the
best fit exponential intensity profile (black line). Right figure shows the intensity profile
of the observed dust continuum (blue point) and the best fit Sérsic profile (= = 2.48,
black line). The blue dotted line shows Gaussian function which approximates the
synthesized beam of ALMA, where its FWHM is a geometric mean of major- and
minor-axis of that of the synthesized beam. These intensity profiles are derived by using
Photutils code (Bradley et al., 2019) as follows. We first derive the ellipses by fitting
them to the isophotes of intensity images (Figure 3.1A for [Cii] line and Figure 3.1C for
dust continuum), where four parameters of each ellipse (2-dimensional centre position, a
position angle and an ellipticity) are left free. All of these azimuthally-averaged intensity
profiles are derived by averaging along each ellipse.
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Disk position angle Γ(◦) 4.5±3.7
Disk inclination i(◦) 47.8+2.4−3.3

Disk scale radius 'd(kpc) 1.83± 0.04
Dust continuum effective radius 'e,dust(kpc) 1.40± 0.02

Table 3.2: Physical parameter derived by PAFIT Package and GALFIT. The position
angle of the disk was estimated from the [Cii] line kinematics using the PAFIT package.
The inclination of the disk, 8 was estimated from the axis ratio measured by fitting
the Sérsic profile to the dust continuum image using the GALFIT code. The reduced
chi-square j2

a of the fitting is 1.592, where the degree of freedom is 4090. Disk scale
radius Rd was estimated by fitting exponential profile to the [Cii] line image using the
GALFIT code. The reduced chi-square j2

a is 0.956, where the degree of freedom is 4091.

Quantifying the Rotation Kinematics of [Cii] Gas

We estimate the inclination-corrected rotational velocity {A>C is 179+25
−18 km s−1 at radius

of 0.3", calculated using the flat part of the PVD (Fig. 3.1E). The ratio of {A>C to the

intrinsic velocity dispersion f quantifies the rotational support of the disk (Burkert

et al., 2016). Our estimated ratio {A>C/f of 2.5+0.6−0.4 indicates that the [Cii] gas disk of

this galaxy is rotation-dominated. Similar values have been found for other galaxies

observed at I ∼ 4 (Neeleman et al., 2020; Tadaki et al., 2018). Higher ratios have also

been reported at redshift of 4 to 5 (Rizzo et al., 2020; Lelli et al., 2021). Additional

evidence of rotating disk is symmetric velocity field across the kinematic minor axis,

seen in this object (Fig. 3.1B).

Gas Dynamical Modeling

We used the KINMS code (Davis et al., 2013a) to produce a gas dynamical model cube

which has the same beam size and velocity resolution as those in the observed cube

(i.e., beam smearing effect was taken into account for the model cube). It requires a

set of gas particles which approximates the distribution of gas intensity in physical
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space (right ascension, declination, and distance along the line of sight), and then the

line-of-sight velocity of each particle is calculated by taking a circular velocity of the

galaxy as an input. The SKYSAMPLER code (Smith et al., 2019) was used to generate

gas particles that reproduce the [Cii] line intensity profile of BRI 1335-0417 by using the

de-convolved CLEAN components that were provided by a task of tclean in CASA. Then,

it transformed the distribution of gas particles from the sky plane into the physical space

using the inclination and position angle of the galactic disk.

Structures of the Galaxy

In general, the structure of disk galaxies consists of a central black hole, a centrally

concentrated bulge, an extended disk and a dark matter halo (Kent, 1986; Sofue et al.,

2009; Genzel et al., 2017). The circular velocity {circ(A) of the galaxy can be expressed

by

{2
circ(A) = {2

BH(A) + {
2
bulge(A) + {

2
disk(A) + {

2
DM(A), (3.1)

where A denotes the radial distance from the galaxy center, and {BH(A), {bulge(A), {disk(A)

and {DM(A) are the circular velocity of a test particle at A due to the gravitational potential

of the central black hole, bulge, disk, and dark matter, respectively. The sphere of

influence of the black hole 'SOI = �"��/2∗= 0.02” where the � is the gravitational

constant, MBH is the mass of the black hole and f∗ is the stellar velocity dispersion, was

calculated for a mass of 6 × 109"�, which was estimated using the virial theorem in a

previous study (Shields et al., 2006), assuming the local relationship between black hole

mass and stellar velocity dispersion (Kormendy & Ho, 2013). Because estimated RSOI

is much smaller than our spatial resolution, we cannot measure the circular velocity of

black hole {BH(A) and bulge {bulge(A) separately. We thus included the black hole mass
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in the bulge. In this case, {bulge(A) is equal to {BH(A) in the limit that the size of the bulge

goes to 0, allowing a possibility of a black hole without a bulge. The mass contribution

of dark matter is typically smaller than that of the baryonic structure such as the bulge

and disk within the radius of < 10 kpc, which are suggested by the recent observation for

high redshift galaxy (Genzel et al., 2017; Förster Schreiber et al., 2009; Wuyts et al.,

2016). In this object, the [Cii] line emission is detected only up to 5 kpc, which is not

sufficient to measure the mass distribution of the dark matter using the kinematics. We

therefore excluded the dark matter mass distribution from our dynamical model. A

circular velocity {circ(A) of the galaxy is then approximated by

{2
circ(A) = {2

bulge(A) + {
2
disk(A). (3.2)

Bulge Model

In the PVD shown in Fig. 3.1E, there is a steep rise of [Cii] line velocity reaching

about 240 to 260 km s−1 in the galactic center, indicating a centrally concentrated mass

distribution such as a bulge. Observations of nearby galaxies (Gadotti, 2009; Lange et al.,

2016) and distant galaxies (2 < I < 3) (Lang et al., 2014; Bruce et al., 2014) indicate that

the observed surface brightness distributions of a bulge can be approximated by de

Vaucouleurs profile (de Vaucouleurs, 1948). Assuming the bulge has the same mass

profile as its brightness profile, we can express the surface mass density distribution

using the de Vaucouleurs profile:

Σbulge(') = Σ4exp
{
−^ [('/'4)1/4 − 1]

}
(3.3)
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where ^ ∼ 7.6695 (Graham & Driver, 2005), ' is the projected radius on the plane of the

sky and Σ4 is the surface mass density at the effective radius '4 in which the enclosed

mass becomes half of the total mass of the bulge "1D;64. The total mass of the bulge is

then given by "1D;64 ∼ 22.665'2
4Σ4 (Sofue et al., 2009). In the case of a spherical bulge,

the circular velocity of the bulge {bulge(A) at r can be determined by two parameters: the

total mass of the bulge "1D;64 and the effective radius '4. It follows that (Binney &

Tremaine, 2008; Noordermeer, 2008)

{2
bulge(A) = −

4�
A

∫ A

;=0

[∫ ∞

'=;

3Σbulge(')
3'

3'
√
'2 − ;2

;2
]
3;. (3.4)

The circular velocity of the spherical structure differs from that of the non-spherical one.

In the case of a non-spherical structure with an axial ratio greater than 0.6, however,

the difference between them is less than 8 percent, allowing us to use the spherical

assumption for simplicity.

Disk Model

The exponential disk has not only been predicted by the theory of galactic disk formation

(Katz & Gunn, 1991) but also revealed by several photometric observations of nearby

galaxies (Gadotti, 2009; Driver et al., 2006) and distant galaxies (I ∼ 2 − 3) (Wuyts

et al., 2016; Lang et al., 2014; Bruce et al., 2014; Genzel et al., 2014). In addition, the

exponential profile has been widely used for disk mass distribution in modeling the

galactic dynamics, including the Milky Way (Sofue et al., 2009; Genzel et al., 2017;

Burkert et al., 2010). A surface mass density distribution of an exponential disk is given

by

Σdisk(') = Σ0exp(−'/'3), (3.5)
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where '3 is a disk-scale radius and Σ0 is the central surface mass density. The circular

velocity of the disk can be fully determined by just two parameters: the disk-scale radius

Rd and the total mass of the disk "38B: = 2cΣ0'
2
3
. It follows that (Freeman, 1970)

{2
disk(A) = 4�Σ0'3H

2 [�0(H) 0(H) − �1(H) 1(H)] (3.6)

where H = A/(2'3). �0,  0, �1 and  1 are modified Bessel functions. Several studies

suggest that the [Cii] line is a good tracer of the total gas mass (Zanella et al., 2018;

Gullberg et al., 2018). Also, [Cii] intensity distribution of this object is well fitted by the

exponential profile. In this paper, we therefore used '3 = 1.83 kpc measured by the

GALFIT code (Table 4).

Rotation Velocity of Pressurized Galactic Disk

The PVD in Fig.3.1E shows that BRI 1335-0417 has velocity dispersions of ∼ 70 km s−1

in the outer parts. The intrinsic velocity dispersion averaged for galaxies at I ∼ 2.3 is 50

∼ 70 km s−1 but there are a wide range of values up to ∼ 80 km s−1, and for galaxies at

I ∼ 0.9 is 25 km s−1 (Wisnioski et al., 2015). The pressure in the gas disk is proportional

to the square of the velocity dispersions of the gas, which is not negligible for the gas

dynamical modeling (61). The pressure gradient causes a radial force that balances part

of the gravitational force, resulting in the reduction of the rotational velocity of the gas.

Under hydrostatic equilibrium, the rotational velocity {rot(A) for the exponential gas

distribution is given by Burkert et al. (2010, 2016)

{2
rot = {

2
circ(A) + 2f2

{ ×
dlnΣgas

dlnr
(A)

= {2
circ(A) − 2f2

{ ×
(
A

'3

)
,

(3.7)
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where { is the intrinsic velocity dispersion of the gas, and Σgas(A) is the surface density

distribution of the gas disk, which was assumed to be exponential with the disk-scale

radius '3 (Table 4). Because the velocity dispersion is constant over this galaxy except

in the central region [Fig. 3.1 (E and F)], we adopted an isotropic and spatially uniform

velocity dispersion. This is consistent with previous works (Burkert et al., 2010; Genzel

et al., 2017; Lang et al., 2017). Given the high velocity dispersion, we considered the disk

thickness of ℎ ∼ ({/{rot('3)) × 1.68'3 (Genzel et al., 2017), correcting equation 3.3.1.

MCMC Fitting

For modeling, the best fits and their associated confidence intervals are derived by a

Markov Chain Monte Carlo (MCMC) sampling using the emcee code (Foreman-Mackey

et al., 2013), which is an implementation of affine invariant MCMC ensemble sampler.

We directly compare the observed cube with the model cube, then derive the following

eight physical parameters: the position angle and inclination of disk (Γ, 8), the masses of

the central compact structure like a bulge and the disk ("bulge, "disk), the effective

radius of the compact structure ('4) and the offsets between the observed and model

cubes in right ascension, declination, and velocity (ΔG,ΔH,Δ+). Following the Bayesian

framework, the posterior distribution of a set of these physical parameters \ on the data is

%(\ |data) = %(\) × %(data|\), (3.8)

where %(\) is the prior distribution of the physical parameters, and %(data|\) is the

likelihood that is the probability of obtaining the data on the given parameters \. Since

the inclination of the disk 8 is estimated with GALFIT code (Table 4) as mentioned

above, the prior distribution is Gaussian. We used log uniform prior distribution for
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the mass of the bulge "bulge and disk "disk in order to cover the multiple orders of

magnitude, while uniform prior distribution for the other 5 parameters. The range is set

to values much larger than expected from the data. The likelihood can be written as

%(data|\) ∝ exp(−j2(\)/2)

j2(\) = Σ#
8=0

[
( �data,i−�model,i

frms
)2

]
,

(3.9)

where �data,i and �model,i(\) are the intensity of the pixel i in the observed cube and

model cube respectively. frms is the root mean square noise of 0.35 mJy beam−1 that

was measured using the pixels of only line-free channels in the observed cube under

the assumption that it is constant over the cube. In fitting, the velocity range of these

cubes is from -390 km s−1 to +370 km s−1 with the velocity center 0 km s−1 matched

to the frequency of 351.470 GHz in barycentric frame. In the standard j2 statistic,

the 68% confidence interval corresponds to Δj2 = j2 − j2
min = 1. A variance of this

distribution is 2(N - P) where N is the number of constrains and P is the number of

inferred parameters. In our data (# ∼ 4 × 104 and % = 8), it becomes 2N and yields

an unrealistically small confidence interval due to the large number of constraints in

fitting the observed cube. The method to scale the standard Δj2 by a factor of
√

2# was

proposed by Van Den Bosch & Van De Ven (2009). The scaled loglikelihood by 1/
√

2# ,

or equivalently the scaled root mean square noise frms by (2#)1/4, was used in the

previous works with the Bayesian framework, giving the same effect by scaling Δj2.

The modified likelihood can be written as

%(data|\) ∝ exp(−j2(\)/2)

j2(\) = Σ#
8=0

[
( �data,i−�model,i

frms
)2/
√

2#
]
.

(3.10)
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For our data, it is confirmed that MCMC sampling of the posterior distribution converges

by using this procedure. Also, the correction by the inverse covariance matrix for the

pixel to pixel correlations (Davis et al., 2017) in the observed cube is not taken into

account in this paper because it is negligible compared to the effect by scaling the

loglikelihood.

Results of the Gas Dynamical Modeling

We run the MCMC fitting with 180 walkers and 4000 steps. Since the first 600 steps are

not converged to the posterior distribution (a burn-in phase) by MCMC sampling, these

first steps are excluded. The outcomes of MCMC sampling are shown in Fig. 3.4,

including the one-dimensional histogram of each physical parameter and the covariance

maps of the pairs of physical parameters. The best fits (median of the marginalized

distribution) and their associated 95 % confidence intervals are summarized in Table S2.

Our gas dynamical modeling provides a good agreement between the observed cube and

the model cube (see a comparison between the observed and model images in Fig. 3.5, A

to F, and the model PVD superimposed on the observed PVD of BRI 1335-0417 in Fig.

3.5 G, where these PVDs are extracted along the kinematic major axis indicated by a

solid line in Fig. 3.5, D to F). Figure. 3.5 shows the comparison between the observed

velocity dispersion (black points) and model velocity dispersion (gray shade), measured

at each position of PVD. The central increase of the observed velocity dispersion is well

reproduced by the dynamical model under the assumption of the spatially uniform

intrinsic velocity dispersion. In Figure 3.1A and Figure 3.5A, we can see a spiral

morphology in the [Cii] line intensity image, but in this paper, we simply assume that the

mass distribution of a disk is axisymmetric. This does not affect our mass measurement

of the central compact structure. The amplitude of the spiral component is relatively
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weak and only about 15% of the peak emission at maximum. In addition, the two-armed

spiral morphology is extended from the radius of 2kpc to 5kpc, far from the center.

Therefore, the contributions of these two arms to the gravitational potential are small in

the center of the galaxy. Also, roughly speaking, the two arms are located symmetrically

with respect to the galaxy center, making these contributions cancel each other out.
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Figure 3.4: Posterior probability distributions of the eight model parameters using
MCMC sampling of our gas dynamical model. The posterior probability distributions for
the respective parameters were marginalized, and then the results are shown as the
respective histograms along the diagonal panels. The dashed vertical lines in these
histograms are the 2.5th, 50th, and 97.5th percentiles (95% confidence interval). The
derived values of eight model parameters are indicated above the histogram, summarized
in Table 3.3. The other panels show the covariances between all model parameters
(contour levels are equivalent to 68%, 95% and 99.7% confidence intervals for the 2D
Gaussian distribution).
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Parameters (unit) Symbols Priors Medians 95% confidence interval
Galactic mass model:
Central compact mass

"bulge [10−9, 104] 8.9 -3.7, +20.9(109"�)
Disk mass (1010"�) "disk [10−10, 103] 4.9 -2.5, +1.7
Central compact mass

'4 [0.001, 1.625] - (<1.33)effective radius (kiloparsec)
Orientation of [Cii] gas disk:
Position angle (degree) Γ [-20, 20] 7.6 -7.1,+7.3
Inclination angle (degree) 8 (37.8 ± 1.6) 37.3 -3.1,+3.0
Nuisance parameters:
[Cii] center velocity offset

Δ{ [−60, 60] 23.6 ±8.5(km s−1)
[Cii] center RA offset

ΔG [−0.15, 0.15] -0.00 ±0.03(arcsecond)
[Cii] center Dec offset

ΔH [−0.15, 0.15] 0.05 ±0.02(arcsecond)

Table 3.3: Best fit summary of our gas dynamical model. Column 1 shows the parameters
and their units in our dynamical model. Column 2 shows the symbol used for each
parameter. Column 3 shows the prior distributions used in our MCMC sampling, in
which the values in brackets indicate the upper and the lower boundary of the uniform
prior distribution, while the values in parentheses indicate the mean and standard
deviation of the Gaussian prior. Columns 4 and 5 show the medians of posterior
distribution, their associated 95% confidence intervals respectively. The upper limit on
the effective radius Re of the central compact mass, is reported in parentheses. The
reduced chi square j2 in our MCMC fitting is 1.69 under the degree of freedom of 42400.
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Figure 3.5: Morphology and kinematics of [Cii] line in BRI 1335-0417 and their
comparisons with gas dynamical models. (A) and (D) are the respective ALMA [Cii]
line maps of intensity (moment 0), intensity-weighted velocity (moment 1), same as Figs.
3.1 A and B respectively. (B) and (E) are the dynamical model maps with the central
compact mass and disk taken into consideration, which correspond to (A) and (D). (C)
and (F) are the residual maps between the observed [Cii] line maps of (A) and (D) and
the dynamical model maps of (B) and (E), respectively. The masked moment method
(39) was used to produce the map (D). The same mask was applied to (E) for a fair
comparison. Plotting symbols in (A-F) are the same as Figs. 3.1A and B. (G) shows the
observed PVD of [Cii] line emission (color, same as Fig. 3.1E) and model PVD (white
contours: every 4frms from 3frms to 23 frms, where frms is the root mean square noise
of 0.35 mJy 140<−1). The model PVD was extracted along the kinematic major axis
[see black solid line in (E)]. (H) shows velocity dispersion, which was measured by
fitting a Gaussian with third and fourth-order Gauss-Hermite parameters h3 and h4 (76)
to the line profile at each position of PVD (black points and error bars, same as Fig.
3.1F). This fitting used the pixels where [Cii] line emission has a signal to noise ratio
SNR > 4 in at least 4 velocity channels. (H) also shows velocity dispersion extracted
from the model PVD in the same way (gray shade, showing 95% confidence intervals).
The red dashed line is the same as Fig. 3.1F.
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Here, we also consider the possibility that the radiation from active galactic nuclei

(AGN) could influence the [Cii] intensity distribution, which could bias our estimation of

the disk scale radius and our dynamical modeling result. Since the [Cii] profile is well

described by the exponential profile which is typical to the disk, the influence of the

AGN is considered to be small. If AGN radiation influenced the [Cii] emission, the [Cii]

emission would become more concentrated, our size estimate of the disk would become

smaller, and the true disk scale radius would be larger than our estimate. Furthermore,

we investigated dependence of the best-fit "bulge and "disk on the disk scale radius '3

using several different values of '3 . In order to compare with them, we also derived

the best-fit "bulge and "38B: by adding the disk scale radius as a free parameter in our

MCMC fitting. We confirmed that the derived masses of "1D;64 are not sensitive to the

disk scale radius (see Fig. 3.6).
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Figure 3.6: The dependency of derived physical parameters on the disk radius. Best
fitting values of "bulge and "disk were derived using several values of the disk scale
radius, shown normalized by our estimated value of '3 = 1.83 kpc (see Table S1). The
disk scale radius was added as a free parameter in the MCMC fitting with the uniform
prior range shown in brackets. The derived "bulge is not sensitive to the disk scale radius.

The best-fitting effective radius of the compact structure '4 is less than 1.3 kpc (at 95

% confidence interval) and its mass is 5.2 × 109 to 3.0 × 1010"� depending on the

value of Re. These results are compatible with the typical effective radius and mass

of stellar bulges in nearby galaxies (Gadotti, 2009). The modeled mass of the disk

4.9+1.7−2.5 × 1010"� is consistent with the molecular gas mass of 5.1 × 1010"� (Jones

et al., 2016) estimated from the CO (J=2→1) luminosity (assuming that BRI 1335-0417
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has metal abundance of the sun).

Studies of nearby galaxies have revealed that a bulge and a supermassive black

hole coexist in massive galaxies and that there is a strong correlation between them

(Kormendy & Ho, 2013). The central black hole mass of "BH = 6 × 109"� was

estimated in a previous study from the virial theorem with the broad line width , although

there are a number of systematic effects (e.g., the variable luminosity, blending with

other broad emission feature, and unknown gas kinematics and distribution) that could

bias the black hole mass estimation (Mejía-Restrepo et al., 2018). The virial black hole

mass is in the range of our derived compact structure mass 5.2 × 109 to 3.0 × 1010"�,

indicating that a bulge and a central black hole coexist in the central compact structure or

leaving room for a possibility of a black hole without a bulge. The ratio of virial black

hole mass to the compact structure mass is 1 to 0.2, which is higher than the black hole

to bulge mass ratio of 0.001 to 0.002 observed in nearby galaxies (Kormendy & Ho,

2013). Several studies have reported evidence that the black hole-bulge mass ratio in

high redshift galaxies is higher than at low redshift, but it is still inconclusive in the

current studies (Schulze & Wisotzki, 2014). In order to separately measure the black

hole mass and bulge mass and assess the possibility of a black hole without bulge, we

need to obtain the brightness distribution of stars (Davis, 2014) in this object.

3.3.2 Identifying Spiral Structure

To quantitatively measure the degree of the spiral structure, we decomposed the

[Cii] line intensity distribution of BRI 1335-0417 into m-armed logarithmic spirals,

d = d0exp(−</?(q + q0)) in polar coordinates (d, q). ? is a variable related to the

pitch angle q by ? = −</tan(q), and d0 and q0 are an arbitrary constant. We first
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deprojected the [Cii] line intensity image to be viewed as face-on using the position

angle 4.5◦ and inclination 37.8◦ that are measured by GALFIT and PaFit Package (Table

4). The image rotation and stretching for the deprojection are performed using the

scikit-image package, in which mapping the original pixels onto a new pixel grid is done

by Bi-linear spline interpolation. From the deprojected image, we then calculated the

Fourier amplitude (Law et al., 2012; Kalnajs, 1975; Puerari & Dottori, 1992), which

indicates the magnitude of the m-armed logarithmic spirals. It follows that

�(?, <) = 1
�
Σ#9=1 5 9exp(−8(?D 9 + <q 9 )) (3.11)

where � = Σ#
9=0 5 9 is the sum of the flux 5 9 of the pixel 9 in the image, D 9 is the

logarithmic radius from the center of the image and q 9 is the polar angle. We excluded

the central region of 1.6 kpc and the region outside of 7.2 kpc for the calculation of

�(?, <) in order to avoid the effects of unresolved components and noise. The center

of the polar coordinate is defined as the pixel which has a peak intensity in the [Cii]

line image. Figure 3A shows the Fourier amplitude �(?, <) as a function of ? for

< = 1, 2, 3, 4. Its underlying noise level was estimated by applying equation 3.11 on 300

noise maps extracted from the emission line region of the data cube and computing

their 84th percentile. The strongest and narrow peak is seen in < = 2 at ? = −4.0+0.6−0.3,

corresponding to spiral arms with a pitch angle of U = 26.7+4.1 ◦−1.6 at the 95% confidence

level. The confidence interval is estimated by Monte Carlo simulation propagating

the error ranges of the position angle and inclination of the disk used for the image

de-projection. Figure 3.7B shows this model overlain on the [Cii] line intensity image

after correction for the inclination angle of 37.8◦ (i.e., de-projected to be viewed as

face-on). The amplitude of the < = 2 signal is 6.0 times the noise, while the other modes
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< = 1, 3, 4 have signal-to-noise ratios of 4.0, 2.5 and 2.4 respectively (Fig. 3.7A). The

< = 1 mode corresponds to a one-arm spiral or lopsided morphology. The signal in

< = 1 mode (Fig. 3.2A) is due to the difference in length of two arms (Fig. 3.2B). The

< = 3 and 4 modes correspond to a triangular and boxy shape, respectively, which could

be produced by a stellar bar structure.

A B

Figure 3.7: Fourier analysis of the [Cii] line emission. (A) Fourier spectra of model
logarithmic spirals with m arms and pitch angles U. The black solid lines show
normalized amplitude as a function of the dimensionless parameter ? = −</tan(U).
The blue shaded region indicates the estimated noise level (14). The < = 2 mode has
the strongest peak at a pitch angle of 26.7+4.1 ◦−1.6 (dashed vertical line). (B) the [Cii]
line intensity image (de-projected version of Fig. 3.1A) overlaid with the best-fitting
two-armed logarithmic spiral (white line, same as in Fig. 3.2). An ellipse shows the
FWHM of the synthesized beam in the left bottom corner. The inner and outer dotted
lines indicate the boundaries of the region used in the Fourier analysis.

Dynamical Stability of the Disk

The dynamical stability of the disk against perturbations is quantified using the Toomre

Q parameter. For a gas disk, the parameter is given by (Toomre, 1964; Goldreich &
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Lynden-Bell, 1965)

& =
f{^

c�Σgas
(3.12)

where ^ is the epicyclic frequency, Σgas is the surface density of the gas, and f{ is

intrinsic velocity dispersion of the gas. ^ is given by√√√
2

(
{2

rot
A2 +

{rot
A

d{rot
dA

)
(3.13)

When & < 1, the disk is unstable against the perturbations because the self-gravity of the

gas overwhelms the local pressure forces due to the turbulent motion and the differential

rotation (Toomre, 1964; Goldreich & Lynden-Bell, 1965). Because the total gas mass is

traced by the [Cii] line (Zanella et al., 2018; Gullberg et al., 2018), we estimated the

surface density of the gas Σgas by using the total molecular gas mass "gas = 5 × 1010"�

(Jones et al., 2016) and the [Cii] line distribution we observed. The rotation velocity was

derived from our gas dynamical modeling. Using these parameters, we derived Toomre

Q parameter for each spatial pixel (Fig. 3.8, A and B). The error bars in Fig. S3.8B

reflect the uncertainty of the model rotation velocity at 95 % confidence interval. We

find Q is less than 1 throughout the outer part of the disk (Fig. 3.8), indicating the gas

disk is susceptible to gravitational collapse, star formation (Rizzo et al., 2020; Neeleman

et al., 2020; Tadaki et al., 2018) and spontaneous formation of spiral structure (Law et al.,

2012; Dobbs & Baba, 2014).
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BA

Figure 3.8: The Toomre parameter Q for the gas disk of BRI 1335-417. The spatial
distribution of Toomre parameter Q for the gas disk is shown in (A). The Q was derived
using rotation velocity, intrinsic velocity dispersion, and the surface density of the gas.
The radial distribution of Q is shown in (B), where each pixel in (A) is plotted in radial
distance deprojected to a disk plane. Over the outer part of the disk (at the radius of ' >
0.2"), Q is < 1, implying that the gas disk is unstable against the perturbations. The error
bars reflect the uncertainty of the 95% confidence interval of the dynamical model. This
measurement only used pixels where the [Cii] line emission is detected at SNR > 4 in at
least 4 velocity channels.

3.3.3 Major merger vs. Rotating Disk

Although dusty starburst galaxies like BRI 1335-0417 are thought to be formed mainly

through major mergers, a sample of starburst galaxies in a certain field suggests a high

duty cycle (Mitsuhashi et al., 2021), indicating a complex mechanism for starbursts that

is not yet well understood (McAlpine et al., 2019) (continuous merger, gas accretion,

violent disk instability). In order to reveal the star-forming mechanism of the galaxy

population, it is important to classify galaxies into either major mergers or ordered

rotating disks and study their demographics of mergers and disks within the population as

a function of the cosmic epoch. Conducting quantitative classification was complicated
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by the limited angular resolution and sensitivity for the high redshift galaxy sample. For

BRI 1335-0417, there are several pieces of evidence in [Cii] and dust kinematics that the

galaxy is not in the process of a major merger. (1) Intensity distribution of [Cii] and dust

show a single peak with a given spatial resolution of ∼ 1.33kpc × 1.11 kpc, which clearly

rejects an early-stage major merger with a separation larger than 1.3 kpc. (2) The [Cii]

velocity map is spatially resolved by 70 resolution elements, showing well-ordered

rotating disk signature, with the iso velocity lines radiating outward from the center, like

a "spider" diagram (van der Kruit & Allen, 1978). (3) The central rise of [Cii] gas

rotation velocity seen in the PVD indicates the centrally concentrated mass distribution

in the center. Furthermore, the continuum dust emission in this object coincides with the

center of the rotation dominated disk (see Figs. 3.1 B and C) within the beam, indicating

that the compact structure like a bulge and/or a central black hole resides in the center of

the gravitational potential, which disfavors the remaining possibility that two galaxies

orbit each other around the center of mass with almost zero separation. Since this

object has a rotating disk and a compact structure formed in its center, sufficient time

for their formation likely has passed after the significant merger event. The orbital

period at the effective radius of the disk 1.678'3 , where the rotation velocity is well

constrained, is about 120 Myr. If the disk may need about five orbital periods to be

relaxed, major merger events must have happened at a redshift of z>7. This dynamical

time scale is much longer than the gas depletion time of 10 Myr estimated based on

the SFR of 5000 "�yr-1(SED modeling; Wagg et al. 2014) and molecular gas mass

(CO(2-1) luminosity assuming solar abundances; Jones et al. 2016). This may suggest

that additional mechanisms other than major merger events (i.e., continuous gas and

satellites accretion from a large gas reservoir, violent disk instabilities) are required to

drive and sustain the estimated high SFR.
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We also quantify the symmetry of the velocity map and velocity dispersion map of

BRI 1335-0417 to conclude whether the system is a disk or merger quantitatively. For

this purpose, we made the mean velocity map and velocity dispersion map by fitting

Gaussian Hermite function (Cappellari, 2017) to the spectrum of each spatial pixel in the

[Cii] 3d cube (2d position and velocity) rather than moment maps to maximally benefit

from the high quality [Cii] data with high signal to noise ratio. We only used pixels in

which [Cii] emission is detected with 3 sigma in at least 3 velocity channels. We then

measured the asymmetry following Shapiro et al. (2008) using KINEMETRY code

(Krajnović et al., 2006). First, we measured the azimuthal profiles of the velocity and

velocity dispersion maps along concentric ellipses having an increasing semimajor axis.

Then, we expand the azimuthal profiles of the velocity map and velocity dispersion map

along the concentric ellipse with Fourier series as (Krajnović et al., 2006)

 (k) =�0 + �1 sin(k) + �1 cos(k)

+ �2 sin(2k) + �2 cos(2k) + · · ·
(3.14)

or more compact form,

 (0, k) = �0(0) +
#∑
==1

:= (0) cos {= [k − q= (A)]} (3.15)

with amplitude and phase coefficients

:= =

√
�2
= + �2

= and q= = arctan
(
�=

�=

)
. (3.16)
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We quantified the symmetric measure for velocity and velocity dispersion maps with

{asym =

〈
:avg,{

�1,{

〉
A

(3.17)

and

fasym =

〈
:avg,f

�1,{

〉
A

, (3.18)

with

:avg,{ =
(
:2,{ + :3,{ + :4,{ + :5,{

)
/4 (3.19)

and

:avg,f =
(
:1,f + :2,f + :3,f + :4,f + :5,f

)
/5, (3.20)

as defined by Shapiro et al. (2008), where subscripts number n, v and f denote for

the n-th Fourer coefficients for the velocity and velocity dispersion maps defined in

equations ,3.15 and 3.16, and the bracket denotes the average of the measurements

for all ellipses with different semi-major axis. Figure 3.9 shows our measurement of

BRI 1335-0417 ({asym = 0.086, fasym = 0.074) in {asym- fasym space with the empirical

boundary of disk and merger  asym =

(
{2
asym + f2

asym

)1/2
= 0.5 defined by Shapiro et al.

(2008) using the artificially redshifted observed data or simulated galaxies of known

merger and disk (shown with background color points with blue and red respectively).

BRI 1335-0417 clearly locate well within the region  asym =

(
{2
asym + f2

asym

)1/2
< 0.5

occupied by the disk galaxies.
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Figure 3.9: Asymmetric measures of velocity and velocity dispersion maps, {asym, fasym
for the SINS (the Spectroscopic Imaging survey in the Near-infrared with SINFONI)
galaxy samples (black dots) and probable disk-like galaxies and a merger-like galaxy
reported in the literature (Shapiro et al., 2008). We added the measurement of BRI
1335-0417 highlighted with a red star. Background colors are the probability distribution
function of the measurements for artificially redshifted observed data or simulated
galaxies of known merger (red) and disk (blue). Example velocity maps of merger-like
and disk-like galaxies from SINS galaxies are shown in the right, while the velocity and
velocity dispersion map of BRI 1335-0417 are shown on the left. The figure is adapted
from Shapiro et al. (2008).

3.4 Discussion of This Chapter

The dusty starburst galaxies like BRI 1335-0417 are considered to be the progenitors of

present-day massive elliptical galaxies, which are dominated by the old stellar population

(Zolotov et al., 2015; Toft et al., 2014). This transformation requires the contraction of

the disk by the efficient angular momentum transport through gravitational torques of

non-axisymmetric structures (Dekel & Burkert, 2014). The color composite image and
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velocity channel images of [Cii] line (see Fig. 3.1D and Fig. 3.2) show a two-armed

spiral morphology. Although the spiral galaxies have been found up to redshift I of

about 2.67 (Law et al., 2012; Yuan et al., 2017; Dawson et al., 2003) so far, in this

paper, we first identify a spiral morphology in this high-redshift galaxy (z = 4.41)

long before the peak of the cosmic star formation. We witness that the spiral structure

plays a significant role in the evolution of this galaxy: the angular momentum of

the galactic material is redistributed and transferred through the gravitational torque

generated by non-axisymmetric structure, triggering the gas inflow into the center of

the galaxy and driving nuclear starbursts (Dekel & Burkert, 2014). This object may

have a gas-dominated disk being continuously fed by the smooth gas accretion and

gas-rich merger (Dekel et al., 2009). Such disk with excessive gas undergoes violent disk

instability (Dekel & Burkert, 2014), which produces compact massive clumps and

extended transient structures, shown in the cosmological numerical simulation (Inoue

et al., 2016). Two-armed spiral morphology observed in this object could be induced in

the disk through tidal interactions (Law et al., 2012; Dobbs & Baba, 2014). By the

cosmological simulation at redshift of 6 (Kohandel et al., 2019), a spiral structure on

[Cii] rotating disk is shown to appear when the disk is relaxed after the successive

merger events. The two-armed spiral morphology is extended up to 5kpc (Fig. 3.1A),

connected to the galaxy center (Fig. 3.1D) and well associated with the rotating disk

spatially and in velocity (Fig. 3.5 and Fig. 3.1E), while tidal-tail features in a galaxy

merger are expected to be seen in much larger scale (>10kpc) (Hodge et al., 2019; Ren

et al., 2020). Thus, the observed spiral morphology is inconsistent with large-scale

tidal features. We therefore disfavor, but cannot completely rule out, a tidal-tail origin

for the observed spiral morphology. Besides the above possible formation scenario

of two-armed spiral morphology, the formation and amplification mechanism of the
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spiral structure by stellar bar may work in this object (Dobbs & Baba, 2014; Baba,

2015). The images of [Cii] line intensity and dust continuum (Fig. 3.1, A and C) show

the non-axisymmetric structure like a bar, and the spiral arms appear to begin from

the edge of this bar structure, which is similar to those seen in nearby disk galaxies

and also consistent with the grand-design spiral arms in barred galaxies as proved by

numerical simulation (Baba, 2015). In order to reveal whether the spiral arms are the

stable, transient, or dynamic structure which is repeatedly generated and destroyed, it

is important to compare the distribution and kinematics of the stars and gas with the

numerical simulation (Dobbs & Baba, 2014) resembling the typical properties of high

redshift galaxies such as high gas fraction and accretion rates.

3.5 Concluding Remarks of This Chapter

Spiral galaxies show distinct structures such as bulge, disk, and spiral arms. When

and how these structures were formed in cosmic history is a perennial question being

intensively explored in galaxy formation. Aiming to identify the galactic structures

and formation at the early universe, we analyze observations of BRI 1335-0417, an

intensely star-forming galaxy in the distant universe, at redshift 4.41. The [Cii] gas show

rotation kinematics with a steep rise of velocity in the center, two-armed spiral, and bar

morphology. We interpret these features as a central compact structure, such as a bulge,

a rotating gas disk, and spiral arms. These features had been formed within 1.4 billion

years after the Big Bang, long before the peak of cosmic star formation.

BRI 1335-0417 is a typical example of extremely star-forming galaxies at I > 4 with

an estimated star formation rate of about 5000"� yr−1. Such a high star formation

rate is commonly explained by a major merger scenario, which may show heavily
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distorted galactic kinematics. Surprisingly, the high angular resolution observation

of [Cii] kinematics using ALMA shows that BRI 1335-0417 has slightly disturbed,

rotation-dominated kinematics, which can be well described by the rotating disk model.

This suggests that the extremely high star formation rate needs to be maintained for the

period of time required for the disk to be formed after the major merger event. BRI

1335-0417 is likely to be subject to the violent disk instability driven by continuous gas

accretion along the large-scale filaments of the cosmic web (Dekel et al., 2009; Dekel

& Burkert, 2014), and/or minor mergers with the accreting satellites along with the

gas accretion (Kohandel et al., 2019). In addition to the rotating disk, BRI 1335-0417

has a two-armed spiral morphology and a central steep rise of the velocity, which

is a signature of the presence of a central compact structure. Recent high angular

resolution observation of ALMA have shown detailed galactic structures and new picture

of galaxy evolutions: early disk formation (Rizzo et al., 2020; Neeleman et al., 2020;

Tadaki et al., 2018; Lelli et al., 2021), early bulge formation (Rizzo et al., 2020; Lelli

et al., 2021) and possible disk substructure (Lelli et al., 2021) in dusty star-forming

galaxies at redshift I > 4. These galactic structures could not be recognized by low

angular resolution observations. There may be a diversity in the dynamics, structure,

and physical conditions of these dusty star-forming galaxies, which suggests their

different evolutionary stages or scenarios. We demonstrated that high angular resolution

observation of [Cii] kinematics towards a number of dusty star-forming galaxies might

reveal their structures in distribution and kinematics, and their comparison for a large

number of galaxies will shed light on the detailed driving mechanism of the most intense

star formation in the universe.
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4
Conclusion and Future Prospects

Conclusion

The main focus of this paper is to explore the formation and evolutionary processes

of galaxies through studying the dynamics and mass distribution of galactic internal

structures, each of which is suggested to drive or regulate the evolution of the galaxy. We

studied two contrasting galaxies, which allows us to investigate detailed gas and/or

stellar kinematics with currently available data: the massive early-type galaxy NGC
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1380 at redshift of 0.006 and the distant rapidly evolving galaxy with a significant star

formation rate, BRI 1335-0417 at redshift of 4.4 to reveal the formation and evolution of

galaxies. In NGC 1380, We identified the internal structures: a central black hole, a

bulge, a disk, a stellar halo, and a dark matter halo. We show a consistent picture of the

underlying stellar structure both by the non-parametric decomposition of luminosity into

the round and flat structures and by analyzing the independent stellar kinematics data

(i.e., +/f profile and fq/f'), which suggests pressure support and rotation support

structures. We measured the respective mass distributions accounting for the distinct

kinematical properties of stellar structures (round and flat structures) motivated from the

observed data. We construct the stellar dynamical model with the prior information of

the ALMA-derived mass model, which helps to constrain the bulge’s orbital anisotropy

and relax the mass and anisotropy degeneracy over the galaxy. We found that the disk of

NGC 1380 is stabilized against the bar mode instability not only by the dark matter but

also the central bulge component, which may explain its absence of significant disk

substructures like bar and spirals.

In BRI 1335-0417, we identified the rotating disk structure and central bulge structure

that had already been formed at this epoch. Our estimated dynamical mass is comparable

to the molecular gas mass estimated assuming solar metalicity, indicating that the

contribution of the dark matter is less significant at the [Cii] disk region. On the

other hand, BRI 1335-0417 shows a spiral and bar-like structure in the disk, which is

dynamically unstable in terms of Toomre Q parameters. Our dynamical modeling with

the simple assumption of disk and bulge structures results in the disk mass, which is

consistent with the estimated molecular gas mass in a previous study (Jones et al., 2017)

assuming solar metal abundance. A recent study using detailed gas dynamics in a lensed

galaxy at a similar epoch (redshift of 4.24) reports the conflict between dynamical mass
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and gas mass, suggesting the tracer luminosity to gas mass ratio may be 4 times smaller

than Galactic values (Dye et al., 2021). This result supports similar conflicts reported in

the literature (Mizukoshi et al., 2021; Calistro Rivera et al., 2018). If we assume the

estimated gas mass is correct, the mass of the DM and stars contained in the disk is

30% at maximum, which may make the gas disk of BRI 1335-0417 unstable to the

bar-mode instability. Also, the galaxy may be gas-dominated, containing 70% of mass in

the disk, which is subject to the violent disk instability to form spiral arms and bar

structure seen in this object (Dekel & Burkert, 2014; Inoue et al., 2016). The estimated

gas depletion time scale is shorter than the dynamical time scale required to form a

relaxed disk after a significant major merger event. This difference of the timescale may

suggests the additional mechanism other than major merger (i.e., continuous gas and

satellites accretion from a large gas reservoir, violent disk instabilities) is responsible for

driving and sustaining the high SFR. To conclude, although we studied only two galaxies

contrasting their physical properties, we show that the dynamical instability in terms of

the fraction of spherical structures (bulge and dark matter halo) may explain the observed

slow/rapid galaxy evolution (star formation) and absence/presence of a significant bar

and spiral structures in both NGC 1380 and BRI 1335-0417.

Future prospects

There are prospects for the remaining works in this thesis as listed below.

For the study of the nearby early-type galaxy NGC 1380 presented in Chapter 2;

• Our estimation of the stellar M/L is purely dynamical. The uncertainty of stellar

M/L is large at large radii, which requires us to assume the simple profile of M/L;

linearly decreasing at the center and constant beyond some radius. This simple
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assumption is motivated by the result of the spectrum modeling in early-type

galaxies (van Dokkum et al., 2017). The mass profile of stars should not change

significantly even with the large uncertainty in stellar M/L because the stellar

surface brightness decreases rapidly from the center. However, if the degree

of freedom in the stellar M/L parameters (i.e., "/!0, "/!5arcsec, Abreak) can be

reduced by the knowledge of the stellar population and stellar spectrum, it may

be possible to use a more general profile for dark matter than the NFW (i.e.,

generalized NFW profile (Zhao, 1996)) and constrain the inner slope of the dark

matter profile, which require higher accuracy to do so than just to measure the

enclosed mass profile.

• In our non-parametric decomposition between the round bulge-like structure and

the flat disk, we have not estimated the statistical uncertainty of the decomposition.

As the spatial resolution of the telescope increases in the future and the quality of

observational data improves, we expect the data to reveal more complex structures

that cannot be described by the parametric disk and bulge. In such a case, it is

advantageous to use the non-parametric structure decomposition demonstrated in

this thesis. There is room to improve the code so that it can efficiently estimate the

statistical uncertainty of the non-parametric decomposition.

For the study of high-redshift galaxies presented in Chapter 3.

• The star formation rate of BRI 1335-0417 was estimated to be 5000 "� yr-1 by

SED modeling, which is extraordinarily high compared to galaxies at similar

epoch (e.g., z>6; quasar host galaxies Decarli et al. 2018; sub-millimeter galaxies

Dudzevičiūtė et al. 2020). This estimated SFR also makes BRI 1335-0417 a

significant outlier in the Kennicutt -Schmidt diagram (Figure 10 in Jones et al.
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2016). Its star formation rate is estimated from the SED modeling by Wagg et al.

(2014) in which they assumed that the QSO contribution is negligible. Thus, the

estimated star formation rate can be overestimated and should be considered as an

upper limit. In diagnostics probing physical condition of ISM (which does not

require the model assumption about the AGN contribution) such as ! [Cii]/!FIR

- !CO(2−1)/!FIR, BRI 1335-0417 seems to be not an outlier (De Breuck et al.,

2011). Also, in ! [Cii]/!FIR - !FIR diagram, BRI 1335-0417 resides in the region

occupied by luminous quasar-host galaxies (Ferkinhoff et al., 2013; Izumi et al.,

2019). Our data provides us with the dust continuum map, showing the compact

structure and extended disk, but [Cii] shows an exponential profile like a disk. If

we obtain additional data in the future at other wavelengths with comparable

resolution, we may be able to remove the QSO contamination and derive the

accurate star formation rate by the spatially resolved SED modeling and [Cii]

luminosity distribution.

• BRI 1335-0417 is a quasar-host galaxy (Shields et al., 2006) showing a bar-like

structure in the center. Bar structures are suggested to play an essential role in

feeding the gas to the quasar (Hopkins & Quataert, 2010). We would like to

perform a quantitative analysis of this bar structure and possible non-circular

motions due to the structure in BRI 1335-0417 in order to understand the dynamical

role of the bar structure in distant quasars.

• From the exponential nature and rotation kinematics of [Cii] emissions, we

concluded that the [Cii] emission of BRI 1335-0417 is emitted from the rotating

disk structure. The current data does not require an additional [Cii] component

to explain the observed [Cii] intensity distribution. Recently, Fujimoto et al.
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(2020) shows that some of the isolated star-forming galaxies (30% in their sample)

have extended [Cii] emission out to 10 kpc scales beyond the size of rest-frame

UV and FIR continuum. Our measurement shows the size of [Cii] (3.07 ± 0.07

kpc) is more extended than the dust continuum (1.40 ± 0.02 kpc; see Table ),

which is consistent with the trend, the [Cii] emission may be more extended than

FIR emission suggested by stacking analysis of galaxies at a redshift of 5 to 7

(Fujimoto et al., 2019). The current data was taken in relatively short integration

time (1h) and higher resolution (∼ 1 kpc) relying on the extremely luminous

emission from BRI 1335-0417, therefore the data is not sensitive to the faint and

extended structures compared to Fujimoto et al. (2020). Future observation with

a more compact array configuration or longer integration time may reveal the

extended [Cii] emission in this source and allow us to constrain the extended mass

distribution from the possible rotation dynamics.

• The gas mass fraction of 70 percent may be consistent with the gas mass fraction of

50 to 80 percent in galaxies at redshift I = 2 with a stellar mass of 2× 1010"� (see

figure 9 in Tacconi et al. 2020). There have been no observations that can map out

the stellar distribution of this galaxy. We think high-resolution JWST observation

can measure the mass distribution of stars and provide us a stellar-mass content

and the remaining dark mass allowed in the galaxy.
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A
Appendix

A.1 Correlated noise modeling

Recent developments in radio interferometry have made it possible to spatially resolve the

brightness distribution of astronomical objects. The imaging is generally done by setting

about 3-5 pixels for the FWHM of the main lobe of the synthesized beam (i.e., point

spread function). In addition, the synthesized beam has a complex sidelobe structure that
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is determined by the sampled spatial frequencies of observation1. Therefore, the noise

and signal in neighboring pixels correlate each other. The sidelobe structure can be

removed only for signal which have high signal to noise ratio (S/N) by the general

imaging method of interferometer such as clean). For this reason, the noise correlation

property differ from observation to observation, and correlated noise makes it difficult

to evaluate the statistical significance of detections and findings in radio astronomy

data. As far as we know there are no papers that discussed the significance of detection

(uncertainty of integrated flux or spectrum) or image analysis considering the detailed

noise correlation properties (e.g., see also Refregier et al. 2012 for discussing the noise

correlation of VLA data and its effect on weak lensing analysis.)

The noise in one channel (image at a certain velocity) can be estimated by measuring

the variance of pixel values in the emission-free region. In a spatially resolved image,

one should be careful to estimate the statistical error (due to fluctuations in pixel values

and correlated noise) associated with the spectrum or flux integrated over a region

of the celestial sphere. In the case of uncorrelated noise, the statistical error can be

simply (rms noise)×
√
#pix, where Npix is the number of pixels of the integrating region

(increasing propotion to #pix). If the signal is uniformly present in each pixel, the S/N

increase as
√
#pix with #pix in the case that noise is not correlated. However, the S/N

will not at all increase with #pix for perfectly correlated noise. When adding up the flux

distributed over many pixels in images, the correlation of noise in each pixel must be

considered appropriately. Therefore, understanding the characteristics of correlated

noise will become increasingly important in the future for interpreting the images of

high-resolution radio interferometry and for the intensity mapping study of HI gases

1, The sampled spatial frequencies depend on the antenna configuration, the sky position of the source,
and the observation time.
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distributed in large-scale structures, probed by SKA or single-dish telescopes. Monte

Carlo simulation is often used to to evaluate the significance of analysis performed

on images, repeatedly adding random noise to the original image and performing the

analysis. Using uncorrelated noises instead of correlated noise also leads to incorrect

estimation of the noise effect.

In this appendix, we show that the correlation property of the noise in the ALMA

data is similar to that of the synthesized beam pattern of the interferometer, and that the

noise can be regarded as the uncorrelated noise convolved by the synthesized beam of the

interferometer. In addition, to evaluate the statistical significance of the results obtained

by image analysis, we summarize the method to generate randomly correlated noise

by modelling spatially correlated noise in ALMA data and general images taken by

interferometer. As a remaining future work, we would introduce and test the method

to derive the statistical uncertainty associated with the spectra or fluxes obtained by

spatially integrating the region of sky in images obtained by the interferometer, taking

into account the noise correlation.

The discussion in this appendix can be exactly applicable to and is equally important

for the image obtained by the single dish telescope (i.e. on-the-fly mapping observation),

because of the large telescope beam and its non-negligible sidelobe structures. In

addition, the pointing of the telescope is wobbly due to the wind, which causes the effect

of further smoothing the observed brightness distribution and leads to noise correlation.

A.1.1 Noise characterization

First, we consider the intensity � (x) of a 2D image, where x denote the pixel positions.

The intensity � (x) can be divided into the intensity from the detected sources ((x) and
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the noise # (x),

� (x) = ((x) + # (x). (A.1)

The noise # (x) includes the Cosmic Microwave Background (CMB), the thermal noise

associated with the instrument, and all emission from the undetected sources.

# (x) is assumed to have mean and variance for each pixel;

〈# (x)〉 ≡ ` and

〈# (x)2〉 ≡ f2
# .

(A.2)

The brackets denote the expected value for each pixel, however, which is practically

estimated by averaging over the line-free pixels, based on the assumption of the noise

properties do not change over the pixel region. When the noise is Gaussian, the statistical

and correlation properties of the noise is fully quantified by the noise auto correlation

function (ACF),

b (x8, 9 ) ≡ 〈(# (x + x8, 9 ) − `) (# (x) − `)〉 = 〈# (x + x8, 9 )# (x)〉 − `2, (A.3)

where the expected value is estimated by averaging for the pixel pairs with the relative

distance x8, 9 = (8, 9). For simplicity of later analysis, we assume ` = 0 since the the

mean of the noise is much smaller than the standard deviation ` � f# . When ` = 0,

noise auto correlation at zero lag equal to the variance of the noise, b (0) = f2
#
. In the

case that the noise is not Gaussian, correlation functions about the higher order term may

be required. The noise seems to be approximated well by the Gaussian with mean ` ∼ 0

as shown in Figure A.1.

Once the noise ACF is measured, the correlated Gaussian noise at 8, 9 pixel positions
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x8, 9 in " ×" images can be randomly generated by the joint probability distribution, the

probability that # ({x8, 9 ) takes the value in the small intervals (#8, 9 + d#8, 9 ) given by.

d? =
d#1,1 · · · d#8, 9 · · · d#","

(2c)"2/2 |C|1/2
exp

(
−1

2
Σ"0,1,2,3=1#0,1C

−1
0−2,1−3#2,3

)
, (A.4)

where C−1 is the inverse of the matrix C defined by

�8, 9 = b (x8, 9 ) (A.5)

Figure A.1: The illustrative histogram of noise values over emission free regions (Band 7
image of FIR continuum for BRI1335-0417). An arbitrary scaling was set so that the
area under the histogram sum to 1.
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The noise ACF b (x) was measured according to Refregier et al. (2012) by masking

the signal from the source and b (x) calculating the average of equation A.3 for pairs of

pixels separated by vector x. Figure A.2 show the example noise map from ALMA Band

7 image of FIR continuum for BRI 1335-0417 (see Figure A.1 for the histogram of this

noise map). The noise map was made by (1) using image region where the primaly beam

attenuation >70% and (2) excluding emission region, where the intensity exceeding 4f

and the surrounding pixels within 3 FWHM beam widths. Figure A.3 shows the noise

ACF b (x) computed from the noise map.

Figure A.2: The noise map from ALMA Band 7 image of FIR continuum for BRI
1335-0417. We excluded the region where the primary beam attenuation greater than
30%. Also to exclude the signal, we removed pixels whose intensity exceed 4f and the
surrounding pixels within 3 beam widths.
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Figure A.3: The noise auto correlation function computed from the noise map in Figure
A.2, which is normalized with b (0) = f2

#
= 1.07 × 10−9 Jy beam−1

A.1.2 Origin of Noise Correlation

A noise from the sky (CMB, background undetected sources, atmospheric emission) is

convolved by the synthesized beam in the interferometric observation or by the beam

pattern in the single dish observation (Condon, 1997). Noise in the image is sum of the

correlated component and the uncorrelated component (the noise associated with the

receiver). For simplicity, we ignore the uncorrelated component and considered the total

noise in the image is the result of convolution as (Refregier et al., 2012)
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# (x) = � ∗ #̂ =
∑
8, 9

�(x8, 9 )#̂ (x + x8, 9 ) (A.6)

where � is the synthesized beam pattern normalized as
∑
8, 9 �(x8, 9 ) = 1 and #̂ is

intrinsic uncorrelated noise from the sky to be convolved by the synthesized beam.

Then the noise auto correlation is (Refregier et al., 2012),

b (x8, 9 ) = 〈# (x + x8, 9 )# (x)〉

= 〈
∑
8′, 9 ′

�(x8′, 9 ′)#̂ (x + x8, 9 + x8′, 9 ′)
∑
8′′, 9 ′′

�(x8′′, 9 ′′ #̂ (x + x8′′, 9 ′′)〉

=
∑
8′, 9 ′

∑
8′′, 9 ′′

�(x8′, 9 ′)�(x8′′, 9 ′′)〈#̂ (x + x8, 9 + x8′, 9 ′)#̂ (x + x8′′, 9 ′′)〉

= f2
#U(x),

(A.7)

, with beam auto correlation U(x8, 9 )

U(x8, 9 ) =
∑
8′, 9 ′

�(x8′, 9 ′)�(x8, 9 + x8′, 9 ′) (A.8)

where, for the fourth equality in equation A.7, we used noise ACF property of an

uncorrelated noise #̂ ,

b (x8, 9 ) = 〈#̂ (x + x8, 9 )#̂ (x)〉 =

f2
#
(x8, 9 = 0)

0 (x8, 9 ≠ 0)
(A.9)

ACF of correlated noise is related to that of the beam ACF. As mentioned in Refregier

et al. (2012), the noise correlation pattern seen in ACF is similar to the synthesized beam

(i.e., point spread function) shown in A.4, suggesting that the noise in the ALMA image

is dominated by the correlated component due to the convolution of the synthesized
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beam.

Figure A.4: The point spread function of the observation normalized so that the peak
value is 1. Note that the similar pattern can be seen in the noise ACF b (x).

A.1.3 Generation of correlated noise from ACF

We have discussed the noise correlation properties which can be fully characterized by

the noise ACF. One of the purposes of this appendix is to simulate a correlated noise

map which can be used for image analysis, such as Monte Carlo simulation to evaluate

the statistical significance and uncertainty in the detection, shape measurement of the

source, and etc.
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Figure A.5 shows comparison of the noise of the observed data, the noise randomly

generated from the measured noise ACF using the joint Gaussian probability distribution

(equation A.4; we used the rvs function in the scipy package), and the spatially

uncorrelated Gaussian noise, all of which have the same standard deviation. The

observed noise and the randomly generated noise using noise ACF are qualitatively

similar, which means that noise ACF allows us to capture the correlation properties of

noise well. On the other hand, the spatially correlated noise and the spatially uncorrelated

noise look completely different, illustrating how dangerous it is to assume naively

uncorrelated noise in the image analysis.

To simulate correlated noise from the noise ACF using the joint Gaussian probability

distribution is computationally expensive but advantageous that can generate a correlated

noise map with proper normalization. For the later analysis, we introduce an efficient

way to simulate the correlated noise demonstrated by Britten et al. (2004) for evaluation

of X-ray CT scan images of brain. We generated a white Gaussian noise (with arbitral

standard deviation) and convolved it with the measured noise ACF to produce the

correct noise correlation (i.e., the correct noise power spectrum). We then empirically

determined the standard deviation that the white Gaussian noise should have to produce

the desired standard deviation of the correlated noise we want to obtain (i.e., the desired

normalization of the noise power spectrum).
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Figure A.5: Noise map in observed data (top), Randomly generated noise map from the
measured noise ACF (middle), and uncorrelated noise map (bottom). All of which have
the same standard deviation f# .
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