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Abstract

The density wave theory for quasi-stationary spiral structures in galaxies has been widely accepted

because it seemingly explains why spiral structures are sustained over a billion years. This theory

predicts a systematic gradient of stellar age across spiral arms. On the other hand, recent theoret-

ical studies suggest that spiral arms are not stationary, but short-lived and recurrently formed. In

this case, the systematic gradient of stellar age is not observed. In fact, there have been a growing

number of observational studies that gave evidence against the density wave theory. Therefore,

the comprehensive understanding is needed.

In Part I, we investigated the difference of spatial offsets between gas arms and star forming

regions in 12 nearby spiral galaxies with two prominent spiral arms. This method has been applied

to a number of galaxies in previous studies, but it depends on the tracers of gas and galaxies

whether the offsets predicted by the density wave theory are observed. We traced star forming

regions with Hα images and dust lanes as a sign of molecular gas arms with I−H or I−K color

images whose resolution is higher than that of radio data used by previous studies. We found

that bar structures is related to the offsets. Five of 12 galaxies, which have the bar radii larger

than 3 kpc, showed almost no offsets. Our results suggested that the reason for no offsets may be

explained by the effects of corotation resonance and elliptical orbits nearly parallel to the spiral

arms. Therefore, we need other methods to trace older star formation histories than Hα emission

(i.e., 10 Myr) in order to verify the density wave theory in such galaxies.

In Part II, we verified the density wave theory in NGC 4321, which is one of the galaxies without

clear offsets between dust lanes and star forming regions in Part I. In addition, previous studies

have found no differences not only in the distribution of molecular gas and HII regions, but also in

the distribution of HII regions and UV star-forming sources with the ages over 100 Myr. However,

the angular resolution used in previous works might not be high enough to reject the density wave

considering that the spiral arms are located near the corotation resonance. Therefore, we used the

HST high resolution imaging data to investigate the difference between the distributions of young

and old stellar clusters. We detected resolved stellar clusters with the WFC3/UVIS F555W image
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and separated the clusters into the following three samples with the WFPC2 F675W and F658N

images; young (Age ≲ 6 Myr), middle (6 Myr ≲ Age ≲ 10 Myr) and old (Age ≳ 10 Myr). We

investigated the azimuthal distributions of three cluster samples around the southern spiral arm.

We succeeded in discovering an observational evidence to support the density wave, i.e., the old

cluster sample is distributed downstream of the young cluster sample.

There is a possibility that the conventional method with molecular gas and Hα emission could

not detect the predicted offsets in spiral galaxies with relatively large bar structures because the

arms are located near the corotation resonance. The new method with resolved old stellar clusters

(Age ≳ 10 Myr) is essential to discover the evidence for the density wave in such galaxies.
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Chapter 1

Introduction

Galaxy, which is a gravitationally bound system of stars, gas, dust, and other forms of matter, is

a fundamental unit of the Universe. It is estimated that the observable Universe includes more

than 100 billion galaxies (Gott et al. 2005). According to the Galaxy Zoo project, more than

half of massive galaxies at low redshift have spiral structures (Lintott et al. 2011, Willett et al.

2013). Generally, star formation occurs mainly in spiral galaxies, in particular along spiral arms.

Therefore, the origin of spiral structures is important not only for understanding star and galaxy

formation, but also for understanding the Universe itself.

1.1 Classification of Spiral Galaxies
Hubble (1926) divided galaxies into three major types: elliptical, spiral, and irregular. In the

de Vaucouleurs (1959) classification which is an elaboration and extension of the Hubble (1926)

scheme, galaxies are classified into different types according to barrishness (E, S0, S, SA, SB, I),

openness of arms/disk-bulge ratio (a, b, c, d, m), and rings or s shapes (r, s). There are four main

classes: E for elliptical galaxies, S0 for lenticular galaxies, S for spiral galaxies, and I for irregular

galaxies. In spiral galaxies, SB galaxies are barred spirals, SA galaxies are unbarred spirals, and

SAB galaxies have intermediate bar strength or mixed barrred and unbarred characteristics. The

classification from Sa to Sd is based on several criteria: (1) disk-bulge ratio (decreasing in the size

and luminosity of the bulge from Sa to Sd galaxies), (2) pitch angle of spiral arms (spiral arms

tighter in Sa galaxies), (3) nature of spiral arms (HII regions and young bright stars/clusters are

more easily recognized in Sd galaxies), and (4) gas content (increasing from Sa to Sd galaxies).

The (r) galaxy has an inner ring, and the (s) galaxy is the pure spiral type, where the arms begin

from a central bulge or ends of a bar.

Elmegreen & Elmegreen (1987) classified spiral galaxies into 12 Arm Classes (AC) according
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to the morphology of spiral arms. The 12 AC are divided into the three main types: flocculent

spirals for AC 1−3, multiple-arm spirals for AC 4−9, and grand design spirals for AC 10−12 (e.g.,

Elmegreen et al. 2011). The grand design spirals have two long symmetric arms dominating the

optical disk. The flocculent spirals have fragmented arms and lack both the strength and continuity

of grand design spirals. The multiple-arm spirals have characteristics of both grand design and

flocculent spirals.

1.2 Origin of Spiral Structures
Beautiful and fascinating structures of spiral galaxies have a mystery called ”Winding

Dilemma” (e.g., Wilczynski 1896). We know now that a material rotating in the inner side of

a galaxy has a faster angular speed than that in the outer side from observational results of the

flat rotation curve. However, if spiral arms were rotating with the same speed as materials, they

would be wound up quickly. Therefore, we cannot explain why the spiral structure is sustained

over a billion years. In order to solve the issue, there are mainly two contrary hypotheses.

1.2.1 Quasi-Stationary Spiral Structures
The density wave theory (Lin & Shu 1964) describes the spiral structures as quasi-stationary

density waves. In this theory, the spiral structure is considered to be a periodic compression and

rarefaction of the surface density that propagates through the disk in the same way that waves

propagate on the water surface. Lin & Shu (1964) derived the dispersion relation of the den-

sity waves for a rotating disk and hypothesized that spiral structures rigidly rotate and remain

unchanged over many orbital periods.

Stars in a rotating disk have two frequencies of orbital motion: the angular frequency of cir-

cular rotation Ω and the radial epicyclic frequency κ. There exist important resonances: ΩP = Ω

(corotation resonance), m(ΩP − Ω) = κ (ILR; Inner Lindblad Resonance), and m(ΩP − Ω) = −κ
(OLR; Outer Lindblad Resonance), where ΩP is the pattern frequency of the gravitational poten-

tial and m is the number of the arms. These resonances occur at specific radii in the differentially

rotating disk. The location and the existence of these radii, called the corotation and Lindblad

radii, depend on the rotation speed and the pattern speed. At the corotation radius, the star and

the gravitational potential rotate with the same speed. At the Lindblad radii, the stellar epicyclic

frequency is equal to the frequency at which the star encounters the gravitational potential minima

(i.e., density maxima). The density wave only exists between the ILR and OLR because of the

resonance with stellar epicyclic motion.
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Figure 1.1: The positions of dust lanes and ionized gas in a spiral disk (left panel), and the rotational velocity
of gas and the pattern speed of spiral potential (right panel) predicted by the density wave theory. The density
wave theory predicts systematic radial dependence of offsets between dust lanes and star forming regions,
as a result of star formation due to the interaction between spiral potential with rigid rotation and gas with
differential rotation.

This theory predicts large-scale galactic shock waves along spiral arms (Fujimoto 1968, Roberts

1969). As illustrated in Figure 1.1, gas with differential rotation passes through the spiral potential

minima with rigid rotation inside the corotation radius. The gas with a subsonic velocity is accel-

erated toward the spiral potential minimum and enters the potential minimum with a supersonic

velocity. The supersonic flow of the gas makes a galactic shock and is decelerated. Then, the gas

is strongly compressed, and star formation is induced by the gravitational collapse. When the gas

leaves the shock region, it is quickly decompressed, and star formation ceases. In this situation,

the observable picture of spiral structure should be arranged in the following way. A dust lane (or

gas arm) represents the location of the galactic shock. HII regions, OB associations and relatively

young stars are displaced from the dust lane according to their ages.

Although the density wave theory by Lin & Shu (1964) seems to explain quasi-stationary spiral

structure, there are some problems. For example, this theory cannot be applied to loosely wound

spiral arms strictly due to the tight-winding approximation. In addition, the density waves radially

propagate with the group velocity in a few galactic rotations and eventually disappear due to

absorption at the Lindblad resonances (Lynden-Bell & Kalnajs 1972). To solve the problems, a

modal approach to various morphologies of spiral galaxies has been developed (e.g., Bertin et

al.1989 a,b). However, it is still unclear that quasi-stationary spiral structure really exists, since

the modal theory requires some assumptions.
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Figure 1.2: The positions of dust lanes and ionized gas in a spiral disk (left panel), and the rotational
velocity of gas and spiral potential (right panel) predicted by the recent theoretical studies of spiral structures
by time-dependent multi-dimensional numerical simulations. In this case, systematic radial dependence of
offsets between dust lanes and star forming regions is not observed.

1.2.2 Non-Stationary Spiral Structures
Almost all the recent theoretical studies of spiral structures by time-dependent multi-

dimensional numerical simulations have been unable to prove the existence of the stationary

spiral structures. These studies support that spiral structures are not stationary, but more

dynamical structures, i.e., they are short-lived and recurrently formed (e.g., Fujii et al. 2011,

Wada et al. 2011, Grand et al. 2012a, b, Baba et al. 2013, D’Onghia et al. 2013). Sellwood

& Carlberg (1984), using pioneering two-dimensional N-body simulations of the stellar disks

with the number of particles (N = 2 × 104), showed that spiral structures fade after less than 10

galactic rotations because the stellar disks kinematically heat up with time and become too stable

against the development of nonaxisymmetric structure. On the other hand, Fujii et al. (2011),

using three-dimensional N-body simulations with a sufficiently high number of particles (e.g.,

N = 3 × 106), showed that spiral structures can survive for more than 10 Gyr although they are

short-lived and recurrently formed.

In these studies, both gas and spiral potential differentially rotate at any radii as illustrated in

Figure 1.2. Therefore, in contrast to the galactic shock mentioned in the above section, gas is

always subsonic relative to the spiral potential. In this situation, gas falls into the spiral potential

minimum from both sides, and forms condensations lead to the star formation (see Figure 8 in

Wada et al. 2011). As a result, systematic radial dependence of offsets between dust lanes (or gas

arms) and star forming regions, which is predicted by the density wave theory, is not observed.
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1.3 Observational Studies
There have been a number of observational studies to test whether galaxies have quasi-

stationary or non-stationary spiral structures. However, it is difficult to obtain a comprehensive

understanding from these studies because different results have been reported depending on

methods and galaxies. Here, we introduce some representative methods.

1.3.1 Angular Offsets between Gas Arms and Star Forming Regions
The density wave theory for quasi-stationary spiral structures predicts systematic radial depen-

dence of offsets between dust lanes (gas arms) and star forming regions. Early observational

studies have showed existence of the angular offsets in some nearby spiral galaxies (e.g., Math-

ewson et al. 1972, Rots 1975, Vogel et al. 1988). On the other hand, recent studies with a number

of spiral galaxies have reported that not all galaxies show the systematic radial dependence of

the offsets (e.g., Egusa et al. 2009, Tamburro et al. 2008, Foyle et al. 2011, Martı́nez-Garcı́a &

Puerari 2014). Most of the observational studies have detected the angular offsets between atomic

hydrogen (HI) or molecular (CO) gas and Hα or 24 µm emission. Egusa et al. (2009), using CO

and Hα, found the systematic radial dependence of the offsets in 5 out of 13 spiral galaxies. On

the other hand, Foyle et al. (2011) reported that none of 12 spiral galaxies have the systematic

angular offsets between HI and 24 µm emission.

1.3.2 Age Distribution of Stellar Clusters
Stellar age gradients across spiral arms are also predicted by the density wave theory. In this

case, old stellar clusters are located on the more downstream side than young ones. Since Hα

emission serves as a tracer of stellar clusters not older than 10 Myr (Leitherer et al. 1999), methods

to trace older stellar populations are more effective for the test of the density wave theory than the

above method.

• Azimuthal color gradients
There have been a number of studies with multi-band imaging to investigate color gradients

resulting from stellar age gradients across spiral arms. (e.g., Beckman & Cepa 1990, González

& Graham 1996, Martı́nez-Garcı́a et al. 2009, Martı́nez-Garcı́a & González-Lópezlira 2013).

Martı́nez-Garcı́a & González-Lópezlira (2013), using optical and near-infrared surface photome-

try, found that 7 out of 13 spiral galaxies show evidence of color gradients predicted by the density

wave theory.
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• Stellar cluster complexes
Several studies have examined age distribution of young stellar cluster complexes (e.g., Grosbøl

& Dottori 2009, Sánchez-Gil et al. 2011, Ferreras et al. 2012, Cedrés et al. 2013). Sánchez-Gil

et al. (2011) mentioned that grand design spiral galaxies such as NGC 628, NGC 4321 and NGC

5194 show age gradients in star forming regions younger than 10 Myr. On the other hand, Ferreras

et al. (2012) found no offsets between HII regions and UV star-forming sources with the ages over

100 Myr in NGC 4321.

• Resolved stellar populations
There have been some studies to detect individual stars or clusters and measure their ages with

the Hubble Space Telescope (HST) high resolution imaging data. For example, Scheepmaker et

al. (2009) investigated age distribution of stellar clusters in NGC 5194, which is located at 8.4

Mpc. Kim et al. (2012) investigated age distribution of stars in NGC 5236, which is located at

4.6 Mpc. Both of them showed the results in general agreement with the density wave theory, i.e.,

older stellar populations are distributed downstream of spiral arms in comparison with younger

ones. On the other hand, Choi et al. (2015) investigated spatially resolved star formation histories

(SFHs) in NGC 3031, which is located at 3.8 Mpc. The resulting SFHs showed no systematic age

gradient across the spiral arm. Although this method enables us to test the density wave theory

with high accuracy, objects are restricted to face-on spiral galaxies closer than ∼ 20 Mpc. There

are only a few studies which have examined stellar age distribution around spiral arms so far.

1.3.3 Radial Dependence of Pattern Speed
In addition to the above studies with morphological features, the density wave theory has been

tested kinematically. It is predicted that quasi-stationary spiral structures have a constant pattern

speed, in contrast to a radially decreasing pattern speed for non-stationary spiral structures. The

Tremaine-Weinberg method (Tremaine & Weinberg 1984) has been used to measure the pattern

speed with the continuity equation which relates the pattern speed to the velocity and surface

density. In recent studies, by extending the method to allow for the measurement of a radial

dependent pattern speed, the evidence for radial variation in the pattern speed has been reported

(e.g., Merrifield et al. 2006, Meidt et al. 2008, 2009, Speights & Westpfahl 2011, 2012). These

studies found radially decreasing pattern speeds, which seems to be consistent with non-stationary

spiral structures, in some spiral galaxies (e.g., NGC 1068, NGC 1365, NGC 3031, NGC 5194,

NGC 5457). However, it is not clear whether the pattern speed varies continuously or consists of

multiple radial areas, each with a constant pattern speed.
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1.4 Objectives and Approaches
The density wave theory for quasi-stationary spiral structures has been widely accepted because

it seemingly explains why spiral structures are sustained over a billion years. The theory predicts

stellar age gradients across spiral arms, as a result of star formation due to the interaction between

spiral potential with rigid rotation and gas with differential rotation. On the other hand, recent the-

oretical studies of spiral structures by numerical simulations support that spiral structures are not

stationary, but short-lived and recurrently formed. In this case, the systematic gradient of stellar

age across spiral arms is not observed. In fact, there have been a growing number of observational

studies which gave evidence against the density wave theory. Surprisingly, such studies suggest

that even grand design spiral galaxies may have non-stationary spiral structures. However, in the

observational studies, which have investigated the morphological features predicted by the den-

sity wave theory, the results are different depending on methods and galaxies. Therefore, in this

thesis, we will verify the density wave theory with the following two approaches in order to obtain

comprehensive understanding about the results in such studies.

There are two representative works against the density wave theory, Foyle et al. (2011) and

Ferreras et al. (2012). Foyle et al. (2011) investigated angular offsets between gas traced by HI

and star forming regions traced by 24 µm emission, and found the systematic angular offsets in

none of 12 spiral galaxies. This method has been applied to a number of galaxies in previous

studies, but the results may depend on the tracers of gas and star forming regions. In fact, Louie

et al. (2013) suggested that both HI and 24 µm emission are not ideal for tracers to measure the

offsets. On the other hand, Egusa et al. (2009), using CO and Hα, found the systematic radial

dependence of the offsets in 5 out of 13 spiral galaxies. In addition, they also found no offsets in 2

galaxies. Therefore, in Part I of this thesis, we will examine the difference of offsets between CO

and Hα among various galaxies.

Ferreras et al. (2012) investigated stellar age gradients across spiral arms using stellar popula-

tions with the ages over 100 Myr in NGC 4321. This galaxy has been also investigated offsets

between molecular gas and star forming regions in Egusa et al. (2009). Ferreras et al. (2012)

and Egusa et al. (2009) found no evidence for the density wave theory in the spiral arms, i.e., no

offset from molecular gas to stellar populations with the ages over 100 Myr. This result seems to

strongly support non-stationary spiral structures, considering that NGC 4321 is one of the most

famous grand design spiral galaxies. However, since Ferreras et al. (2012) used unresolved stel-

lar cluster complexes, it is worth investigating the age distribution of resolved stellar clusters.

Therefore, in Part II of this thesis, we will verify the density wave theory in NGC 4321 with high

resolution imaging data.
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1.5 Structure of This Thesis
This thesis consists of two parts. In Part I (Chapter 2 − 8), we investigate the difference of

offsets between molecular gas arms and star forming regions in 12 nearby spiral galaxies. We

trace dust lanes as a sign of molecular gas arms. This enables us to use optical and near-infrared

imaging data with higher angular resolution than radio data.

In Part II (Chapter 9 − 15), we verify the density wave theory in NGC 4321 with high resolution

imaging data. The southern spiral arm has been observed using the HST with the multiband filters

including Hα. We detect resolved stellar clusters and investigate the azimuthal distributions of the

young and old stellar clusters against the dust lane. Finally, we give conclusions in Chapter 16.
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Part I

The Offsets between Dust Lanes and
Star Forming Regions
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Chapter 2

Introduction of Part I

2.1 Review of Previous Studies
The density wave theory for quasi-stationary spiral structures predicts systematic radial depen-

dence of offsets between dust lanes (gas arms) and star forming regions. Early observational

studies have showed existence of the angular offsets in some nearby spiral galaxies (e.g., NGC

224 − Loinard et al. 1996; NGC 3031 − Rots 1975; NGC 4254 − Egusa et al. 2004; NGC 4321

− Rand 1995; NGC 5194 −Mathewson et al. 1972, Vogel et al. 1988, Garcı́a-Burillo et al. 1993,

Rand & Kulkarni 1990). Here, we review recent studies with offsets between gas arms and star

forming regions.

2.1.1 Offset Method
Egusa et al. (2004) estimated a timescale for star formation (tSF) and a pattern speed of the spiral

density wave (ΩP) from radial dependence of angular offsets between molecular clouds traced by

CO(J=1-0) and star forming regions traced by Hα emission in NGC 4254. They referred to this

method as ”Offset method”. We show the schematic diagram in Figure 2.1. When we define the

angular offset between molecular clouds and star forming regions as θ, it is written with

θ = (Ωgas −ΩP) × tSF

where Ωgas is the angular velocity of gas. In this equation, θ is described as a linear function of

Ωgas assuming that tSF and ΩP are constant over a certain radial region. Therefore, by plotting θ

against Ωgas and fitting a line, we can determine both ΩP and tSF at the same time.

The offset method has been applied to a number of nearby spiral galaxies. However, it depends

on galaxies or tracers of gas and star forming regions whether the systematic offsets predicted by

the density wave theory are observed. Egusa et al. (2009, hereafter E09) used CO(J=1-0) and
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Figure 2.1: A schematic diagram of ”Offset method” which was proposed by Egusa et al. (2004, 2009).
When we define the angular offset between molecular clouds and HII regions as θ, it is described as a linear
function of the angular velocity of gas Ωgas assuming that the timescale for star formation (tSF) and the
angular velocity of spiral pattern (ΩP) are constant in a certain radial region.

Hα imaging data of 13 nearby spiral galaxies to determine tSF and ΩP. They found systematic

offsets in accordance with the density wave theory in 5 galaxies (NGC 628, NGC 4254, NGC

4303, NGC 5194, and NGC 5457), but found no offsets in 2 galaxies (NGC 4321 and NGC

5248), and ambiguous offsets (i.e., non-systematic offsets) in 5 galaxies (NGC 3184, NGC 3938,

NGC 4736, NGC 6181, and NGC 6946). The work by E09 depended on by-eye estimation to

select the peaks of emission lines. On the other hand, Tamburro et al. (2008, hereafter T08)

developed an algorithmic technique. They have succeeded in measuring both ΩP and tSF from

angular offsets between HI and 24 µm emission in 14 nearby spiral galaxies (NGC 628, NGC

925, NGC 2403, NGC 2841, NGC 3031, NGC 3184, NGC 3351, NGC 3521, NGC 3621, NGC

3627, NGC 5055, NGC 5194, NGC 6946, and NGC 7793). However, there is a great discrepancy

between their results of tSF, T08 (1 ≤ tSF ≤ 4 Myr) and E09 (5 ≤ tSF ≤ 30 Myr). In addition,

Foyle et al. (2011, hereafter F11), which used the same methods and data as T08, reported that

none of 12 nearby spiral galaxies (NGC 628, NGC 2403, NGC 2841, NGC 3031, NGC 3351,

NGC 3521, NGC 3621, NGC 3627, NGC 5055, NGC 5194, NGC 6946, and NGC 7793) have

systematic angular offsets, although they found some evidences of the offsets between CO(J=2-

1) and 24 µm emission in NGC 6946 and NGC 5194, and between CO(2-1) and UV emission

in NGC 628. Recently, Martı́nez-Garcı́a & Puerari (2014) investigated angular offsets between

CO(2-1) and 24 µm emission in 3 nearby spiral galaxies (NGC 628, NGC 3627 and NGC 5194)

which exhibit bi-symmetric spiral structures by a two-dimensional Fourier analysis in F11 sample
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galaxies. They suggested that NGC 628 and NGC 5194 show the angular offsets resembling the

theoretical expectations of the density wave theory.

Louie et al. (2013) tried to clarify the cause of this surprising discrepancy of the results among

previous studies by comparing offsets among four emission tracers (CO, HI, Hα, and 24 µm) in

NGC 5194. They found large offsets between CO and Hα, but small offsets between HI and 24 µm

emission. They suggested that both HI and 24 µm emission are not ideal for tracers to measure the

offsets, because HI emission traces gas photo-dissociated by recent star formation (Allen 2002)

and 24 µm emission is sensitive to dusts heated by young and old stellar populations (Liu et al.

2011).

2.1.2 Galaxies with Systematic or Non-Systematic Offsets
There has been a number of studies to test the density wave theory observationally so far. How-

ever, there are not so many galaxies which have been frequently suggested that they are consistent

with the density wave theory (e.g., NGC 628, NGC 5194). In fact, it is controversial whether the

systematic offsets predicted by the density wave theory are observed in NGC 5194. Louie et al.

(2013) found large and ordered offsets between Hα and CO(1-0) with higher angular resolution

data than E09 and F11 in NGC 5194, but could not make sure whether the offsets show systematic

radial dependence due to the substantial scatter.

Here, we explain the difficulty in verifying whether galaxies show the systematic offsets by

using the offset method. The offset method assumes that gas rotates in a circular orbit and a

timescale for star formation is constant. However, these assumptions are not necessarily satisfied

even in galaxies that the systematic radial dependence of the offsets has been found in previous

studies. We show the HST Advanced Camera for Surveys (ACS) image of NGC 5194*1 (Mutchler

et al. 2005) in Figure 2.2. We see that embedded HII regions (red color) are located on the dust

lane, which is about 200 pc width, with no significant offsets. If we assume the density wave, there

is a possibility that (1) gas rotates in a non-circular orbit, i.e., an elliptical orbit nearly parallel to

the spiral arm (e.g., Kuno & Nakai 1997; Aalto et al. 1999) and (2) a timescale for star formation

is too short to detect clear offsets (tSF ≲ a few Myr) (e.g., Elmegreen 2007). In addition, we see

that large HII regions are sparsely distributed downstream of the dust lane and small HII regions

are distributed everywhere regardless of the dust lane. If we assume the density wave, there is

a possibility that (3) stellar cluster complexes with strong Hα emission are sparsely distributed

downstream of the dust lane and they have different ages younger than 10 Myr (Leitherer et al.

*1 The false-color image was constructed by ourselves with the HST multi-color ACS mosaic of NGC 5194
https://archive.stsci.edu/prepds/m51/
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Figure 2.2: (a) The false-color image constructed from the HST multi-color ACS mosaic of NGC 5194. The
RGB image is composed of B (blue), V (green), I and emphasized Hα (red). (b) The enlarged image of the
northern inner arm surrounded by a white rectangle in (a). The image size is 60′′ × 140′′ and the pixel scale
is 0′′.05.

1999), (4) not all stellar clusters were born on the dust lane (e.g., secondary star formation) and

(5) a timescale for star formation is not necessarily constant (∼ 1 Myr < tSF < ∼ 10 Myr). If the

timescale for star formation is constant, the systematic offsets may be able to be detected when

we measure the offsets by selecting stellar clusters of similar ages. In E09, five galaxies showed

the systematic offsets between CO and Hα. We infer that these galaxies have a number of stellar

cluster complexes of similar ages with strong Hα emission. In fact, the offsets in some galaxies

had a large variance (see their Figure 6). Therefore, we should consider ages of stellar clusters in

order to detect the systematic offsets clearly.

In E09, five galaxies showed ambiguous offsets between CO and Hα. These galaxies had non-

systematic offsets, but most of their offsets were positive, i.e., HII regions were distributed down-

stream of molecular clouds (see their Figure 5). As mentioned above, even if galaxies have quasi-

stationary spiral structures predicted by the density wave theory, it is not necessarily possible to

detect the systematic offsets clearly, unless we consider ages of stellar populations with Hα emis-

sion. Therefore, we suggest that it is difficult to make sure whether galaxies with non-systematic

offsets are consistent or inconsistent with the density wave theory by using the offset method. In

this part, we do not aim to discern whether galaxies have systematic or non-systematic offsets

because studies to investigate stellar age distribution need special imaging data (e.g., multi-band,

high angular resolution) and are difficult to deal with a large number of galaxies.
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2.1.3 Galaxies with No Offsets
In E09, two galaxies with bar structures (NGC 4321 and NGC 5248) showed no offsets between

CO and Hα in their arm regions. E09 mentioned several possible reasons for no offsets: (1)

material arms (i.e., non-stationary spiral structure), (2) corotation resonance, and (3) elliptical

orbits nearly parallel to the spiral arms. In the case of NGC 5248, they suggested that (3) can

partially explain the reason for no offsets because Yuan & Yang (2006) has calculated strong

inward streaming motions along the spiral arm assuming that the disk is predominantly driven by

a large-scale bar found by Jogee et al. (2002). On the other hand, in the case of NGC 4321, they

suggested that (1) would be the most plausible reason, because some offsets were found close to

the bar region, where orbits should have higher ellipticity than in the arm region, and the arm

region was located inside the corotation radii that have been estimated in previous studies. NGC

4321 also showed no offset between young and old stellar populations with the ages over 100

Myr in Ferreras et al. (2012), which strongly supports that this galaxy has non-stationary spiral

structure.

The method to investigate offsets between molecular gas arms and star forming regions is effec-

tive to find candidates of galaxies which may have non-stationary spiral structures. In addition,

examining the properties of such galaxies will help us to understand the origin of spiral structures.

2.2 Overview of Part I
In this part, we investigate the difference of offsets between molecular gas arms and star forming

regions in 12 nearby spiral galaxies. We aim to find candidates of galaxies which may have non-

stationary spiral structures and examine their properties. We trace dust lanes as a sign of molecular

gas arms with I−H or I−K color images. This enables us to use optical and near-infrared imaging

data with higher angular resolution than radio data used by previous studies.

We explain the advantage for tracing dust lanes with I−H or I−K color images in Chapter 3.

We show the sample galaxies and the data in Chapter 4. We select 11 nearby spiral galaxies from

a sample of Knapen et al. (2003) with I, K and Hα band images, besides NGC 5194 with the

HST I and H-band images. In addition, we use optical data (I and Hα band images) from the fifth

delivery of the Spitzer Data from the ”The Spitzer Infrared Nearby Galaxies Survey” (SINGS)

(Kennicutt et al. 2003). In Chapter 5, we describe how to measure offsets between dust lanes and

star forming regions. In Chapter 6, we investigate the relation between the offsets and the bar or

spiral structures. In Chapter 7, we discuss the possible reasons for no offsets. Then, we give a

summary in Chapter 8.
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Chapter 3

Methods

We used optical and near-infrared imaging data to trace dust lanes as a sign of molecular gas arms.

Here, we describe the advantage of tracing dust lanes and the importance of near-infrared data.

3.1 Advantage of Tracing Dust Lanes
Generally, spatial resolution of radio data (e.g.,CO and HI) is lower than that of optical and near-

infrared data. Louie et al. (2013) reported that CO serves as a better tracer for gas arms than HI.

Most of the recent studies to measure offsets between molecular clouds and star forming regions

(e.g., E09, F11) have used CO data from the Berkeley-Illinois-Maryland Association Survey of

Nearby Galaxies (BIMA-SONG; Helfer et al. 2003) or the Heterodyne Receiver Array CO Line

Extragalactic Survey (HERACLES; Leroy et al. 2009). The typical spatial resolutions of the data

for BIMA-SONG and HERACLES are about 6′′ and 13′′, respectively. On the other hand, the

resolution of optical or near-infrared imaging data taken with ground-based telescopes is limited

by the seeing which is a few seconds at most. Therefore, the resolution of dust lanes traced by

optical and near-infrared images is generally higher than that of molecular clouds traced by CO

data.

The molecular gas arms traced by CO emission have been considered to be well correlated

with dust lanes. Schinnerer et al. (2013) utilized the CO(1−0) emission with 1′′ resolution from

the Plateau de Bure Interferometer Arcsecond Whirlpool Survey (PAWS) to study the relation

between molecular gas traced by the CO emission and other galactic components (gas, dust, and

stars) in NGC 5194. The resolution of the CO data from PAWS is better than or comparable

with that of optical and near-infrared imaging data obtained from ground. For reference, we show
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Figure 3.1: CO emission image of NGC 5194 from (a) BIMA-SONG (resolution ∼ 6”) and (b) PAWS
(resolution ∼ 1”). The CO contour lines overlaid on (c) I-band image obtained with the HST/ACS F814W
filter, and (d) I−H color image. The H-band image was obtained with the HST/NICMOS F160W filter. All
images are shown in negative representation. The box size of each image is 4′ × 3′.

the BIMA-SONG data*1 (resolution ∼ 6′′) and the PAWS data*2 (resolution ∼ 1′′) in Figure 3.1

(a) and (b). Schinnerer et al. (2013) showed that the I−H color map is an excellent tracer of

the distribution of CO emission (see their Figure 5). We show the I-band image and I−H color

image with the CO contour lines from the PAWS data in Figure 3.1 (c) and (d). We used the same

images as Schinnerer et al. (2013), i.e., the I-band image obtained with the HST/ACS F814W

filter (Section 4.3.3) and the H-band image obtained with the HST Near Infrared Camera and

Multi-Object Spectrometer (NICMOS) F160W filter (Section 4.2.2). We can confirm that dust

lanes traced with the I−H color image serve as a good tracer of CO emission.

*1 https://ned.ipac.caltech.edu/level5/March02/SONG/SONG.html
*2 http://www2.mpia-hd.mpg.de/PAWS/PAWS/Home.html
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Figure 3.2: (a) CO emission image of NGC 4231 from BIMA-SONG (resolution ∼ 6′′). The CO contour
lines overlaid on (b) I-band image, (c) B−I color image, and (d) I−K color image. The B and I-band were
obtained from the SINGS, and the K-band was from Knapen et al. (2003). All images are shown in negative
representation. The box size of each image is 4′ × 3′.

3.2 Importance of Near-Infrared Image
Dust lanes visible in optical images have been utilized to trace the position of the spiral shock

(e.g., Lynds 1970, Grosbøl et al. 1999). It has been reported that they are well correlated with

CO emission, and star forming regions are located downstream of CO emission (e.g., Vogel et al.

1988, Rand & Kulkarni 1990). However, some studies found that there are offsets between CO

emission and dust lanes traced by optical images. For example, CO observations in the eastern

spiral arm of NGC 5236 showed that CO emission is distributed in accord, not with dust lanes, but

with star forming regions (Wiklind et al. 1990, Lord & Kenney 1991). In addition, the southern

CO arm in NGC 4321 also showed a better correspondence with star forming regions than dust

lanes (Rand 1995). Rand (1995) mentioned that the use of a B−I color image may cause the
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offsets between CO emission and dust lanes because the B−I color is so sensitive to young stellar

populations and that a near-infrared color (e.g., I−K) would be better to trace dust lanes.

We investigated whether dust lanes traced with an I−K color image serve as a good tracer of CO

emission in NGC 4321. We show the CO emission image from BIMA-SONG in Figure 3.2 (a)

and the I-band, B−I, and I−K color images with the CO contour lines in Figure 3.2 (b), (c), and

(d), respectively. We used the B and I-band images from the SINGS, and the K-band image from

Knapen et al. (2003). The dust lanes are displayed in dark color on the B−I and I−K color images.

We can see a great discrepancy between the dust lanes traced with the B−I and I−K color images.

The dust lanes traced by the I−K color image show excellent agreement with the distribution of

CO emission. On the other hand, the B−I color image is strongly affected by star forming regions

with young blue stellar populations and not appropriate to trace dust lanes especially in case that

young stellar populations locate on the dust lanes. Therefore, we adopt I−H or I−K color images

to trace dust lanes as a sign of molecular gas arms.
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Chapter 4

Sample Selection & Data

We used I, K (or H), and Hα band images to investigate the distributions of dust lanes and star

forming regions. We selected 11 nearby spiral galaxies from a sample of Knapen et al. (2003). In

addition, we included NGC 5194 with the HST data in our sample.

4.1 Sample Selection
Knapen et al. (2003, 2004) have carried out an optical and near-infrared imaging survey of 57

nearby spiral galaxies. They have obtained B, I, K and Hα imaging data. We selected 11 galaxies

from their sample.

4.1.1 Sample Selection of Knapen et al. (2003)
Knapen et al. (2003) extracted their sample from the list of galaxies selected by Elmegreen &

Elmegreen (1987). The Elmegreen & Elmegreen (1987) sample contains 708 galaxies with dec-

lination δ > −35◦, inclination i < 60◦ and inclination-corrected diameter at 25 mag arcsec−2, i.e.,

D25 > 2 arcmin from the Second Reference Catalogue of Bright Galaxies (RC2; de Vaucouleurs et

al. 1976). The sample of 57 galaxies by Knapen et al. (2003) was extracted from the large sample

primarily for analysis of the spiral arm properties according to the following items:

• Galaxies with D25 > 4.2 arcmin were selected to ensure that their spiral arms could be

resolved.

• Galaxies with δ < −20◦ were excluded to ensure the visibility from the Northern hemi-

sphere.

• Galaxies with i > 50◦ were excluded because the spiral arms would be difficult to be re-

solved.
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Stedman & Knapen (2001) presented the distribution diagram of the sample galaxies as a function

of the morphological type, arm class, bar type, disk diameter, ellipticity, and systemic velocity.

4.1.2 Our Sample Selection
We selected 11 nearby spiral galaxies which could extract the dust lanes from 57 galaxies of

Knapen et al. (2003) according to the following terms:

• Galaxies with D25 ≥ 5 arcmin were selected (57→ 36 galaxies).

• Galaxies with the morphological type of Sa, Sab, Sd, Sdm and Sm including peculiar from

the NASA/IPAC Extragalactic Database (NED)*1 were excluded (36→ 23 galaxies).

• Galaxies with an inner ring structure i.e., the morphological type of (r) from NED were

excluded (23→ 17 galaxies).

In addition to the above, we excluded six galaxies for other reasons. The quality of K-band

image of NGC 1300 and NGC 5457 were not high enough for our purpose. We could not detect

the dust lanes clearly in NGC 210, NGC 4051 and NGC 5247 due to low surface brightness of the

spiral arms. In addition, we excluded NGC 6946 because of too many foreground stars.

4.1.3 Our Sample
Our sample consists of 12 galaxies including NGC 5194. The properties of our sample galaxies

are summarized in Table 4.1, and the I-band images are shown in Figure 4.1. Two galaxies are

barred (SB), five galaxies are unbarred (SA), and the others are mixed (SAB). Our sample includes

the morphological type from Sb to Scd. As for the AC*2, eight galaxies are classified as AC 9,

two galaxies as AC 12, and the others as AC 3 and AC 5 respectively.

*1 https://ned.ipac.caltech.edu/
*2 Elmegreen & Elmegreen (1987) defined the AC as follows: AC 3=fragmented arms uniformly distributed around

the center of the galaxy, AC 5=two symmetric, short arms in the inner regions; irregular outer arms, AC 9=two
symmetric inner arms; multiple long and continuous outer arms, and AC 12=two long symmetric arms dominating
the optical disk.
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Figure 4.1: I-band images of our sample galaxies in negative representation. All images are oriented with
north to the top and east to the left. The box size of all galaxies is 5’ × 5’.
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4.2 Near-Infrared Imaging Data
We used K-band imaging data for 11 galaxies and H-band imaging data for NGC 5194. The

K-band imaging data were from Knapen et al. (2003). They were downloaded through the Stras-

bourg astronomical Data Center (CDS) catalogue service (VizieR)*1. On the other hand, the H-

band imaging data were obtained with the HST/NICMOS. They were downloaded through the

Multimission Archive at STScI (MAST)*2. We summarize the information about telescopes and

seeing in Table 4.2, which are partially quoted from Table 2 of Knapen et al. (2003).

4.2.1 K-band Imaging Data
The images of nine galaxies were obtained using the Isaac Newton Group Red Imaging Device

(INGRID; Packham et al. 2003) imager on the 4.2-m William Herschel Telescope during nights

between 2000 and 2002. The INGRID camera has a 1024 × 1024 HAWAII detector (HgCaTe)

and gives a projected pixel scale of 0′′.242 with a field of view of 4′.2 × 4′.2. The object images

were background subtracted, bad pixel masked, flat fielded, and median combined (more details

described in Knapen et al. 2003).

The images of two galaxies (NGC 628 and NGC 1068) were obtained with the PISCES (A

Wide-Field, 1−2.5 µm Camera for Large-Aperture Telescopes; McCarthy et al. 2001) on the 2.3-

m Bok telescope on October 18, 1999. The PISCES camera uses the same kind of array as the

INGRID, but gives a projected pixel scale of 0′′.5 with a field of view of 8′.5 in diameter. The

object images were flat fielded, sky subtracted, distortion corrected, and then optimally combined

(more details described in McCarthy et al. 2001). The final images have a pixel scale of 0′′.242,

which is the same scale as that of the INGRID camera.

4.2.2 H-band Imaging Data
The H-band imaging data of NGC 5194 were obtained with the F160W filter of the NIC-

MOS/NIC3 in November to December, 2005 (HST Proposal ID: Cycle 14 GO 10501, PI: Chandar,

Title: Extending the Heritage: Clusters, Dust, and Star Formation in M51). The NICMOS (Viana

et al. 2009) is an instrument that provides near-infrared imaging and spectroscopy from 0.8 to 2.5

µm, which was installed on the HST in February 1997. The NIC3 is equipped with a 256 × 256

HgCdTe Rockwell array with a pixel scale of 0′′.2 and a field of view of 51′′.2 × 51′′.2.

We used images obtained at 15 slightly overlapping pointings in a 5 × 3 mosaic with four

*1 http://vizier.nao.ac.jp/viz-bin/VizieR?-source=VI/112
*2 http://archive.stsci.edu/
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exposures in each. We aligned all images relative to the ACS I-band image (Section 4.3.3) with

the GEOMAP/GEOTRAN task in IRAF. Then, we combined them into one frame using the IRAF

IMCOMBINE task.

4.3 Optical Imaging Data
The I-band and Hα imaging data of six galaxies were from Knapen et al. (2003). On the other

hand, the imaging data of the other galaxies were from the SINGS except for the I-band imaging

data of NGC 5194. The imaging data of Knapen et al. (2003) were downloaded through the

VizieR. The imaging data of the SINGS were downloaded from the fifth delivery of the Spitzer

Data*1. The I-band imaging data of NGC 5194 were obtained with the HST/ACS and downloaded

through the MAST. We summarize the properties of the I-band and Hα imaging data in Table 4.2,

which are partially quoted from Table 1 of Knapen et al. (2004).

4.3.1 Knapen et al. (2003) Data
Most of the I-band and Hα imaging data including the continuum data for six galaxies were ob-

tained with the 1-m Jacobus Kapteyn Telescope (JKT) on La Palma, during a number of observing

runs from 1999 to 2003. A considerable variety of cameras and CCD detectors were used, but the

principal camera was an imager with a 2K × 2K SITe2 CCD and gave a projected pixel scale of

0′′.331 with an unvignetted field of view of about 10′ × 10′. On the other hand, the I-band imaging

data for NGC 4535 and the R-band imaging data (i.e., Hα continuum data) for NGC 5248 were

obtained with the 2.5-m Isaac Newton Telescope (INT) on La Palma. The wide field camera has

four 2K × 4K EEV CCDs and each CCD has a projected pixel scale of 0′′.331 with a field of view

of 11′ × 22′. The images were bias subtracted, flat fielded, image combined, and sky subtracted

(more details described in Knapen et al. 2004). The final images have a pixel scale of 0′′.242,

which is the same scale as that of the INGRID camera.

As for Hα filters, a narrow-band filter with central wavelength (λc) of 6594 Å and full width at

half maximum (FWHM) of 44 Å was used except for NGC 3631 which was observed with a filter

with λc of 6589 Å and FWHM of 15 Å. The continuum images for Hα emission were obtained

with narrow-band filters with λc of 6470 Å and FWHM of 110 Å for NGC 4548, and with λc

of 6565 Å and FWHM of 15 Å for NGC 3631, and R-band filters for the others. Although the

continuum-subtracted Hα images are provided with the scaling factors, we made the continuum-

subtracted images by ourselves except for NGC 3631 for which the original Hα and continuum

*1 http://irsa.ipac.caltech.edu/data/SPITZER/SINGS/
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images were not available. The details of the continuum subtraction technique for NGC 3631

were given in Rozas et al. (1996). We constructed the continuum-subtracted Hα images by

scaling and subtracting the continuum images after the images with better seeing were convolved

with a Gaussian kernel to match the seeing of worse quality images by using the IRAF GAUSS

task. We adopted the same scaling factors as Knapen et al. (2004), which are summarized in Table

4.2.

4.3.2 SINGS Data
We used the I-band and Hα imaging data and adopted the R-band imaging data as the continuum

images for Hα emission from the SINGS. The imaging data were obtained at the National Optical

Astronomy Observatory (NOAO), as a part of the Legacy Project, over the course of about 3 years

during 2001 to 2003. The imaging data of five galaxies were obtained with the 2K × 2K CCDs

on the Kitt Peak National Observatory (KPNO) 2.1-m telescope, which provide a pixel scale of

0′′.305 and a field of view of 10′ × 10′. On the other hand, the imaging data of NGC 628 were

obtained with the 2K × 2K CCDs on the Cerro Tololo Inter-American Observatory (CTIO) 1.5-

m telescope, which provide a pixel scale of 0′′.433 and a field of view of 14′.5 × 14′.5. The

data reduction consisted of bias subtraction, flat-fielding, single image cosmic ray removal, and

combination of images (more details described in the SINGS Fifth Data Delivery April 2007

USER’S GUIDE).

As for Hα filters, three narrow-band filters were used for six galaxies (λc [Å]/ FWHM [Å];

6583/20 for NGC 628, 6618/74 for NGC 4254 and NGC 4579, and 6573/67 for the others). We

constructed the Hα continuum-subtracted images by scaling and subtracting the R-band images

from the Hα images after the images with better seeing were convolved with a Gaussian kernel to

match the seeing of worse quality images by using the IRAF GAUSS task. The scaling factors we

adopted are summarized in Table 4.2.

4.3.3 HST/ACS Data
The HST I-band imaging data of NGC 5194 were obtained with the F814W filter of the ACS

Wide Field Camera (WFC) in January, 2005 (HST Proposal ID: Cycle 13 GO 10452, PI: Beck-

with, Title: HST/ACS Mosaic of M51). The ACS (Avila et al. 2015) is a third generation instru-

ment which was installed on the HST in March 2002. The WFC detector has two 2K × 4K SITe

CCDs with a pixel scale of ∼ 0.05′′ and a field of view of ∼ 202′′ × 202′′. Four exposures of 340

seconds were obtained at six slightly overlapping pointings in a 2 × 3 mosaic. We downloaded

the drizzled science data (h m51 i s05 drz sci.fits) from the MAST (Mutchler et al. 2005).
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Chapter 5

Offset Measurement

First of all, we give a brief description of our analysis with Figure 5.1 and 5.2. We trace dust

lanes with an I−H or I−K color image. The color image is deprojected using the position angle

and the inclination angle, and transformed into polar-coordinates (radius R, azimuth θ). We trace

dust lanes by fitting a line to the peaks of the color image on the (log R, θ) plane. Then, we

investigate the distribution of star forming regions with respect to the dust lanes. The continuum-

subtracted Hα images are also deprojected and transformed into polar-coordinates. The sum of

the Hα emission intensity within the radial region where we traced dust lanes according to the

azimuth angle (θ′) with respect to each dust lane is measured. We assume that spiral arms are

trailing, and set the direction of rotation as the forward direction of θ′. Finally, we derive the

average azimuth angle of the Hα emission intensity within the range from −50◦ to +50◦ as the

offset (θoffset) between the dust lane and star forming regions.

5.1 Extracting Dust Lanes
5.1.1 Image Subtraction

The K and H-band images were aligned relative to the I-band images with the GE-

OMAP/GEOTRAN task in IRAF. The images with better seeing were convolved with a Gaussian

kernel to match the seeing of worse quality images by using the IRAF GAUSS task. We

constructed the I−K or I−H color images by subtracting the K or H-band images from the I-band

images after subtracting the background and converting the counts to magnitude.

As for the I and K-band imaging data from Knapen et al. (2003), the magnitude zeropoint was

derived from measurements of stars in the Two Micron All-Sky Survey (2MASS) point source

catalog for the K-band and the USNO-B1.0 catalog for the I-band. As for the I-band imaging

data from the SINGS, we converted the counts to magnitude by the keyword PHOTFLAM and
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Figure 5.1: Schematic views illustrating the way of tracing dust lanes. The I−H or I−K color image is
deprojected using the position angle and the inclination angle, and transformed into polar-coordinates (radius
R, azimuth θ). We trace dust lanes by fitting a line to the peaks of the color image on the (log R, θ) plane.

Figure 5.2: Schematic views illustrating the way of measuring offsets between dust lanes and star forming
regions. The sum of the Hα emission intensity within the radial region where we traced dust lanes according
to the azimuth angle (θ′) with respect to the dust lane is measured. The average azimuth angle of the Hα
emission intensity within the range from −50◦ to +50◦ is derived as the offset (θoffset).

ZPOINT in the FITS header according to the following formula*1.

m = −2.5 × [log(counts × PHOTFLAM) − log(ZPOINT)]

As for the HST I and H-band imaging data of NGC 5194, we converted the counts to magnitude

with the FITS header keyword PHOTFLAM and PHOTPLAM for the ACS data, and PHOTFNU

for the NICMOS data according to the following formulae*2,*3.

mAB = −2.5 × log(counts × PHOTFLAM) − 21.10 − 5 × log(PHOTPLAM) + 18.6921 ; [ACS]

mAB = −2.5 × log(counts × PHOTFNU) + 8.9 ; [NICMOS]

*1 SINGS: The Spitzer Infrared Nearby Galaxies Survey Fifth Data Delivery April 2007 USER’S GUIDE
*2 ACS Data Handbook, version 7.2 (Gonzaga 2014)
*3 NICMOS Data Handbook, version 8.0 (Thatte et al. 2009)
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The I−K or I−H color images of our sample galaxies are shown in Figure 5.3. As for NGC

3631, we smoothed the image by using the IRAF GAUSS task to highlight dust lanes.

5.1.2 Polar Coordinate Transformation
We deprojected the I−K or I−H color images with the IRAF GEOTRAN task by the position

angle and the inclination angle listed in Table 4.1. In Appendix A, we display the deprojected

color images of our sample galaxies on the (∆RA, ∆Dec) plane in the top left panels of Figure

A.1 to A.12. We transformed the deprojected color images into polar-coordinates by dividing

them into areas of radial width of 1 arcsecond and azimuth angle of 1 degree. We display the

deprojected color images of our sample galaxies on the (log R, θ) plane in the top right panels of

Figure A.1 to A.12. The abscissa shows the azimuth angle θ from 0◦ to 720◦, which is defined as

0◦ toward the west and increases counterclockwise on the (∆RA, ∆Dec) plane.

5.1.3 Tracing Dust Lanes
We describe the procedure to trace dust lanes in the case of NGC 5194 with Figure 5.4. We

detect peaks above a threshold in each azimuth angle as shown in the top of Figure 5.4. We plot

the detected peaks with red triangles in the middle of Figure 5.4. The detected peaks contain not

only areas with strong dust extinction but also areas with young stellar clusters, e.g., red supergiant

clusters which are bright in near-infrared wavelengths. Therefore, we select the peaks which form

in line on the upstream side of the spiral arm. Then, we trace the dust lane assuming that the pitch

angle of the spiral arm is constant, i.e., a logarithmic spiral.

The equation of a logarithmic spiral in polar coordinates (r, θ) is described below with arbitrary

constants a, b.
r = aebθ ⇐⇒ log(r) = bθ + log(a) (5.1)

We select peaks that can be approximated with the logarithmic spiral, i.e., a straight line in the

(log r, θ) plane. Then, we fit the equation to the peaks by using the least squares method. We

show the peaks used for fitting dust lanes with green and blue triangles and the best fit lines with

green and blue dashed lines in the bottom of Figure 5.4.

In Appendix A, in the middle of Figure A.1 to A.12, the peaks we detected in our sample

galaxies are shown with triangles. The peaks used for fitting dust lanes are shown with green and

blue triangles, and the best fit lines are shown with green and blue dashed lines. In the bottom of

Figure A.1 to A.12, the dust lanes we traced in our sample galaxies are shown with green and blue

dashed lines on the deprojected color images.

The threshold of the deprojected color image and the radial region where we traced dust lanes
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differ according to galaxies. We summarize the threshold and the radial region in Table 5.1. We

set the threshold to be as many peaks for fitting dust lanes and as few peaks due to the fluctuation

in the inter-arm regions as possible. We adjusted the threshold at an interval of 0.1 mag. When

the number of the peaks for fitting dust lanes was too small, we readjusted the threshold at a

minimum interval of 0.025 mag. In some galaxies, we varied the threshold according to the

azimuthal angle. Two thresholds were used for NGC 3184, NGC 4321 and NGC 4535, because

extinction intensities were different between two dust lanes. On the other hand, three thresholds

were used for NGC 4548, because we avoided the peaks due to poor quality of the flatness in the

K-band image.

As for NGC 1068 and NGC 5248, we traced only one dust lane, because extinction intensities

seemed to be significantly different between two dust lanes. In both cases, there is a possibility

that the background subtraction was not accurate because the field of view was smaller than the

angular size of the galaxy. This might make it hard to trace the other dust lane.

5.2 Offsets between Dust Lanes and Star Forming Regions
We display the continuum-subtracted Hα images of our sample galaxies in Figure 5.5.

The continuum-subtracted Hα images were aligned relative to the I-band images with the

GEOMAP/GEOTRAN task in IRAF. If there were bright foreground stars around spiral arms,

we masked them with apertures three to six times as large as the seeing size. We deprojected

the continuum-subtracted Hα images with the IRAF GEOTRAN task by the position angle and

the inclination angle listed in Table 4.1. We used the counts as Hα emission intensity without

converting them to flux and correcting the contamination by [NII] emission lines.

We describe the procedure to measure the offsets between dust lanes and star forming regions

in the case of NGC 5194. We show the red contour lines for the Hα emission on the deprojected

I−H color images on the (∆RA, ∆Dec) and (log R, θ) planes in Figure 5.6. The dust lanes traced

in the above section are shown with green and blue lines. We set the azimuth angle (θ′, θ′′) with

respect to each dust lane, i.e., θ′ = 0 and θ′′ = 0 represent the position of each dust lane. We set

the direction of rotation as the forward direction of θ′ and θ′′. We measure the sum of the Hα

emission intensity within the radial region where we traced dust lanes according to the azimuth

angle, which is defined in the following equation.

LHα(θ′) =
Rmax∑

r=Rmin

Hα(r, θ′)

Hα(r, θ′) indicates the Hα emission intensity at radius r and azimuth angle θ′. Rmax and Rmin
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Table 5.1: Threshold and radial region of dust lanes

Galaxy Threshold R (′′) Galaxy Threshold R (′′)
NGC (mag) Min Max NGC (mag) Min Max
628 2.35 50 90

4535
1.2 (θ ≤ 150◦)

45 85
1068 2.0 30 50 1.3 (θ > 150◦)

3184
2.2 (θ ≤ 200◦)

30 80
4548

1.75 (θ ≤ 10◦)

60 80
2.15 (θ > 200◦) 1.8 (10◦ < θ ≤ 190◦)

3631 3.8 40 70 1.85 (190◦ < θ ≤ 340◦)
4254 1.4 30 70 1.75 (θ > 340◦)
4303 2.0 20 50 4579 1.325 50 90

4321
1.6 (θ ≤ 130◦)

65 105
5194 0.9 50 90

1.7 (θ > 130◦) 5248 1.6 40 100

indicate the radial region where we traced dust lanes listed in Table 5.1. We show the distribution

of LHα(θ′) and LHα(θ′′) with red lines in the lower panels of Figure 5.7. We derive the average

azimuth angle of the Hα emission intensity as the offset (θoffset), which is defined in the following

equation.

θoffset =

∑50
θ′=−50 θ

′LHα(θ′)∑50
θ′=−50 LHα(θ′)

We show the θoffset with magenta lines in the lower panels of Figure 5.7.

We display the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′) planes in negative

representation in the upper panels of Figure 5.7. The red solid lines indicate the average azimuth

angle of the Hα emission intensity according to the radius, which is defined in the following

equation.

θoffset(r) =
∑50
θ′=−50 θ

′Hα(r, θ′)∑50
θ′=−50 Hα(r, θ′)

On the other hand, the red dashed lines indicate the peak azimuth angle of the Hα emission

intensity according to the radius, i.e., θmax(r) =Max Hα(r, θ′) [−50◦ ≤ θ′ ≤ 50◦].

In Appendix B, in the top of Figure B.1 to B.12, we show the red contour lines for the Hα

emission of our sample galaxies on the deprojected I−K or I−H color images on the (∆RA, ∆Dec)

and (log R, θ) planes. In the bottom of Figure B.1 to B.12, we show the continuum-subtracted

Hα images on the (R, θ′) and (R, θ′′) planes and the distribution of the sum of the Hα emission

intensity within the radial region where we traced dust lanes according to the azimuth angle (θ′,

θ′′).
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Figure 5.3: The I−K or I−H color images of our sample galaxies in negative representation. All images are
oriented with north to the top and east to the left. The box size of all galaxies is 5′ × 5′.
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Figure 5.4: (Top); The deprojected I−H color image of NGC 5194 is shown in the left. The right figure
shows the radial variation of I−H color at θ = 54◦. In the case of NGC 5194, we detected the peaks above
a threshold of 0.9 mag in the deprojected I−H color image. (Middle); The detected peaks plotted with red
triangles on the (∆RA, ∆Dec) and (log R, θ) planes. (Bottom); The peaks used for fitting dust lanes are
shown with green and blue triangles. The best fit lines are shown with green and blue dashed lines. The
radial region between the thick black dashed lines is used when we examine the distribution of star forming
regions.
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Figure 5.5: The continuum-subtracted Hα images of our sample galaxies in negative representation. All
images are oriented with north to the top and east to the left. The box size of all galaxies is 5′ × 5′.
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Figure 5.6: The red contour lines for the Hα emission on the deprojected I−H color images on the (∆RA,
∆Dec) and (log R, θ) planes. The dust lanes are shown with green and blue lines. The positions at the azimuth
angle ± 50◦ with respect to the dust lanes are shown with green and blue dashed lines.

Figure 5.7: The upper panels show the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′) planes
in negative representation. The average and the peak azimuth angle of the Hα emission intensity according
to the radius are shown with red solid lines and red dashed lines respectively. The lower panels show the
distribution of the sum of the Hα emission intensity within the radial region where we traced dust lanes
according to the azimuth angle (θ′, θ′′). The magenta lines show the θoffset.
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Chapter 6

Results

We derived θoffset in each arm of 12 sample galaxies. We describe the details of the results of

individual galaxies in Appendix C. Here, we investigate the relation between θoffset and the bar or

spiral structures.

6.1 Relation with Bar Structure
We found that the bar structure is related to θoffset. Therefore, we classified our sample galaxies

into the following three types based on the bar structure.

Type 1 : galaxies without bar structure (NGC 628, NGC 3631, NGC 4254, and NGC 5194)

Type 2 : galaxies with bar structure of the radii smaller than 3 kpc (NGC 1068, NGC 3184, and

NGC 4303)

Type 3 : galaxies with bar structure of the radii larger than 3 kpc (NGC 4321, NGC 4535, NGC

4548, NGC 4579, and NGC 5248)

We judged whether the galaxy has a bar or not by referencing previous studies (more details

described in Appendix C). We did not regard a nuclear bar with a radius of a few seconds as a

bar. The physical scale of the bar structure depends on the distance to the galaxy listed in Table

4.1. The distances of all galaxies were measured with the Tully-Fisher relation (Tully & Fisher

1977). We adopted the distance from the Nearby Galaxy Catalog (Tully 1988) except for NGC

3631 and NGC 5248 whose distance might be largely overestimated in comparison with the mean

distance in NED. As for NGC 3631, we adopted the revised distance of 17.5 Mpc from Theureau

et al. (2007) instead of 21.6 Mpc from Tully (1988). As for NGC 5248, we adopted the revised

distance of 12.7 Mpc from Tully et al. (2009) instead of 22.7 Mpc from Tully (1988).
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Table 6.1: Relation between θoffset and the bar radii

Category Galaxy Rbar θoffset (◦)
NGC (′′) (kpc) Arm1 Arm2 Average

Type 1 628 ... ... 8.8 9.8 9.3
3631 ... ... 14.0 8.9 11.4
4254 ... ... 10.7 6.9 8.8
5194 ... ... 13.2 9.0 11.1

Type 2 1068 16a 1.1 4.9 ... 4.9
3184 25b 1.1 9.9 3.2 6.6
4303 30c 2.2 4.5 13.7 9.1

Type 3 4321 61d 5.0 0.6 4.1 2.4
4535 41d 3.3 2.5 −1.8 0.3
4548 62d 5.0 −0.3 0.2 0.0
4579 45c 3.7 −0.6 3.1 1.3
5248 71e 4.4 1.5 ... 1.5

References.
(a) Scoville et al. 1988; (b) Elmegreen et al. 1996; (c) Laurikainen et al. 2004;
(d) Kuno et al. 2007; (e) Elmegreen & Elmegreen 1985

Figure 6.1: The relation between θoffset and the bar radii in units of kiloparsec. Type 1 galaxies have no bar,
i.e., Rbar = 0.
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6.1.1 Offsets
We summarize the relation between θoffset and the bar radii of our sample galaxies in Table 6.1

and Figure 6.1. The average θoffset for Type 1, 2, and 3 galaxies are 10◦, 7◦, and 1◦, respectively.

Type 1 galaxies have θoffset more than 5◦ for all arms, while Type 3 galaxies have θoffset less than

5◦ for all arms. On the other hand, θoffset of Type 2 galaxies tend to be much different among arms.

As for NGC 3184 and NGC 4303, one arm has θoffset more than 5◦, and the other arm has θoffset

less than 5◦. As for NGC 1068, θoffset is about 5◦ which is between Type 1 and Type 3 galaxies.

In Type 1 and Type 2 galaxies, star forming regions with strong Hα emission tend to be located

downstream of dust lanes. On the other hand, in Type 3 galaxies, star forming regions tend to be

located on dust lanes.

6.1.2 Radial Distance
We summarize the relation between θoffset and the radial regions where we traced dust lanes in

Table 6.2. We traced dust lanes by choosing the radial region where they can be approximated

by a logarithmic spiral. The radial regions of all our sample galaxies are located within the radial

distance from 20′′ to 105′′. We show the relation between θoffset and the radial regions in Figure

6.2. In this figure, the bar radii are also shown with magenta dashed lines. The radial regions of

barred galaxies tend to be located farther from the center than those of unbarred galaxies. This

tendency becomes more noticeable when we use the radial regions in unit of kpc as shown in

Figure 6.3. The average radial regions for Type 1, 2, and 3 galaxies are 2.5 − 4.8 kpc, 1.6 −
3.5 kpc, and 4.1 − 7.1 kpc, respectively. The radial regions of Type 3 galaxies are located the

farthest from the center. We show the relation between θoffset and the radial regions normalized

by the isophotal radius R25 in Figure 6.4. The radial regions of Type 1 and 2 galaxies include the

central region of R/R25 ≃ 0.2 except for NGC 3631. On the other hand, the radial regions of Type

3 galaxies are located at the region of R/R25 ≳ 0.3 except for NGC 4535 and NGC 5248.

The main reason that the radial regions of barred galaxies tend to be located farther from the

center than those of unbarred galaxies is because we traced dust lanes located outside of the bar

in most of the barred galaxies. In addition, it may be one of the reasons that the physical size of

barred galaxies is generally larger than that of unbarred galaxies (Elmegreen & Elmegreen 1989,

Ann & Lee 2013).
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Table 6.2: Radial regions where we traced dust lanes

Category Galaxy R (′′) R (kpc) R/R25
a

NGC Min Max Min Max Min Max
Type 1 628 50 90 2.4 4.2 0.16 0.29

3631 40 70 3.4 5.9 0.27 0.47
4254 30 70 2.4 5.7 0.19 0.43
5194 50 90 1.9 3.4 0.15 0.27

Type 2 1068 30 50 2.1 3.5 0.14 0.23
3184 30 80 1.3 3.4 0.14 0.36
4303 20 50 1.5 3.7 0.10 0.26

Type 3 4321 65 105 5.3 8.6 0.29 0.47
4535 45 85 3.7 6.9 0.21 0.40
4548 60 80 4.9 6.5 0.37 0.49
4579 50 90 4.1 7.3 0.28 0.51
5248 40 100 2.5 6.2 0.22 0.54

Notes.
a R25 is the apparent major isophotal radius measured at or reduced to the surface
brightness level µB = 25.0 B-mag per square arcsecond from RC3.

Figure 6.2: The relation between θoffset and the radial regions in units of arcsecond. The bar radii are shown
with magenta dashed lines.
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Figure 6.3: The relation between θoffset and the radial regions in units of kiloparsec. The bar radii are shown
with magenta dashed lines.

Figure 6.4: The relation between θoffset and the radial regions normalized by the isophotal radii R25. The bar
radii normalized by the R25 are shown with magenta dashed lines.



6.2 Relation with Spiral Structure 41

6.2 Relation with Spiral Structure
In order to investigate the relationships between θoffset and the spiral structure, we have examined

the pitch angle and arm strength. We summarize the results in Table 6.3.

6.2.1 Pitch Angle
We traced dust lanes by assuming that spiral arms have a constant pitch angle, i.e. a logarithmic

spiral. The pitch angle (p) was calculated by the following equation with the constant b in equation

(5.1).
p = arctan b

The derived pitch angles of our sample galaxies are summarized in Table 6.3. The error represents

the fitting error when tracing the dust lane in Section 5.1.3.

We show the relation between θoffset and the pitch angles in Figure 6.5. The average pitch angles

of Type 1, 2, and 3 galaxies are 21◦, 37◦, and 25◦, respectively. There seems to be no correlation

between θoffset and the pitch angles, although some galaxies in Type 2 and Type 3 have a great

difference of the pitch angle between two arms.

6.2.2 Arm Strength
We investigated the arm-interarm flux ratio in the K-band image as an indicator of the strength

of the spiral arm. The K-band images of face-on galaxies serve as a tracer of the old stellar

population which dominates the mass in the disk and allow a mapping of the azimuthal variation

in the surface mass density (Rix & Rieke 1993). We used the K-band images from Knapen et al.

(2003) except for NGC 5194 whose K-band image was obtained from the 2MASS. The images

were sky subtracted, and bright foreground stars were masked. They were sampled in the same

way as the polar coordinate transformation in Section 5.1.2. We derived the arm-interarm flux

ratio (Iarm/interarm) in each arm, which is defined in the following equation.

Iarm/interarm =
2
∑Rmax

r=Rmin
L(r, θarm)∑Rmax

r=Rmin
L(r, θinterarm1) +

∑Rmax
r=Rmin

L(r, θinterarm2)

L(r, θ) is the intensity at radius r and azimuth angle θ from the dust lane in the deprojected K-band

image, i.e., L(r, 0) represents the intensity on the dust lane at the radius r. θarm represents the θ

when
∑Rmax

r=Rmin
L(r, θ) has the peak around the dust lane (θ = 0). θinterarm1 and θinterarm2 represent

the θ when
∑Rmax

r=Rmin
L(r, θ) takes the minimum on the both sides of the dust lane. Rmax and Rmin

show the radial region where we traced dust lanes listed in Table 6.2. The values of Iarm/interarm
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are summarized in Table 6.3, and the relationship with θoffset is shown in Figure 6.6. We note

that L(r, θarm) is affected by young stellar clusters, e.g., red supergiant clusters which are bright

in near-infrared wavelengths. Therefore, the Iarm/interarm derived by our measurement should be

overestimated.

Fourier transforms are an independent method for measuring arm amplitudes besides the arm-

interarm flux ratio. We measured Fourier components for m = 2 by a one-dimensional discrete

Fourier transformation. The Fourier component for m-mode was determined in the following

equation.

Fm(r) =
|∑360−1
θ=0 I(r, θ)exp(−2πimθ/360)|

|∑360−1
θ=0 I(r, θ)|

I(r, θ) is the intensity at azimuth angle θ and radius r in the deprojected K-band image. In our

definition, a spiral arm with an amplitude profile I(θ) = 1 + Asin(mθ) has a Fourier component

for m-mode Fm equal to A/2. We derived the Fourier transform for m = 2 in each radius with

the unit of arcsecond and calculated the average and standard deviation in the radial region where

we traced dust lanes. The values of Fm=2 are summarized in Table 6.3, and the relationship with

θoffset is shown in Figure 6.7. The m = 2 component is the strongest for all galaxies. The standard

deviations of some galaxies are large due to the fluctuation of Fm=2(r) depending on the radius.

We see that θoffset has a negative correlation with both Iarm/interarm and Fm=2. The average

Iarm/interarm of Type 1, 2, and 3 galaxies are at 1.9, 2.1, and 2.9, respectively. On the other hand,

the average Fm=2 of Type 1, 2, and 3 galaxies are at 0.12, 0.14, and 0.21, respectively. This result

shows that Type 3 galaxies, i.e., galaxies with relatively large bar structures, tend to have stronger

m=2 spiral structures than the others. This trend is consistent with studies which have suggested

that bars drive spiral density waves (e.g., Salo et al. 2010).

We note that our measurements with the K-band images have not worked well for some galaxies

in Type 3. NGC 4579 has lower Iarm/interarm and smaller Fm=2 than the others. We infer that this

is because NGC 4579 has bright oval structure which increases the luminosity of the interarm

regions. In addition, NGC 4321 and NGC 4548 have a great difference of Iarm/interarm between two

arms. The high value of Iarm/interarm about 4 should be affected by young stellar clusters, because

bright stellar clusters seem to be strongly concentrated on the arm.
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Table 6.3: Properties of the spiral structure

Category Galaxy Pitch Anglea (◦) Iarm/interarm
b Fm=2

c

NGC Arm1 Arm2 Arm1 Arm2
Type 1 628 11.9 ± 0.2 13.3 ± 0.3 1.4 1.3 0.07 ± 0.02

3631 18.1 ± 0.5 21.4 ± 1.5 2.2 2.1 0.06 ± 0.02
4254 36.7 ± 0.4 32.4 ± 1.1 2.1 2.1 0.20 ± 0.08
5194 16.0 ± 0.3 18.8 ± 0.3 1.6 2.1 0.16 ± 0.04

Type 2 1068 23.6 ± 0.5 ... 1.6 ... 0.07 ± 0.01
3184 36.1 ± 0.7 24.8 ± 0.3 2.2 1.9 0.14 ± 0.04
4303 53.6 ± 1.3 48.0 ± 0.8 2.5 2.4 0.21 ± 0.04

Type 3 4321 28.2 ± 0.9 25.7 ± 0.6 3.0 4.0 0.24 ± 0.14
4535 25.3 ± 0.3 22.9 ± 0.4 2.8 2.9 0.19 ± 0.03
4548 12.3 ± 1.3 28.4 ± 2.3 3.0 4.0 0.28 ± 0.04
4579 19.9 ± 0.4 18.9 ± 0.4 1.4 1.5 0.10 ± 0.03
5248 41.1 ± 0.5 ... 3.4 ... 0.24 ± 0.09

Notes.
a Pitch angle of the dust lane traced in the I − K color image.
b Arm-interarm flux ratio in the K-band image.
c Fourier transform for m = 2 in the K-band image.

Figure 6.5: The relation between θoffset and the pitch angles.
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Figure 6.6: The relation between θoffset and the arm/interarm flux ratio in the K-band image.

Figure 6.7: The relation between θoffset and the Fourier transform for m = 2.
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Chapter 7

Discussions

7.1 Comparison with the Results of E09
Seven of 12 sample galaxies are included in the sample of E09. We compared our results with

those of E09.

7.1.1 Comparison with the Classification of E09
E09 classified their sample galaxies into three categories as follows:

C : galaxies with clear offsets between CO and Hα, i.e., tSF > 0 and ∆ΩP/ΩP ≲ 1.

N : galaxies with no offsets although they have clear spiral structures.

A : galaxies with ambiguous offsets. i.e., tSF < 0 or ∆ΩP/ΩP ≳ 1.

We summarize the relation between their and our classifications in our sample galaxies in Table

7.1. In seven galaxies, four galaxies are classified as ”C”, two galaxies as ”N”, and one galaxy as

”A”. ”C” galaxies include three Type 1 galaxies (NGC 628, NGC 4254, and NGC 5194) and one

Type 2 galaxy (NGC 4303). ”A” galaxy corresponds with one Type 2 galaxy (NGC 3184). ”N”

galaxies correspond with two Type 3 galaxies (NGC 4321 and NGC 5248).

”C” and ”A” galaxies with positive offsets between CO and Hα are consistent with Type 1 and

2 galaxies that star forming regions with strong Hα emission tend to be located downstream of

dust lanes. We do not discriminate ”A” from ”C” because the angular offsets are not necessarily

described as a linear function of Ωgas by assuming that tSF is constant. On the other hand, ”N”

galaxies without offsets between CO and Hα are consistent with Type 3 galaxies that star forming

regions with strong Hα emission tend to be concentrated on dust lanes. We newly found three ”N”

galaxies (NGC 4535, NGC 4548, and NGC 4579) in addition to two ”N” galaxies (NGC 4321 and

NGC 5248) in E09.
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Table 7.1: Relation with the classification of E09

Galaxy Category Galaxy Category
NGC This worka E09b NGC This worka E09b

628 Type 1 C 4321 Type 3 N
3631 Type 1 ... 4535 Type 3 ...
4254 Type 1 C 4548 Type 3 ...
5194 Type 1 C 4579 Type 3 ...
1068 Type 2 .. 5248 Type 3 N
3184 Type 2 A
4303 Type 2 C

Note.
a ”Type 1” galaxies without bar structure. ”Type 2” galaxies with bar struc-
ture of the radii smaller than 3 kpc. ”Type 3” galaxies with bar structure of
the radii larger than 3 kpc.
b ”C” galaxies with clear offsets between CO and Hα. ”N” galaxies with no
offsets. ”A” galaxies with ambiguous offsets.

7.1.2 Reasons for No Offsets
E09 mentioned several possible reasons for no offsets: (1) material arms (i.e., non-stationary

spiral structure), (2) corotation resonance, and (3) elliptical orbits nearly parallel to the spiral

arms.

In the case of NGC 4321, they suggested that (1) would be the most plausible reason because

the offsets were found in the region close to the bar where orbits should have larger ellipticity

than in the arm region. In addition, the radial region where offsets were measured was within the

corotation radii estimated by previous studies. On the other hand, in the case of NGC 5248, they

suggested that (3) can partially explain the reason for no offsets because Yuan & Yang (2006)

showed strong inward streaming motions along the spiral arms up to the radius of about 70′′

assuming that the disk is predominantly driven by a large-scale bar found by Jogee et al. (2002).

Considering the properties of Type 3 galaxies with relatively large bar structures, we suggest

that (2) and (3) may explain no offsets. Especially, (2) may explain no offsets outside the bar

region, while (3) can explain no offset within the bar region in NGC 5248.
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Figure 7.1: The relation between θoffset and the radial regions normalized by the corotation radii RCR for our
sample galaxies except for NGC 3631 and NGC 4535. The RCR are from Table 7.2.

7.2 Relation with Corotation Radius
We investigated the relation between corotation radii and the radial regions we traced dust lanes.

The corotation radii (RCR) of our sample galaxies have been investigated in previous studies except

for NGC 4535. We summarize the values of RCR in Table 7.2. It also contains the values of ΩP if

they have been derived. We show the relation between θoffset and the radial regions normalized by

RCR except for NGC 3631 and NGC 4535 in Figure 7.1. We excluded NGC 3631 with RCR = 42′′

± 5′′ from Fridman et al. (2001) because we found positive offsets outside the RCR. In this figure,

we adopted the value of RCR marked with an asterisk in Table 7.2. The RCR we adopted were

limited to the values measured observationally. In addition, we preferentially chose the RCR that

ΩP has been also measured. Otherwise, we chose the RCR which was the nearest to the average.

We found a negative correlation between θoffset and R/RCR. Both of the average R/RCR of Type

1 and Type 2 galaxies are 0.4 − 0.7 respectively. On the other hand, the average R/RCR of Type 3

galaxies is 0.7 − 1.2. In addition, the average Rbar/RCR of Type 2 and Type 3 galaxies are about

0.3 and 0.8, respectively. This result suggests that it is difficult to detect clear offsets for galaxies

with Rbar/RCR ≳ 0.6 because they have the arms near the corotation resonance.
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7.3 Comparison with Star Forming Regions Predicted by Ro-
tation Curve and ΩP

The reason for no offsets in Type 3 galaxies may be explained by the effect of corotation reso-

nance. We investigated whether the distribution of star forming regions traced by Hα emission is

consistent with that of star forming regions predicted by the rotation curve and ΩP.

7.3.1 Results of Individual Galaxies
Both RCR and ΩP have been measured in previous studies in eight out of 12 sample galaxies.

We could derive almost the same RCR as the previous studies by using the rotation curves and ΩP

in four out of eight galaxies. We predicted positions of stellar clusters with the ages of 10 Myr

assuming that they were born in the dust lanes and rotate in a circular orbit. Then, we compared

the positions with the distribution of Hα emission.

We show the results for four galaxies (NGC 628, NGC 4321, NGC 4579 and NGC 5194) in

Appendix D, in Figure D.1 − D.4. The top right panels show the relation between the rotation

curve (red filled circle and solid line) and ΩP (red dashed line). The rotation curves have been

obtained from either Sofue et al. (1999) or Daigle et al. (2006). Sofue et al. (1999) presented

high-resolution central-to-outer rotation curves from optical (Hα and [NII]) and radio (CO and

HI) observations*1. On the other hand, Daigle et al. (2006) presented rotation curves of a part of

the SINGS sample from observations of Hα emission with the Fabry-Perot of New Technology for

the Observatoire du mont Mégantic (FaNTOmM)*2. We display the estimated positions of stellar

clusters with the ages of 10 Myr by using magenta lines on the deprojected continuum-subtracted

Hα images in the top left and bottom panels.

NGC 628 (M74)
This galaxy is classified as Type 1. Both of the rotation curve and ΩP = 31 km/s/kpc were

referred from Fathi et al. (2007). We adopted the same distance of 9.7 Mpc as Fathi et al. (2007).

The RCR was estimated at 107′′ from the rotation curve and ΩP. The arms we traced are located

in the radial region of 50′′ − 90′′ which is inside of the corotation radius. In Figure D.1, magenta

lines show the estimated positions of stellar clusters with the ages of 10 Myr. There exist many

young stellar clusters with Hα emission downstream of magenta lines. It is difficult to consider

that such clusters were born in the dust lanes, but this tendency is consistent with E09 that esti-

*1 http://www.ioa.s.u-tokyo.ac.jp/∼sofue/RC99/rc99.htm
*2 http://www.astro.umontreal.ca/fantomm/sings/rotation curves.htm
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mated the tSF at 28.2 ± 3.1 Myr, which is more than twice as large as tSF of other galaxies in E09.

We infer that such clusters were formed downstream of the dust lanes, or some parameters (e.g.,

rotation curve, ΩP, i, PA) are not correct. We note that our parameters (i = 24◦ and PA = 11.8◦)

are different from Fathi et al. (2007) (i = 6.5◦ and PA = 19◦). We confirmed that θoffset does not

substantially change, even if we adopt the same i and PA as Fathi et al. (2007).

NGC 4321 (M100)
This galaxy is classified as Type 3. The ΩP was measured at 31 km/s/kpc in Canzian & Allen

(1997). We adopted the rotation curve from Sofue et al. (1999), because the rotation curve used

by Canzian & Allen (1997) was not available. The RCR was estimated at 98′′ from the rotation

curve andΩP. The RCR is the same as Canzian & Allen (1997), although our distance of 16.8 Mpc

is slightly different from their distance of 17.1 Mpc. The arms we traced are located in the radial

region of 65′′ − 105′′ which includes the corotation radius. In Figure D.2, magenta lines show the

estimated positions of stellar clusters with the ages of 10 Myr. Most of the star forming regions

with strong Hα emission are concentrated on the dust lanes in both arms, which is consistent with

the distribution predicted by the magenta lines. The transition of θoffset across the corotation radius

is unclear, but Hα emission seems to be weak around the RCR ≃ 98′′ in Arm 2. We note that our

parameters (i = 27◦ and PA = 146◦) are slightly different from Canzian & Allen (1997) (i = 28◦

and PA = 153◦). We confirmed that the tendency of no offsets does not change, even if we adopt

the same parameters as Canzian & Allen (1997).

NGC 4579 (M61)
This galaxy is classified as Type 3. The ΩP was measured at 50 km/s/kpc in Garcı́a-Burillo et

al.(2009). We used the rotation curve from Daigle et al. (2006), because the rotation curve used

by Garcı́a-Burillo et al.(2009) was not available. The RCR was estimated at 61′′ from the rotation

curve and ΩP. The RCR is consistent with Garcı́a-Burillo et al.(2009), although our distance of

16.8 Mpc is slightly different from their distance of 19.8 Mpc. The arms we traced are located

in the radial region of 50′′ − 90′′ which includes the corotation radius. In Figure D.3, magenta

lines show the estimated positions of stellar clusters with the ages of 10 Myr. The star forming

regions located on the dust lanes are consistent with the distribution predicted by the magenta

lines. However, the transition of θoffset across the RCR ≃ 60′′ is unclear. In addition, star forming

regions are distributed symmetrically with respect to the dust lanes. We note that our parameters

(i = 45.7◦ and PA = 89.5◦) are slightly different from Garcı́a-Burillo et al.(2009) (i = 36◦ and PA

= 95◦). We confirmed that the tendency of no offsets does not change, even if we adopt the same

parameters as Garcı́a-Burillo et al.(2009).



50 7 Discussions

Figure 7.2: The radial dependence of the offsets for NGC 628, NGC 4321, NGC 4579 and NGC 5194. The
solid lines show the estimated azimuthal offsets of stellar clusters with the ages of 10 Myr assuming that they
were born in the dust lanes and rotate in a circular orbit. The dashed and dash-dotted lines show the θoffset(r)
in each arm.

NGC 5194 (M51)
This galaxy is classified as Type 1. E09 measured the ΩP at 31 km/s/kpc with the rotation curve

from Sofue et al. (1999). We adopted the ΩP and rotation curve, and used their distance of 9.6

Mpc instead of 7.7 Mpc listed in Table 4.1. The RCR was estimated at 171′′ from the rotation

curve and ΩP. The arms we traced are located in the radial region of 50′′ − 90′′ which is inside of

the corotation radius. In Figure D.4, magenta lines show the estimated positions of stellar clusters

with the ages of 10 Myr. We used the same parameters (i = 20◦ and PA = 22◦) as E09. The star

forming regions seem to be consistent with the distribution predicted by the magenta lines.

7.3.2 Radial Dependence of Offsets
We show the radial dependence of the offsets for four galaxies in Figure 7.2. The solid lines

show the estimated azimuthal offsets of stellar clusters with the ages of 10 Myr. If the rotation

speed is constant within the radial region where we traced dust lanes, the azimuthal offset is

inversely proportional to R/RCR. The dashed and dash-dotted lines show the θoffset(r) in each

arm. The offset estimated from rotation curves and ΩP is less than 10◦ at R/RCR ≳ 0.6, which is

not large enough to be detected clearly in comparison with the fluctuation of the θoffset(r). This
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result suggests that it is be difficult to detect clear offsets for Type 3 galaxies with bar structure

of Rbar/RCR ≳ 0.6 because the arms are located near the corotation resonance. On the other hand,

elliptical orbits nearly parallel to the spiral arms may also affect the amount of offsets in Type

3 galaxies, because an unbarred galaxy NGC 628 has larger offsets than a barred galaxy NGC

4321 at R/RCR ≳ 0.6. In either case of corotation resonance and elliptical orbits, larger offsets are

expected between gas arms and older stellar populations (e.g., Dobbs & Pringle 2010, Hirota et al.

2014). Therefore, we need other methods to trace older star formation histories than Hα emission

(i.e., 10 Myr) in order to find evidence for the density wave in Type 3 galaxies.
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Table 7.2: ΩP and RCR from previous studies

NGC Authority ΩP (km/s/kpc) RCR (′′) Method Data
628 Elmegreen et al.(1992) ... 141 Morphology B

Fathi et al.(2007) 31+5
−3 110a∗ SFE HI, Hα

Egusa et al.(2009) 16 ± 3 54 − 114 Offset CO, Hα
Martı́nez-Garcı́a & Puerari (2014) 41.8 ± 1 89 ± 2 Phase-shift CO, 24µm

1068 Rand & Wallin (2004) 72 50∗ TW CO
3184 Tamburro et al.(2008) 38 ± 5 127∗ ± 28 Offset HI, 24µm
3631 Fridman et al.(2001) ... 42 ± 5 Kinematics HI, Hα
4254 Elmegreen et al.(1992) ... 87∗ Morphology B

Kranz et al.(2001) 20 77 ± 11 Simulation K, Hα
Egusa et al.(2009) 10 ± 3 60 − 78 Offset CO, Hα

Buta & Zhang (2009) ... 91b Phase-shift H
4303 Rautiainen et al.(2008) ... 89.1 ± 8.5 Simulation H

Egusa et al.(2009) 24 ± 29 ≳ 36 Offset CO, Hα
Buta & Zhang (2009) ... 85b∗ Phase-shift H

4321 Elmegreen et al.(1992) ... 118 Morphology B
Canzian & Allen (1997) 31 98∗ ± 10 Kinematics Hα

4535 ... ... ... ... ...
4548 Rautiainen et al.(2008) ... 95.2 ± 11.9 Simulation H

Buta & Zhang (2009) ... 75b∗ Phase-shift H
4579 Rautiainen et al.(2008) ... 71.1 ± 8.4 Simulation H

Buta & Zhang (2009) ... 81b Phase-shift H
Garcı́a-Burillo et al.(2009) 50 ± 10 60∗ ± 10 Bar length CO, HI, K

5194 Elmegreen et al.(1992) ... 132 Morphology B
Egusa et al.(2009) 31 ± 5 174∗ +12

−24 Offset CO, Hα
Martı́nez-Garcı́a & Puerari (2014) 23.7 ± 0.5 202 ± 3 Phase shift CO, 24µm

5248 Elmegreen et al.(1992) ... 103∗ Morphology B
Jogee et al.(2002) ... 115c Bar length R, K

Buta & Zhang (2009) ... 70b Phase-shift H

Note.
∗ RCR adopted for this work.
a RCR is from Cepa & Beckman (1990).
b Buta & Zhang (2009) derived multiple RCR. We adopted the RCR closest to those of other studies.
c RCR is estimated by the relational expression (RCR/Rbar=1.2±0.2) from Athanassoula (1992).
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Chapter 8

Summary of Part I

We investigated the difference of offsets between gas arms and star forming regions in 12 nearby

spiral galaxies with two prominent spiral arms. This method has been applied to a number of

galaxies in previous studies, but it depends on tracers of gas and galaxies whether the offsets

predicted by the density wave theory are observed. We traced dust lanes as a sign of molecular

gas with I−H or I−K color images whose resolution is higher than that of radio data used by

previous studies. We selected 11 galaxies capable of extracting dust lanes from an optical and

near-infrared imaging survey of 57 nearby spiral galaxies by Knapen et al. (2003) besides NGC

5194 with the HST data.

We measured θoffset which is the average position of the Hα emission intensity with respect

to dust lanes within the azimuth angle from −50◦ to +50◦. We found that the bar structure is

related to the offset. We classified 12 galaxies into three types based on the bar structure. (Type

1;) galaxies without bar structure (NGC 628, NGC 3631, NGC 4254, and NGC 5194). (Type

2;) galaxies with bar structure of the radii smaller than 3 kpc (NGC 1068, NGC 3184, and NGC

4303). (Type 3;) galaxies with bar structure of the radii larger than 3 kpc (NGC 4321, NGC 4535,

NGC 4548, NGC 4579, and NGC 5248). The average values of θoffset for Type 1, 2, and 3 galaxies

were 10◦, 7◦ and 1◦, respectively. Type 3 galaxies with no offsets tended to have the arms farther

from the center and have stronger m=2 spiral structures than the others.

Seven of 12 galaxies were included in the sample of E09, which have investigated the offsets

between molecular clouds and star forming regions. Our results were consistent with those of E09.

We newly found three galaxies with no offsets in addition to two galaxies in E09. Considering the

properties of Type 3 galaxies, there is a possibility that the reason for no offsets can be explained

by the effects of corotation resonance and elliptical orbits nearly parallel to the spiral arms. In

order to test the density wave theory in Type 3 galaxies, we need other methods to trace older star

formation histories than Hα emission (i.e., 10 Myr).
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Part II

The Distributions of Young and Old
Stellar Clusters in NGC 4321
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Chapter 9

Introduction of Part II

In Part II, we verify the density wave theory in NGC 4321 with high resolution imaging data. In

the density wave theory for quasi-stationary spiral structures, sequential stellar age gradient across

the spiral arm is predicted as illustrated in Figure 9.1 (Dobbs & Pringle 2010). On the other hand,

in the recent theoretical studies for non-stationary spiral structures, sequential stellar age gradient

across spiral arms is not predicted as illustrated in Figure 9.2 (Grand et al. 2012b).

NGC 4321 is considered to be a representative galaxy against the density wave theory. E09

and Part I suggested that the spiral arms show no offsets between molecular gas arms and star

forming regions. In addition, Ferreras et al. (2012) found no offsets between HII regions and

UV star-forming sources with the ages over 100 Myr. These results seem to strongly support

that this galaxy has non-stationary spiral structure. However, in Part I, we suggested that the

effects of corotation resonance and elliptical orbits nearly parallel to the spiral arms may explain

no offsets between molecular gas arms and star forming regions. In addition, since Ferreras et al.

(2012) used unresolved stellar cluster complexes, it is worth testing the density wave with resolved

stellar clusters. The southern spiral arm has been observed using the HST with multiband filters

including Hα. We can detect resolved stellar clusters and investigate the difference between the

distributions of young and old stellar clusters.

In this part, we explain the advantages of this work in comparison with Ferreras et al. (2012)

in Chapter 10. We use the imaging data obtained with the HST Wide Field Camera 3 (WFC3)

and Wide Field and Planetary Camera 2 (WFPC2). The details of the data and the analysis are

described in Chapter 11 and Chapter 12. We investigate the age distributions of young and old

stellar clusters in Chapter 13. The results are discussed in Chapter 14. Then, we give a summary

in Chapter 15.
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Figure 9.1: (Left); The positions of dust lanes, ionized gas and young/old stars in a spiral disk predicted by
the density wave theory. (Right); A schematic view of the predicted distributions of stars with given ages
against the angular distance across a spiral arm (for more details, see Figure 4 of Dobbs & Pringle 2010).

Figure 9.2: (Left); The positions of dust lanes, ionized gas and young/old stars in a spiral disk predicted by
the recent time-dependent multi-dimensional numerical simulations of spiral structures. (Right); A schematic
view of the predicted distributions of stars with given ages against the angular distance across a spiral arm
(for more details, see Figure 21 of Grand et al. 2012b).
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Chapter 10

Approach

Ferreras et al. (2012, hereafter F12) investigated the offset between a very young component (an

HII region) and an older component (a UV star-forming source) with deep UV imaging data which

can trace stellar populations with the ages over 100 Myr. However, they gave negative evidence

for density wave spirals. Here, after a brief description of F12, we describe the arm region where

the offsets are predicted and the importance of high resolution imaging.

10.1 Brief Description of F12
F12 used the UV imaging data taken with the Ultra-Violet/Optical Telescope (UVOT) on board

the Swift spacecraft (Gehrels et al. 2004). It has a 30 cm Ritchey-Chrétien telescope with micro-

channel plate intensified charge coupled device detectors that record the arrival time of individual

photons and provide sub-arcsecond positioning of sources (Roming et al. 2005). They used

images obtained with three filters of UVW1, UVM2, and UVW2. The λc [nm]/ FWHM [nm] are

251/70, 217/51, and 188/76 for UVW1, UVM2, and UVW2 respectively. The FWHM of the point

spread function (PSF) are 2′′.4, 2′′.5, and, 2′′.9 (Breeveld et al. 2010). The total exposure times

are 9.74 ks, 11.95 ks, and 21.28 ks. They also used the Hα imaging data from the SINGS.

They detected 787 sources on the UVW2 image by Sextractor (Bertin & Arnouts 1996). We

show the detected UVW2 sources with crosses in Figure 10.1. The catalog of the sources was

downloaded through the VizieR*1. They divided sources by Hα luminosity L0
α, which was defined

by the equation log L0
α (erg s−1) ≡ 37.9 − 0.4 × (UVW2AB − 20) with the Hα and UVW2 imaging

data. The blue crosses show sources of Hα luminosity L0
α > 0 (young population), and the red

crosses show sources of Hα luminosity L0
α < 0 (old population). They traced three arms, which

*1 http://vizier.nao.ac.jp/viz-bin/VizieR?-source=J/MNRAS/424/1636
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are shown by green solid lines in the left panel of Figure 10.1, based on detected sources. They

compared the distributions of young and old sources within ± 2 kpc from the traced arms shown

by green dashed lines. The thick solid ellipse shows the corotation radius RCR = 98′′ (Canzian &

Allen 1997). The dashed ellipses have the deprojected radii of h and 1.5h, where h is the scale

length of the disk, i.e., h = 83′′.4 (Kodaira et al. 1986). They chose two radial areas of R < h and

R > 1.5h to investigate the distributions of stellar populations with different ages.

They also used the Sloan Digital Sky Survey (SDSS) u, g, r, i, z-band images, and the

Spitzer/IRAC 3.6, 4.5, 5.8, 8 µm images. They compared the distributions of young and old

sources by dividing sources with UVW2 − SDSS g color and age of a young population derived

from the model fitting of the NUV/optical/IR photometry, in addition to the Hα luminosity L0
α.

They found no significant offsets in three cases (see the right panel of Figure 11 in F12).

10.2 Arm Region where Offsets Are Predicted
In Part I, we estimated positions of stellar clusters with the ages of 10 Myr from rotation curves

and ΩP. Here, we show the arm regions where the offsets between young and old stellar popula-

tions are predicted.

We traced two dust lanes with an I − K color image in Part I. In the right panel of Figure 10.1,

we show the dust lanes with green lines. We estimated positions of stellar clusters with the age of

10 Myr and 100 Myr assuming that they were born in the dust lanes and rotate in a circular orbit.

The rotation curve from Sofue et al. (1999) and the ΩP = 31 km/s/kpc from Canzian & Allen

(1997) were used for the calculation. From here on we refer to the estimated age as ”kinematic

age”. We show the estimated positions of stellar clusters with the kinematic age of 10 Myr and 100

Myr with magenta and cyan lines, respectively. We adopted an inclination of 27◦ and a position

angle of 146◦ (Sofue et al. 1999) instead of an inclination of 38◦ and a position angle of 151◦

(Chemin et al. 2006) which were adopted by F12. The dashed ellipses show the region of the

deprojected radii from 65′′ to 105′′, where we traced dust lanes. We see that the areas, where

the distribution of the stellar clusters younger than 100 Myr is predicted, are small in comparison

with those investigated by F12. Therefore, in this work, we investigate arm regions close to the

dust lanes in order to verify the density wave theory accurately.
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Figure 10.1: The comparison of arm regions between F12 (left panel) and this work (right panel). The
crosses indicate sources detected with the UVW2 image in F12. The blue crosses show sources of Hα
luminosity L0

α > 0 (young component), and the red crosses show sources of Hα luminosity L0
α < 0 (old

component). The L0
α is defined by the equation log L0

α (erg s−1) ≡ 37.9 − 0.4 × (UVW2AB − 20). The contour
map shows the Hα image from the SINGS. (Left); The green lines show three arms traced by F12. The green
dashed lines show the positions of ± 2 kpc from the arms. We note that their positions were roughly traced
from Figure 10 in F12. They chose two radial areas of R < h and R > 1.5h to compare the distributions of
young and old sources (h is the scale length of the disk from Kodaira et al. 1986, i.e., h = 83′′.4). The dashed
ellipses show the deprojected radii of R = h and R = 1.5h. The thick solid ellipse shows RCR = 98′′ (Canzian
& Allen 1997). They adopted an inclination of 38◦ and a position angle of 151◦ (Chemin et al. 2006).
(Right); The dust lanes we traced in Part I are shown with green lines, and the estimated positions of stellar
clusters with given ages are shown with magenta and cyan lines. We used a rotation curve from Sofue et al.
(1999) and a pattern speed of ΩP = 31 km/s/kpc from Canzian & Allen (1997) to calculate their positions.
The thick solid ellipse shows RCR = 98′′ (Canzian & Allen 1997). The dashed ellipses show the region of
the deprojected radii from 65′′ to 105′′, where we traced dust lanes in Part I. We adopted an inclination of
27◦ and a position angle of 146◦ (Sofue et al. 1999).

10.3 Importance of High Resolution Imaging
To investigate the effect of angular resolution, we constructed the same UVW2 image as F12.

We downloaded the data through the MAST*1. The details of the data are summarized in Table

1 of F12. We combined the images into one frame with the total exposure time of 21.28 ks. We

*1 https://archive.stsci.edu/
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Figure 10.2: The comparison between the UV image used by F12 and the HST V-band image used by this
work. (a) The Swift/UVOT UVW2 image. The blue crosses show sources of Hα luminosity L0

α > 0 (young
component), and the red crosses show sources of Hα luminosity L0

α < 0 (old component). (b) The enlarged
image of the southern spiral arm shown by a black rectangle in (a). The image size is 80′′ × 40′′. (c) The
HST WFC3/UVIS F555W image which shows the same region as (b).

show the UVW2 image in Figure 10.2 (a) and the enlarged image of the southern arm in Figure

10.2 (b). On the other hand, we display the HST WFC3 UVIS F555W image (Section 11.2.1) in

Figure 10.2 (c).

In Figure 10.2, we plotted the young (blue cross) and old (red cross) sources which were divided

by Hα luminosity in F12. Comparing Figure 10.2 (b) and (c), we see that there are a number of

small sources in the sources detected by F12. The angular resolution of 2′′.5 FWHM of the UV

image used by F12 corresponds to the physical size of about 200 pc in NGC 4321 assuming the

distance of 16.8 Mpc (Tully 1988). The size is not suitable for the detection of resolved stellar

clusters considering that the median effective radius (Reff) of stellar clusters is 2.1 pc in NGC 5194

(Scheepmaker et al. 2007) and 2.5 pc in NGC 5236 (Ryon et al. 2015). Therefore, in this work,

we use the HST imaging data with the angular resolution of 0′′.04 (∼ 3 pc) to detect resolved

stellar clusters and investigate the difference between the distributions of young and old stellar

clusters.
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Chapter 11

Galaxy & Data

11.1 NGC 4321
NGC 4321 (M100) is a face-on late-type spiral galaxy classified as the Hubble class SAB(s)bc.

It is located at RA = 12h 22m 54.8s, Dec = +15◦ 49′ 19′′ according to NED. We adopted an

inclination of 27◦ and a position angle of 146◦ from Sofue et al. (1999). The angular scale is

estimated at 81.4 pc arcsec−1 assuming the distance of 16.8 Mpc (Tully 1988).

11.2 HST WFC3/UVIS and WFPC2 Data
We used the imaging data obtained with the HST WFC3/UVIS F555W (V) filter and WFPC2

F336W (U), F439W (B), F555W (V), F675W (R), F814W (I) and F658N (Hα) filters. We re-

trieved the data through the Hubble Legacy Archive (HLA)*1. We show the properties of the data

in Table 11.1 and the observation fields in the left panel of Figure 11.1.

11.2.1 WFC3/UVIS
The WFC3 (Dressel 2015) is a fourth generation imaging instrument which was installed on

the HST in May 2009. The UVIS is the UV/optical channel of WFC3, which covers wavelengths

from 200 to 1000 nm. It has two 4096 × 2051 thinned, back-illuminated CCDs manufactured by

E2V Technologies Limited (formerly Marconi Applied Technologies Limited). Two detectors are

located with a gap of about 30 pixels. The field of view projected onto the sky is rhomboidal,

162′′ × 162′′, with the acute angle between the x and y axes of the detector of about 86◦. The

pixel scale projected onto the sky is also rhomboidal, ∼ 0′′.04 × 0′′.04.

*1 http://hla.stsci.edu/hlaview.html
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We used the imaging data obtained with the WFC3/UVIS F555W filter. The observation was

carried out on November 12, 2009 (HST Proposal ID: Cycle 17 GO 11646, PI: Crotts, Title:

Light Echoes as Probes of Supernova Type Ia Environments). The target was Supernova SN

2006X located at RA = 12h 22m 54.0s, Dec = +15◦ 48′ 33′′. We show the image in the right

panel of Figure 11.1. The total exposure time was 970 seconds. The F555W filter is similar to the

Johnson-Cousins V-band filter.

11.2.2 WFPC2
The WFPC2 (McMaster et al. 2008) is a second generation imaging instrument which was

installed on the HST in December 1993 and was replaced by the WFC3 in May 2009. It has four

800 × 800 thick, front-side illuminated CCDs manufactured by Loral Aerospace, which cover

wavelengths from 115 to 1100 nm. The incident light is divided by a four-faceted pyramid mirror

and relayed by four sets of optics. The optics of three cameras called as the Wide Field Camera

(WF2, WF3, and WF4) have a focal ratio of F/12.9 which gives a pixel scale of 0′′.1. The fourth

camera called as the Planetary Camera (PC1) has a focal ratio of F/28.3 which gives a pixel scale

of 0′′.046. Three cameras of the WF2, WF3, and WF4 with a field of view of 80′′ × 80′′ have an

L-shaped field of view of 2′.5 × 2′.5. On the other hand, the PC1 has a field of view of 34′′ × 34′′.

We used the imaging data obtained with the WFPC2 F336W, F439W, F555W, F675W, F814W

and F658N filters. They were obtained on July 29, 1996 (HST Proposal ID: Cycle 6 GO 6584,

PI: Filippenko, Title: Interaction of Supernovae with Circumstellar Material). SN 1979C, which

is located at RA = 12h 22m 58.6s, Dec = +15◦ 47′ 52′′, was targeted on the PC1. We show the

images in Figure 11.2. The total exposure times for the F336W, F439W, F555W, F675W, F814W

and F658N filters were 2600, 2400, 800, 1000, 1200, and 3900 seconds, respectively. The F336W,

F439W, F555W, F675W and F814W filters are similar to the Johnson-Cousins U, B, V, R and I-

band filters, respectively. The F658N filter (λc: 6590.8 Å, Width: 28.5 Å) is used as an Hα +

[NII] filter.
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Figure 11.1: (Left); The observation fields of the HST WFC3/UVIS and WFPC2 imaging data. The red
rhomboids indicate the field of the WFC3/UVIS. The blue squares indicate the field of the WFPC2. The
background image is the R-band image from the SINGS. (Right); The WFC3/UVIS F555W (V) image.

Table 11.1: Properties of the HST data

Instrument Filter　 Central Wavelength Width Exposure Time Proposal ID
　　 (Å) (Å) (second)

WFC3 F555W 5308a 1562c 970 11646
WFPC2 F336W 3344.4b 374.3d 2600 6584
WFPC2 F439W 4311.3b 473.2d 2400 6584
WFPC2 F555W 5439.0b 1228.4d 800 6584
WFPC2 F675W 6717.4b 866.8d 1000 6584
WFPC2 F814W 8012.2b 1539.4d 1200 6584
WFPC2 F658N 6590.8b 28.5d 3900 6584

Note.
a The pivot wavelength cited from Table 6.2 of Dressel (2015).
b The pivot wavelength cited from Table 6.1 of McMaster et al. (2008).
c The passband rectangular width cited from Table 6.2 of Dressel (2015).
d The effective width of the bandpass cited from Table 6.1 of McMaster et al. (2008).
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Figure 11.2: (Top Left); The WFPC2 F336W (U) image. (Top Right); The WFPC2 F439W (B) image.
(Middle Left); The WFPC2 F555W (V) image. (Middle Right); The WFPC2 F675W (R) image. (Bottom
Left); The WFPC2 F814W (I) image. (Bottom Right); The WFPC2 F658N (Hα) image.
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Chapter 12

Data Analysis

12.1 Cluster Detection
We used the WFC3/UVIS F555W (V) image to detect stellar clusters. The angular resolution of

0′′.04 is equal to the physical size of ∼ 3 pc in NGC 4321, which enables us to distinguish between

individual stars and stellar clusters. We used a calibrated, geometrically-corrected, combined

image. The image was created from two images obtained at the same position of the galaxy with

the exposure time of 300 seconds and 670 seconds. We have not corrected the image for charge

transfer efficiency (CTE) degradation, because the background level of more than 30 electrons per

pixel is above the critical level where CTE losses are significant (Noeske et al. 2012).

12.1.1 Source Detection
We have used the DAOPHOT/DAOFIND package/task in IRAF (Stetson 1987) to extract both

point-like and slightly extended sources with the parameters of a 3 sigma detection threshold and a

background standard deviation of 0.05 in units of counts per second. In order to remove a rapidly

varying background and detect sources on bright backgrounds, we used the image divided by itself

with a 3 × 3 pixel median filter as the detection image (Miller et al. 1997). We used the detection

parameter of the FWHW from 1 pixel to 5 pixels. We have not restricted sources by roundness

or by sharpness in order to include elliptical and marginally resolved clusters. We chose the

brightest source when there were multiple sources within an aperture radius of 0′′.15. The total

list includes ∼ 63,000 source candidates, which consist of individual stars, stellar clusters, and

background galaxies.
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Figure 12.1: CI for artificial clusters with different Reff . The orange star symbol shows the CI for an
empirical PSF constructed from isolated stars. The red dots represent CI for artificial clusters of various
Reff generated with the MKCMPPSF task in BAOLAB by the EFF profile with a power index of 1.5. The
horizontal dashed lines denote the upper and lower limits of CI for stellar clusters.

12.1.2 Extracting Clusters
The concentration index (CI) has been used for a method to distinguish between individual stars

and stellar clusters (e.g., Chandar et al. 2010, Whitmore et al. 2010, Konstantopoulos et al. 2013,

Ryon et al. 2014, Whitmore et al. 2014, Simanton et al. 2015). We defined the CI as the magnitude

difference between aperture radii of 0′′.05 and 0′′.15. We performed circular aperture photometry

using the DAOPHOT/PHOT package/task in IRAF with the background estimation within annuli

of 0′′.5 to 1′′.0. We adopted the AB-magnitude photometric system, with the zeropoint of 25.78

mag from the header keywords of PHOTFLAM and PHOTPLAM (Rajan et al. 2011).

In order to define the range of acceptable CI for stellar clusters at the distance of NGC 4321,

we generated artificial clusters with various Reff using BAOLAB*1 (Larsen 1999). An empirical

stellar PSF was built from 17 isolated stars with the DAOPHOT/PSF package/task in IRAF. We

used the MKCMPPSF*2 task in BAOLAB to convolve the EFF profile with a power index of 1.5

with the empirical stellar PSF. This profile was successfully fitted to the luminosity profiles of

young clusters in the Large Magellanic Cloud (Elson et al. 1987). Figure 12.1 shows the CI for

*1 http://baolab.astroduo.org/
*2 MKCMPPSF task can construct the new PSF file as a convolution product of two profiles, either of which may be

given by an analytic model or supplied by the user as a FITS file.
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Figure 12.2: A set of artificial stars in a 20 × 5 object grid, which have the magnitude of 20th and are located
4′′ apart, created by the MKSYNTH task in BAOLAB on the WFC3/UVIS F555W image. The image with
the size of 100′′ × 40′′ or 8.1 × 3.3 kpc covers the southern spiral arm.

artificial clusters with different Reff . The CI for an empirical PSF constructed from isolated stars

was about 0.8 mag. We set the lower and upper limits of Reff for stellar clusters to 1 pc and 10 pc,

considering cluster size distributions measured by previous studies (e.g., Larsen 2004, Lee et al.

2005, Barmby et al. 2006, Scheepmaker et al. 2007, Mayya et al. 2008, Bastian et al. 2012, Ryon

et al. 2015). The corresponding lower and upper limits of CI for stellar clusters are 0.9 mag and

1.7 mag.

12.1.3 Completeness
We created a set of artificial stars in a 20 × 5 object grid with the interval of 4′′, using the

MKSYNTH*1 task in BAOLAB. The artificial objects were built using the empirical PSF gener-

ated in the above section. Objects with a fixed magnitude in the range from 20 to 30 mag in a step

of 0.5 mag were added to a blank image. Then we added the output image containing the artificial

objects to the science image using the IRAF IMARITH task. An example of the combined image

is shown in Figure 12.2. We chose the field that covers the southern spiral arm because the com-

pleteness varies with the background level as well as crowding and confusion (e.g., Scheepmaker

et al. 2007, Mora et al. 2007). The results are presented in Figure 12.3, which shows the 90%

recovery fraction at 26 mag. We note that we did not correct the measured magnitude for the

aperture and the extinction.

*1 MKSYNTH task can generate a purely synthetic image, consisting of background signals including Poisson noise
and a number of point-like sources.
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Figure 12.3: Completeness test tracing the fraction of artificial stars recovered at a range of source magni-
tude. The dashed vertical line indicates the 90% completeness fraction for the field that covers the southern
spiral arm displayed in Figure 12.2. The horizontal axis shows the magnitude measured within the aperture
radius of 0′′.15 without the aperture and extinction corrections. We estimate the 90% completeness level at
26 mag.

12.1.4 Cluster Candidate
We show the CI versus the source magnitude in Figure 12.4 and the photometric error versus

the source magnitude in Figure 12.5. In both figures, we plotted the detected sources on the area

overlapped with the WFPC2 WF3 and WF4 chips where we used for the following analysis. In

addition, we excluded the sources with the photometric errors σ ≥ 0.3 mag. The orange circles

indicate stellar cluster candidates selected by the upper and lower limits of CI for stellar clusters

(Figure 12.1) and the completeness limit (Figure 12.3). We display the distribution of the stellar

cluster candidates on the WFC3/UVIS F555W image in Figure 12.6. In 12,771 stellar cluster

candidates on the WFC3/UVIS F555W image, 3,910 sources are located on the area overlapped

with the WFPC2 WF3 and WF4 chips. From here on we refer to the stellar cluster candidates

simply as ”clusters”.
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Figure 12.4: Concentration index (CI) versus source magnitude measured within the aperture radius of 0′′.15
without the aperture and extinction corrections. We plotted sources on the area overlapped with the WFPC2
WF3 and WF4 chips. The orange circles indicate stellar cluster candidates. The horizontal lines denote the
range of the adopted CI for stellar clusters. The vertical line shows the 90% completeness limit.

Figure 12.5: Photometric error versus source magnitude measured within the aperture radius of 0′′.15 with-
out the aperture and extinction corrections. We plotted sources on the area overlapped with the WFPC2
WF3 and WF4 chips. The orange circles indicate stellar cluster candidates. The vertical line shows the 90%
completeness limit.
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Figure 12.6: The distribution of stellar cluster candidates shown by orange dots on the WFC3/UVIS F555W
image. The solid lines indicate the WFC3/UVIS field. The dashed lines indicate the WFPC2 field. We used
stellar cluster candidates on the area overlapped with the WFPC2 WF3 and WF4 chips for the following
analysis.
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12.2 Selection of Young and Old Clusters
We used the imaging data obtained with the WFPC2 F675W (R) and F658N (Hα) filters to sep-

arate clusters into three samples with different ages. The imaging data obtained with the F336W

(U), F439W (B), F555W (V) and F814W (I) filters are used to estimate average ages of three sam-

ples in Section 13.2. We analyzed the images taken with the WF3 and WF4 chips whose angular

resolution of 0′′.1 is equal to the physical size of ∼ 8 pc in NGC 4321.

12.2.1 WFPC2 Data Analysis
We used the calibrated science images for the WFPC2 imaging data. There are two frames

for F336W, F439W, F555W, F675W and F814W, and three frames for F658N. All frames were

obtained at the same position of the galaxy. We combined the images to make a cosmic ray free

image using the STSDAS/CRREJ package/task in IRAF after we applied the pixel area correc-

tions and the 34th row corrections. We arranged the four WF/PC frames into one frame using the

STSDAS/WMOSAIC package/task in IRAF that corrects for geometric distortion in each chip,

as well as rotation, offsets, and scale differences among the chips. The coordinate transformation

functions between the WFC3 F555W image and the WFPC2 F675W mosaic frame were calcu-

lated with 510 bright resolved sources by the IRAF GEOMAP task. The root-mean-square (rms)

accuracy was about 0.3 pixel in X and Y coordinates. The IRAF GEOXYTRAN task was used

to transform coordinates of clusters on the WFC3 F555W image to those on the WFPC2 mosaic

frame. We measured the magnitude of 3,910 clusters with the circular aperture radius of 0′′.15

and the background estimation within annuli of 1′′.0 to 1′′.5 using the DAOPHOT/PHOT pack-

age/task in IRAF. We adopted the AB-magnitude zeropoint of 20.59, 20.74, 22.55, 22.29, 22.08

and 18.45 mag for F336W, F439W, F555W, F675W, F814W and F658N from the header keyword

PHOTFLAM and PHOTPLAM (Gonzaga et al. 2010).

The CTE loss becomes significant in the data obtained before April 1994 when the operating

temperature of the CCDs was lowered. In addition, the loss was getting larger throughout the

mission because of the radiation damage to the CCDs. Our data were obtained in July 1996, so

the effect is considered to be not so strong. However, in the F336W and F658N frames with

faint targets and the low background level, there is a possibility that the amount becomes signif-

icant. Therefore, we corrected the CTE loss for all frames. The CTE loss was calculated using

the correction formulae by Dolphin (2009), and the correction applied to the aperture-corrected

counts with a radius of 0′′.5. We derived a factor for the aperture correction by running the

DAOPHOT/PHOT package/task in IRAF to isolated stars using two aperture radii of 0′′.15 and
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0′′.5. Then we applied the aperture correction from 0′′.15 to 0′′.5 with a factor of 2.0 in all filters.

Even in the F336W and F658N frames, most of the clusters have the CTE losses less than 0.1

mag.

12.2.2 Separating Clusters by Hα Luminosity
We show the photometric error versus the cluster magnitude of all filters in Figure 12.7. The

magnitude of cluster was corrected for the aperture radius of 0′′.5. We selected clusters with the

photometric errors σ < 0.3 mag for the F675W (R) filter and σ < 1.0 mag for the other filters. In

addition, we excluded clusters out of the color range −1.0 mag < F336W (U) − F439W (B) < 2.5

mag.

We separated clusters into the following three samples with different ages by comparing the

F658N (Hα) and F675W (R) magnitude.

Young : mR − mHα > 1.5 mag. Age ≲ 6 Myr.

Middle : 0.5 mag < mR − mHα ≤ 1.5 mag. 6 Myr ≲ Age ≲ 10 Myr.

Old : mR − mHα ≤ 0.5 mag. Age ≳ 10 Myr.

We show the color magnitude diagram in Figure 12.8. The horizontal dashed lines indicate the

boundaries of colors among three cluster samples. We estimated the ages corresponding to the

boundaries with an evolutionary track of a single-burst stellar population (SSP) from Starburst99

(Leitherer et al. 1999, hereafter SB99) model. We show the time evolution of Hα equivalent width

(EW) in Figure 12.9. We assumed a stellar population with a Salpeter initial mass function (IMF)

with slope α = 2.35 (Salpeter 1955), and an upper mass limit Mup = 100 M⊙. We plotted models

with 0.4, 1, and 2 × the solar metallicity (Z⊙).

As for the metallicity, Pilyugin et al. (2004) have measured the radial oxygen abundance distri-

bution using 10 HII regions observed in McCall et al.(1985) and Shields et al.(1991). The radial

oxygen abundance distribution was fitted by the following equation:

12 + log(O/H) = 8.86 − 0.37 × (R/R25)

where R/R25 is the fractional radius and R25 is located at 3′.79. The oxygen abundance in the

arm region from 1′ to 1′.5, where we traced dust lanes in Part I, is estimated at 8.71 − 8.76. The

metallicity is regarded as almost the solar value by adopting the solar oxygen abundance of 12 +

log(O/H)⊙ = 8.69 (Allende Prieto et al. 2001).

As for the Hα EW, the F658N filter contains [NII]λ6548 emission line as well as Hα emission

line assuming the recession velocity of 1571 km/s ( redshift z = 0.005240 ) from NED. The

theoretical intensity of the [NII]λ6584 emission line is about 3 times that of the [NII]λ6548, but
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Figure 12.7: Photometric error versus cluster magnitude. The magnitude of cluster was corrected for the
aperture radius of 0′′.5.

the contamination by [NII]λ6584 emission line is significantly weaker than [NII]λ6548 emission

line in the combination of this galaxy and the F658N filter. Prescott et al. (2007) have measured

the flux ratio of [NII]λ6584 to Hα ([NII]λ6584/Hα) = 0.395 in this galaxy. We adopted this value

and the solar metallicity to calculate Hα EWs corresponding to the boundaries of colors among

three cluster samples, which are shown with the horizontal solid lines in Figure 12.9. The color of

mR − mHα = 1.5 mag between the young and the middle cluster samples corresponds to the EW

of 91 Å and the age of 6.2 Myr. The color of mR − mHα = 0.5 mag between the middle and the

old cluster samples corresponds to the EW of 16 Å and the age of 7.8 − 10.3 Myr.

The age is not so sensitive to the change in the metallicity and [NII]λ6584/Hα, since the Hα

EW exponentially decreases as clusters become old. For example, Hoopes & Walterbos (2003)

showed that [NII]λ6584/Hα covers a wide range from 0.1 (individual HII regions) to 2.0 (diffuse

Hα component) in nearby galaxies. We show the Hα EWs corresponding to the extreme cases of

[NII]λ6584/Hα with the horizontal dashed lines in Figure 12.9. Considering such extreme cases,

the ages are 6.2 − 6.3 Myr for the color of mR − mHα = 1.5 mag and 7.6 − 11.3 Myr for the color

of mR − mHα = 0.5 mag.

We display the distributions of three cluster samples on the WFPC2 F675W image in Figure

12.10. The young, middle, and old cluster samples contain 578, 636, and 828 clusters respectively.
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Figure 12.8: Color-magnitude diagram: F675W (R) − F658N (Hα) versus F675W (R). The horizontal
dashed lines indicate the boundaries of colors among three cluster samples.

Figure 12.9: Time evolution of Hα EW from SB99 SSP models assuming a Salpeter IMF. The red solid line
shows the model for solar metallicity (Z⊙). The horizontal solid lines indicate Hα EWs corresponding to the
boundaries of F675W (R) − F658N (Hα) among three cluster samples assuming a flux ratio [NII]λ6584/Hα
= 0.395. The horizontal dashed lines indicate Hα EWs assuming extreme cases of [NII]λ6584/Hα = 0.1 and
2.0.
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Figure 12.10: The distributions of the young, middle, and old cluster samples with cyan, green, and red
dots on the WFPC2 F675W image. The sold lines indicate the WFPC2 field. The dashed lines indicate the
WFC3/UVIS field.
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Chapter 13

Age Distribution of Stellar Clusters

13.1 Azimuthal Distributions of Cluster Samples
We investigated the azimuthal distributions of three cluster samples in the southern spiral arm.

In Figure 13.1, we show the arm region on the WFC3/UVIS F555W image. The dust lane traced

with an I −K color image in Part I is shown with a magenta line. The estimated positions of stellar

clusters with the kinematic age from −50 Myr to 50 Myr with an interval of 10 Myr are shown

with black solid lines. We used the same rotation curve, pattern speed, inclination, and position

angle as the right panel of Figure 10.1. In Figure 13.2, we show the distribution of clusters on the

(Radius, azimuth θ) plane. In both figures, we plotted the young, middle, and old cluster samples

with cyan, green, and red dots respectively.

We show the azimuthal distributions of three cluster samples in units of the kinematic age from

the dust lane in Figure 13.3. We counted clusters within the area between the deprojected radii of

65′′ and 85′′ which is located inside the corotation radius. The total number of clusters are 219 for

the young cluster sample, 168 for the middle cluster sample and 177 for the old cluster sample.

We show the normalized and cumulative distributions in Figure 13.4.

We see that the distribution of the old cluster sample has a peak at the kinematic age of ∼ 20

Myr compared to that of the young cluster sample which has a peak at the kinematic age of ∼ 0

Myr. This is in agreement with the density wave theory which predicts the age gradient of stellar

clusters across the spiral arm as illustrated in Figure 9.1. The Kolmogorov-Smirnov test (K-S test)

indicated a statistically significant difference (P < 0.0001) between the distributions of the young

and the old cluster samples.
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Figure 13.1: (Left); The arm region on the WFC3/UVIS F555W image. The dashed squares indicate the
WFPC2 field. The dust lane traced in Part I is shown with a magenta line. The estimated positions of stellar
clusters with the kinematic age from −50 Myr to 50 Myr with an interval of 10 Myr are shown with black
solid lines. We used the same rotation curve, pattern speed, inclination, and position angle as the right panel
of Figure 10.1. The dashed ellipses show the region of the deprojected radii from 65′′ to 85′′ within which
we investigated the distributions of three cluster samples. On the other hand, the solid ellipses have the
deprojected radii of 60′′ and 90′′ which show the whole radial region of Figure 13.2. (Right); A zoomed
image of the southern spiral arm region shown by a black rectangle in the left panel. We plotted the young,
middle, and old cluster samples with cyan, green, and red dots respectively. The frame size is 110′′ × 55′′ or
9.0 kpc × 4.5 kpc.

Figure 13.2: The distribution of clusters on the (Radius, azimuth θ) plane. The θ increases counterclockwise
from the west in the image of the galaxy. We plotted the young, middle, and old cluster samples with cyan,
green, and red dots respectively. The dust lane is shown with a magenta line. The estimated positions of
stellar clusters with the kinematic age from −50 Myr to 50 Myr with an interval of 10 Myr are shown with
black solid lines. The dashed lines show the range of the deprojected radius from 65′′ to 85′′ within which
we investigated the distributions of three cluster samples.
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Figure 13.3: Azimuthal distributions of three cluster samples in units of the kinematic age from the dust
lane within the area between the deprojected radii of 65′′ and 85′′. We show the distributions of the young,
middle, and old cluster samples with cyan, green, and red colors respectively.

Figure 13.4: Normalized (left panel) and cumulative (right panel) distributions of Figure 13.3.
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13.2 Age Estimates from Multicolor Photometry
There are multi-color images taken with the WFPC2 F336W, F439W, F555W and F814W filters

as well as F658N and F675W filters. In this section, we examined average ages of three cluster

samples from the colors. Then, we investigated the effect of very old clusters on the azimuthal

distribution of the old cluster sample.

13.2.1 Color-Color Diagram
We show the color-color diagram of F336W − F439W (U − B) against F555W − F814W (V − I)

for three cluster samples in Figure 13.5 − 13.7. We corrected the foreground Galactic extinctions

of 0.02 mag for E(U−B) and 0.03 mag for E(V−I) from NED (RV*1 = 3.1; Schlegel et al. 1998,

Fitzpatrick 1999, Schlafly & Finkbeiner 2011). In these figures, the black solid line shows an

evolutionary track of a SSP model with solar metallicity and a Kroupa (2001) IMF from Maraston

(2005) that broad-band colors are computed for the same filter combinations. The black arrow

shows the reddening vector for visual absorption AV*2 = 1 mag (RV = 3.1: Cardelli et al. 1989).

The clusters seem to follow the evolutionary track well, considering that younger clusters suffer

from large amounts of extinction than older clusters.

We estimated the average age of each cluster sample from the U − B and V − I colors. In

Figure 13.5 − 13.7, yellow star symbols show the average colors. We see the average colors

become redder from the young cluster sample to the old cluster sample. We estimated the average

age and extinction from the average colors assuming the reddening vector. We plotted the average

colors corrected for the extinction with an orange star symbol. We summarize the average age and

extinction of each cluster sample in Table 13.1. The average ages of the young, middle and old

cluster sample are 5.3, 6.7 and 27 Myr respectively, which are consistent with the ages estimated

from Hα EW. We estimated the uncertainty of the ages with different stellar population models

from SB99 and Bruzual & Charlot (2003), assuming a SSP model with solar metallicity and a

Salpeter IMF. We calculated the colors for the WFPC2 filters from the model spectra by using

the filter throughput*3. The average age of the young cluster sample does not vary according to

the models, while the average age of the old cluster sample may be up to 80 Myr. Even if we

consider the difference among the models, the average ages of the young and old cluster samples

are consistent with the ages estimated from Hα EW.

*1 RV [= AV/E(B−V)]: the ratio of total to selective absorption at V
*2 AV: the total absorption in V magnitude
*3 http://www.stsci.edu/hst/wfpc2/analysis/filters.html



13.2 Age Estimates from Multicolor Photometry 81

Figure 13.5: Color-color diagram of F336W − F439W (U − B) versus F555W − F814W (V − I) for the old
cluster sample. The black solid line shows an evolutionary track of a SSP model with solar metallicity and
a Kroupa IMF from Maraston (2005). The black arrow shows the reddening vector for visual absorption AV

= 1 mag (RV = 3.1; Cardelli et al. 1989). The yellow star symbol shows the average colors, and the orange
star symbol shows the average colors corrected for the extinction assuming the reddening vector.

Table 13.1: The average age and extinction of each cluster sample

Cluster sample Number of Average E(B−V) Average Age
clusters (mag) (Myr)

Young 219 0.28 5.3 +0.7
−0.0

Middle 168 0.03 6.7 +12
−1.7

Old 177 0.10 27 +53
−0.0

Old (Age ≤ 200Myr) 145 0.04 25 +35
−6

Note.
We estimated the average age with the stellar population model from Maraston
(2005), and the error with different models from SB99 and Bruzual & Charlot (2003).
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Figure 13.6: Color-color diagram of U − B versus V − I for the middle cluster sample.

Figure 13.7: Color-color diagram of U − B versus V − I for the young cluster sample.
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The average age of the young cluster sample is close to that of the middle cluster sample. The

reason is considered that clusters younger than about a few Myr are embedded or obscured in

dusts because of large amount of extinction (Lada & Lada 2003, Whitmore et al. 2011). On the

other hand, the amount of extinction of the young cluster sample is larger than that of the middle

and the old cluster samples. This trend is consistent with previous observational results that most

of the dust has been expelled and ionized gas becomes larger bubbles surrounding a cluster when

the cluster becomes older than about 6 Myr (Whitmore et al. 2011).

13.2.2 Effect of Very Old Clusters
The old cluster sample contains very old clusters which are not likely to be directly related with

the recent star formation around the spiral arm. To investigate the effect of very old clusters on

the azimuthal distribution of the old cluster sample, we constructed the cluster sample excluding

clusters older than 200 Myr. We excluded clusters older than 200 Myr assuming the SSP model

from Maraston (2005) and the reddening vector with RV = 3.1 (Cardelli et al. 1989). We show

the UBVI color-color diagram of the old cluster sample excluding clusters older than 200 Myr in

Figure 13.8. The border line of the stellar cluster age of 200 Myr is shown by a dashed line. The

cluster sample excluding clusters older than 200 Myr has 145 clusters which is about 80 % of the

old cluster sample. The average age is estimated at 25 Myr with E(B−V) = 0.04 assuming the

reddening vector.

We show the azimuthal distributions of the old cluster samples in Figure 13.9. The red line

shows the old cluster sample which is the same as Figure 13.3. The magenta line shows the

cluster sample excluding clusters older than 200 Myr. The purple line shows the distribution of

the clusters older than 200 Myr. The clusters older than 200 Myr seem to be uniformly distributed

around the arm, and do not significantly affect the distribution of the old cluster sample.
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Figure 13.8: Color-color diagram of U − B versus V − I for the old cluster sample excluding clusters older
than 200 Myr.

Figure 13.9: Azimuthal distributions of the old cluster samples. The red line shows the old cluster sample
which is the same as Figure 13.3. The magenta line shows the cluster sample excluding clusters older than
200 Myr. The purple line shows the distribution of the clusters older than 200 Myr.
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13.3 Effect of Dust Extinction
We investigated the effect of dust extinction on our cluster samples with near-infrared imag-

ing data. Near-infrared extinction is much smaller than optical one. Grosbøl & Dottori (2012)

(hereafter GD12) studied the distribution of young stellar clusters in grand design spiral galaxies

including NGC 4321 with ground-based near-infrared observations. They detected complexes of

young stellar clusters with the ages ≲ 10 Myr that are reddened by several magnitudes of visual

extinction. We compared our cluster samples with the cluster complexes detected by the near-

infrared observations.

13.3.1 Near-Infrared Cluster Complexes from GD12
We used the near-infrared cluster complexes studied in GD12 whose catalog was downloaded

through the VizieR*1. The near-infrared imaging data were obtained with the High Acuity Wide

field K-band Imager (HAWK-I) on the 8.2-m Very Large Telescope (VLT), which employs a

mosaic of four 2K × 2K HAWAII-2RG detectors with a pixel scale of 0′′.106 and a total field

of view of 7′.5 × 7′.5. The observations have been carried out on March 27, 2009 (Program ID:

382.B-0331(B), PI: Grosbøl, Title: Formation of Massive Stellar Clusters triggered by Density

Waves in Spiral Galaxies). The total exposure times for the Ks, H, and J filters were 9, 7, and 5

minutes, respectively.

The cluster complexes on the Ks-band image were identified by SExtractor. The seeing in

the final, stacked Ks-band image was 0′′.66 (FWHM). The limiting magnitudes of J, H, and K

corresponding to the completeness of around 90% were 19.32, 19.81, and 20.74 mag, respectively.

The total number of cluster complexes was 1184.

13.3.2 Azimuthal Distribution of Near-Infrared Cluster Complexes
There are 47 cluster complexes with cs*2 < 0.95 and σJ,H,K < 0.3 mag in the area where we

investigated the azimuthal distribution of our cluster samples in Section 13.1. We show the color-

color diagram of (J − H) versus (H − K) in Figure 13.10. A first order reddening corrected color

index Q has been used as an age indicator (e.g. Grosbøl & Dottori. 2009). We adopted a screen

model with standard galactic extinction, which yields Q = (H − K) − 0.57 × (J − H) (Winkler

1997, Indebetouw et al. 2005). We investigated the relation of the Q index to stellar cluster ages

*1 http://vizier.nao.ac.jp/viz-bin/VizieR?-source=J/A+A/542/A39
*2 The class star estimator provided by SExtractor. The sources with cs = 1 correspond to star-like ones and cs = 0

to diffuse ones. Sources with cs > 0.95 are assumed to be foreground stars in GD12
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Figure 13.10: Color-color diagram of (J − H) versus (H − K) for the cluster complexes from GD12 in
the southern arm field. The black solid line indicates Q = (H − K) − 0.57 × (J − H) = 0. The green line
shows an evolutionary track of a SB99 SSP model assuming solar metallicity and a Salpeter IMF. The cluster
complexes with Q > 0 shown by cyan circles are younger than 6 Myr and those with Q < 0 shown by red
circles are older. The black arrow shows the reddening vector for visual absorption AV = 5 mag (RV = 3.1).

in Appendix E. In Figure 13.10, the black solid line indicates Q = 0, and the black arrow shows the

reddening vector for visual absorption AV = 5 mag assuming RV = 3.1 (Cardelli et al. 1989). For

reference, we show an evolutionary track of a SB99 SSP model by the green line, which indicates

a stellar population with solar metallicity, a Salpeter IMF with slope α = 2.35, and an upper mass

limit Mup = 100 M⊙. We classified the cluster complexes with Q > 0 (cyan) as young cluster

complexes (i.e., younger than 6 Myr), and those with Q < 0 (red) as old cluster complexes (i.e.,

older than 6 Myr).

We display the distributions of the young and the old cluster complexes with cyan and red

circles on the VLT HAWK-I Ks-band image in Figure 13.11 (a). The size of the circles indicates

the size of the cluster complexes measured by GD12. We show the number and area distributions

of the young and the old cluster complexes in units of the kinematic age in the left panel of Figure

13.12. The old cluster complexes tend to be distributed downstream compared with the young
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Figure 13.11: (a) The distributions of the young (Q > 0) and the old (Q < 0) cluster complexes with cyan
and red circles on the VLT HAWK-I Ks-band image. (b) The distributions of the cluster complexes classified
as PC (blue), NP (magenta), and NC (red) on the HST WFC3/UVIS V-band image. The black and magenta
lines are the same lines as Figure 13.1. The each frame size is 100′′ × 40′′ or 8 kpc× 3 kpc.

cluster complexes. Their distributions are similar to the distributions of the young and the middle

cluster samples shown in Figure 13.3.

13.3.3 Comparison with Near-Infrared Cluster Complexes
We classified the near-infrared cluster complexes into the following three types comparing with

the optical clusters detected by the HST WFC3/UVIS V-band data. In most of the near-infrared

cluster complexes, more than one clusters were detected with the HST optical imaging data.

Therefore, we examined whether there exist optical clusters corresponding to the peak of the

near-infrared cluster complex.
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Figure 13.12: (Left); Number and area distributions of the young and the old cluster complexes in units of
the kinematic age from the dust lane within the area between the deprojected radii of 65′′ and 85′′. (Right);
Number and area distributions of the cluster complexes classified as PC, NP and NC.

PC : There exist optical clusters corresponding to the peak of the near-infrared cluster complex.

NP : There is no optical cluster corresponding to the peak of the near-infrared cluster complex

due to the strong dust extinction although there exist some optical clusters in the complex.

NC : There is no optical cluster in the near-infrared cluster complex.

We display the distributions of the cluster complexes classified as PC, NP, and NC on the HST

WFC3/UVIS V-band image in Figure 13.11 (b). We show the number and area distributions in the

right panel of Figure 13.12. The distribution of the cluster complexes classified as PC is similar

to that of the old (Q < 0) cluster complexes. On the other hand, the distribution of the cluster

complexes classified as NP and NC is similar to that of the young (Q > 0) cluster complexes.

The majority of the cluster complexes classified as NP and NC is the young (Q > 0) cluster

complexes (58% in number, 71% in area). They are considered to have dust-embedded clusters

younger than about a few Myr. The distributions of the cluster complexes classified as NP and

NC are concentrated around the dust lane and have several small peaks in both sides, which are
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similar to the distribution of the young cluster sample shown in Figure 13.3. Hence, the young

cluster sample should be significantly affected by dust extinction, especially in the vicinity of the

dust lane. However, the effect of dust extinction is much less in the upstream and downstream

sides than on the dust lane. Consequently, the dust extinction does not significantly affect the

normalized distribution of the young and the old cluster samples shown in the left panel of Figure

13.4.
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Chapter 14

Discussion

14.1 Comparison with Density Wave Theory
14.1.1 Azimuthal Distributions of Young and Old Clusters

In Section 13.1, we showed that the old cluster sample is distributed downstream compared

with the young cluster sample (Figure 13.3 and 13.4). This is in better agreement with cluster age

distributions predicted by the density wave theory as illustrated in Figure 9.1 than those predicted

by the recent numerical simulations as illustrated in Figure 9.2. The distribution of the old cluster

sample has a peak at the kinematic age of ∼ 20 Myr in comparison with that of the young cluster

sample which has a peak at the kinematic age of ∼ 0 Myr. On the other hand, the average age of

the old cluster sample, which was estimated from the UBVI photometry (Section 13.2), is more

than ∼ 20 Myr older than that of the young cluster sample. The difference of the kinematic ages

that they have peaks is consistent with or younger than the difference of their average ages. The

stellar clusters in the old cluster sample are considered to have been formed in the dust lane, given

that gas and stellar clusters rotate in non-circular orbits (i.e., elliptical orbits nearly parallel to the

spiral arm).

We investigated two effects capable of changing the distributions of the young and the old clus-

ter samples: (1) very old clusters (Section 13.2), and (2) dust extinction (Section 13.3). The

clusters older than 200 Myr seem to be uniformly distributed around the arm, and do not signifi-

cantly affect the distribution of the old cluster sample (Figure 13.9). On the other hand, the young

cluster sample is significantly affected by dust extinction in the vicinity of the dust lane. However,

the effect of dust extinction is much less in the upstream and downstream sides than on the dust

lane (Figure 13.12). Therefore, we conclude that both of (1) and (2) do not change the result that

clusters older than 10 Myr are distributed downstream compared with younger clusters.

These results indicate that the star formation in the southern spiral arm of NGC 4321 is mainly
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induced by the density wave. However, we note that the star formation around the spiral arm

cannot be explained only by the density wave. The young cluster sample has several small peaks

around the kinematic ages of −40, 20, and 40 Myr (Figure 13.3). In the vicinity of the peaks,

the middle and the old cluster samples also have peaks, which are as high as or higher than those

of the young cluster sample. The similar trend is also found in the distributions of near-infrared

cluster complexes (Figure 13.12). We consider that such clusters were formed by other origins

than the density wave, e.g., secondary star formation.

14.1.2 Importance of Old Stellar Population
We found the difference between the distributions of the young and the old cluster samples, but

no difference between the distributions of the dust lane and the young cluster sample (Figure 13.3

and 13.4). We suggest that the main reason for no offset between the dust lane and HII regions

in this galaxy is because the arms are located near the corotation resonance due to the large bar

structure. The dust lane of this galaxy seems to have the width of about 300 pc in the radial

region where we investigated the azimuthal distribution of clusters. The width corresponds to the

kinematic age from −10 Myr to 10 Myr. The range of the kinematic age is longer than the time

scale of star formation and the age of clusters with strong Hα emission (≲ 6 Myr).

E09 found almost no offsets between molecular clouds and HII regions in the arm region, but

found small offsets in the bar structure. They estimated the pattern speed ofΩP = 31 ± 20 km/s/kpc

which is consistent with the pattern speed derived kinematically by Canzian & Allen (1997). In

their results, galaxies with clear offsets also tend to show no offsets near the corotation resonance

(see their Figure 6). Our and E09’s results indicate that it is difficult to detect clear offsets between

molecular clouds (dust lane) and star forming regions traced by Hα emission near the corotation

resonance. Therefore, tracing older star formation histories than Hα emission (i.e., 10 Myr) is

essential to verify the density wave in the arm region of this galaxy.

14.1.3 Importance of High Resolution Imaging
F12 found no clear difference between the distribution of HII regions and UV star-forming

regions by using the deep UV imaging data with the angular resolution of 2′′.5. However, when we

focus on the arm region where the offsets between young and old stellar populations are predicted,

the old sources tend to be distributed downstream of the dust lane compared with the young

sources (Figure 10.1 and 10.2). This is also the case with the near-infrared imaging data with the

angular resolution of 0′′.7 from GD12. We see that cluster complexes older than 6 Myr tend to be

distributed downstream compared with younger ones (Figure 13.11). However, in both cases, the
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number of sources is too small to verify the difference between the distributions of young and old

ones statistically.

In the HST high resolution imaging data, the spatial distribution of the old cluster sample is

not concentrated, but sparse in comparison with the young and the middle cluster samples (Figure

13.1). The lower resolution imaging data we use, the more difficult it is to detect clusters in the

old cluster sample. Therefore, the high resolution imaging data, which are capable of detecting

individual clusters with a few parsec in radius, are essential to investigate the distribution of clus-

ters older than 10 Myr.

14.2 Origin of Spiral Structures
14.2.1 Spiral Structure of NGC 4321

We succeeded in discovering an observational evidence to support the density wave that old

stellar clusters are distributed downstream of young stellar clusters in NGC 4321. This result

seems to support the quasi-stationary spiral structure rather than non-stationary spiral structure

predicted by recent theoretical studies. However, we cannot deny that the density wave is in-

duced by companions (e.g., NGC4323) and temporary (Toomre 1981). Considering that there is

a possibility that a galactic shock is formed in less than 1 Gyr (Woodward 1975), it is difficult to

confirm whether the spiral structure is sustained over 1 Gyr only by using methods to investigate

the morphological features predicted by the density wave theory.

The systematic radial dependence of offsets among different tracers of star formation histories

is strong evidence for the density wave theory. However, our method to investigate the age distri-

bution of stellar clusters is not appropriate for verifying the systematic offsets, because a relatively

wide radial range is needed to investigate the difference between the distributions of young and old

stellar clusters statistically. Recently, Baba et al. (2015) presented a new observational test from

numerical simulations of spiral structures. They found that the spiral models of quasi-stationary

spiral structures show systematic radial dependence of offsets between dust lanes and stellar spiral

arms (i.e., potential minima). On the other hand, the spiral models of non-stationary spiral struc-

tures show no systematic offsets. This method may be suitable for detecting the systematic offsets

because the tracers are not affected by the recent star formation histories in principle. However,

it is observationally difficult to obtain maps of stellar mass density accurately by excluding the

effect of young stellar populations (e.g., Kendall et al. 2011). It should be studied in future work.
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14.2.2 Spiral Structure of Other Spiral Galaxies
In Part I, spiral galaxies with the bar structures (Rbar > 3 kpc), which were classified as Type3,

showed almost no offsets between dust lanes and HII regions. NGC 4321 is one of the Type

3 galaxies, and has the bar structure of Rbar/RCR ≃ 0.6. Figure 7.1 shows that the other Type3

galaxies (NGC 4548, NGC 4579, NGC 5248) show the bar structure of Rbar/RCR ≳ 0.6. Therefore,

there is a possibility that it is difficult to detect clear offsets between dust lanes and HII regions for

spiral galaxies with Rbar/RCR ≳ 0.6 because the arms are located near the corotation resonance.

This study focused on galaxies close to grand design spiral galaxies, i.e., the two-arm mode is

the strongest. Considering that we found offsets between dust lanes and HII regions for galaxies

without and with bar structure smaller than 3 kpc, we infer that the origin of spiral structures in

grand design spiral galaxies may be generally explained by the density wave theory. However, we

found the difference between the distributions of young and old stellar clusters in only one of the

galaxies with bar structure larger than 3 kpc. We need to verify the density wave by investigating

the age distribution of resolved stellar clusters in other large barred spiral galaxies. In addition,

we should examine whether the offsets (e.g., between dust lanes and stellar spiral arms) depend

on the radius systematically to verify the density wave with higher accuracy.

Recently, Choi et al. (2015) found no evidence of the density wave theory with resolved stellar

populations in a grand design spiral galaxy NGC 3031. As for this galaxy, the morphological

classification is SA(s)ab, and the inclination is large (i = 59◦ ; de Blok et al. 2008). The star

formation activity is relatively weak and the dust lanes seem to be not prominent in comparison

with our sample galaxies in Part I. Furthermore, Choi et al. (2015) used the HST/ACS imaging

data taken with only two broad-band filters (F435W and F606W) to derive the spatially resolved

SFHs. We suggest that further studies are needed to investigate whether the spiral arms are against

the density wave.

In addition to grand design spiral galaxies, it is also unclear whether flocculent and multiple-arm

spiral galaxies have quasi-stationary or non-stationary spiral structures. The nearby galaxy sur-

veys with the HST (e.g., SHUCS; The Snapshot Hubble U-band Cluster Survey; Konstantopoulos

et al. 2013, LEGUS; Legacy ExtraGalactic UV Survey; Calzetti et al. 2015) will provide a num-

ber of spiral galaxies for such studies. Applying this method to spiral galaxies with various arm

types from grand design to flocculent will help us to understand the origin of spiral structures.
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Chapter 15

Summary of Part II

The grand design spiral galaxy NGC 4321 is a representative galaxy against the density wave

theory of quasi-stationary spiral structures. In the spiral arms, no significant differences have been

found not only in the distribution of molecular gas and HII regions, but also in the distribution of

HII regions and UV star-forming sources. Previous studies inferred that this galaxy has material

arms, i.e., non-stationary spiral structure. However, the angular resolution of a few arcseconds

might not be high enough to reject the density wave theory. Therefore, we used the HST high

resolution imaging data to investigate the difference between the distributions of young and old

stellar clusters.

We detected cluster candidates with the HST WFC3/UVIS F555W image, whose angular res-

olution of 0′′.04 is equal to the physical size of ∼ 3 pc in NGC 4321. We used the HST WFPC2

F675W and F658N images to separate the clusters into the following three samples with different

ages; young (Age ≲ 6 Myr), middle (6 Myr ≲ Age ≲ 10 Myr) and old (Age ≳ 10 Myr). We

investigated the azimuthal distributions of three cluster samples around the southern spiral arm.

We found that the old cluster sample is distributed downstream of the young cluster sample. This

was in agreement with the density wave theory which predicts the age gradient of stellar clusters

across the spiral arm.

We investigated the effects of very old clusters and dust extinction on the distributions of the

young and the old cluster samples. The clusters older than 200 Myr selected from the UBVI colors

seemed to be uniformly distributed around the arm, and did not significantly affect the distribution

of the old cluster sample. In addition, the effect of dust extinction estimated from ground-based

near-infrared observations was significant on the young cluster sample in the vicinity of the dust

lane, but not significant in the upstream and downstream sides of the dust lane. Therefore, we

concluded that very old clusters and dust extinction do not affect the result that the old cluster

sample is distributed downstream of the young cluster sample.
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We found the difference between the distributions of the young and the old cluster samples, but

no difference between the distributions of the dust lane and the young cluster sample. This result

indicated that it is difficult to detect clear offsets between the dust lane and star forming regions

traced by Hα emission because this galaxy has the arms near the corotation resonance due to the

large bar structure. Therefore, tracing old star formation histories than 10 Myr was essential to

verify the density wave in this galaxy. In addition, the spatial distribution of the old cluster sample

was not concentrated, but sparse in comparison with the young and the middle cluster samples.

The high resolution imaging data, which are capable of detecting resolved stellar clusters, were

essential to investigate the distribution of stellar clusters older than 10 Myr.

NGC 4321 is one of the Type 3 galaxies which showed almost no offsets between dust lanes and

HII regions in Part I. This galaxy has the bar structure of Rbar/RCR ≃ 0.6. Regarding the other Type

3 galaxies with Rbar/RCR ≳ 0.6, there is also a possibility that it is difficult to detect clear offsets

between dust lanes and HII regions because the arms are located near the corotation resonance.

The new method of investigating the distribution of resolved stellar clusters older than 10 Myr is

essential to verify the density wave theory in such galaxies.
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Chapter 16

Conclusions

In this study, we have verified the density wave theory with two approaches.

In Part I, we investigated the difference of offsets between gas arms and star forming regions

in 12 nearby spiral galaxies with two prominent spiral arms. We traced dust lanes as a sign of

molecular gas arms with I−H or I−K color images. We measured the offset θoffset, i.e., the average

position of the Hα emission intensity with respect to dust lanes within the azimuth angle from

−50◦ to +50◦. We summarize our main results in Part I below.

• We found that the bar structure is related to the offset. Twelve galaxies were classified into

three types based on the bar structure. (Type 1;) galaxies without bar structure (NGC 628,

NGC 3631, NGC 4254, and NGC 5194). (Type 2;) galaxies with bar structure of the radii

smaller than 3 kpc (NGC 1068, NGC 3184, and NGC 4303). (Type 3;) galaxies with bar

structure of the radii larger than 3 kpc (NGC 4321, NGC 4535, NGC 4548, NGC 4579,

and NGC 5248). The average values of θoffset for Type 1, 2, and 3 galaxies were 10◦, 7◦

and 1◦, respectively. Type 3 galaxies showed almost no offsets.

• We newly found three galaxies with no offsets in addition to two galaxies which have been

found no offsets between molecular clouds and HII regions in Egusa et al. (2009).

• There is a possibility that the reason for no offsets can be explained by the effects of coro-

tation resonance and elliptical orbits nearly parallel to the spiral arms. To test the density

wave in Type 3 galaxies, we need other methods to trace older star formation histories than

Hα emission (i.e., 10 Myr).
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In Part II, we investigated the difference between the distributions of young and old stellar

clusters in NGC 4321 with the HST high resolution imaging data. In this galaxy, no significant

differences have been found in the distribution of HII regions and UV star-forming sources with

the ages over 100 Myr in Ferreras et al. (2012). We detected cluster candidates with the HST

WFC3/UVIS F555W image, whose angular resolution of 0′′.04 is equal to the physical size of

∼ 3 pc. We used the HST WFPC2 F675W and F658N images to separate the clusters into the

following three samples with different ages; young (Age ≲ 6 Myr), middle (6 Myr ≲ Age ≲ 10

Myr) and old (Age ≳ 10 Myr). We investigated the azimuthal distributions of three cluster samples

around the southern spiral arm. We summarize our main results in Part II below.

• We succeeded in discovering an observational evidence in support of the density wave

theory that the old cluster sample is distributed downstream of the young cluster sample.

• The ground-based near-infrared observations suggested that dust extinction is significant

for the young cluster sample, but the effect is not significant in the upstream and down-

stream sides of the dust lane. Therefore, it does not affect the result that the old cluster

sample is distributed downstream of the young cluster sample.

• There is a possibility that it is difficult to detect the offsets between molecular gas and star

forming regions for spiral galaxies with relatively large bar structures (Rbar/RCR ≳ 0.6),

because the arms are located near the corotation resonance.

• The new method of investigating the distribution of resolved stellar clusters older than 10

Myr is essential to verify the density wave theory in such galaxies.
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Appendix A

Tracing Dust Lanes
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Figure A.1: [NGC 628] (Top); The deprojected I−K color images on the (∆RA, ∆Dec) and (log R, θ) planes.
(Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks used
for tracing dust lanes are shown with green and blue triangles, and the dust lanes we traced are shown with
green and blue dashed lines. (Bottom); The dust lanes we traced are shown with green and blue dashed lines
on the same images as top panels.
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Figure A.2: [NGC 1068] (Top); The deprojected I−K color images on the (∆RA, ∆Dec) and (log R, θ)
planes. (Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks
used for tracing a dust lane are shown with green triangles, and the dust lane we traced is shown with green
dashed lines. (Bottom); The dust lane we traced is shown with green dashed lines on the same images as top
panels.
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Figure A.3: [NGC 3184] (Top); The deprojected I−K color images on the (∆RA, ∆Dec) and (log R, θ)
planes. (Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks
used for tracing dust lanes are shown with green and blue triangles, and the dust lanes we traced are shown
with green and blue dashed lines. (Bottom); The dust lanes we traced are shown with green and blue dashed
lines on the same images as top panels.
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Figure A.4: [NGC 3631] (Top); The deprojected I−K color images on the (∆RA, ∆Dec) and (log R, θ)
planes. (Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks
used for tracing dust lanes are shown with green and blue triangles, and the dust lanes we traced are shown
with green and blue dashed lines. (Bottom); The dust lanes we traced are shown with green and blue dashed
lines on the same images as top panels.
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Figure A.5: [NGC 4254] (Top); The deprojected I−K color images on the (∆RA, ∆Dec) and (log R, θ)
planes. (Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks
used for tracing dust lanes are shown with green and blue triangles, and the dust lanes we traced are shown
with green and blue dashed lines. (Bottom); The dust lanes we traced are shown with green and blue dashed
lines on the same images as top panels.
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Figure A.6: [NGC 4303] (Top); The deprojected I−K color images on the (∆RA, ∆Dec) and (log R, θ)
planes. (Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks
used for tracing dust lanes are shown with green and blue triangles, and the dust lanes we traced are shown
with green and blue dashed lines. (Bottom); The dust lanes we traced are shown with green and blue dashed
lines on the same images as top panels.
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Figure A.7: [NGC 4321] (Top); The deprojected I−K color images on the (∆RA, ∆Dec) and (log R, θ)
planes. (Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks
used for tracing dust lanes are shown with green and blue triangles, and the dust lanes we traced are shown
with green and blue dashed lines. (Bottom); The dust lanes we traced are shown with green and blue dashed
lines on the same images as top panels.
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Figure A.8: [NGC 4535] (Top); The deprojected I−K color images on the (∆RA, ∆Dec) and (log R, θ)
planes. (Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks
used for tracing dust lanes are shown with green and blue triangles, and the dust lanes we traced are shown
with green and blue dashed lines. (Bottom); The dust lanes we traced are shown with green and blue dashed
lines on the same images as top panels.



107

Figure A.9: [NGC 4548] (Top); The deprojected I−K color images on the (∆RA, ∆Dec) and (log R, θ)
planes. (Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks
used for tracing dust lanes are shown with green and blue triangles, and the dust lanes we traced are shown
with green and blue dashed lines. (Bottom); The dust lanes we traced are shown with green and blue dashed
lines on the same images as top panels.
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Figure A.10: [NGC 4579] (Top); The deprojected I−K color images on the (∆RA, ∆Dec) and (log R, θ)
planes. (Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks
used for tracing dust lanes are shown with green and blue triangles, and the dust lanes we traced are shown
with green and blue dashed lines. (Bottom); The dust lanes we traced are shown with green and blue dashed
lines on the same images as top panels.



109

Figure A.11: [NGC 5194] (Top); The deprojected I−H color images on the (∆RA, ∆Dec) and (log R, θ)
planes. (Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks
used for tracing dust lanes are shown with green and blue triangles, and the dust lanes we traced are shown
with green and blue dashed lines. (Bottom); The dust lanes we traced are shown with green and blue dashed
lines on the same images as top panels.
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Figure A.12: [NGC 5248] (Top); The deprojected I−K color images on the (∆RA, ∆Dec) and (log R, θ)
planes. (Middle); The detected peaks are shown with triangles on the same planes as top panels. The peaks
used for tracing a dust lane are shown with green triangles, and the dust lane we traced is shown with green
dashed lines. (Bottom); The dust lane we traced is shown with green dashed lines on the same images as top
panels.
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Appendix B

Distribution of Star Forming Regions with
Respect to Dust Lanes
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Figure B.1: [NGC 628] (Top); The red contour lines for the Hα emission on the deprojected I−K color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lanes are shown with green and blue lines. The
positions at the azimuth angle ± 50◦ with respect to the dust lanes are shown with green and blue dashed
lines. (Bottom); The upper panels show the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′)
planes in negative representation. The average and the peak azimuth angle of the Hα emission intensity
according to the radius are shown with red solid lines and red dashed lines respectively. The lower panels
show the distribution of the sum of the Hα emission intensity within the radial region where we traced dust
lanes according to the azimuth angle (θ′, θ′′). The magenta lines show the θoffset.
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Figure B.2: [NGC 1068] (Top); The red contour lines for the Hα emission on the deprojected I−K color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lane is shown with green lines. The positions
at the azimuth angle ± 50◦ with respect to the dust lane are shown with green dashed lines. (Bottom); The
upper panel shows the continuum-subtracted Hα image on the (R, θ′) plane in negative representation. The
average and the peak azimuth angle of the Hα emission intensity according to the radius are shown with a
red solid line and a red dashed line respectively. The lower panel shows the distribution of the sum of the
Hα emission intensity within the radial region where we traced dust lane according to the azimuth angle (θ′).
The magenta line shows the θoffset.
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Figure B.3: [NGC 3184] (Top); The red contour lines for the Hα emission on the deprojected I−K color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lanes are shown with green and blue lines. The
positions at the azimuth angle ± 50◦ with respect to the dust lanes are shown with green and blue dashed
lines. (Bottom); The upper panels show the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′)
planes in negative representation. The average and the peak azimuth angle of the Hα emission intensity
according to the radius are shown with red solid lines and red dashed lines respectively. The lower panels
show the distribution of the sum of the Hα emission intensity within the radial region where we traced dust
lanes according to the azimuth angle (θ′, θ′′). The magenta lines show the θoffset.
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Figure B.4: [NGC 3631] (Top); The red contour lines for the Hα emission on the deprojected I−K color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lanes are shown with green and blue lines. The
positions at the azimuth angle ± 50◦ with respect to the dust lanes are shown with green and blue dashed
lines. (Bottom); The upper panels show the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′)
planes in negative representation. The average and the peak azimuth angle of the Hα emission intensity
according to the radius are shown with red solid lines and red dashed lines respectively. The lower panels
show the distribution of the sum of the Hα emission intensity within the radial region where we traced dust
lanes according to the azimuth angle (θ′, θ′′). The magenta lines show the θoffset.
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Figure B.5: [NGC 4254] (Top); The red contour lines for the Hα emission on the deprojected I−K color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lanes are shown with green and blue lines. The
positions at the azimuth angle ± 50◦ with respect to the dust lanes are shown with green and blue dashed
lines. (Bottom); The upper panels show the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′)
planes in negative representation. The average and the peak azimuth angle of the Hα emission intensity
according to the radius are shown with red solid lines and red dashed lines respectively. The lower panels
show the distribution of the sum of the Hα emission intensity within the radial region where we traced dust
lanes according to the azimuth angle (θ′, θ′′). The magenta lines show the θoffset.
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Figure B.6: [NGC 4303] (Top); The red contour lines for the Hα emission on the deprojected I−K color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lanes are shown with green and blue lines. The
positions at the azimuth angle ± 50◦ with respect to the dust lanes are shown with green and blue dashed
lines. (Bottom); The upper panels show the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′)
planes in negative representation. The average and the peak azimuth angle of the Hα emission intensity
according to the radius are shown with red solid lines and red dashed lines respectively. The lower panels
show the distribution of the sum of the Hα emission intensity within the radial region where we traced dust
lanes according to the azimuth angle (θ′, θ′′). The magenta lines show the θoffset.
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Figure B.7: [NGC 4321] (Top); The red contour lines for the Hα emission on the deprojected I−K color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lanes are shown with green and blue lines. The
positions at the azimuth angle ± 50◦ with respect to the dust lanes are shown with green and blue dashed
lines. (Bottom); The upper panels show the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′)
planes in negative representation. The average and the peak azimuth angle of the Hα emission intensity
according to the radius are shown with red solid lines and red dashed lines respectively. The lower panels
show the distribution of the sum of the Hα emission intensity within the radial region where we traced dust
lanes according to the azimuth angle (θ′, θ′′). The magenta lines show the θoffset.
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Figure B.8: [NGC 4535] (Top); The red contour lines for the Hα emission on the deprojected I−K color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lanes are shown with green and blue lines. The
positions at the azimuth angle ± 50◦ with respect to the dust lanes are shown with green and blue dashed
lines. (Bottom); The upper panels show the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′)
planes in negative representation. The average and the peak azimuth angle of the Hα emission intensity
according to the radius are shown with red solid lines and red dashed lines respectively. The lower panels
show the distribution of the sum of the Hα emission intensity within the radial region where we traced dust
lanes according to the azimuth angle (θ′, θ′′). The magenta lines show the θoffset.
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Figure B.9: [NGC 4548] (Top); The red contour lines for the Hα emission on the deprojected I−K color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lanes are shown with green and blue lines. The
positions at the azimuth angle ± 50◦ with respect to the dust lanes are shown with green and blue dashed
lines. (Bottom); The upper panels show the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′)
planes in negative representation. The average and the peak azimuth angle of the Hα emission intensity
according to the radius are shown with red solid lines and red dashed lines respectively. The lower panels
show the distribution of the sum of the Hα emission intensity within the radial region where we traced dust
lanes according to the azimuth angle (θ′, θ′′). The magenta lines show the θoffset.
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Figure B.10: [NGC 4579] (Top); The red contour lines for the Hα emission on the deprojected I−K color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lanes are shown with green and blue lines. The
positions at the azimuth angle ± 50◦ with respect to the dust lanes are shown with green and blue dashed
lines. (Bottom); The upper panels show the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′)
planes in negative representation. The average and the peak azimuth angle of the Hα emission intensity
according to the radius are shown with red solid lines and red dashed lines respectively. The lower panels
show the distribution of the sum of the Hα emission intensity within the radial region where we traced dust
lanes according to the azimuth angle (θ′, θ′′). The magenta lines show the θoffset.



122 B Distribution of Star Forming Regions with Respect to Dust Lanes

Figure B.11: [NGC 5194] (Top); The red contour lines for the Hα emission on the deprojected I−H color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lanes are shown with green and blue lines. The
positions at the azimuth angle ± 50◦ with respect to the dust lanes are shown with green and blue dashed
lines. (Bottom); The upper panels show the continuum-subtracted Hα images on the (R, θ′) and (R, θ′′)
planes in negative representation. The average and the peak azimuth angle of the Hα emission intensity
according to the radius are shown with red solid lines and red dashed lines respectively. The lower panels
show the distribution of the sum of the Hα emission intensity within the radial region where we traced dust
lanes according to the azimuth angle (θ′, θ′′). The magenta lines show the θoffset.
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Figure B.12: [NGC 5248] (Top); The red contour lines for the Hα emission on the deprojected I−K color
images on the (∆RA, ∆Dec) and (log R, θ) planes. The dust lane is shown with green lines. The positions
at the azimuth angle ± 50◦ with respect to the dust lane are shown with green dashed lines. (Bottom); The
upper panel shows the continuum-subtracted Hα image on the (R, θ′) plane in negative representation. The
average and the peak azimuth angle of the Hα emission intensity according to the radius are shown with a
red solid line and a red dashed line respectively. The lower panel shows the distribution of the sum of the
Hα emission intensity within the radial region where we traced dust lane according to the azimuth angle (θ′).
The magenta line shows the θoffset.
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Appendix C

Description of Individual Galaxies

NGC 628 (M74)
NGC 628 belongs to the Hubble class SA(s)c and the spiral arms are classified as AC 9. This

galaxy is considered to be an unbarred and isolated spiral galaxy. Kamphuis & Briggs (1992)

found no evidence that this galaxy has had encounters with satellites or other galaxies in the last

10 Gyr. On the other hand, it is reported that there is a circumnuclear ring (Wakker & Adler 1995,

James & Seigar 1999), and that the near-infrared images show a nuclear bar with a radius of 2′′.1

(Laine et al. 2002) and an oval structure with a radius of about 50′′ (Seigar 2002).

We traced two dust lanes over a radial region of 50′′ − 90′′ (2.4 − 4.2 kpc) as shown in Figure

A.1. Both dust lanes seem to be disconnected and distributed with a large scatter. We defined the

arm indicated by green dashed lines which starts from the west as Arm1 and that indicated by blue

dashed lines which starts from the east as Arm2. The pitch angles are similar in both arms; 11.9◦

± 0.2◦ for Arm1 and 13.3◦ ± 0.3◦ for Arm2. We show the distribution of Hα emission in Figure

B.1. The star forming regions with strong Hα emission tend to be located downstream of the dust

lanes in both arms. The θoffset were measured at 8.8◦ in Arm1 and 9.8◦ in Arm2.

E09 classified this galaxy as ”C” galaxies with clear offsets. They measured 33 offsets between

CO and Hα over a radial region of 12′′ − 102′′, which includes the radial region we traced the

dust lanes. They estimated the corotation radius at RCR ≃ 54′′ − 114′′. The RCR has been also

measured at ∼ 141′′ in Elmegreen et al. (1992), ∼ 110′′ in Cepa & Beckman (1990), and 89′′ ±
2′′ in Martı́nez-Garcı́a & Puerari (2014). Considering their results, the radial region we traced the

dust lanes is located within the corotation radius, and our result with positive θoffset is consistent

with the density wave theory.
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NGC 1068 (M77)
NGC 1068 belongs to the Hubble class SA(rs)b and the spiral arms are classified as AC 3.

This galaxy has an active galactic nucleus classified as Seyfert 2 (Khachikian & Weedman 1974).

Although this galaxy is normally considered as an unbarred spiral galaxy, Scoville et al. (1988)

found a bar with a radius of 16” at K-band. In addition, there is a bright oval structure with

a diameter of 180′′ and an eccentricity of 0.8 (Bland-Hawthorn et al. 1997). Schinnerer et al.

(2000) represented the sketch of the outer disk, outer oval structure, near-infrared bar and CO

arms in their Figure 6. Elmegreen & Elmegreen (1987) classified this galaxy as a flocculent spiral

galaxy, but two dust lanes are prominent in the disk, which is the reason why we included this

galaxy in our sample.

We traced only one dust lane which starts from the west over a radial region of 30′′ − 50′′

(2.1 − 3.5 kpc) as shown in Figure A.2. There is a possibility that the background subtraction

of the I-band image was not accurate because the field of view was smaller than the angular size

of this galaxy. This might make it hard to trace the other dust lane in the I−K image. We show

the distribution of Hα emission in Figure B.2. The star forming regions with strong Hα emission

are distributed around the dust lane. The θoffset was measured at 4.9◦, which is mainly due to HII

regions in a large bubble surrounding stellar clusters located at the radius of ∼ 45′′.

Rand & Wallin (2004) argued for the presence of two different corotation radii for the near

infrared inner bar and the spiral arms. They estimated the RCR at 16′′ − 19′′ for the inner bar and

roughly 50′′ for the spiral arms by the Tremaine−Weinberg method. Assuming the RCR = 50′′,

the radial region we traced the dust lane is located within the corotation radius, and our result with

positive θoffset is consistent with the density wave theory.

NGC 3184
NGC 3184 belongs to the Hubble class SAB(rs)cd and the spiral arms are classified as AC 9.

This galaxy has a bar whose radius is measured at 25′′ from optical observations (Elmegreen et

al. 1996) and 21′′ from CO observations (Das et al. 2003). Knapen (2005) reported that there is a

faint nuclear ring with a radius of 41′′, but it is regarded as an inner ring rather than a nuclear ring

(Comerón et al. 2010).

We traced two dust lanes over a radial region of 30′′ − 80′′ (1.3 − 3.4 kpc) as shown in Figure

A.3. We traced the dust lanes as long as possible, although they seem to be deviated from a

logarithmic spiral in some regions. We defined the arm indicated by green dashed lines which

starts from the northwest as Arm1 and that indicated by blue dashed lines which starts from the

southeast as Arm2. The pitch angles are relatively different in both arms; 36.1◦ ± 0.7◦ for Arm1

and 24.8◦ ± 0.3◦ for Arm2. We show the distribution of Hα emission in Figure B.3. The star



126 C Description of Individual Galaxies

forming regions with strong Hα emission tend to be located downstream of the dust lanes in both

arms. On the other hand, the HII regions in Arm2 are more concentrated on the dust lane than

those in Arm1. The θoffset were measured at 9.9◦ in Arm1 and 3.2◦ in Arm2.

E09 classified this galaxy as ”A” galaxies with ambiguous offsets. They measured 19 offsets

between CO and Hα over a radial region of 36′′ − 84′′, which includes almost the entire radial

region we traced the dust lanes. They found positive offsets at the radius of about 80′′, although

they derived a negative correlation i.e., tSF < 0. On the other hand, Tamburro et al. (2008) detected

the systematic offsets between HI and 24 µm emission and estimated the corotation radius at RCR

= 127′′ ± 28′′. Assuming the RCR = 127′′, the radial region we traced the dust lanes is located

within the corotation radius, and our result with positive θoffset is consistent with the density wave

theory.

NGC 3631
NGC 3631 belongs to the Hubble class SA(s)c and the spiral arms are classified as AC 9. There

is no bar and no nearby obvious companion. This galaxy has two main spiral arms with branches,

which were described in Boeshaar & Hodge (1977) with a survey of the HII regions.

We traced two dust lanes over a radial region of 40′′ − 70′′ (3.4 − 5.9 kpc) as shown in Figure

A.4. Both dust lanes are not prominent and seem to be distributed disconnectedly. We defined the

arm indicated by green dashed lines which starts from the north as Arm1 and that indicated by

blue dashed lines which starts from the south as Arm2. The pitch angles are similar in both arms;

18.1◦ ± 0.5◦ for Arm1 and 21.4◦ ± 1.5◦ for Arm2. We show the distribution of Hα emission in

Figure B.4. The star forming regions with strong Hα emission tend to be located downstream of

the dust lanes in both arms. We measured the θoffset at 14.0◦ in Arm1 and 8.9◦ in Arm2. Some of

the HII regions belong to the branches, which make the θoffset large.

Boeshaar & Hodge (1977) reported that the distribution of HII regions over a radial region of ∼
30′′ − 70′′ agreed with the distribution predicted by the density wave theory, which is consistent

with our result. On the other hand, Fridman et al. (2001) estimated the corotation radius at RCR

= 42′′ ± 5′′. However, the RCR is located around the lower end of the radial region we traced the

dust lanes and inconsistent with our result of positive θoffset. Therefore, we suggest that this galaxy

has another corotation radius larger than 42′′.

NGC 4254 (M99)
NGC 4254 belongs to the Hubble class SA(s)c and the spiral arms are classified as AC 9. This

galaxy is a member of the Virgo Cluster. The optical images show that this galaxy is dominated

by a three-arm structure with m = 1 and m = 3 Fourier components (Iye et al. 1982, Elmegreen et
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al. 1992, González & Graham 1996). The strong m = 1 spiral structure which extends from the

south-to-western region is also seen in the HI gas distribution (e.g., Phookun et al. 1993). Haynes

et al. (2007) reported a long HI tail extending ∼ 250 kpc northward from the strong m = 1 spiral

arm, which could be explained by tidal interactions with another Virgo cluster member (Minchin

et al. 2007, Duc et al. 2008, Chyży 2008, Weżgowiec et al. 2012).

We traced two dust lanes over a radial region of 30′′ − 70′′ (2.4 − 5.7 kpc) as shown in Figure

A.5. We excluded one out of three arms, because the dust lane does not extend over the radius of

about 30′′. We defined the arm indicated by green dashed lines which starts from the northwest

as Arm1 and that indicated by blue dashed lines which starts from the southeast as Arm2. The

dust lane of Arm1 is well fitted with a logarithmic spiral, but that of Arm2 is distributed with a

large scatter. The pitch angles are similar in both arms; 36.7◦ ± 0.4◦ for Arm1 and 32.4◦ ± 1.1◦

for Arm2. We show the distribution of Hα emission in Figure B.5. The star forming regions with

strong Hα emission tend to be located downstream of the dust lanes in both arms. The θoffset were

measured at 10.7◦ in Arm1 and 6.9◦ in Arm2. There is a possibility that the HII regions located

upstream of Arm2 were formed in the arm we excluded. This could explain the difference of the

θoffset between Arm1 and Arm2.

E09 classified this galaxy as ”C” galaxies with clear offsets. They measured 18 offsets between

CO and Hα over a radial region of 24′′ − 78′′, which includes the radial region we traced the dust

lanes. They estimated the corotation radius at RCR ≃ 60′′ − 78′′. The RCR has been also measured

at ∼ 87′′ in Elmegreen et al. (1992), 77′′ ± 11′′ in Kranz et al. (2001) and ∼ 91′′ in Buta & Zhang

(2009). Considering their results, the radial region we traced the dust lanes is located within the

corotation radius, and our result with positive θoffset is consistent with the density wave theory.

NGC 4303 (M61)
NGC 4303 belongs to the Hubble class SAB(rs)bc and the spiral arms are classified as AC 9.

This galaxy has an active galactic nucleus classified as LINER/Seyfert 2 (e.g., Kennicutt et al.

1989, Colina et al. 1997) and a nuclear ring (Buta & Crocker 1993). This galaxy is considered to

be a double barred galaxy. The radius of the primary bar was estimated at Rbar ∼ 47′′ in Laine et

al. (2002), 30′′ in Laurikainen et al. (2004), and 52.5′′ ± 12.0′′ in Rautiainen et al. (2008) and that

of the secondary bar was estimated at Rbar ∼ 2′′ (Colina & Wada 2000, Schinnerer et al. 2002).

We traced two dust lanes over a radial region of 20′′ − 50′′ (1.5 − 3.7 kpc) as shown in Figure

A.6. The dust lanes are well fitted with a logarithmic spiral within the radius of 50′′ and folded

around the radius. The end of the primary bar is located within the radial region we traced the

dust lanes when we assume Rbar = 30′′ (Laurikainen et al. 2004). We defined the arm indicated

by green dashed lines which starts from the north as Arm1 and that indicated by blue dashed lines
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which starts from the south as Arm2. The pitch angles are similar in both arms; 53.6◦ ± 1.3◦

for Arm1 and 48.0◦ ± 0.8◦ for Arm2. We show the distribution of Hα emission in Figure B.6.

The star forming regions with strong Hα emission are distributed beyond the radius of 30′′ which

corresponds to the Rbar. They also tend to be located downstream of the dust lanes in both arms.

We measured the θoffset at 4.5◦ for Arm1 and 13.7◦ for Arm2. The HII regions in the folding arm

which extends from Arm1 seem to be distributed upstream of Arm1 and downstream of Arm2.

This could explain the difference of the θoffset between Arm1 and Arm2.

E09 classified this galaxy as ”C” galaxies with clear offsets. They measured 8 offsets between

CO and Hα over a radial region of 30′′ − 54′′, which includes the radial region we traced the

dust lanes except for the range of 20′′ − 30′′. They estimated the corotation radius at RCR ≳ 54′′.

The RCR has been also measured at 89′′.1 ± 8′′.5 in Rautiainen et al. (2008) and ∼ 85′′ in Buta

& Zhang (2009). Considering their results, the radial region we traced the dust lanes is located

within the corotation radius, and our result with positive θoffset is consistent with the density wave

theory.

NGC 4321 (M100)
NGC 4321 belongs to the Hubble class SAB(s)bc and the spiral arms are classified as AC 12.

This galaxy is a member of the Virgo Cluster. There is a circumnuclear ring and a moderately

strong bar with a radius of ∼ 60′′ (Knapen et al. 1995, Kuno et al. 2007).

We traced two dust lanes over a radial region of 65′′ − 105′′ (5.3 − 8.6 kpc) as shown in Figure

A.7. The radial region is located outside of the bar. We defined the arm indicated by green dashed

lines which starts from the north as Arm1 and that indicated by blue dashed lines which starts

from the south as Arm2. The pitch angles are similar in both arms; 28.2◦ ± 0.9◦ for Arm1 and

25.7◦ ± 0.6◦ for Arm2. We show the distribution of Hα emission in Figure B.7. The star forming

regions with strong Hα emission tend to be distributed around the dust lane in Arm1. On the other

hand, the star forming regions are concentrated on the dust lane in Arm2. We measured the θoffset

at 0.6◦ in Arm1 and 4.1◦ in Arm2.

E09 classified this galaxy as ”N” galaxies with no offsets. They measured 34 offsets between

CO and Hα over a radial region of 18′′ − 84′′. They found that offsets in the radial region of ∼ 60′′

− 84′′ are almost zero, while those close to the bar region ≲ 55′′ are about 10◦. The result of no

offsets in the radial region of ∼ 60′′ − 84′′ is consistent with our result. They mentioned several

possible reasons for no offsets: (1) material arms, (2) corotation resonance, and (3) elliptical orbits

nearly parallel to the spiral arms. They suggested that (1) would be the most plausible reason

because the offsets were found close to the bar region where orbits should have higher ellipticity

than in the arm region, and the radial region where they measured offsets was within the corotation
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radii calculated in previous studies (e.g., ∼ 118′′ in Elmegreen et al. 1992, 98′′ ± 10′′ in Canzian

& Allen 1997). In addition to E09, Ferreras et al. (2012), which investigated the offsets between

a very young component (an HII region) and an old component (a UV star-forming source) with

the ages over 100 Myr, also gave negative evidence for density wave spirals. Thus, this galaxy is

considered to be a representative galaxy against the density wave theory.

NGC 4535
NGC 4535 belongs to the Hubble class SAB(s)c and the spiral arms are classified as AC 9. This

galaxy is a member of the Virgo Cluster. There is a nuclear ring (Benedict et al. 1977, Buta &

Crocker 1993) and a bar with a radius of 41′′ in Kuno (2007). This galaxy has two spiral arms in

the inner disk, but the arms break up into multiple arms in the outer disk.

We traced two dust lanes over a radial region of 45′′ − 85′′ (3.7 − 6.9 kpc) as shown in Figure

A.8. The radial region is located outside of the bar. We defined the arm indicated by green dashed

lines which starts from the north as Arm1 and that indicated by blue dashed lines which starts from

the south as Arm2. The pitch angles are similar in both arms; 25.3◦ ± 0.3◦ for Arm1 and 22.9◦ ±
0.4◦ for Arm2. We show the distribution of Hα emission in Figure B.8. The star forming regions

with strong Hα emission tend to be concentrated on the dust lanes in both arms. In addition, the

distributions of the HII regions are almost symmetric with respect to the dust lanes. We measured

the θoffset at 2.5◦ in Arm1 and −1.8◦ in Arm2.

There is no study to be compared with our result, but the dust lanes over a radial region of 45′′

− 85′′ seem to be located at the center of the stellar arms in optical images.

NGC 4548 (M91)
NGC 4548 belongs to the Hubble class SB(rs)b and the spiral arms are classified as AC 5. This

galaxy is a member of the Virgo Cluster. There is an active galactic nucleus classified as LINER

(e.g., Ho et al. 1997) and a relatively large bar with a radius of 67′′.5 in Laurikainen et al. (2004),

62′′ in Kuno et al. (2007), and 75′′.8 ± 6′′.8 in Rautiainen et al. (2008). Two main spiral arms

seem to begin from the ends of the bar with offsets in the leading side.

We traced two dust lanes over a radial region of 60′′ − 80′′ (4.9 − 6.5 kpc) as shown in Figure

A.9. The radial region is located outside of the bar when we assume Rbar = 62′′ (Kuno et al. 2007).

We defined the arm indicated by green dashed lines which starts from the northeast as Arm1 and

that indicated by blue dashed lines which starts from the southwest as Arm2. The quality of the

flatness around the edge of the K-band image is poor, which makes it difficult to trace the dust

lane of Arm2 in the region beyond the radius of 80′′. The pitch angles are different in both arms;

12.3◦ ± 1.3◦ for Arm1 and 28.4◦ ± 2.3◦ for Arm2. We show the distribution of Hα emission in
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Figure B.9. The star forming regions with strong Hα emission tend to be concentrated on the dust

lanes in both arms. In addition, the distributions of the HII regions are almost symmetric with

respect to the dust lanes. We measured the θoffset at −0.3◦ in Arm1 and 0.2◦ in Arm2.

The RCR has been measured at 95′′.2 ± 11′′.9 in Rautiainen et al. (2008) and ∼ 75′′ in Buta &

Zhang (2009). The reason for no offsets may be explained by the effect of corotation resonance,

because the radial region we traced the dust lanes includes the corotation radius when we assume

RCR = 75′′ (Buta & Zhang 2009).

NGC 4579 (M58)
NGC 4579 belongs to the Hubble class SAB(rs)b and the spiral arms are classified as AC 9.

This galaxy is a member of the Virgo Cluster. There is an active galactic nucleus classified as

LINER/Seyfert 1.9 (e.g., Ho et al. 1997) and a prominent bar with a radius of 45′′ in Laurikainen

et al. (2004), 48′′.8 ± 5′′.2 in Rautiainen et al. (2008), and 50′′ − 60′′ in Garcı́a-Burillo et

al.(2009).

We traced two dust lanes over a radial region of 50′′ − 90′′ (4.1 − 7.3 kpc) as shown in Figure

A.10. The radial region is located outside of the bar when we assume Rbar = 45′′ (Laurikainen

et al. 2004). They are symmetric and well fitted with a logarithmic spiral. We defined the arm

indicated by green dashed lines which starts from the east as Arm1 and that indicated by blue

dashed lines which starts from the west as Arm2. The pitch angles are similar in both arms; 19.9◦

± 0.4◦ for Arm1 and 18.9◦ ± 0.4◦ for Arm2. We show the distribution of Hα emission in Figure

B.10. The star forming regions with strong Hα emission are located on the dust lanes in both arms.

In addition, the star forming regions are distributed symmetrically with respect to the dust lanes.

There is a possibility that most of the star forming regions located away from the dust lanes were

formed there because there seem to be small and weak dust lanes around the arms. We measured

the θoffset at −0.6◦ in Arm1 and 3.1◦ in Arm2.

The RCR has been measured at 71′′.1 ± 8′′.4 in Rautiainen et al. (2008), ∼ 81′′ in Buta & Zhang

(2009) and 60′′ ± 10′′ in Garcı́a-Burillo et al.(2009). The reason for no offsets may be explained

by the effect of corotation resonance, because the radial region we traced the dust lanes includes

the corotation radius considering their results.

NGC 5194 (M51)
NGC 5194 belongs to the Hubble class SA(s)bc and the spiral arms are classified as AC 12.

There is an active galactic nucleus classified as Seyfert 2 (Kohno et al. 1996) and a nuclear ring

(Buta & Crocker 1993). This galaxy is interacting with its companion galaxy NGC 5195.

We traced two dust lanes over a radial region of 50′′ − 90′′ (1.9 − 3.4 kpc) as shown in Figure
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A.11. The radial region was limited by the observation field of the HST/NICMOS H-band imaging

data. The dust lanes seem to be disconnected at the radius of 50′′. Meidt et al. (2008) with

the radial Tremaine-Weinberg method have derived different pattern speeds between inside and

outside of the radius. We defined the arm indicated by green dashed lines which starts from the

north as Arm1 and that indicated by blue dashed lines which starts from the south as Arm2. The

pitch angles are similar in both arms; 16.0◦ ± 0.3◦ for Arm1 and 18.8◦ ± 0.3◦ for Arm2. We show

the distribution of Hα emission in Figure B.11. The star forming regions with strong Hα emission

tend to be located downstream of the dust lanes in both arms. We measured the θoffset at 13.2◦ in

Arm1 and 9.0◦ in Arm2.

E09 classified this galaxy as ”C” galaxies with clear offsets. They detected 41 offsets between

CO and Hα over a radial region of 54′′ − 132′′, which includes almost the entire radial region

we traced the dust lanes. They estimated the corotation radius at RCR = 174+12
−24 arcsec. They

measured the RCR only with the offsets in Arm2, because the offsets in Arm1, which is connected

to the companion galaxy NGC 5195, showed negative dependence on Ωgas i.e., tSF < 0. The RCR

has been also measured at ∼ 132′′ in Elmegreen et al. (1992) and 202′′ ± 3′′ in Martı́nez-Garcı́a

& Puerari (2014). Considering their results, the radial region we traced the dust lanes is located

within the corotation radius, and our result with positive θoffset is consistent with the density wave

theory.

NGC 5248
NGC 5248 belongs to the Hubble class SB(rs)bc and the spiral arms are classified as AC 9. It

is reported that this galaxy has two circumnuclear rings (e.g., Laine et al. 2001, Maoz et al. 2001,

van der Laan et al. 2013). In addition, there is a bar with a radius of 22′′ in Martin (1995), 71′′ in

Elmegreen & Elmegreen (1985), and 95′′ in Jogee et al. (2002).

We traced only one dust lane which starts from the west over a radial region of 40′′ − 100′′ (2.5

− 6.2 kpc) as shown in Figure A.12. The radial region includes the bar when we assume Rbar =

71′′ (Elmegreen & Elmegreen 1985). There is a possibility that the background subtraction of the

K-band image was not accurate because the field of view was smaller than the angular size of this

galaxy. This might make it hard to trace the other dust lane in the I － K image. We show the

distribution of Hα emission in Figure B.12. The star forming regions with strong Hα emission

tend to be concentrated on the dust lane. On the other hand, the star forming regions with weak

Hα emission seem to be distributed upstream of the dust lane. In addition, there is a clump of

young stellar clusters located downstream of the dust lane at the radial region of 60′′ − 70′′. We

measured the θoffset at 1.5◦.

E09 classified this galaxy as ”N” galaxies with no offsets. They measured 13 offsets between
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CO and Hα over a radial region of 36′′ − 84′′ and found that the offsets are almost zero. With an

improved nonlinear asymptotic theory of spiral density waves, Yuan & Yang (2006) has calculated

strong inward streaming motions along the spiral arm up to the radius of about 70′′ assuming that

the disk is predominantly driven by a large-scale bar of Jogee et al. (2002). E09 suggested that

such noncircular orbit can partially explain the reason for no offsets. The RCR has been measured

at ∼ 103′′ in Elmegreen et al. (1992), ∼ 115′′ in Jogee et al. (2002) and ∼ 70′′ in Buta & Zhang

(2009). Assuming the RCR = 103′′, the corotation radius is located around the upper end of the

radial region we traced the dust lanes. We infer that the reasons for no offsets can be explained by

both effects of elliptical orbits nearly parallel to the spiral arms and corotation resonance.
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Appendix D

Star Forming Regions Predicted by Rota-
tion Curve and ΩP
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Figure D.1: [NGC 628] (Top Left); The deprojected continuum-subtracted Hα image in negative represen-
tation. The dust lanes we traced are shown with green and blue lines. The magenta lines show the estimated
positions of stellar clusters with the ages of 10 Myr assuming that they were born in the dust lanes and rotate
in a circular orbit. (Top Right); The rotation curve and the pattern speed of ΩP = 31 km/s/kpc from Fathi
et al. (2007) are shown with a red solid line and a red dashed line respectively. (Bottom); The continuum-
subtracted Hα image on the (R, θ′) and (R, θ′′) planes in negative representation. The average and the peak
azimuth angle of the Hα emission intensity according to the radius are shown with red solid lines and red
dashed lines respectively. The magenta lines show the estimated positions of stellar clusters with the ages of
10 Myr.
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Figure D.2: [NGC 4321] (Top Left); The deprojected continuum-subtracted Hα image in negative represen-
tation. The dust lanes we traced are shown with green and blue lines. The magenta lines show the estimated
positions of stellar clusters with the ages of 10 Myr assuming that they were born in the dust lanes and rotate
in a circular orbit. (Top Right); The rotation curve from Sofue et al. (1999) is shown with a red solid line,
and the pattern speed of ΩP = 31 km/s/kpc from Canzian & Allen (1997) is shown with a red dashed line.
(Bottom); The continuum-subtracted Hα image on the (R, θ′) and (R, θ′′) planes in negative representation.
The average and the peak azimuth angle of the Hα emission intensity according to the radius are shown with
red solid lines and red dashed lines respectively. The magenta lines show the estimated positions of stellar
clusters with the ages of 10 Myr.
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Figure D.3: [NGC 4579] (Top Left); The deprojected continuum-subtracted Hα image in negative represen-
tation. The dust lanes we traced are shown with green and blue lines. The magenta lines show the estimated
positions of stellar clusters with the ages of 10 Myr assuming that they were born in the dust lanes and rotate
in a circular orbit. (Top Right); The rotation curve from Daigle et al. (2006) is shown by a red solid line,
and the pattern speed of ΩP = 50 km/s/kpc from Garcı́a-Burillo et al.(2009) is shown by a red dashed line.
(Bottom); The continuum-subtracted Hα image on the (R, θ′) and (R, θ′′) planes in negative representation.
The average and the peak azimuth angle of the Hα emission intensity according to the radius are shown with
red solid lines and red dashed lines respectively. The magenta lines show the estimated positions of stellar
clusters with the ages of 10 Myr.
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Figure D.4: [NGC 5194] (Top Left); The deprojected continuum-subtracted Hα image in negative represen-
tation. The dust lanes we traced are shown with green and blue lines. The magenta lines show the estimated
positions of stellar clusters with the ages of 10 Myr assuming that they were born in the dust lanes and rotate
in a circular orbit. (Top Right); The rotation curve from Sofue et al. (1999) is shown by a red solid line,
and the pattern speed of ΩP = 31 km/s/kpc from Egusa et al. (2009) is shown by a red dashed line. We
assumed the distance of 9.7 Mpc instead of 7.7 Mpc. (Bottom); The continuum-subtracted Hα image on the
(R, θ′) and (R, θ′′) planes in negative representation. The average and the peak azimuth angle of the Hα
emission intensity according to the radius are shown with red solid lines and red dashed lines respectively.
The magenta lines show the estimated positions of stellar clusters with the ages of 10 Myr.
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Appendix E

Reddening Corrected Color Index Q

We carried out spectroscopic observations of 29 near-infrared cluster complexes in NGC 4321 to

investigate the relation of the reddening corrected color index Q to stellar cluster ages.

E.1 Observation with Subaru/MOIRCS
E.1.1 Observation

We conducted multi-object spectroscopic (MOS) observations with the Multi-Object InfraRed

Camera and Spectrograph (MOIRCS; Ichikawa et al. 2006, Suzuki et al. 2008) on the 8.2-m

Subaru Telescope. The MOIRCS has two 2K × 2K HAWAII-2 detectors with a pixel scale of

0′′.117 and a total field of view of 4′ × 7′. The field of view is divided into two areas by a roof

mirror and then re-focused onto two arrays through two sets of identical optics.

We selected 29 objects from the near-infrared cluster complexes studied in GD12. We sum-

marize the RA, Dec and JHK magnitudes of the objects in Table E.1, which are quoted from the

catalog presented by GD12*1. We show a layout of the multi-object slit mask and the distribution

of the objects in Figure E.1. We arranged 19 slits for 29 objects. Each slit was either 15 or 20

arcsec in length and 1.0 arcsec in width. We set the PA to −135◦.

The observation was carried out on April 16, 2014 (PI: Iwata). We used the medium resolution

R1300 grism and K-band filter with the wavelength range of 2.0 − 2.4 µm. The resolution is about

1000 for the 0.5 arcsec slit width, and the dispersion is 3.88 Å/pixel. The total exposure for object

frames was 2 hours. The individual frames with 600 second exposure time were taken with a

dither offset of 2.0, 2.5 or 3.0 arcsec. In addition, sky frames with 4 × 600 second exposure times

were taken with an offset of about 8.5 arcmin in RA.

*1 http://vizier.nao.ac.jp/viz-bin/VizieR?-source=J/A+A/542/A39
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Figure E.1: (Left); A layout of the MOIRCS multi-object slit mask on the Ks-band image of NGC 4321
taken with the VLT/HAWK-I. The blue lines show the slit mask. The black rectangles show the field of view
of the MOIRCS. (Right); The distribution of 29 objects on the enlarged image of the left. The red circles
show the positions of the objects. The image size is 250′′ × 200′′.

E.1.2 Data Reduction
The data reduction was carried out with the MOIRCS MOS Data Pipeline (MCSMDP;

Yoshikawa et al. 2010) which is a PyRAF script package for the MOIRCS MOS data reduction.

First of all, the flat-fielding by dome flats, rejection of bad pixels and cosmic-rays, sky-subtraction

with sky frames, and distortion correction were performed. Next, each 2D spectrum was cut out

based on the mask design file. The wavelength calibration was done using the thorium-argon

(ThAr) comparison lamp lines and the OH sky emission lines. The residual sky background was

subtracted by polynomial interpolation of sky signals around the object. Then, all frames were

combined with appropriate offsets. The flux calibration was done using the A0V-type standard

star HIP 50133. Finally, we extracted 1D spectra from the flux calibrated 2D spectra.

We measured the Brγ EW by the IRAF SPLOT task. We derived the Brγ EW larger than 10Å

in 13 objects. We estimated their stellar ages by using a SB99 SSP model with solar metallicity,

a Salpeter IMF with slope α = 2.35, and an upper mass limit Mup = 100 M⊙. We show the time

evolution of Brγ EW in the left panel of Figure E.2. The objects with the Brγ EW larger than

10Å are estimated to be younger than about 6 Myr. We summarize the Brγ EWs and ages for 13

objects in Table E.1.
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Figure E.2: (Left); Time evolution of Brγ EW from a SB99 SSP model assuming solar metallicity and a
Salpeter IMF. (Right); Time evolution of the reddening corrected color index Q. The red solid line indicates
a screen model of the dust, which is expressed with Q = (H − K) − 0.57 × (J − H). The red dashed line
indicates a dusty model, which is expressed with Q = (H − K) − 0.85 × (J − H). We assumed a SB99 SSP
model with solar metallicity and a Salpeter IMF for the JHK colors. The black solid line shows Q = 0.

E.2 Relation of Q Index to Stellar Cluster Ages
A first order reddening corrected color index Q serves as an age indicator. We consider two

extreme cases for Q index. One is a screen model of the dust with standard galactic extinction,

which is expressed with Q = (H − K) − 0.57 × (J − H) (Winkler 1997, Indebetouw et al. 2005).

The other is a dusty model, which is expressed with Q = (H − K) − 0.85 × (J − H) (e.g., Israel

et al. 1998, Witt et al. 1992). We show the time evolution of the Q indices in the right panel of

Figure E.2. The red solid line indicates the screen model, and the red dashed line indicates the

dusty model. For the JHK colors, we adopted the SB99 SSP model with solar metallicity and a

Salpeter IMF. We see that stellar clusters with Q > 0 are estimated to be younger than about 6Myr

in both models.

We show the color-color diagram of (J − H) versus (H − K) for 29 objects in Figure E.3. The

objects, whose ages were estimated by the Brγ EW, are plotted by using cyan, blue and magenta

circles according to the ages. The other objects, whose ages were estimated to be older than about

6.5 Myr (i.e., Brγ EW < 10 Å), are plotted by using red circles. The black solid line indicates Q =

0 for the screen model of the dust, and the black dashed line indicates Q = 0 for the dusty model.

Both black lines show the positions of stellar clusters with the ages about 6 Myr, when the SB99

SSP model is assumed. The screen model of the dust is in better agreement with the distribution

of objects whose ages are about 6 Myr than the dusty model.
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Figure E.3: Color-color diagram of (J − H) versus (H − K) for 29 objects. The objects, whose ages were
estimated by the Brγ EW, are shown by using cyan, blue and magenta circles according to the ages. The
other objects older than about 6.5 Myr are shown by using red circles. The black solid line indicates Q = 0
for the screen model of the dust, and the black dashed line indicates Q = 0 for the dusty model. The green
line shows an evolutionary track of a SB99 SSP model assuming solar metallicity and a Salpeter IMF.

There are some objects classified as Q > 0, i.e., younger than about 6Myr, although their ages

were estimated to be older than about 6.5 Myr by the Brγ EW. Bastian et al. (2014) reported

that clusters younger than about 10 Myr become redder due to contamination of neighboring

clusters as larger apertures are used for the photometry. Therefore, the reason for the discrepancy

between the ages estimated by the Brγ EW and the Q index is probably because the colors of the

Q index were measured with considerably large apertures in comparison with the cluster size. Our

observations show that the number of such objects is relatively small.

We conclude that the reddening corrected color index Q = (H − K) − 0.57 × (J − H) for the

screen model of the dust serves as a good age indicator of stellar clusters in NGC 4321. The Q

index enables us to divide young clusters (age < ∼ 6 Myr) from old clusters (age > ∼ 6 Myr) based

on whether Q > 0 or Q < 0.
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Table E.1: List of 29 objects observed with Subaru/MOIRCS

Object RA Dec K H J EW Brγ Age
No. (J2000) (J2000) (mag) (mag) (mag) (Å) (Myr)
1 185.74474 +15.79759 18.98 19.32 20.05 - -
2 185.73807 +15.80193 17.78 19.00 18.76 171.7 ± 5.5 4.05 +0.08

−0.07

3 185.73276 +15.80336 18.03 18.83 19.62 141.9 ± 5.8 4.93 +0.29
−0.62

4 185.73216 +15.80369 17.72 18.35 19.45 - -
5 185.72596 +15.80587 18.65 19.21 20.11 52.2 ± 3.6 5.96 +0.03

−0.03

6 185.71613 +15.81245 17.99 18.77 19.58 81.9 ± 2.2 5.73 +0.02
−0.02

7 185.71468 +15.81399 18.65 19.12 19.80 - -
8 185.71250 +15.81548 17.47 17.81 18.48 - -
9 185.71154 +15.81629 18.48 18.91 19.67 71.6 ± 4.3 5.81 +0.03

−0.03

10 185.71050 +15.82314 18.31 18.64 19.36 - -
11 185.70631 +15.82508 18.03 18.15 18.96 - -
12 185.70553 +15.82585 18.36 18.76 19.53 - -
13 185.70361 +15.83322 18.66 19.40 19.86 259.0 ± 25.1 3.45 +0.04

−0.04

14 185.70093 +15.83593 18.15 18.71 19.66 22.6 ± 1.2 6.33 +0.02
−0.02

15 185.75059 +15.79879 18.79 19.13 19.73 16.5 ± 1.0 6.41 +0.02
−0.02

16 185.74613 +15.80212 17.72 17.96 18.63 - -
17 185.75194 +15.82191 18.60 19.28 20.25 40.3 ± 2.0 6.11 +0.03

−0.03

18 185.75165 +15.82218 18.41 18.91 19.72 24.0 ± 0.9 6.31 +0.02
−0.02

19 185.75140 +15.82227 18.39 19.07 19.80 64.8 ± 2.7 5.86 +0.02
−0.02

20 185.75585 +15.83577 18.28 19.05 20.08 - -
21 185.74424 +15.83552 18.63 19.07 19.83 19.0 ± 0.9 6.37 +0.02

−0.02

22 185.74400 +15.83573 18.52 18.98 19.84 - -
23 185.73578 +15.83436 18.62 18.91 19.61 - -
24 185.73476 +15.83549 18.43 18.95 19.85 - -
25 185.72837 +15.84004 18.92 19.39 20.16 - -
26 185.71817 +15.84249 18.51 19.02 19.75 - -
27 185.70864 +15.84042 18.45 18.77 19.55 - -
28 185.70778 +15.84119 18.28 18.68 19.53 - -
29 185.70749 +15.84146 19.00 19.65 20.40 112.2 ± 10.6 5.52 +0.06

−0.10
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