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Abstract

The purpose of this thesis is to understand how the physical properties of giant molecular

clouds (GMCs) and their ability of star formation vary with galactic environments. We

focus on the influence of surface density of gas (ΣH2) and dynamics of bar structure.

In the first part of this thesis, relation of molecular gas and SFR is investigated in

terms of Kennicutt-Schmidt law (K–S law). 12CO (1–0) and optically thin 13CO (1–

0) are independently used to derive ΣH2 of IC 342. 12CO-to-H2 conversion factor is

calibrated with metallicity and CO intensity for entire galaxy. ΣH2 is also derived with

the standard derivation of 13CO-base column density. Slopes of K–S law are found to be

∼ 1.4 at the low-ΣH2 regions (6 100 M� pc−2), while it becomes ∼2.0 in the high-ΣH2

regions (> 100 M� pc−2). The variable slopes attributed to the different star forming

mechanisms. In the spiral arm (low-ΣH2 regions), star formation is induced by the

gravitational instability. At the central region of the galaxy where ΣH2 is high, K–S law

suggests that the star formation is triggered by cloud-cloud collisions or a self-regulated

star formation. Our results of IC 342 are confirmed with similar analysis in 15 galaxies.

Hence, the non-universal K–S law is common in galaxies. Besides, how molecular gas

been collected into a region is a key factor in controlling the degree of star formation

activity. This issue is addressed further in terms of galactic dynamics in the next project.

The aim of the second project is to explore the role of galactic bar in regulating GMC

properties and star formation. High resolution (100 pc) 13CO (1–0) map in the bar and

central region of NGC 6946 is created by single dish and interferometer observations.

An asymmetric bar is seen in the map, that is, the northern bar shows a typical gas

distribution of a bar, whereas the morphology of the southern bar is unclear. The strong

bar (northern bar) is warmer and denser than the weak (southern) bar. Star formation

efficiency (SFE) has been enhanced in the strong bar. Moreover, based on the analysis of

the position-velocity diagrams, the strong bar is ongoing larger velocity jumps (shocks)

across the bar. We compare the resolved GMCs properties of the strong, weak bar,

and the galactic disk of NGC 6946. We found that GMCs properties are similar in the

weak bar and galactic disk. However, for the GMCs with equivalent masses, GMCs

in the strong bar are more compact and denser than other areas. Consequently, they

have shorter free-fall time and higher SFE. We compile GMC data from literature, and

compare the GMCs properties of NGC 6946 with that of other nearby galaxies. The

compact GMCs are found in the high-SFE environments, such as the Antennae galaxies,

Galactic center, and the inner disk of spiral galaxies. The formation of those compact

GMCs may be an outcome of their high external pressure environments.
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Chapter 1

Introduction

Star formation is taking place in molecular gas which is assembled into molecular clouds.

Hence, the thesis starts from the basic properties of molecular clouds. This chapter is

organized as follows. An overview of the physical properties of molecular clouds and the

star formation in molecular clouds are introduced in §1.1, following by the observations

of molecular clouds in the Milky Way and external galaxies in §1.2. The issues that we

would like to address and the structure of the main content are shown in §1.3.

1.1 Brief Overview of Giant Molecular Clouds

1.1.1 Formation of Molecular Clouds

Interstellar medium (ISM) is composed of atomic and molecular gas. Formation of

molecular gas (H2) from atomic gas (H) depends on the ability of the interstellar clouds

to shield from the photodissociative (ultraviolet, UV) radiation (Elmegreen, 1993). The

conversion of H to H2 can take place within a galaxy where mass accretion is ongoing

or surface density of gas is increasing. Density wave can also accelerate the conversion

to H2 by increasing pressure (Elmegreen, 1993). However, H2 can be converted back to

H quickly as a result of the increase in the radiation by surrounding stars.

Giant molecular clouds (GMCs) are composed of molecular gas. They are often found

with a definite boundary. The boundary shows the rapid transition from molecular gas

to atomic gas. There are two preferred formation mechanisms of GMCs (McKee &

Ostriker, 2007). “Top-down” scenario suggests that GMCs are formed via galactic-scale

instability, such as Parker instability and Jeans instability (Blitz & Shu, 1980, Elmegreen

& Elmegreen, 1983, Kim et al., 2002, Koyama & Inutsuka, 2000, Mouschovias et al., 1974,

Parker, 1966). On the contrary, “bottom-up” mechanism proposes that the formation

1
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of GMC is a result of random collisional agglomeration of small clouds and that mass

and size of the clouds are growing until a self-gravitating cloud (giant molecular cloud)

is reached (e.g., Field & Saslaw, 1965, Scoville & Hersh, 1979, Tomisaka, 1984). The

problem of bottom-up mechanism is that it takes too long time (> 5 × 108 yr) to grow a

cloud to a typical GMC mass via the collisions of small clouds with a density (∼ 1 cm−3)

of diffuse ISM at the Solar neighborhood (Kwan, 1979, McKee & Ostriker, 2007). The

required collision time is about ten to hundred times larger than the observed lifetime

of molecular clouds; even so, the “bottom-up” mechanism could be more efficient at the

regions where the volume density of small clouds are high in the first place, such as

galactic centers, mergers and interacting galaxies (e.g., Komugi et al., 2006).

1.1.2 Structure of Molecular Clouds

Structure of GMCs is inhomogeneous, that is, they consist of a diffuse, low density

envelope and a/multiple discrete, dense core(s). The cores have density as high as 104−6

cm−3 (Bergin & Tafalla, 2007, Nozawa et al., 1991). Dense cores are the exact cradles

where star formation likely to occur.

Table 1.1 shows the current knowledge of GMC structure and the tracers of each com-

ponent, including clumps and cores. Observationally, the Galactic clumps typically have

mass1 about 20% of the virial mass2 for those GMCs with Mvir > 105 M� (Heyer et al.,

2009). On the other hand, the dense cores account for only 1 – 10% of total mass of a

GMC (Kato et al., 1999, Lada & Lada, 1991). The fraction of dense cores varies with

evolutionary stages of GMCs. Specifically, young clouds have small fraction of dense

core, whereas, more evolved clouds may have larger fraction of dense gas (Kato et al.,

1999, Lada & Lada, 1991).

Figure 1.1 shows the two-dimensional morphology of some cloud cores observed in NH3,

CS, and C18O by Myers et al. (1991). Since the critical density of CS is larger than that

of C18O by about 200 times (Myers et al., 1991), the size of CS emitter is smaller and

surrounded by C18O in most of cores. NH3 is sensitive to not only high density but also

cold temperature, therefore, NH3 emitters are found in the innermost regions enclosed

by CS and C18O in the majority of the cores, and they are often associated with stars

(crosses in Figure 1.1). The mean FWHM of all cores in Myers et al. (1991) are 0.15 pc

(NH3), 0.27 pc (CS) and 0.36 pc (C18O).

1estimated by virial mass based on 13CO (1–0)
2determined by 12CO (1–0)
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Table 1.1: Structure of GMC.

Size [pc] Mass [M�] Volume Density [cm−3] Tracers

GMC 5 - 70 104 – 106 50 – 100 12COa

Clump 1 - 15 102 – 105 102 – 103 13CO, C18Ob

Core 0.05 - 1 101 – 103 >104 13CO, C18O, CS, NH3
c

a Oka et al. (1998), Solomon et al. (1987)
b McQuinn et al. (2002), Roman-Duval et al. (2010), Wong et al. (2008), Yonekura

et al. (2005)
c Bergin & Tafalla (2007), Lada et al. (1991), Launhardt et al. (1996), Myers et al.

(1991), Teyssier et al. (2002), Tieftrunk et al. (1998)
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Figure 1.1: Observational results of the sub-structure of molecular cores in the tran-
sitions of NH3 (cold cores), CS (cores), and C18O (cores). Contours indicate the half-
maximum intensity of each transition. The physical scale of 0.2 pc is indicated with a
vertical line in each panel. For all cores, north is up and east is left. The associated
star of a core is indicated with a cross. The figure is taken from Myers et al. (1991).

There are more core maps in the original paper, we only show part of them here.
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1.1.3 Lifetime of Molecular Clouds

Lifetime of GMCs is an important matter but still under-debated. Since GMCs have

been dispersed around the OB stars with age > 10 Myr, lifetime of the GMCs are reck-

oned to be ≤ 20 Myr (Leisawitz et al., 1989). With similar method, current observations

obtain a lifetime of 20 – 30 Myr for the clouds with typical mass of 106 M� in our Galaxy

(Murray, 2011). The lifetimes of GMCs measured in external galaxy are consistent with

the value observed in our Galaxy (e.g., Kawamura et al., 2009). Such a consistency can

be one of hints that nearby galaxies do share the same cloud properties with our Galaxy

(e.g., Bolatto et al., 2008). However, some authors suggest a much shorter lifetime of 2-3

Myr or much longer of 100 Myr. In addition, simulations of GMC evolution in a normal

two-arm galactic disk conclude a wide range of 4 – 25 Myr for GMCs with mass > 105

M� (Dobbs et al., 2013). Thus the lifetime of GMCs is still very uncertain, ranging from

about a free-fall time 3 to twenty free-fall time.

1.1.4 Star Formation Efficiency in Giant Molecular Clouds

Milky Way contains about 109 M� of GMCs with mean volume density of 50 – 100 cm−3.

If all GMCs are bound and collapse in a free-fall time, a star formation rate (SFR) of

250 M� yr−1 is expected. However, the value is about two order of magnitude larger

than the observed SFR. The Galactic SFR estimated by population synthesis is about

0.7 – 1.5 M� yr−1, consistent with the observed number of young stellar objects at the

Galactic plane (Robitaille & Whitney, 2010). The contradictory of the amount of gas

and SFR implies that GMCs are supported by some processes based on the theoretical

studies, such as magnetic fields (Shu et al., 1987, 2007), and turbulence (Krumholz &

McKee, 2005).

In terms of observations, some of mass in GMCs may be blown out by the protostellar

outflows. Alves et al. (2007) compare the dense core mass function of Pipe Nebula and

the stellar mass function of Trapezium cluster. The profiles of two mass functions are

surprisingly similar but the dense core mass function is shifted to high-mass end by

about four times (Figure 1.2). They suggest that the offset is caused by the parent

cloud cores of protostars disrupted by the protostellar outflows. Eventually, only about

30% of mass remains to set the final mass functions of stars, but this amount of mass

loss is not enough to explain the low SFR of the Milky Way alone.

Finally, GMCs may not be bound in the first place. If unbound objects dominate the

populations of GMC (Dobbs et al., 2011b), star formation rate is consequently lower

than that estimated from the total mass of GMCs.
3Free-fall time is about a few Myr.
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Lombardi & Alves 2001). Such measurements are free from
many of the complications and systematic uncertainties that
plague molecular-line or dust emission data and thus enable ro-
bust maps of cloud structure to be constructed. We used data
from the recent wide-field extinction map of the Pipe Nebula
constructed by Lombardi et al. (2006), hereafter LAL06, using
2MASS data. The Pipe nebula is a virtually unstudied nearby
molecular cloud complex (Onishi et al. 1999; LAL06), at a dis-
tance of about 130 pc and with a total mass of ∼104 M$.

2. Observations

The details of the extinction study are described in LAL06.
Briefly, this molecular complex was selected because 1) this is
one of the closest to Earth complexes of this size and mass, 2)
it is particularly well positioned along a relatively clean line of
sight to the rich star field of the Galactic bulge, which given
the close distance of the Pipe nebula allowed us to achieve spa-
tial resolutions of ∼0.03 pc, or about 3 times smaller the typical
dense core size, and 3) it exhibits very low levels of star forma-
tion suggesting that its dense cores likely represent a fair sam-
ple of the initial conditions of star formation. LAL06 applied a
3-band (1.25 µm, 1.65 µm, 2.2 µm) optimized version of this ex-
tinction method, the N method (Lombardi & Alves 2001),
to about 4 million stars background to the Pipe nebula complex
to construct a 6◦ × 8◦ dust column density map of this complex,
presented in Fig. 1. Because of the high dynamic range in col-
umn density achieved by this map (3σ ∼ 0.5 < AV < 24 mag
or 1021 < NH < 5 × 1022 cm−2), cores are easily visually identi-
fied as high contrast peaks embedded on rather smooth but vari-
able background (see Fig. 1). Unfortunately, because of the high
dynamic range and variable background, traditional source ex-
traction algorithms based on thresholding fail to identify these
objects in a coherent way. An alternative approach is to extract
cores based on their sizes, using a multi-scale algorithm. For this
study we used a algorithm developed by Vandame (2006, private
comm.), which, in brief, uses the wavelet transform of the image
to first identify and then reconstruct the dense cores1. This step
defines the projected core boundaries.

Masses are derived by integrating the extinction map over
the area of each core and multiplying by the standard gas-to-dust
ratio. The final Pipe core sample has 159 objects with effective
diameters between 0.1 and 0.4 pc (median size is 0.18 pc) and
peak extinctions that range from 3.0 to 24.3 visual magnitudes
(mean extinction is 8.4 mag). The derived core masses range be-
tween 0.5 to 28 M$. The assessment of sample completeness
is non trivial because of the variable background. Nevertheless,
the completeness should not be dominated by confusion but
sensitivity, as the mean separation between cores, even in the
clustered regions, is well above the resolution of the map. We

1 Object identification in wavelet space: for a given scale i, structures
are isolated with classical thresholding at 3σi with σi being the noise
amplitude at scale i. A structure at scale i is connected with a structure
at scale i + 1 if its local maxima drops in the structure at scale i + 1.
The size scales considered were 2′, 4′, and 8′ (0.08 pc, 0.15 pc, and
0.30 pc). One then builds a 3D distribution of significant structures (x,
y, and i). The algorithm developed by Vandame (2006, private comm.)
offers rules that split the 3D distribution into independent trees corre-
sponding to one core and its corresponding hierarchical details. Object
reconstruction: This same algorithm performs a complex iterative re-
construction of the cores following the trees defined in the previous
step. The final “cores only” image is validated by subtracting it from
the extinction map, effectively creating a smooth image of the variable
background.
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Fig. 2. Mass function of dense molecular cores plotted as filled circles
with error bars. The grey line is the stellar IMF for the Trapezium cluster
(Muench et al. 2002). The dashed grey line represents the stellar IMF
in binned form matching the resolution of the data and shifted to higher
masses by about a factor of 4. The dense core mass function is similar
in shape to the stellar IMF function, apart from a uniform star formation
efficiency factor.

estimate, conservatively, that the sample is 90% complete at
about 1 M$. The mean diameter of a 1 M$ core is ∼0.2 pc, i.e.,
about six times the resolution of the map.

3. Results: The Dense Core Mass Function (DCMF)

The dense core mass function we derive from the above ob-
servations is presented in Fig. 22. For comparison we plot the
Trapezium cluster stellar IMF as a grey solid line (Muench
et al. 2002). This IMF consists of 3 power law segments with
breaks and 0.6 M$ and 0.12 M$. We find that the DCMF for the
Pipe Nebula is surprisingly similar in shape to the stellar IMF.
Specifically, both distributions are characterized by a Salpeter-
like power-law (Salpeter 1955) that rises with decreasing mass
until reaching a distinct break point, this is then followed by a
broad peak. Although similar in shape, the stellar and core mass
functions are characterized by decidedly different mass scales.
The grey dashed line in Fig. 2 is not a fit to the data but sim-
ply the stellar IMF in binned form matched to the resolution of
the data, and shifted by a factor of 4 to the higher masses. The
break from the Salpeter-like slope seems to occur between 2 and
3 M$ for the cloud cores instead of the 0.6 M$ for the stellar case
(Muench et al. 2002).

The DCMF in Fig. 2 likely suffers from two sources of uncer-
tainty: 1) the individual core masses are likely upper limits to the
true values since we made no corrections for the local extended
background on which most cores are embedded, and 2) the par-
ticular binning we chose may not produce the most accurate
representation of the underlying mass distribution. To address
point 1) we estimated a lower limit to the true core masses (and
the DCMF) by subtracting from each core its local background.
We then constructed a background subtracted DCMF and found

2 The full dataset is available in electronic form at the CDS.

Figure 1.2: Dense core mass function of Pipe Nebula in circles and stellar mass
function of Trapezium cluster in grey line. The dashed line represents stellar mass
function binned to the same resolution of dense core mass function and then shifted
toward high-mass end by a factor of four. The figure is taken from Alves et al. (2007).

1.2 Observations of Molecular Clouds

The most abundant ingredient of molecular clouds is molecular hydrogen (H2). H2

is a homonuclear linear molecule without permanent dipole moment. Hence, H2 are

challenging to observe. Moreover, the lowest pure rotational lines of H2 is at 28.2

µm, equivalent to a temperature of ∼ 150 K. This is about ten times higher than the

temperature of molecular clouds which are prone to star formation (∼ 10 K). Therefore,

it is difficult to observe H2 of molecular clouds directly. Other observable species are

required to trace molecular gas.

1.2.1 Observations of Molecular Clouds with 12CO

12CO is the most abundant molecule after H2. The abundance of 12CO relative to H2,

i.e., [12CO]
[H2] , ranges from ∼ 10−4 in our Galactic GMCs to 10−6 – 10−8 in the diffuse

gas which is translucent against the dissociating radiation (Sonnentrucker et al., 2007).

The rotational transition J = 1 – 0 ( ν ≈ 115.27120 GHz or λ ≈ 2.6 mm) of 12CO has

been widely used as a probe of H2. The excitation of CO relies on the collisions with

H2 (Schinke et al., 1985). The minimum gas temperature required to excite a molecule

at transition J → J − 1 is

Tmin ≈
νh(J + 1)

2k
, (1.1)
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where h and k are Planck and Boltzmann constant, respectively. For 12CO (1 – 0), Tmin

is about 5.5 K. Thus, it is an ideal species to trace the molecular clouds because the

temperature of Galactic GMCs is about 10 K.

1.2.2 Molecular Clouds in the Milky Way

There are many surveys of GMCs in our Galaxy through 12CO (e.g., Burton et al., 2013,

Dame et al., 1986, 2001, Heyer et al., 1998, Jackson et al., 2006, Sanders et al., 1986,

Scoville & Solomon, 1975). The results suggest that the total mass of molecular gas in

the Milky Way is ∼2 × 109 M� (Ferrière, 2001, Solomon et al., 1987). Most of gas is

arranged in cloud structures. Majority of molecular clouds are located at the Galactic

center and the molecular ring inside the solar neighborhood at 3 – 7 kpc (see the thick

line in Figure 1.3). Size and mass of GMCs in Milky Way are 5 – 70 pc and 104 – 106

M�, respectively (Solomon et al., 1987), corresponding to a volume density of ∼ 50 – 100

cm−3. Some small clouds with mass < 103 M� are found at the high galactic latitude

and the outer disk of the Milky Way (Heyer et al., 2001, Magnani et al., 1985). Heyer

et al. (2001) suggest that the small molecular clouds are not self-gravitational bound

due to the absence of sufficient external pressure.

Observed linewidth or velocity dispersion of the Galactic plane GMCs is ∼ 1 – 10 km

s−1. The values are significantly larger than the thermal linewidth of a 10 K cloud (< 1

km s−1)4, implying the presence of turbulence, and the turbulence should dominate the

internal velocity dispersion of GMCs. By analyzing the size (L), velocity dispersion (σ),

mass (M) and volume density (n) of GMCs, previous works have concluded three scaling

laws for Galactic GMCs, that is, (1) σ ∝ L0.38, GMCs are supported by turbulence,

(2) 2GM/σ2L ' 1, GMCs are approximately in virial equilibrium, and (3) n ∝ L−1.1

(Larson, 1981, Solomon et al., 1987). The third law suggests that GMCs have comparable

surface density of gas, which is about 170 M� pc−2 (Solomon et al., 1987).

1.2.3 Molecular Clouds in External Galaxies

Our Milky Way has a relatively low SFR, 0.7 – 1.5 M� yr−1 (Robitaille & Whitney,

2010). Its disk-average SFR and gas mass are located at the lower end compared with

other normal spiral and irregular galaxies (Figure 11(a) in Kennicutt & Evans (2012)).

Hence, whether GMCs in external galaxies hold the same properties as the Galactic

GMCs is a long-standing question.

4∆vth = 0.188
√

T
10K

[km s−1] (McKee, 1999).
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Figure 1.3: Radial distribution of Galactic CO intensity observed with FCRAO 14-m
telescope and NRAO 11-m telescope. This figure is taken from Sanders et al. (1984).

Observations of GMCs in external galaxies are limited by the performance of telescopes,

i.e., resolution and sensitivity. Table 1.2 lists the physical scale of 1′′ of nearby galaxies

at various distance from 1 Mpc to 40 Mpc. As seen in the table, to fully resolve a GMC

in a galaxy at 6 Mpc with 12CO (1 – 0), an angular size of 1′′ is needed. To achieve

such a fine resolution, an antenna with 600 m in diameter is required. For the closest

galaxy cluster, Virgo cluster, which contains more than thousand nearby galaxies, sub-

arsec is required to resolve a GMC. For galaxies at far beyond 20 Mpc, the physical

scale of 1′′ is even larger than the largest GMC in our Galaxy (∼ 70 pc). Turning to

sensitivity, if external GMCs do share similar physical properties as Galactic GMCs,

there is no doubt that the time required to detect external GMCs will rapidly increase

when the distance of the object increase. With these instrumental limitations, single dish

observation of external GMCs with a quality comparable to Galactic survey is feasible

only in very nearby objects. GMCs in the galaxies beyond the Local Group greatly rely

on interferometers. However, one should keep in mind that observations with different

types of telescopes may produce artificial variation of GMC properties (Sheth et al.,

2008a).

Currently, some comparative works have been carried out to explore the difference be-

tween the Galactic GMCs and the external GMCs. Due to the limited samples, tele-

scopes, and the method of clouds identifications, different conclusions were claimed.

Specifically,
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Table 1.2: Examples of physical scale of 1′′ in various distances. The distances are
taken from NED.

Galaxy Distance [Mpc] Physical Scale of 1′′ [pc]

M 33 0.9 4
IC 342a 3.3 16
NGC 6946a 5.5 27
Virgo cluster galaxies ∼14 68
NGC 7552 21.7 105
NGC 5430b 42.3 205

a Main targets (observations) in this thesis
b New observations in this thesis, but not the main target

1. With interferometric observations of CAMRA5, Donovan Meyer et al. (2013) con-

clude that the sizes and velocity dispersions of GMCs in the center and the in-

ner disks of nearby galaxies (NGC 2403, NGC 3031, NGC 4736, NGC 4826, and

NGC 6946) are consistent with Galactic GMCs. The 12CO-to-H2 conversion factor

measured by CO luminosities and virial masses are consistent with the Galactic

standard value (2 × 1020 cm−2 (K km s−1)−1) within a factor of two.

2. Hughes et al. (2013) define GMCs in M51, M33, and the LMC through the obser-

vations of PdBI6. They found different GMC properties between M51 and other

low-mass galaxies. For a given size of GMC, GMCs in M51 have higher peak CO

brightness and velocity dispersion. The results can be explained by the ambient

interstellar pressure altering the states of GMCs. In addition, a caution arises

from this work is that the appearance of Larson’s size–linewidth relation is sensi-

tive to the method of cloud identification (Figure 1.4). They can produce either

no relation or a strong correlation with different procedures (Details are shown in

the caption of Figure 1.4).

3. Sheth et al. (2008a) compare GMCs properties in M31 (BIMA7), M33 (OVRO8)

and Milky Way (CfA9 1.2 m telescope). To fairly compare single dish to interfero-

metric data, they project Galactic GMCs to the distance of M31 and simulate the

corresponding results of BIMA. They suggest that there is no significant difference

among the GMCs in these three galaxies in terms of linewidths, sizes, and flux.

4. Bolatto et al. (2008) measure GMC properties in 11 dwarf galaxies with BIMA,

OVRO, PdBI, and SEST10, then compare the data with Galactic GMCs (Sanders

et al., 1986), M31 (BIMA from Rosolowsky, 2007), and M33 (BIMA from Rosolowsky

5The Combined Array for Research in Millimeter-wave Astronomy
6The Plateau de Bure Interferometer
7The Berkeley Illinois Maryland Association
8Owens Valley Radio Observatory
9Harvard-Smithsonian Center for Astrophysics

10Swedish-ESO 15m Submillimeter Telescope
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et al., 2003). They found that, for a given luminosity of CO and velocity disper-

sion, GMCs in dwarf galaxies are slightly larger than GMCs in the Milky Way,

M31 and M33 (Figure 1.5). Other than that, the Galactic Larson’s relations are

still held for those low metallicity galaxies.

5. Rosolowsky & Blitz (2005) observed NGC 4826 with BIMA in 12CO, 13CO and

HCN (1–0) and define GMCs using the 13CO map. They found some GMCs are

as large as > 107 M�, substantially larger than the mass of Galactic GMCs. The

high-mass GMCs are significantly smaller and denser than that predicts by the

extrapolation of Local Group GMCs. As a result, the surface density of GMCs in

NGC 4826 is larger than that of Local Group GMCs by 2.5 times. Moreover, the

mass-linewidth relation of GMCs in NGC 4826 are more like those in the Galactic

center and the Antennae galaxy.

6. Blitz & Rosolowsky (2004a) compile GMC data of Local Group Galaxies, including

Milky Way (Dame et al., 1986, Heyer et al., 2001, Solomon et al., 1987), LMC

(NANTEN11 Mizuno et al., 2001) and M33 (BIMA from Engargiola et al., 2003).

The Larson’s scaling relations are held for the GMCs in Local Group galaxies,

suggesting the clouds are self-gravitating and the gas surface density of GMCs are

identical (∼ 100 M� pc−2). However, the mass spectrum of GMCs varies among

galaxies (Figure 1.6).

1.2.4 GMC Properties and Star Forming Activities

Even though most of studies suggest similar properties of GMCs in nearby galaxies and

the Milky way, their ability of star formation may not be the same. As an example,

even though the properties of GMCs in nearby gas-rich spiral galaxies are similar with

each other (Donovan Meyer et al., 2013), some nearby galaxies contain starburst centers,

while Milky Way shows an underproduction of stars (Kauffmann et al., 2013, Kruijssen

et al., 2013), suggesting that the cloud properties, ability of clouds to form stars and/or

the threshold density of star formation vary with environments (e.g., Gardan et al.,

2007, Gratier et al., 2012, Hirota et al., 2011, Kruijssen et al., 2013, Wong et al., 2011).

Similar results are found in the Galactic disk GMCs. Williams et al. (1994) analyzed

hundred clumps in Rosette and Maddalena molecular clouds. The clump properties of

temperature, mass, velocity dispersion are very similar in the two clouds, but Rosette is

ongoing star formation, Maddalena is not.

11the NANTEN telescope from
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Figure 6. A plot of radius versus velocity dispersion for objects identified within the CO datacubes for M51, M33, the LMC. Large symbols
with error bars indicate resolved clouds where the relative uncertainty in both the size and linewidth measurements is less than 50%; small
symbols indicate resolved clouds with larger measurement uncertainties. We omit the error bars on the small symbols for clarity. In panel [a],
we plot the relation for clouds identified in the cubes at their intrinsic resolution. The relation for clouds identified in the matched resolution
cubes is shown in panel [b]. The relation for island structures are shown in panels [c] and [d] for the decompositions of the original and matched
datacubes respectively. Islands with radii greater than 0.5 kpc (i.e. objects that are much larger than GMCs) are indicated by magenta squares
in panels [c] and [d]. In all panels, the black dashed line indicates the relationship derived from the S87 inner Milky Way data, and the black
solid line indicates the best-fitting relation for extragalactic GMCs determined by B08. The horizontal and vertical dotted lines indicate the
radius and velocity dispersion corresponding to the spatial and spectral resolution of each survey. The sample of extragalactic GMCs analysed
by B08 is indicated in each panel by grey crosses.

in surface brightness measurements is also relatively large:
the brightest M51 cloud has a CO surface brightness of
347 K km s-1, more than an order of magnitude above the
population’s median value, and 10% of clouds have surface
brightness greater than 100 K km s-1. For well-resolved
clouds in M33 and the LMC, by contrast, the median (max-
imum) CO surface brightness is much lower: 10 (22) and 4
(11) K km s-1respectively. While these estimates are biased
by the sensitivity of the input datasets, the fact that some
M51 clouds achieve CO luminosities more than an order of

magnitude higher than clouds of similar size in M33 and
the LMC clouds is meaningful. Assuming that the variation
in XCO between the three galaxies is less than this variation
in CO surface brightness, then Figure 7 demonstrates that
the molecular structures in M51 reach higher H2 surface
densities than equivalent structures in the low-mass galaxies.
We discuss this result – including the effect of XCO variations
on the derived values of the mass surface density – in
Sections 5.1 and 5.2.

Figure 1.4: Larson’s relation of velocity dispersion versus radius of external GMCs
in M51, M33, the LMC. Descriptions of symbols and colors are shown in panel (a) and
(c). Four panels are made with different resolution and method of cloud identifications.
They are indicated at the top of each panel. Islands represents the contiguous clouds
identified with algorithm of CPROPS. Clouds is a decomposition of islands. Intrinsic
denotes that the data cubes fed to CPROPS have original observed resolution in three
axises. In order to reduce the impact from sensitivity and physical resolution, cubes of
different galaxies are matched to a resolution of ∼50 pc and 5 km s−1. Results with
matched resolution are marked with matched. In all panels, the black dashed and solid
line indicate the Larson’s law suggested by the Galactic GMCs of Solomon et al. (1987)
and the extragalactic GMCs from Bolatto et al. (2008). The horizontal and vertical
dotted lines denote the spatial and spectral resolution of each observation. The B08

represents Bigiel et al. (2008). This figure is taken from Hughes et al. (2013).

Hirota et al. (2011) define GMCs in a spiral arm of IC 342 with observations of NMA12.

They classify GMCs into two groups based on whether they are associated with star

forming regions. GMCs properties of IC 342 are shown in Figure 1.7. Non-star forming

GMCs have smaller radius of 40 pc, while the radius of star forming GMCs cross a wide

range from 40 pc to 70 pc. Smaller linewidth is found for GMCs with star formation.

Similarity is suggested by Muraoka et al. (2009) to the observations of M83 disk. How-

ever, at the galactic centers where star formation is expected to be high, large linewidths

are found (Donovan Meyer et al., 2012, Oka et al., 1998). Moreover, star forming GMCs

are more massive than non-star forming GMCs in IC 342.

12Nobeyama Millimeter Array
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S/N and suppressed diffuse emission blending clouds together in
the extremely high S/N case. The signal identification step, often
referred to as ‘‘masking,’’ can have a large impact on derived
cloud properties and is difficult to motivate physically, especially
in the low-S/N regime common to much of our data. Thus, by
necessity this step introduces a certain amount of subjectivity in
the analysis.

3.2. Apportion Emission into Clouds

Once signal is identified, data are apportioned into individual
clouds following Rosolowsky & Leroy (2006). In all cases, we
use the ‘‘physical priors’’ described in their Appendix, which set
the parameters of the decomposition to common values motivated
by the properties of Galactic GMCs. This entails decomposing
emission into clouds using effective spatial and velocity resolu-
tions of 15 pc and 2 km s"1 and ignoring even high-contrast sub-
structure below these scales. When it is not possible to achieve
these resolutions because of limitations in the data, we use the
actual spatial or velocity resolution of the observations. When
two potential clouds share an isosurface, the algorithm adopts
a conservative approach to separating them. The clouds are
considered separate only if all of the following conditions are
met: (1) each is large enough to measure meaningful properties,
(2) each shows a minimum contrast between peak and edge,
and (3) the decision to break the isosurface into multiple clouds
has a significant effect on the derived cloud properties. Rosolowsky
& Leroy (2006) showed this approach to be conservative and
robust in the presence of noise, minimizing the identification
of low-signal, marginally resolved (and thus often spurious)
clouds.

3.3. Use Moments to Measure Cloud Properties

After identifying the individual clouds, we calculate their
size, velocity dispersion, and CO luminosity. We determine the
major and minor axes of the cloud using principal component
analysis and measure the second moments of emission distri-
bution along these axes. The rms size of the cloud (!r) is the
geometric mean of these two moments. The velocity disper-
sion (!v) is measured from the secondmoment along the velocity
axis, and the luminosity via the zeroth moment (sum) over the
cloud.
At finite S/N the second moment will underestimate the true

cloud size, introducing a sensitivity bias. Although for Galactic
data it is possible to measure reliable properties by adopting a
fixed brightness boundary for clouds (e.g., Solomon et al. 1987),
it would be impossible to compare measurements of different gal-
axies without removing this bias. We avoid the sensitivity bias by
measuring the size, velocity, and luminosity as a function of in-
tensity isosurface and extrapolating this to the case of infinite S/N.
The size and line width of the cloud are extrapolated linearly,
while the luminosity is extrapolated quadratically (for a justifi-
cation of the extrapolation orders see Rosolowsky&Leroy 2006).
We discussed in x 2.2 the corrections that we apply to the Galactic
sample to bring it into agreement with our methodology.
It is often the case for extragalactic observations that the size

and line width of a GMC are comparable to the angular and ve-
locity resolution of the telescope. We correct for this by ‘‘de-
convolving’’ both the telescope beam and the velocity channel
profile.We do so by subtracting their values from the extrapolated
moment measurements in quadrature. Clearly this step does not
come for free in S/N. Size measurements of clouds that are only

Fig. 3.—Extragalactic luminosity-size relation. Symbols and labels as in Fig. 2.
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Figure 1.5: CO luminosity versus velocity dispersion of 10 dwarf galaxies (black
symbols), spiral galaxies (red and green symbols), and Milky Way (black dots). The
black dashed line and the gray area represent the fit of Milky Way data and 1 σ
dispersion of the fit, respectively. The blue dashed line indicates the fit of external
GMCs. The blue dot-dashed line denotes the fit of dwarf galaxies only. This figure is

taken from Bolatto et al. (2008).

Turning to other galaxies, in the LMC and M33, higher CO brightness is observed for

star forming GMCs than non-star forming GMCs (Gratier et al., 2012, Hughes et al.,

2010). With simulations, Dobbs et al. (2013) consider the age of stellar population

in GMCs at different galactic environment. GMCs at spiral arms are associated with

young stars with age < 10 Myr. At inter-arms regions, stars are about two times older.

These results can be explained by the GMCs/stars going away from spiral arms. More

precisely, at spiral arms, spiral shocks activate star formation, thus contain more young

stars. After that, evolved stars and GMCs leave the arm and travel to inter-arms regions,

hence older stars are found in this area.
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Figure 3. The cumulative mass spectrum for the inner and outer Milky Way, the
LMC and M33. Each mass spectrum is normalized to the most massive cloud ob-
served. Note that the mass spectra for the LMC is identical to that for M33 for the
7 most massive clouds, consistent with the results of Mizuno (2001a). There seems
to be little question that the mass spectrum of M33 is very different from that of the
inner Milky Way.

large fraction of the the total mass in GMCs in M33. It is very unlikely
that these would have been produced by the same parent population;
the difference in the mass spectra between the inner Milky Way and M33
is apparently real. It is unclear why these differences occur, and it is
also useful to know whether the clouds themselves have different gross
properties.

The particular differences in power law index also imply fundamental
differences in the way molecular gas is distributed in the Milky Way and
in M33. In the Milky Way, a power law index < 2 implies that most of
the mass in molecular gas is in the highest mass clouds. In M33, the
power law index is > 2, which implies that most of the mass is in the
lowest mass clouds. However, to avoid an infinite mass when integrating

Figure 1.6: The mass spectrum for Milky Way, SMC and M33. The mass spectra
can be described with a power law: dN/dM ∝M−α, where α is 2.3 for M 33, and 1.9

for the Milky Way. This figure is taken from Blitz & Rosolowsky (2004a).

The Astrophysical Journal, 737:40 (15pp), 2011 August 10 Hirota et al.
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Figure 11. Histograms of the basic properties of the GMCs, namely, decon-
volved effective radius, deconvolved line width, and luminosity mass. His-
tograms for the “wHII” GMCs, the “woHII” GMCs, and all GMCs are indicated
with red solid, blue solid, and dotted lines, respectively. Vertical dashed lines in
red and blue indicate the median value of each category.
(A color version of this figure is available in the online journal.)

4.2. Effect of Gas Velocity Dispersion

The comparison between the virial mass and the luminosity-
based mass made in the previous subsection indicated that the
“woHII” GMCs are loosely bound compared to the “wHII”
GMCs. The degree of gravitational binding can be expressed
with a virial parameter (αvir; Bertoldi & McKee 1992), which is
expressed by

αvir = Mvir/MCO. (6)

As αvir decreases, the cloud gets more unstable against gravi-
tational collapse. In this subsection, we will utilize αvir to in-
vestigate which of the cloud properties are responsible for the
observed variation of the gravitational instability of the clouds.

Figure 12 shows scatter plots between the basic cloud prop-
erties and αvir. To see whether there exists a significant rela-
tion between the virial parameter αvir and other cloud prop-
erties, Kendall’s τ and the associated probability of chance
correlation were calculated. Significant correlation was only
detected between the virial parameter αvir and the line width
(p ∼ 6.0 × 10−6). GMCs in the Galactic center exhibit similar
correlation between line width and degree of gravitational bind-
ing (Oka et al. 2001). The correlation suggests that the degree
of gravitational binding of the clouds is mainly determined by
their internal turbulent motion.

The “wHII” GMCs have smaller velocity dispersion and αvir,
and are located downstream compared to the “woHII” GMCs.
A similar relation between star formation activity and line
width was pointed out by Kohno et al. (1999). They found an

0 20 40 60 80 100

Deconvolved Radius [pc]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

α

(a)

0 10 20 30 40 50

MCO [105 MO • ]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

α

(b)

0 5 10 15 20 25
∆V [km/s]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

α

(c)  wHII
woHII
wHII (cloud 26)

Figure 12. (a) Relationship between the virial parameter (αvir ≡ Mvir/MCO)
and radius (R). Crosses indicate the “wHII” GMCs and open lozenges indicate
the “woHII” GMCs. A gray lozenges represents Cloud 26. (b) Same as (a), but
for αvir and MCO. (c) Same as (a), but for αvir and ∆V . Dashed line indicates a
linear fit between the two quantities.

anticorrelation between the dense molecular gas fraction and the
line width in the center of the barred galaxy NGC 6951, with a
spatial resolution of ∼400 pc. The results presented here suggest
that the anticorrelation between star formation and line width
holds down to the size scale of GMCs. It is tempting to consider
that dissipation of turbulent motion inside the GMCs occurs by
crossing the spiral arm and leads to subsequent massive star
formation.

We must note that Scoville et al. (1986) indicated relation
between star formation activity and line width, but in an opposite
sense; GMCs smaller than 40 pc show that the GMCs associated
with H ii regions have larger line width compared to GMCs
without H ii regions. The difference in the results is likely due
to the difference in the observed size scales. Since the spatial
resolution of the data used by Scoville et al. (1986) is finer than
that of this work (down to parsec scale), the effects of local
phenomena, such as shock induced by cloud–cloud collision
and radiation feedback from H ii regions, might be dominant in
their result. On the other hand, the resolution of this study is
comparable to the size of the GMCs and the derived properties
should be reflecting the “global” properties of clouds rather than
the internal phenomena within each cloud.

4.3. Evolution of GMCs in the Spiral Arm

The results presented in the previous subsections illustrated
the variations of the cloud properties across the spiral arm in
IC 342. The “wHII” (downstream) GMCs are more virialized
and massive compared to the “woHII” (upstream) GMCs.
The cloud groups also differ from each other in that the
velocity dispersion of the “wHII” GMCs is larger than that
of the “woHII” GMCs. In this subsection, we will discuss the
implications of such variations of the cloud properties.

A first question is, from what kind of material were the clouds
identified in this study made? There are two classes of concepts

12

Figure 1.7: GMC properties in a spiral arm of IC 342, top – effective radius, middle
– velocity dispersion, and bottom – luminosity mass. Red and blue histograms indicate
the GMCs with and without star formation, respectively. Vertical lines denote the

median value of each population. This figure is taken from Hirota et al. (2011).
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1.3 The Issues to Address and Structure of the Thesis

The purpose of this thesis is to understand how star formation rate/efficiency respond

to the environment. We focus on the influence of the difference of surface density of gas

and dynamics of bar structure as the difference of the environments in this thesis.

In the first place, we consider whether star formation simply depends on the molecular

gas mass or whether star formation efficiency is constant in a galaxy. We study the

relation of molecular gas and star formation in IC 342 in terms of spatially resolved

Kennicutt-Schmidt Law in Chapter 2. In this study, Kennicutt-Schmidt Law is exam-

ined under sub-kiloparsec resolution. With this resolution, uncertainties arise from the

evolution of GMCs and star forming regions, such as the drift of star forming regions

from their parent clouds (Onodera et al., 2010), have been averaged and thus negligible.

Even so, the sub-kiloparsec resolution still faithfully resolves the variation of gas surface

density at different galactic structures, such as galactic center and spiral arms.

If star formation rate is independent to environment, i.e., simply relies on the amount of

gas, one would expect a linear correlation between the amount of gas and star formation

rate, implying that gas is converted to stars with a constant rate all the time. However,

if not, which factor determine the star formation rate and the star formation efficiency

in a region?

If there are other factors which determine star formation activity, galactic dynamics must

be the most probable candidate. Especially, bar is expected to have strong influence on

the gas properties as shown in the previous studies (cf. §3.1.2). In the second part of this

thesis, we investigate whether galactic bar can alter the physical properties of GMCs

and star formation efficiency in the nearby barred spiral galaxy NGC 6946. The results

of NGC 6946 are shown in Chapter 3, following by a comparison of GMC properties in

our target and nearby galaxies.

Finally, main results of this thesis are summarized in Chapter 4. Future plan of following

work is described in Chapter 5.



Chapter 2

Dependence of Star Formation on

the Amount of Gas

2.1 Introduction

Molecular gas is one of the most fundamental constituents in galaxies. They are ubiq-

uitous with various forms as mentioned in §1.2.3, representing the dynamics of the local

ISM and the host galaxy itself. When molecular gas becomes dense enough, star forma-

tion can start by consuming the molecular gas. Stars are the main energy sources in ISM.

In the later stage of stars, they recycle their material back to ISM. The contaminated

ISM can affect the properties, such as metallicity, of GMCs in the next generation. Thus

the relation between molecular gas and star formation are rather complicated because

it depends on the evolutionary cycle of the ISM.

In this Chapter I investigate how star formation rate/efficiency vary with surface density

of gas in terms of Kennicutt-Schmidt law. The outline of this chapter is as follows: In

§2.1.1 I introduce Kennicutt-Schmidt (K–S) law and the derivation of column density

with current methods. Review of 13CO observations in the Milky Way and nearby

galaxies are presented in §2.2. Motivation and methodology of this work are shown in

§2.3. Target galaxy IC 342 is introduced in §2.4. The radio and infrared archival data

we used in this work are presented in §2.5. The study of the radial distribution of the

gas and SFR is shown in §2.6. The methods of deriving ΣH2 from 12CO (1–0) and 13CO

(1–0) are demonstrated in §2.7 and §2.8, respectively. The uncertainties of the methods

are discussed in §2.9. Section 2.10 presents the derived K–S law with both 12CO (1–0)

and 13CO (1–0). In §2.11, we examine the K-S law in other nearby galaxies using the

published data of 12CO and metallicity to confirm the results from IC 342. The probable

14
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mechanisms of star formation in IC 342 are considered in §2.12. Main results of this

chapter are outlined in §2.13.

2.1.1 Star Formation Law

The most straightforward study of the correlation between the star formation and the

amount of molecular gas is Kennicutt-Schmidt (K–S) law. Schmidt (1959) and Kennicutt

(1998) propose an empirical star formation law between the surface density of star

formation rate (ΣSFR) and the total gas (ΣGas).

The K–S law is written as the form of

ΣSFR(M�yr−1kpc−2) ∝ ΣN
Gas(M�pc−2). (2.1)

As stars are formed from molecular gas, ΣGas in the K–S law is often replaced with ΣH2 .

With 12CO observations and the Galactic Standard CO-to-H2 conversion factor (XCO

= 2.3 × 1020 cm−2 (K km s−1)−1; Strong et al. (1988)), numerous works show that N

is in the range of 1.0 – 2.0. The slope of the K–S law may give us a clue to understand

the mechanism of star formation. For example, if star formation only depends on the

mass of Giant Molecular Clouds (GMCs), a constant SFR per unit mass of molecular

gas is expected, leading to a linear relation between ΣSFR and ΣH2 , namely, N ≈ 1.0

(Bigiel et al., 2008, Dobbs & Pringle, 2009). If molecular gas is converted to stars with

a timescale of free-fall time, and the scale height of gas is about constant everywhere in

galaxies, a slope of 1.51 is expected (Elmegreen, 1994, 2002, Li et al., 2006). If cloud-

cloud collisions trigger star formation, star formation timescale is set by the collision

rate of the virially bound objects, resulting to a slope of ∼2.02 (Tan, 2000, Tasker &

Tan, 2009).

2.1.2 Column Density Determined from 12CO

Column density of H2 (NH2) is required to calculate ΣH2 . 12CO is commonly used as

a tracer of NH2 because 12CO directly arises from the molecular gas and the emission

is strong. Since individual molecular clouds are not resolved in most external galaxies,

CO-to-H2 conversion factor (XCO, in unit of cm−2(K km s−1)−1) is required to derive

the mass and ΣH2 of molecular clouds. With an observed intensity of CO (ICO in unit

1We will show why it is 1.5 in §2.12.1.
2We will show why it is 2.0 in §2.12.2.
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ular medium likely contribute to more CO emission per
unit mass, decreasing XCO. We expand on this topic
when we consider starbursts in §7.

6. XCO AT LOW METALLICITIES

CO emission is frequently very faint or nonexis-
tent in gas-rich, actively star-forming low metallicity
galaxies. This is true in absolute luminosity terms,
with CO emission almost completely absent in low
mass dwarf irregular galaxies below metallicity 12 +
log O/H ≈ 8.0 (Elmegreen, Morris & Elmegreen 1980;
Tacconi & Young 1987; Taylor, Kobulnicky & Skillman
1998). Even when it is detected, as in the case of
the very nearby Small Magellanic Cloud, CO is faint
(Israel et al. 1986). CO is also faint in a normalized
sense. The CO-to-FIR ratios in blue, vigorously star-
forming dwarf galaxies are clearly lower than in spi-
ral galaxies (Tacconi & Young 1987; Young et al. 1996),
and the same applies to other star formation rate trac-
ers such as Hα (Young et al. 1996). The CO per unit
starlight is also depressed in very low mass dwarfs
(e.g., Young & Scoville 1991), and the ratio of CO to
HI is markedly decreasing for later morphological type
(Young & Knezek 1989).

Very importantly for CO emission, the low metal abun-
dance in these systems implies lower C and O abun-
dances and low dust-to-gas ratios (e.g., Draine et al.
2007; Muñoz-Mateos et al. 2009). Both of these factors
will exert a strong effect on the relative distributions of
H2 and CO. Dust serves as the site of H2 formation and
also provides much of the far-ultraviolet shielding nec-
essary to prevent molecules that are not strongly self-
shielding, such as CO, from photodissociating. Note that
galaxy mass is strongly correlated not only with metallic-
ity, but also with a number of other parameters that may
affect the equilibrium abundance of H2, such as spiral
density waves and interstellar pressure, further compli-
cating the picture of the relation between CO luminosity
and molecular mass. The critical question is whether low
CO luminosities indicate a true deficit of H2, or merely
the suppression of CO emission in low metallicity envi-
ronments.

Theoretical considerations, described below, lead us to
expect a change in XCO at low metallicities. Several
strong lines of observational evidence, described in §5,
also suggest that XCO increases sharply in irregular, low-
metallicity systems. Dust-based XCO estimates, which
are sensitive to the total gas present, return high values in
such targets. The [CII]-to-CO ratio seems dramatically
higher in dwarf irregular galaxies than in spiral galaxies,
supporting the hypothesis of a reservoir of H2 at low AV

where most carbon is locked in [CII] rather than CO. The
SFR-to-CO ratio also increases, offering circumstantial
evidence for star-forming gas not traced by CO.

6.1. Theoretical Expectations for Low Metallicity Gas

Naively, one would expect that a lower C and O would
imply consequently fainter CO emission. Because CO
is optically thick, however, its luminosity is determined
by the emitting area and its brightness temperature and
velocity spread. The dependence of XCO on metallic-
ity hinges fundamentally on how the relative sizes of the
[CII] and CO-emitting regions change with lower heavy
element and dust abundance (Fig. 8, see the discussion

of cloud structure in §2.5). Maloney & Black (1988) car-
ried out one of the first thorough analyses of the prob-
lem. Here we note the physical drivers for the location
of bright CO emission and then discuss the implications
for low metallicity.

The relative distributions of CO and H2 will be a de-
tailed function of the balance of formation and destruc-
tion of CO, processes discussed for diffuse and dense ma-
terial by van Dishoeck & Black (1986, 1988) (see also
Wolfire, Hollenbach & McKee 2010, appendices B and
C). CO formation proceeds mainly through the produc-
tion of OH via ion-neutral reactions initiated by cosmic-
ray ionization. Once OH is formed the chemistry pro-
ceeds via ion-neutral reactions to form HCO+ followed
by the dissociative recombination of HCO+ to form CO.
The formation rates of CO thus depend on the abun-
dance of C times the abundance of O. Because the rate
of formation depends on the abundance of OH, the rate of
destruction of OH by far-ultraviolet photons represents
an additional limiting factor in setting the CO abundance
(e.g., Wolfire, Hollenbach & McKee 2010, Appendix C).

Z,δDGR

R

(a)

(b)
CO
C
C+H2

Fig. 8.— Effect of metallicity on CO and H2 in a spherical
clump immersed in a uniform radiation field. Blue shading in-
dicates the region where the gas is molecular, according to Eq.
25. Increasingly darker shading shows the regions where carbon
is found as C+, C, or CO. The top sequence (a) illustrates the
effect of decreasing metallicity and dust-to-gas ratio on the dis-
tribution of C+, CO, and H2. Mostly because of the increase
in NH required to attain a given AV , the CO emitting region is
pushed further into the clump until, for a fixed cloud size, it disap-
pears at low enough metallicities. The bottom sequence (b) illus-
trates the effect of changing the clump size or column density at
a fixed metallicity (adapted from Bolatto, Jackson & Ingalls 1999;
Wolfire, Hollenbach & McKee 2010).

At depths where the CO line originates the destruc-
tion of CO proceeds mainly via photodissociation by
far-ultraviolet radiation. These dissociations occur via
line transitions between the ground state and predisso-
ciated excited electronic states. That is, the majority of
the transitions to these excited electronic states result
in dissociation rather than CO in bound, excited lev-
els. The longest wavelength dissociating transition lies at
λ ≈ 1076 Å. Thus the dissociation of CO in the ISM oc-
curs in the narrow far-ultraviolet band between λ ≈ 1076
Å and the Lyman limit at λ ≈ 912 Å. These dissociation
bands for CO overlap the Lyman bands of H2, and the
Lyman lines of HI. Thus HI and H2 can shield CO. Be-
cause CO dissociates in line transitions, similar to H2, it
can also self-shield at sufficiently large CO column den-

Figure 2.1: This figure is taken from Bolatto et al. (2013). The effect of metallicity
(a) and size of GMCs (b) on the the fraction of CO in a cloud and XCO.

of K km s−1), one can simply scale ICO to NH2 by a factor of XCO:

NH2 = XCO × ICO [cm−2]. (2.2)

The most common way is adopting the Galactic standard XCO (e.g., Bigiel et al., 2008,

Leroy et al., 2008), which is 2.3 × 1020 cm−2 (K km s−1)−1. However, it becomes more

and more obvious from recent works that the Galactic standard XCO is no more valid

in some particular environments.

The first environment is low-metallicity regime where low C and O abundances are

seen. XCO is found to be higher than the Galactic number (Arimoto et al., 1996,

Dickman et al., 1986, Narayanan et al., 2012, Wilson, 1995) in low-metallicity galaxies.

At low-metallicity environments, the amount of dust is not sufficient to protect CO

from photodissociation of UV photons (low dust-to-gas ratios; see panel (a) of Figure

2.1), thus the amount of CO is small and the CO emission is too weak to be detected.

At the same time, H2 has better ability of self-shielding, thus can survive from the

photodissociation. As a result, a higher XCO is needed to estimate the total amount of

H2 from CO observations. Figure 2.2 shows a plot of XCO as a function of metallicity

in nearby galaxies from Arimoto et al. (1996). They compiled published XCO of nearby

galaxies, which are derived with either virial mass of clouds or visual extinction mapping.

The dwarfs galaxies SMC, LMC and IC 10 have high XCO, which is about 3 – 10 times

larger than the Milky Way, while their metallicity is lower than the Milky Way. The

same situation is seen in the HI-dominant spiral galaxy M33. On the contrary, in the

molecular rich and higher SFR (∼ 3.4 M� yr−1) galaxy M51, the conversion factor is

lower than the Galactic XCO, along with a larger metallicity. The correlation of XCO

and metallicity (Z) of the galaxies in Arimoto et al. (1996) can be described with a

power-law relation of XCO ∝ Z−0.5.



Chapter 2. Star Formation Law 17

1
9
9
6
P
A
S
J
.
.
.
4
8
.
.
2
7
5
A

Figure 2.2: This figure is taken from Arimoto et al. (1996). The conversion factor
X∗ is in the unit of 1020 cm−2 (K km s−1)−1. The dotted line is a least-square fit of

the data. The solid line indicates the linear relation between X∗ and metallicity.

The second special environment is high-NH2 (or high ICO) regime. The mass of molecular

gas in some galaxy mergers and high redshift galaxies derived by the Galactic standard

XCO exceeds their dynamical mass, suggesting that the true XCO should be lower than

the Galactic value (Downes & Solomon, 1998, Downes et al., 1993, Narayanan, 2013,

Narayanan et al., 2012, Solomon et al., 1997, Wilson et al., 1997). A possible reason is

that the process of galaxy merging is highly turbulent and that 12CO emission becomes

moderately thick (Iono et al., 2007), specifically, the nature of 12CO has been changed.

Another possible reason is that size of GMCs in mergers are larger than normal GMCs,

presumably to the effective collisions and agglutinations of clouds. The large size can

protect the interior CO from photoionizataion more effectively than small GMCs. There-

fore, GMCs in mergers have a larger fraction of CO and a smaller XCO is required (see

panel (b) of Figure 2.1).

Some works suggest that the two effects, metaiilcity and ICO, determine XCO together

(Nakai & Kuno, 1995, Narayanan et al., 2012). ICO and metailcity are function of

galactic radii (e.g., Moustakas et al., 2010, Pilyugin et al., 2004). As a result, XCO does

change within a single galaxy. For example, XCO is 0.75 × 1020 cm−2 (K km s−1)−1

within the inner 1.′2 of M51. It is ∼3 times lower than the Galactic Standard XCO, while

the value rises to (1 – 4) × 1020 cm−2 (K km s−1)−1 at > 2.′0 (Nakai & Kuno, 1995).
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2.1.2.1 Uncertainty of Column Density Determined from 12CO

The nature of 12CO limits its ability to determine ΣH2 . First drawback arises from the

unsure XCO. The derived value of ΣH2 depends on the calibration of metallicity and

ICO.

Secondly, since 12CO is optically thick (τ � 1), it traces the emission from the envelope

of GMCs rather than dense clumps/cores where stars are formed. Likewise, due to its

high opacity, the intensity of 12CO does not indicate the amount of gas when GMCs

start to pile up along the line of sight.

Thirdly, 12CO can be excited at low density area. Critical density of a molecular line is

defined as

ncrit =
Aul

C
ul

[cm−3], (2.3)

where Aul and Cul are Einstein coefficient of spontanous emission in s−1 and collision

rate for a transition in cm3 s−1, respectively. For transition of J = 1 → 0, 12CO has a

ncrit of (7.2 × 10−8)/(3.3 × 10−11) ≈ 2000 cm−3. This calculation is based on optically

thin assumption. However, since 12CO is optically thick, the probability of a photon to

escape the cloud (β) should be considered:

β =
1− exp(−τ)

τ
. (2.4)

Then the effective ncrit (n∗) becomes

n∗ =
βAul

C
ul

[cm−3]. (2.5)

For optically thin domain, τ → 0, thus β → 1 (Equation 2.3). For optically thick lines,

τ � 1 , so β � 1. Due to the large τ of 12CO, n∗ of 12CO can be as low as ∼ 102 cm−3.

Hence, 12CO is an ideal probe of molecular clouds, but the clouds are not necessary to

be associated with star forming regions.

2.1.3 Column Density Determined from Extinction

Two principal methods have been used to determine the column density in molecular

clouds through extinction mapping, reddening of stars (color-excess) and stellar count-

ing.

NH2 can be estimated with optical and infrared measurements of star lights. The idea is

to measure the amount of lights extincted by dust in the molecular cloud at the line of

sight (Alves et al., 2001, Lada et al., 1994, Lombardi et al., 2006). This method is only
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applicable in the nearby clouds, because the intrinsic properties of background stars are

required to calculate their reddening (Bolatto et al., 2013).

Stellar counting points that NH2 can be estimated by comparing the stellar density of

an interested area with the background stellar density (Dickman, 1978, Dobashi, 2011,

Schnee et al., 2005, Stepnik et al., 2003). A drawback of the classical stellar counting

method is that the size of the concerned area brings uncertainties to the calculations, for

example, if the size of the cell is too small that there is no star in the cell, the method

would suggest it as a highly extinguished regions. The method has been improved by

fixing the number of stars in a cell by Cambrésy (1999), but the intrinsic uncertainties

still exist in the region with bright stars or the region is highly obscured.

2.1.4 Column Density Determined from Dust Emission

Dust emission can be measured directly from far infrared to mm–wavelengths (Langer

et al., 1989, Schlegel et al., 1998). Calibration to convert the observed properties to the

amount of dust and gas relies on the assumption of physical condition of dust, such as

dust temperature, dust-to-gas ratio, and dust emissivity. Since physical conditions of

gas can vary along the line of sight, large uncertainty may involve.

2.2 Review of 13CO Observations

Perhaps the most efficient way to derive XCO, NH2 and mass of molecular gas/clouds

is through an optically thin emission (Aalto et al., 2010, Bolatto et al., 2013). The

optically thin emission could be dust, chemical species or CO isotopic lines. Firstly,

accurate results from dust are limited in the Galactic clouds because of the requirement

of background and foreground information. Secondly, observations of chemical species

are impractical in the disk of external galaxies due to their weak intensity. It turns out

optically thin CO isotopic lines, such as 13CO, become the most reliable and practical

probe of gas. Even though 13CO is generally 5 – 20 times weaker than 12CO across

galactic disks (Tan et al., 2011), observations of 13CO become feasible in nearby objects

since the sensitivity of telescopes have been improved recently.

13CO is an ideal transition to study molecular gas by several reasons. First of all, 13CO

is an optically thin transition, even in extreme starburst regions (Matsushita et al., 1998,

Pan et al., 2013). Secondly, intensity of 13CO is relatively strong compared to other CO

isotopic lines, although the 12CO to 13CO ratio is still as high as 5 – 20 in nearby galaxies

(Aalto et al., 1995, Paglione et al., 2001, Tan et al., 2011). Thirdly, the effective critical
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Figure 2.3: Integrated intensity maps of Galactic plane in 12CO (top), 13CO (middle),
and C18O (bottom) observed by NANTEN. All lines are at the transition of 1 – 0. This

figure is taken from Barnes et al. (2011).

density of 13CO is about 10 times higher than that of 12CO owing to its low opacity,

tracing slightly denser gas. By comparing 13CO, CS (2–1) clumps and IRAS sources,

McQuinn et al. (2002) suggest that 13CO is as useful as CS for identifying (potential-

) star forming clumps/cores. The virial mass of the Galactic clumps/cores traced by

13CO account for about 20% of the virial mass derived from 12CO (Heyer et al., 2009).

As a result, 13CO can highlight more compact structures than 12CO. Figure 2.3 shows

three integrated intensity maps of the Galactic plane in 12CO (top), 13CO (middle), and

C18O (bottom), tracing the gas progressively denser, thus size of gas emitters are getting

compact. Fourthly, variation of 13CO abundance is small at the regions with volume

density < 5000 cm−3, and temperature of > 15 K (Bachiller & Cernicharo, 1986, Caselli

et al., 1999, Heyer & Ladd, 1995)3.

2.2.1 13CO Observations in the Milky Way

The first 13CO (1–0) observation in our Galaxy was carried out by Solomon et al. (1979).

They observed Galactic GMCs across the Galactic plane from ∼3 kpc to 9 kpc. The

radial distribution of 13CO intensity appears to follow the variation of 12CO emission

3The fourth advantage of 13CO may not occur in this thesis because the interested galactic areas in
this project and also Chapter 3 contain relatively strong star forming activities. Density at these areas
could be more than 104 cm−3.
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(See Figure 1.3 for the radial distribution of 12CO). The most important conclusion of

Solomon et al. (1979) is that they constrain the standard 12CO to 13CO line ratio (R10)

for Galactic GMCs. R10 is about 5.5 ± 0.63, with variation less than 40% between 4

kpc to 8 kpc.

2.2.2 13CO Observations in External Galaxies

The first 13CO observations in nearby galaxies are carried out by Encrenaz et al. (1979)

with the 7-m telescope of Bell Telephone Laboratories, corresponding to a beamsize of

1.7′. Eight galaxies were observed in this work. Encrenaz et al. (1979) suggest a global

R10 of ∼12 for nearby galaxies, which is about two times larger than the values derived

in Milky Way by Solomon et al. (1979). Young & Sanders (1986) observe 13CO in the

disks of six late-type spiral galaxies with 14-m telescope of the FCRAO (beamsize is

about 45′′) later on. R10 varies between 6 to 20 within individual galaxies.

The earliest works have suggested that 13CO is significantly weaker than 12CO in nearby

galaxies, therefore, in the later studies, most of 13CO observations are made toward the

central regions of galaxies (e.g., Chou et al., 2007, Harrison et al., 1999, Helfer & Blitz,

1995, Israel, 2009, Israel & Baas, 2001, Kikumoto et al., 1998, Mart́ın et al., 2010,

Matsushita et al., 2010, 1998, Meier & Turner, 2004, Meier et al., 2000, 2008, Neininger

et al., 1998, Paglione et al., 2004, Pan et al., 2013, Papadopoulos & Seaquist, 1999,

Petitpas & Wilson, 2003, Reynaud & Downes, 1999, Sakamoto et al., 2007, 2011, 2006,

Schulz et al., 2001). Some of them were made in the sub-regions of the disks of nearby

galaxies (Hirota et al., 2010, 2011, Muraoka et al., 2012, Rebolledo et al., 2012, Tosaki

et al., 2002, Turner & Hurt, 1992, Wilson & Walker, 1994, Wilson et al., 1997), or galaxy

mergers (e.g., Aalto et al., 2010, 1997, Glenn & Hunter, 2001, Papadopoulos et al., 2012,

Taniguchi & Ohyama, 1998, Wilkins et al., 2008, Zhu et al., 2003).

Single pointing observations of 13CO along the major axis of galaxies have been per-

formed by several authors (Paglione et al., 2001, Sakamoto et al., 1997, Tan et al., 2011,

Young & Sanders, 1986). The most popular discussion in these studies is what cause

the variation of R10 across the galactic disks? R10 as a function of radius with largest

sample and best resolution are displayed in Figure 2.4 (Paglione et al., 2001). There

is no significant difference of radial distribution of 13CO among galaxies. In general,

intensity of 13CO decreases with increasing radius. R10, however, can be either a in-

creasing (e.g., M51 and NGC 5055) or a decreasing (e.g., NGC 4631 and NGC 6946)

function of galactic radii or nearly identical across the disk (e.g., NGC 1068 and NGC

3556). Moreover, R10 changes from ∼5 to ∼25, suggesting that those molecular clouds

in external galaxies may not be identical with the Galactic clouds.
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FIG. 3.ÈCO/13CO intensity ratio as a function of position. The data are folded about the nucleus and binned to make the uncertainty in R uniform along
the major axis. Vertical error bars indicate the statistical uncertainties of the data (see text). Horizontal bars indicate the bin sizes.

nucleosynthesis are unlikely to be responsible for the
observed gradients in R because of the high optical depth of
CO and the lack of expected gradients or correlations with
other line ratios. In addition, the gradient in R in the Milky

Way is in the opposite sense of the 12C/13C abundance
gradient. It is difficult to test whether fractionation in the
disk is important, though most of the CO emission in galac-
tic disks is limited to relatively warm regions where it would

FIG. 4.ÈComparison of the ratio of CO and 13CO integrated intensities inside and outside of selected radii : 23A (beam HWHM), 1, 1.5, and 2 kpc. The
lines indicate slopes of 2/3, 1, 3/2, 2, and 4 (triple-dotÈdashed, solid, dashed, dot-dashed, and dotted lines, respectively).

Figure 2.4: R10 of various galaxies taken from Paglione et al. (2001). The data are
binned at the nucleus and the disks to generate the uniform uncertainties.

There are only few galaxies which have been mapped with 13CO in large scale (Aalto

et al., 2010, Hirota et al., 2010, Hüttemeister et al., 2000, Watanabe et al., 2011). Al-

though the targets are relatively nearby, the physical resolutions are still much larger

than the size of GMCs in most of studies.

Hüttemeister et al. (2000) observed a barred galaxy NGC 7479 with OVRO in 13CO

and 12CO (1–0). An angular resolution of ∼6′′ corresponds to a physical scale of ∼900

pc. The 13CO map of NGC 7479 shows an offset from the 12CO maximum, coinciding

with the prominent dust lane in the southern bar. Such offset, however, is not seen

in the 12CO map, suggesting that these two lines do trace different components. The

configuration of 13CO and 12CO leads to a scenario that 13CO traces high column (and

probably also volume) density gas. These gas are compressed in the region where the

velocity gradient of the bar is large. Some 12CO emission traces the same gas population

as 13CO, but most of them come from a diffuse gas. R10 ranges from 5 to > 30 at the

bar of NGC 7479. The high R10 is a result of the presence of gas with moderate optical

depth.

Watanabe et al. (2011) observed barred galaxy NGC 3627 with NRO4 45-m telescope in

4Nobeyama Radio Observatory
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13CO (1–0). The angular resolution of ∼16′′ corresponds to a physical scale of ∼800 pc.

The morphology of 13CO and 12CO5 resemble each other. 13CO emission peaks at the

galactic center and the bar ends, while a few small peaks are found at the spiral arms,

which have intensities <50% of the center and the bar ends. In general, R10 decreases

along the galactocentric radii with a rate of -1.4 ± 0.4 kpc−1, but R10 is as high as 20

within the bar region, comparable to the center of its host galaxy. The low R10, ∼10, are

found at the bar ends. Such change of R10 over the disk of barred galaxy is consistent

with that of NGC 7479 (Hüttemeister et al., 2000). By using the Hα and 24µm images

as SFR indicators, Watanabe et al. (2011) conclude that SFE is highest at the bar ends,

nearly two times larger than the galactic center. On the other hand, SFE inside the bar

region is considerably depressed, about ∼3 times lower than the bar ends.

Aalto et al. (2010) observe Medusa merger (NGC 4194) in 13CO (1–0) by using OVRO.

They obtain a beamsize of ∼ 4.5′′, equivalent to ∼ 860 pc. They found 13CO (1–0)

traces post-shock regions in the starburst area, where the gas are more bound. On the

other hand, 12CO (1–0)6 traces diffuse gas in Medusa merger. R10 is found to be 16 –

> 40. The wide range of R10 attributes to the change of gas temperature and density.

Hirota et al. (2010) observed barred spiral galaxy IC 342 with NRO 45-m telescope in

13CO (1–0). The angular resolution of ∼20′′ corresponds to a physical scale of ∼320 pc.

The 13CO observations of IC 342 cover the galactic center, galactic bar and most of the

primary spiral arm. The most striking discrepancy between the 13CO and 12CO7 maps

is seen in the spiral arm. At a specific area of the arm, only one GMA, a product of gas

compressed by the density wave potential, is found. However, the GMA is associated

with three 13CO peaks. Such kind of inconsistency is also found at the northern bar end

of IC 342. These again confirm that 12CO and 13CO trace different gas components in

galaxies. R10 is about 7 – 10 in IC 342.

Hirota et al. (2011) then further observe portion a spiral arm of IC 342 with NMA8.

The physical resolution of this work is only 60 pc. So far this is the best resolution of

13CO in nearby galaxy, although their observing area is relatively small. They identify

GMC with algorithm of CLUMPFIND and classify the GMCs with their star forming

activity. They found that star forming GMCs have low R10 (∼ 6) while R10 is as high

as 16 in non-star forming GMCs. They explain the results with the presence of diffuse

gas associated with non-star forming GMCs, namely, larger I12CO.

512CO is taken from Kuno et al. (2007), made by NRO
612CO is taken from Aalto & Hüttemeister (2000), made by OVRO
712CO is taken from Kuno et al. (2007), made by NRO
8Nobeyama Millimeter Array
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2.3 Motivation and Methodology

From the previous Chapter and sections, we have got some facts as follows:

• Kennicutt-Schmidt law (ΣSFR versus ΣH2) can be a hint of star formation mecha-

nism.

• GMC properties and their ability to form stars may change with environments. If

so the Kennicutt-Schmidt law would change as well.

• Ideally Kennicutt-Schmidt law can be derived once the column density of molec-

ular gas is determined. The methods of extinction and dust emission seem to be

impractical in the study of nearby galaxies. Hence, the derivation of the column

density and the mass of molecular clouds relies on the integrated intensity map of

molecular line emission.

• Kennicutt-Schmidt law can be derived by using 12CO as the tracer of ΣH2 .

– CO-to-H2 conversion factor (XCO) is needed to derive 12CO-base ΣH2 .

– XCO is a function of CO intensity and metalicity.

– the problem of 12CO is its high opacity, and the high opacity also leads to a

low effective critical density (∼ 102 cm−3).

• Kennicutt-Schmidt law can be derived by using 13CO as the tracer of ΣH2 .

– 13CO is optically thin.

– Because of the low opacity, 13CO is a tracer of denser regions in GMCs (∼
103 cm−3).

The information inspires us to revisit Kennicutt-Schmidt law by using the latest cali-

bration of XCO and an optically thin transition for the first time. We study how ΣSFR

change with ΣH2 and the reason of different star forming ability in different regions of a

galaxy.

The best physical resolution to study K–S law is sub-kiloparsec scale. This resolution

spatially resolves galactic structures, i.e., spiral arms, galactic bar and center, but re-

mains ΣH2 and ΣSFR as beam-average parameters. Specifically, the difference among

galactic structures are distinguishable, but the uncertainties in the evolution of individ-

ual GMCs and star forming regions (e.g., Onodera et al., 2010) are negligible. We chose

IC 342 as our target by several reasons:

1. Since the galaxy is close, even single dish can reach a sub-kpc resolution of 320 pc.
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2. Both 13CO and 12CO data are available from archive. The images are large enough

to cover galactic disk and center.

3. There are archival images tracing SFR.

4. A bar-driven starburst region is observed in the central region of IC 342, the high

density region splits the physical environment from the galactic disk, providing

a chance to study the environmental dependence of K–S law in diverse physical

conditions of molecular gas.

With these data, we study Kennicutt-Schmidt law with 12CO and 13CO, separately.

Then discuss the reasons which lead to the change of Kennicutt-Schmidt law in different

galactic areas. We also perform similar analysis for other galaxies to compare with the

results of IC 342.

2.4 The Target: IC 342

IC 342 (Figure 2.5) is located in IC 342/Maffei Group. It is the closest galaxy group

to our Local Group. More than a dozen of galaxies are residing in this galaxy group.

The main galaxies in IC 342/Maffei Group are IC 342, Maffei 1 and Maffei 2. Both

IC 342 and Maffei 2 are classified as SAB(rs)bc, while Maffei 1 is an elliptical galaxy.

Tidal tails extending between IC 342 and irregular galaxy UGCA 86 are seen in some

HI observations (e.g., Johnson, 2013, Stil et al., 2004). The parameters of IC 342 are

listed in Table 2.1 . IC 342 is located at 3.2 Mpc, where 1′′ corresponds to 16 pc. Since

the galaxy is very close, the physical resolution of single dish observation in CO (1–0)

lines can be down to sub-kpc scale even only with a 12-m dish (e.g., Crosthwaite et al.,

2001).

Table 2.1: Parameters of IC 342.

Morphology SAB(rs)cd
R.A. 03h46m48.s6
Dec. 68◦5′47′′

Distance 3.2 Mpc∗

Physical Scale of 1′′ 16 pc
Systemic Velocity 32 km s−1∗∗

Inclination 31◦∗∗

P,A 37◦∗∗

∗ Saha et al. (2002)
∗∗ Crosthwaite et al. (2000)

The CO map made with a single dish has shown a clear molecular bar with length

of about 4.5 kpc (Crosthwaite et al., 2001). A primary spiral arm emerging from the
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Figure 2.5: The optical image of IC 342 (103aE, 6450Å) taken from NED.

southern bar end is seen in the CO map as well. IC 342 is undergoing bar-driven gas

inflow (Schinnerer et al., 2003) which triggers the starburst at the center. In the central

1′, molecular gas appears to be a spiral structure (Figure 2.6). The spirals corresponds

to the x1 orbit of galactic bar (parallel to the bar). The two spirals wrap around at the

central 15′′, creating a ring-like structure. Inside the ring is a star cluster with age 6 – 60

Myr (Boker et al., 1997). The volume density of the gas in the central region (central 1′)

must be considerably high since HCN9 clearly traces at the spirals and the ring (Figure

2.7). For this reason, the central region is able to split the physical environment from

the galactic disk, providing a chance to study the K–S law in diverse physical conditions

of molecular gas.

9Critical density of HCN (1–0) is about (2.4 × 10−5)/(2 × 10−11) ≈ 106 cm−3. Considering the high
optical depth of HCN (1–0) (optically thick) (Matsushita et al., 1998), the effective critical density of
HCN (1–0) is on the order 105 cm−3.
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FIG. 1.È(a) 12CO (1È0) integrated intensity map (Levine et al. 1994). Contours are in intervals of 5.0 Jy beam~1 km s~1 (or 65.5 K km s~1 for the
beam). (b) 12CO (2È1) integrated intensity map. Contours are in intervals of 50.0 Jy beam~1 km s~1 (or 77.5 K km s~1 for the beam).2A.72 ] 2A.59 4A.11 ] 3A.62

(c) 13CO (1È0) integrated intensity map. Contours are in intervals of 1.50 Jy beam~1 km s~1 (or 8.1 K km s~1 for the beam). (d) 13CO (2È1)4A.80 ] 3A.89
integrated intensity map. Contours are in intervals of 10.0 Jy beam~1 km s~1 (or 15.9 K km s~1 for the beam). The large circles in (b) and (d)4A.44 ] 3A.58
represent the 50% cut of the primary beam. The cross marks the optical and 2 km peak (Becklin et al. 1980). The slight misalignment of the coordinate tics
result from switching from B1950 to J2000 coordinates.

Figure 2.6: The 13CO maps of IC 342 taken from Meier et al. (2000).
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Figure 2.7: HCN map of IC 342 at the central 1′. taken from Downes et al. (1992).
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2.5 Data

2.5.1 NRO CO Maps

The 12CO (J = 1 → 0) (hereafter 12CO) image of IC 342 (Figure 2.8) was taken from

the Nobeyama CO Atlas of Nearby Spiral Galaxies (Kuno et al., 2007). The observations

were made by the Nobeyama 45-m telescope. The angular resolution of the map is 20′′

at 115 GHz, corresponding to a physical resolution of ∼320 pc. The map extends up to

a galactocentric radius of about 6.5 kpc (406′′). The rms noise is about 1.5 K km s−1

or ∼ 5 M� pc−2 with the Galactic standard CO-to-H2 conversion factor (XCO = 2.3 ×
1020 cm−2 (K km s−1)−1) (Strong et al., 1988).

The 13CO (J = 1→ 0) (hereafter 13CO) image (yellow contours in Figure 2.9) was also

taken with the Nobeyama 45-m telescope by Hirota et al. (2010). The map covers the

galactic center, the bar, and the spiral arm emerging from the southern barend with a

total area of ∼320′′ ×320 ′′ (5.1 kpc × 5.1 kpc), which is about a fourth of the 12CO

map. The angular resolution is also 20′′ (320 pc) at 110.2 GHz and the rms noise is 0.4

K km s−1.

2.5.2 VLA HI Map

The atomic hydrogen (HI) image of IC 342 is taken from Crosthwaite et al. (2000).

The observations were carried out by VLA using C and D configurations. The resulting

angular resolution is 38′′ × 37′′ (610 pc × 590 pc) at the wavelength of 21 cm. The HI

image has a radius of 1300′′ (∼21 kpc), which is far beyond the molecular disk of IC 342

by about three times.

2.5.3 Spitzer 24 µm Map

IC 342 is not included in either the Spitzer Local Volume Legacy Survey (LVL) or The

Spitzer Infrared Nearby Galaxies Survey (SINGS) but in several individual programs,

presumably due to its too low latitude (b=10.◦58). We use the 24µm data as SFR tracer

from Spitzer Heritage Archive (SHA). The data was obtained by Multiband Imaging

Photometer (MIPS) (Rieke et al., 2004). The angular resolution of 24 µm map is ∼5.′′7

(∼ 91 pc).
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Figure 2.8: 12CO map of IC 342 taken from Kuno et al. (2007). Contours represent
4.5 (3 σ),10, 15, 20, 25, 50, 80, 110, 140, 170, and 200 K km s−1. The white cross marks
the galactic center. The beam size of 20′′ is shown at the bottom left of the figure. The
area of 13CO (1-0) observation made by Hirota et al. (2010) is indicated with the box.

2.5.4 Hershel Mid- Far-Infrared Maps

The Hershel telescope provides infrared data ranges from 70 to 500µm. The data are

useful to derive the dust/gas temperature from the spectral energy distribution (SED),

which is required in our analysis. IC 342 is one of the samples in the project of Key

Insights on Nearby Galaxies: a Far-Infrared Survey with Herschel (KINGFISH) (Ken-

nicutt et al., 2011). The data are available in the project website. Herschel PACS and

SPIRE instruments provide the wavelength 70, 100, 160 µm (PACS) and 250, 350, 500

µm (SPIRE). The original unit of the images, pixel size and the resolution are listed in

Table 2.2. The process of data reduction are described in the KINGFISH Data Products

Delivery Users Guide.
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Figure 2.9: Velocity-integrated intensity maps of CO and the defined galactic features.
Left: The integrated maps of two CO lines. Cyan and yellow contours denote the 12CO
and 13CO velocity-integrated intensity maps, respectively. The 12CO is the one shown
in Figure 2.8. The beam size is overlaid in the bottom left. The grey scale is also 12CO
map. The contours of 12CO map are 10 (6.5 σ), 15, 20, 25, 30, 35, 40, 50, 70, 100, 140,
and 190 K km s−1. The contour levels of 13CO map are 1 (2.5 σ), 2, 3, 4, 6, 10, 16, and
22 K km s−1. Right: The defined galactic features. The white contours is the 13CO
in left panel with same steps. The purple area corresponds to the pixels categorized as
galactic center, while the oranges area tags the pixels belonging to the defined spiral

arm.
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FIG. 3.ÈH I integrated intensity map of IC 342. Gray scale ranges from 0 to 3 Jy beam~1 km s~1. The contours are at 0.4, 0.8, 1.2, 1.6, and 2.4 Jy beam~1
km s~1. Resolution of the map is D38A. Features extended over angular scales greater than 15@ are not resolved because of missing short baselines.
Corresponding column densities are obtained using (Jy beam~1 km s~1). All of the moment maps presented have been correctedNH I

(cm~2) \ 7.9 ] 1020SH Ifor the primary beam.

Our location of the principal resonances agrees fairly well
with the locations found by Elmegreen et al. (1992) deter-
mined from optical tracers, andRCR \ 6.0@ ROLR \ 12@.3.
This di†ers considerably from the location of the corotation
resonance suggested by Newton (1980b) from anRCR \ 15@
evaluation of the expected amplitude of velocity pertur-
bations across spiral arms.

As we shall see in ° 4, since the properties of the disk
inside and outside of corotation are markedly di†erent, we
shall designate regions with as ““ inner disk ÏÏ andR \ RCRas ““ outer disk.ÏÏR [ RCR

4. DISCUSSION

We divide our discussion of the H I disk into an ““ inner ÏÏ
disk and an ““ outer ÏÏ disk based on morphological changes
appearing near Strictly speaking, both lie within theRCR.
inner portion of the overall H I disk of IC 342 that has a

diameter of 80@ (Rogstad et al. 1973 ; M. A. Holdaway &
M. P. Rupen 1999, private communication).

4.1. Morphology of the Inner Disk, R \ RCR
The appearance of H I in the inner disk is di†erent from

that in the outer disk. Much of the arm-interarm contrast
disappears, and at lower resolution, it can appear feature-
less. It is here that we expect the interaction with the molec-
ular gas component and concurrent star formation to be its
greatest.

Neutral atomic hydrogen is depleted within the inner
2 kpc (3@) of IC 342 but is not entirely absent. This is a
common feature of many spiral galaxies (Bosma 1981 ; Gio-
vanelli & Haynes 1988). For reasons not completely under-
stood, the hydrogen gas changes from a predominantly
atomic state in the outer regions to a mainly molecular one,
strongly peaked at the nucleus (Morris & Lo 1978 ; Young

Figure 2.10: HI map taken from Crosthwaite et al. (2000). Gray scale ranges from 0
– 3 Jy beam−1 km s−1. Contours are with steps of 0.4 × 1, 2, 3, and 4 Jy beam−1 km

s−1. The largest structure that VLA can resolve under this configuration is 15′.
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Table 2.2: Information on the original infrared data from archives.

Wavelength (µm) 24a 70b 100b 160b 250c 350c 500c

FWHM(arcsec) 5.7 5.2 7.7 12 18 25 37
Pixel size (arcsec) 2.5 1.4 1.7 2.85 6 10 14
Image Unit MJy/sr Jy/pixel Jy/pixel Jy/pixel MJy/sr MJy/sr MJy/sr
a Spitzer
b Herschel PACS
c Herschel SPIRE

2.6 Radial Distribution of Gas and Star Formation

2.6.1 Radial Distribution of Gas

The neutral gas in a galaxy consists of molecular and atomic gas. The former one is

required for star formation, but some nearby spiral galaxies harbour larger amount of

atomic gas relative to the molecular gas, such as M33. Accordingly, we consider the

content of the gas in IC 342 as the first step. The task ellint in MIRIAD (Sault et al.,

1995) is used to find the radial intensity distribution of all the gas and SFR tracers in

this section.

Since 12CO was mapped in entire galaxy, we use the image of 12CO to measure the

radial distribution of ΣH2 . The inclination and the position angle of the galaxy are 31◦

and 37◦, respectively (Crosthwaite et al., 2000). The step size between each azimuthal

average data point is 10′′, starting from 0′′ to 400′′ (6.4 kpc) or R/R25 ≈ 0.30, where

R25 = 22.3′ or 21.4 kpc (Pilyugin et al., 2004). XCO of 2.3 × 1020 cm−2 (K km s−1)−1

(Strong et al., 1988) is adopted to derive ΣH2 .

The radial profile of ΣH2 is shown as crosses in Figure 2.11. ΣH2 peaks at the galactic

center (∼750 M� pc−2) and then gradually decreases to ∼ R/R25 = 0.05. A small bump

at radius of R/R25 ≈ 0.1 (∼2 kpc) is contributed by the brightest spiral arm. Beyond

the spiral arm, ΣH2 decreases to ∼20 M� pc−2 at R/R25 = 0.3.

For barred galaxies, there are two characteristics in their radial profile of gas: the

enhanced amount of gas at the central region and the shallower gas distribution in the

bar region (Kuno et al., 2007, Nakai, 1992, Regan et al., 2006). For barred galaxies,

the intensity of CO exceeds the inward extrapolation of the radial distribution of the

disk. On the other hand, at the barred region, the radial distribution is shallower (e.g.,

NGC 3627, NGC 3351, and NGC 4321 in Regan et al. (2006) and NGC 2903 in Nakai

(1992)). For IC 342, the excess of CO intensity at central region is cleanly seen, and

the shallower distribution of gas occurs at about 1.1 kpc (Figure 2.11). In contrast, for

non-barred galaxies, the radial profile of gas show a smooth exponential increase toward
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Figure 2.11: Radial distribution of ΣH2
(crosses and circles), ΣHI (pluses) and ΣSFR

(triangles). The radial step ΣH2 and ΣSFR is 10′′. The radial profile of ΣHI is sampled
every 20′′. The solid black line represents the Toomre Q parameter (§). The grey solid

line marks the intensity of 1 to compare with Q.

the center, but then drop at the center of some galaxies (e.g., NGC 0628 and NGC 7331

in Regan et al. (2006)).

The column density of atomic hydrogen (HI) is calculated by

N(HI)(cm−2) = 1.823× 1018

∫
Tbdv, (2.6)

where Tb is brightness temperature (Wilson et al., 2009). The step size between each

azimuthal average of HI data is 20′′ (320 pc), starting from 0′′ to 1300′′ (R/R25 ≈ 0.97).

The radial profile of ΣHI is shown in Figure 2.11 with plus symbol. As seen in most of

spiral galaxies, the distribution of HI emission extends well beyond the molecular/optical

disk (Pan et al., 2013). ΣHI hits the lowest point at the galactic center. The hole of

HI emission around the central region of galaxies is attributed to the strong radiation

of UV photons which ionize the atomic hydrogen, and the ionized hydrogen is forced to

form molecules with other elements. Beyond the galactic center, the radial ΣHI profile

shows an upward trend till R/R25 = 0.3. Then ΣHI gently declines to R/R25 ≈ 1. Even

though there are some variations in ΣHI, ΣHI varies within a narrow range of 1 – 5 M�

pc−2, occupying <35% of total gas. Hence, IC 342 is a H2 dominant spiral galaxy, with

potential for significant star formation.
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2.6.2 Radial Distribution of Star Formation

The mid-infrared 24 µm emission traces the dust grains heated by the UV photons

radiated by young stars and therefore serves as a tracer of obscured SFR with a timescale

no longer than 10 Myr (Calzetti et al., 2005). On the other hand, Hα traces the ionized

gas surrounding the massive stars, and thereby reckoned as the tracer of unobscured

SFR (Calzetti et al., 2005). Hence, 24 µm and Hα is often used to obtain the total SFR

in a given region (e.g., Calzetti et al. (2007), Kennicutt et al. (2007)).

Since, however, IC 342 is located behind the galactic plane (b=10.◦5), Hα emission is

severely suffered from dust extinction and, moreover, there is no available digital Hα

image to access. For these reasons we use an infrared image as the SFR indicator. The

monochromatic infrared SFR is calculated as

SFR(M� yr−1) = 1.31× 10−38[L24µm(ergs s−1)]0.885 (2.7)

(Calzetti, 2012, Calzetti et al., 2007) based on a two-component IMF, in which the slope

is -1.3 between 0.1 M� to 0.5 M� and -2.3 in the range of 0.5 M� – 120 M�. Equation

(2.7) is calibrated for local SFR with spatial scale of ∼ 500 pc and is valid in the range

of 1× 1040 . [L24µm] . 3× 1044. IC 342 is in the range. The uncertainty of the power

and the coefficient are 0.02 and 15% , respectively.

We have smoothed the 24 µm image from the resolution of ∼6′′ to 20′′ to match with

the CO image, using task convol of MIRAD. The 24µm image is also re-gridded to match

with the CO image for further analysis with task regrid. For this reason the step

size and the radial range of ΣSFR (triangles) is the same as ΣH2 (crosses). The radial

distribution of ΣSFR resembles that of ΣH2 in IC 342. ΣSFR also shows an excess at

the central region as in the profile of ΣH2 . In non-barred galaxies, the intensity of SFR

tracers also drop at the center as in ΣH2 (Regan et al., 2006).

The characteristic features of the radial distribution of ΣH2 , ΣHI, and ΣSFR are sum-

marized as follows: a) The radial distribution of ΣH2 and ΣHI reveal that IC 342 is a

molecular-dominant galaxy; b) The molecular gas is concentrated in the center and the

bright spiral arm at the radius of ∼2 kpc; c) The radial distribution of ΣSFR resembles

that of ΣH2 .

2.7 Surface Density of H2 Derived from 12CO

In this section, we consider the spatial distribution of molecular gas by using the standard

Galactic CO-to-H2 conversion factor (XCO) and the conversion factor (XCO,v) which
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depends on the metallicity and line intensity (Narayanan et al., 2012).

2.7.1 Surface Density of H2 Derived with XCO

First of all, the standard Galactic XCO of 2.3 × 1020 cm−2 (K km s−1)−1 is applied to

the entire 12CO map.

The peak value of ΣH2 is 756 M� pc−2 at the galactic center. Such high ΣH2 is commonly

seen in the circumnuclear starburst (e.g., ΣH2 ≈ 102−3 M� pc−2 in Kennicutt (1998)).

The 3σ detection limit of 12CO corresponds to ΣH2 ≈ 15 M� pc−2. The mean ΣH2 of

IC 342 is 36 M� pc−2, principally contributed by the galactic disk.

2.7.2 Surface Density of H2 Derived with XCO,v

Both observations (e.g., Arimoto et al. (1996)) and simulations (e.g., Narayanan et al.

(2012)) suggest that metallicity is a key parameter to affect XCO. In metal-poor regions,

XCO tends to be higher than the Galactic Standard XCO due to the photodissociation

of CO. Furthermore, Narayanan et al. (2012) suggest that XCO depends on the CO

intensity as well. Such dependence of XCO on CO intensity is also seen within single

galaxy (Nakai & Kuno, 1995).

Therefore, we adopt the simulation XCO–Z ′–WCO relation derived by Narayanan et al.

(2012). First, they preform hydrodynamical simulation of galaxy evolution, including

isolated disk galaxy and merger over a range of redshift. This simulation sets up the

kinematic and mass of ISM and the stellar populations. The fraction of H2 and carbon,

the amount of these molecules locked in GMCs, metallicity of GMCs, heating and cooling

of gas and the radiation transfer of dust are required as well to establish the physical

and chemical states of ISM. The continuous XCO is a function of CO intensity and

metallicity:

XCO,v =
6.75× 1020 × 〈WCO〉−0.32

Z ′0.65
, (2.8)

where the 〈WCO〉 is 12CO line intensity measured in K km s−1 and Z ′ is the metallicity

divided by the solar metallicity (Z). The conversion between Z ′ and the common used

form of metallicity 12 + log[O/H] is

logZ ′ = 12 + log[O/H]− 8.76, (2.9)

where the solar metallicity in log scale is assumed to be 8.76 (Krumholz et al., 2008).

Equation (2.8) is available from sub-kpc scale to unresolved galaxies (Narayanan et al.,

2012).
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L. S. Pilyugin et al.: Oxygen abundance vs. macroscopic properties in nearby galaxies, Online Material p 7

Fig. 5. Oxygen and nitrogen abundances and nitrogen-to-oxygen abundance ratio versus galactocentric distance for late-type galaxies. The
oxygen abundances are shown by filled circles, the linear least-squares fits to these data are presented by solid lines. The nitrogen abundances
are shown by open squares, the linear least-squares fits to these data are presented by dashed lines. The nitrogen-to-oxygen abundance ratios
are shown by open circles, the linear least-squares fits to these data are presented by solid lines. The galactocentric distances are normalized to
the isophotal radius.

Figure 2.12: Oxygen (filled circles) and nitrogen (open squares) abundances of IC
342. The five data points of each gradient represent five HII regions in different radii.

This figure is taken from Pilyugin et al. (2004).

For IC 342, as most of galaxies, the gradient of metallicity is measured from HII regions

in various radii of the galaxy. Pilyugin et al. (2004) derived the oxygen abundance for

the HII regions observed by McCall et al. (1985). The derivation of oxygen abundance

requires observed intensity of [OII]]λ3727 + λ3729, [OIII]]λ4959 + λ5007, [OIII]]λ4363,

and Hβ. Then Pilyugin et al. (2004) fitted the gradient with the form:

12 + log[O/H] = 12 + log[O/H]0 + CO/H × (R/R25), (2.10)

where 12 + log[O/H]0 is the extrapolated central oxygen abundance, CO/H is the slope

of the oxygen abundance gradient respect to the fractional radius R/R25. The HII

regions in IC 342 indicate a clear negative gradient of the abundance with increasing

radius (Figure 2.12). 12 + log[O/H]0 is 8.85 and CO/H is –0.9 . The uncertainty of the

derived log[O/H] is 0.12. Metallicity of individual pixel is calculated and substituted

into Equation (2.8) and Equation (2.9) to gain the XCO,v at each position.

XCO,v has range (1 – 6) × 1020 cm−2 (K km s−1)−1. Figure 2.13 displays a correlation

of ΣH2(XCO) versus the ratio of ΣH2(XCO,v)/ΣH2 (XCO) and the XCO,v. The figure

indicates XCO,v < XCO when ΣH2(XCO) > 100 M� pc−2, and vice versa. In addition,

ΣH2(XCO) ≈ ΣH2(XCO,v) occurs at ∼100 M� pc−2.

The XCO,v map is shown in Figure 2.14. In the galactic center, the XCO,v is as low

as 1020 cm−2 (K km s−2)−1, consistent with the value measured by the high resolution

C18O, 1.3 mm dust continuum, and the virial theorem in IC 342 (Meier & Turner, 2001).

Thus the utilization of the Galactic standard XCO leads to the overestimation of ΣH2 at

the central region. The peak ΣH2 becomes 344 M� pc−2 by using XCO,v, which is about

2 times lower than the mass obtained from the Galactic XCO. The compact regions in
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Figure 2.13: ΣH2(XCO) versus the ratio of ΣH2(XCO,v)/ΣH2 (XCO) and XCO,v.
The horizontal line marks the ΣH2

(XCO,v)/ΣH2
= 1. The vertical line indicates the

ΣH2
(XCO) = 100 M� pc−2. It also corresponds to ΣH2

(XCO,v) ≈ 100 M� pc−2 because
the ratio of these two values is about unity, i.e., the point where the two lines cross

each other.

Figure 2.14: The XCO,v map of IC 342. The right color bar of XCO,v is in the unit
of 1020 cm−2 (K km s−1)−1. The beam size of 20′′ is indicated in the lower left.
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the spiral arms has XCO,v close to the Galactic XCO. The remaining diffuse parts have

XCO,v > 3 × 1020 cm−2 (K km s−2)−1. Eventually, the detection limit (3 σ detection)

ΣH2 based on the XCO,v is about 26 M� pc−2 and the mean ΣH2 is approximately 51

M� pc−2.

The radial distribution of ΣH2 based on XCO,v is plotted as circles in Figure 2.11. ΣHI

is still negligible not only at the central region but also the disk.

2.8 Surface Density of H2 Derived from 13CO

The velocity-integrated intensity map of 13CO acquired from Hirota et al. (2010) is shown

in the left panel of Figure 2.9 with yellow contours. 13CO to 12CO ratio is 0.05 – 0.2

(Hirota et al., 2010). Owing to the low intensity of 13CO, only the pixels with significant

detection are considered. The central ∼1′ corresponding to the galactic nucleus seen in

the high resolution map (Meier & Turner, 2005) is defined as galactic center. This region

has detection at least 15 σ. The central region is colored with purple in the right panel

of Figure 2.9. Apart from the galactic center, the pixels with ≥ 5 σ detection are taken

as well. The criterion chiefly captures the primary spiral arm and the bar end. We refer

this region as spiral arm. This region is colored with orange in Figure 2.9.

Provided that 13CO is in local thermal equilibrium (LTE) and optically thin, the column

density of H2 is computed by

N(H2)13CO = 2.41× 1014 × τ
(

13CO
)

1− e−τ(13CO)

× [H2]

[13CO]
× I13CO

1− e−5.29/T ex
, (2.11)

where τ is the optical depth of 13CO, [H2]
[13CO]

is the inverse of 13CO abundance, I13CO is

intensity of 13CO in K km s−1, and Tex is the excitation temperature in Kelvin (Wilson

et al., 2009). As seen in the Equation (2.11), the prior knowledge of optical depth, 13CO

abundance, and gas (excitation) temperature are required.

The optical depth is estimated by

τ
(

13CO
)
≈ I13CO/I12CO, (2.12)

in which 12CO is assumed to be optically thick and 13CO is optically thin (Paglione

et al., 2001).

The isotopic abundance ratio [12C]/[13C] is ≈ 30 – 50 measured for the galactic center

of IC 342 (Henkel et al., 1998, Henkel & Mauersberger, 1993). Given that [12C]/[13C]



Chapter 2. Star Formation Law 38

= [12CO]/[13CO] (e.g., Espada et al. (2010)) and the [12CO]/[H2] is about (5 – 8) ×
10−5, we adopt a constant [13CO]/[H2] as 1.5 × 10−6 in all interested regions. The value

is consistent with the mean 13CO abundance seen in the Galactic star forming clouds

(Pineda et al., 2008, 2010).

The gas temperature is also required to obtain the column density of H2. The assumption

that the gas temperature (Tg) is equal to the dust temperature (Td) is made. Then, the

dust/gas temperature can be yielded by the infrared SED.

The SED is constructed with the 24µm observations by Spitzer (§2.5.3) and the 70 –

500µm observation of Herschel (§2.5.4). All images are converted to the unit of Jy ,

then convolved to the lowest resolution among the images, i.e. the FWHM = 37′′ of

Herschel 500 µm map. The method of convolution kernels between Spitzer and Herschel

images is described in Aniano et al. (2011). We use the kernels and the IDL procedure

conv image (Gordon et al., 2008) to convolve the images. Then a two component Plank

distribution

D = Cw

[
λ−2 Bν (Tw)

]
+ Cc

[
λ−βc Bν (Tc)

]
(2.13)

is assumed as the shape of SED, where Bν is Planck function, Tw and Tc are temperature

for the warm and cold component, respectively, Cw and Cc are the scaling constant of

each component (Galametz et al., 2012). Moreover, the Planck functions are modified by

the dust emissivity index β. For the warm component, the warm dust emissivity index

(βw) is fixed at 2 as suggested by Li & Draine (2001). On the other hand, the cold dust

emissivity index (βc) is one of free parameters to fit. The βc is in the range of 1 – 3, so

the program is forced to find the best value of βc in this range. To sum up, there are five

free parameters to fit: Cw, Cc, Tw, Tc, and βc. Finally, the IDL function MPCURVEFIT

(Markwardt, 2009) is used to carry out a Levenberg–Marquardt least–squares fit of the

data. For the reason that the images have final resolution significantly lower than our

CO maps, SEDs for the global (center + arm), galactic center and arm are obtained

with the total flux in each defined region in Figure 2.9, instead of a pixel-by-pixel fitting.

The SEDs are displayed in Figure 2.15. The derived βc is in the typical range of 2.0

– 2.4. The galactic center has higher temperature in both warm and cold components

(warm: 64.7 ± 1.6 K, cold: 25.1 ± 0.4 K) than those of the spiral arm (warm: 56.3 ±
1.1 K, cold: 19.0 ± 0.5 K). The global SED represents the average of the center and

disk with Tw = 62.1 ± 1.3 K and Tc = 23.7 ± 0.8 K. Galametz et al. (2012) derive

19 K < Tc < 25 K and 55 K < Tc < 63 K in 11 nearby galaxies with similar method and

data set. The temperatures of IC 342 is compatible with other galaxies.

The cold dust component is associated with the dust, molecular and atomic hydrogen

clouds mostly heated by the interstellar radiation field (ISRF). On the other hand, the

warm dust component is heated up by the OB stars in HII regions (Bernard et al.,
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(a)
b

(b)
b

(c)
b

Figure 2.15: Infrared SEDs in log–log scale. The global (center + arm) SED is
shown in the Left, the central and arm SEDs are displayed in the Middle and Right,
respectively. The black circles are the observed data points. The dash-dotted and
dashed curves are the derived Planck distribution of the warm and cold components,
respectively. The red curve is the sum of two components. The derived Tw, Tc, and βc

are presented in each panel.

2010, Cox, 1989, Popescu et al., 2002). Accordingly, Tc (∼25 K for the center and ∼19

K for the arm) is substituted into Equation (2.11) to derive ΣH2 based on 13CO. The

resulting ΣH2 lie within 23 – 485 M� pc−2. The mean ΣH2 is 90 M� pc−2. The mean

ΣH2 obtained by 13CO is significantly larger than those from 12CO (§2.7) because the

observations and the selection of available pixels is biased to the CO bright region due

to the weak intensity of 13CO.

ΣH2 obtained from the 12CO(XCO,v) and 13CO are compared in Figure 2.16. Only

the corresponding pixels in 12CO map with significant 13CO detection (Figure 2.9 right

panel) are selected to compare. The central and arm region are displayed with purple

and orange crosses, respectively. ΣH2 derived from both lines are consistent at which

ΣH2 >100 M� pc−2. Such high ΣH2 is dominated by the central region of the galaxy.

However, ΣH2 acquired from 13CO is smaller than that from 12CO at ΣH2 . 100 M�

pc−2. It can be seen from Figure 2.16 that the low ΣH2 is governed by the spiral arm.

The deviation of ΣH2 between two lines can be attributed to the overestimation of the

13CO abundance by adopting the central value to anywhere outside the center. The un-

certainty of 13CO abundance will be discussed in the next section (§2.9.2). Nevertheless,

we should note that in the spiral arm, 12CO and 13CO peaks do not coincide with each

other (see Figure 2.9). Therefore, it is not necessary to expect a consistent result from

these lines. Since the dynamic range of the data with ΣH2 . 100 M� pc−2 is small, the

data at this regime does not significantly affect the result of the slope of K–S law (It

will be shown later on in §2.10.2.2).



Chapter 2. Star Formation Law 40

Figure 2.16: ΣH2 derived from 12CO with XCO,v versus ΣH2 derived from 13CO. The
black solid line indicates the slope of unity. The upper and lower dashed lines are the
slope of 2.0 and 0.5, respectively. The two green lines identify 100 M� pc−2 in both

axes.

2.9 Uncertainties of ΣH2

2.9.1 Uncertainty of Radial Oxygen Abundance

To obtain ΣH2 map based on 12CO, the gradient of oxygen abundance is required. The

emission lines of HII regions spanning a large fraction of the galactic disk is needed to

construct the metallicity gradient of a galaxy. The relevant studies have demonstrated

that the metallicity (12+[O/H]) is a function of galactocentric radius in spiral galaxies,

although the slopes can vary between positive and negative (Werk et al., 2011). For

IC 342, only 5 HII regions are observed to infer the metallicity gradient (McCall et al.,

1985). It seems that the gradient is affected by the number of HII regions observed.

Moustakas et al. (2010), however, derive the gradient of metallicity with 8 HII regions

for NGC 6946, classified as SAB(rs)cd as IC 342, and the result is consistent with Cedrés

et al. (2012), who observed >200 HII regions in the galaxy. The comparison evidences

that the variation of oxygen abundance is in global scale and the local fluctuation is not

significant. The uncertainty of XCO,v comes from the measurement of oxygen abundance

is ∼30%.
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2.9.2 Uncertainty of 13CO abundance

The isotopic ratio [12C]/[13C] increases with radius in our Galaxy (Milam et al., 2005).

However, due to the lack of abundance ratio along the galactocentric radius of IC 342, a

constant 13CO abundance measured at the center is adopted for whole interested region

in this work.

13C is produced during the CNO cycles of stars. In active star forming region, e.g.,

galactic center, 13C is produced faster, which influences the interstellar isotope abun-

dances. There are two subsequent mechanisms changing the 13CO abundance once

it is formed: fractionation reaction and photodissociation. The fractionation reaction

13C+ +12 CO→13 CO +12 C+ enriches 13CO but requires relatively low temperature (<

35K) (Watson et al., 1976) and UV photons to provide the ionized carbons, preferen-

tially happening near the UV-exposed edges of GMCs. However, UV photons cause

the photodissociation of both 12CO and 13CO as well (CO + hν → C + O). Since self-

shielding is more effective for H2 than CO lines, the photodissociation can reduce the

12CO and 13CO abundances relative to H2. In addition, since 12CO has more effective

self-shielding and larger abundance, the photodissociation destroys 13CO faster than

12CO. Combining both phenomena, the abundance of 13CO depends on the relative rate

of the fractionation and photodissociation.The combined effect can be small and com-

pensate with each other (Keene et al., 1998), or leads to the underestimation of ΣH2 by

30%–50% (Goldsmith et al., 2008, Wolfire et al., 2010). Provide that the [12C]/[13C] (or

[12CO]/[13CO] as we have assumed) has a slope of gradient same as our Galaxy (Milam

et al., 2005), the isotopic ratio then increases from ∼40 at the galactic center to ∼50

at the spiral arm at 2 kpc. This deviation of isotopic ratio is smaller than the uncer-

tainties suggested by the above chemical processes. We have insufficient information to

quantify the actual error. A maximum error of 50 % contributed from the uncertainty

of 13CO abundance is quoted to this work, but such large uncertainty is unlikely true if

the abundance gradient is similar to that of Milky Way.

Finally, the 12CO abundance can also range widely depending on the physical condition

of the gas. The [12CO]/[H2] is about 10−4 derived from millimeter and radio observations

of CO and in Galactic GMCs, but it can be as low as 10−8−−6 in diffuse gas or the

translucent gas around dissociating photons (Sonnentrucker et al., 2007).

2.9.3 Uncertainty of Gas/Dust Temperatures

The interaction and energetics of gas and dust are complex. In terms of simulations,

Yao et al. (2006) made a starburst models to correlate the observed FIR/submm/mm
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properties of gas and the star formation history of starburst galaxy. The model predicts

that Tg is close to Td in high column density regions. Goldsmith (2001) use LVGs model

to calculate the radiative transfer of the cooling and heating of gas and dust.The result

shows that in the high density region with n ≥ 104.5 cm−3 the gas and dust grains

become well-coupled and Tg ≈ Td. Recent works have also suggested a similar threshold

of 104 cm−3(Martel et al., 2012, Narayanan et al., 2011) for well coupling Tg and Td.

The critical density of 13CO is ∼103 cm−3, tracing the gas with density > 103 cm−3.

13CO is useful to locate the dense cores embedded in GMCs (McQuinn et al., 2002),

which have typical density of ∼104−7 cm−3 (e.g., Bergin et al. (1996), Pirogov et al.

(2003)), and therefore it is not surprised to see 13CO coexists with 24 µm emission in

both spiral arm and the center of IC 342 (Hirota et al., 2010).

The infered dust/gas temperature from SED fitting is ∼ 20 – 25 K in the infrared bright

galaxy IC 342. Although the temperature is consistent with the temperature of the cloud

complexes in other infrared bright galaxy (Rebolledo et al., 2012), the Galactic GMCs

have typical temperature ∼ 10 K, which is ∼2 times lower than that of these infrared

bright galaxies. Nonetheless, it is unclear whether the external galaxies, espeially the

infrared bright galaxies, hold the similar gas properties as in our Milky Way (e.g., Henkel

et al. (1998)).

2.10 K–S Law in IC 342

Since 12CO is detected throughout the entire galaxy (Figure 2.8), the map is first used

to conduct the K–S plot by using the ΣH2 based on XCO and XCO,v.The fitting of the

K–S plot is dominated by the area with ΣH2 � 100 M� pc−2 due to the bulk of data

points in this range. We therefore refer to the results as the K–S law at the low ΣH2

region. On the contrary, considering the fact that 13CO was only observed toward the

CO bright regions, the K–S plots made with 13CO and the corresponding 12CO pixels

are referred to as the K–S law at the high ΣH2 region.

Since the fitting procedures can alter N (the power of ΣH2) of K–S law (Cedrés et al.

(2012) and references therein), the routines we employed are described below. The IDL

routine MPFIT (Markwardt, 2009) is used to implement all the fitting of K-S plots in

this work. Similar as the MPCURVEFIT in §2.8, MPFIT allows a user-defined function, then

performs Levenberg-Marquardt least-squares minimization for the dataset. We fitted the

data with a single power law, i.e., y = Nx+A, where y = log10(ΣSFR), x = log10(ΣH2),

N is the slope of K–S plot and A is a constant. Since both ΣH2 and ΣSFR contain

measured uncertainties, a model function LINFITEX from the MPFIT library is utilized.
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LINFITEX is developed to handle a linear fitting to the data with uncertainties at both

directions, following the methodology of Numerical Recipes.

2.10.1 K–S Law at the Low ΣH2 Regions

2.10.1.1 K–S Plot with XCO

The K–S law is examined with ΣH2 derived with the Galactic standard XCO in §2.7.1

and the SFR from Equation (2.7) (The 24 µm image has been re-gridded to the same

spacing and the resolution as the 12CO map in §2.6.2). The K–S plot is shown in the

left panel of Figure 2.17. Gray, red, orange, yellow, and green indicate the contours of 1,

10, 40, 65, and 100 data points per 0.1 dex-wide cell of both ΣH2 and ΣSFR respectively.

Fifty percent of the data points are inside the yellow area with ΣH2 ≈ 15 (sensitivity

limit) – 40 M� pc−2. Thus the result is controlled by the low ΣH2 region. The slope of

the K–S plot (N) is 1.11 ± 0.02.

Bigiel et al. (2008) made the K–S plots for seven nearby spiral galaxies by the same

method but with 12CO (2–1), assuming a constant ratio of 12CO (2–1)/(1–0). ΣH2 in

their samples mostly lie in the range of 3–50 M� pc−2. The lower end of ΣH2 in Bigiel

et al. (2008) is smaller than ours due to the better sensitivity. The samples in Bigiel et al.

(2008) have physical resolution of 750 pc, about two times larger than ours. Previous

works show that the physical resolution can affect N of K–S law owing to the evolution

of GMCs. In small scale (∼ 60 pc – 100 pc), the discrete star forming systems have

different evolutionary stages. For example, youngest GMCs have no star formation but

large amounts of molecular gas (large ΣH2 , low ΣSFR), while old GMCs have opposite

situation (small ΣH2 , large ΣSFR). These populations then scatter the K–S relation

(Onodera et al., 2010). Our resolution of 320 pc and the 750 pc of Bigiel et al. (2008)

are considerably larger than the physical size of GMCs; therefore the above mentioned

situation does not exist. Instead, K–S law represents a time-averaged relation, averaging

many elements with various evolutionary stages and thus the scaling relation of ΣH2 and

ΣSFR can be kept (Feldmann et al., 2011, Schinnerer et al., 2010).

N of 1.11 ± 0.02 in IC 342 is comparable to the average slope of 1.0 ± 0.2 among the

galaxies in Bigiel et al. (2008). N of unity implies that the gas depletion time (τdep) and

SFE are independent of ΣH2 . τdep of IC 342 is about 2 × 109 yr, or SFE ∼ 5 × 10−10

yr−1 (Figure 2.17 left panel).

In conclusion, based on the comparison with the larger sample in Bigiel et al. (2008),

we suggest that the relation of gas and star formation properties in IC 342 are not

considerably different from other galaxies. However, we should note that in addition
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Figure 2.17: K–S plot at low ΣH2
regions derived from 12CO. Left: K–S plot with

XCO. Grey, red, yellow, and green correspond to the contours of 1, 10, 40, 65, and
100 data points per 0.1 dex-wide cell of both ΣH2

and ΣSFR axises, respectively. 50%
of data points locate inside the yellow region. The best fit has slope of 1.11 ± 0.02
shown as solid black line. The three parallel lines denote the SFE of 10−8, 10−9, and
10−10 yr−1, corresponding to gas depletion time of 108, 109, and 1010 yr. The green
vertical line marks the ΣH2

= 100 M� pc−2. Right: K–S plot with XCO,v. The color
of contours and the lines are same as in left panel. 50% of data points locate inside the

green region. The slope of best fit is 1.39 ± 0.03.

Table 2.3: The slopes of K–S law derived in §2.10 and 2.11

.

12CO (XCO) 12CO (XCO,v) 13CO

IC 342

low ΣH2 (all data) 1.11 ± 0.02 1.39 ± 0.03 . . .
high ΣH2 (all data) 1.33 ± 0.02 1.94 ± 0.11 1.78 ± 0.07
high ΣH2 (> 100 M� pc−2) 1.96 ± 0.16 2.65 ± 0.22 2.27 ± 0.21

Spiral Galaxies (exclude IC 342)

low ΣH2 (disk) 0.96 ± 0.06 1.35 ± 0.07 . . .
high ΣH2 (starburst) 1.88 ± 0.14 2.32 ± 0.13 . . .

to the influence from the intrinsic properties of GMCs (Feldmann et al., 2011, Onodera

et al., 2010), Cedrés et al. (2012) suggest that the configuration of GMCs and stars

can affect N of star formation law when observations are made with ∼kpc resolution.

Under this physical resolution, the distribution of molecular gas is spatially resolved but

individual GMCs are not. As a result, the observed N is a convolution of intrinsic star

formation mode, cloud mass spectrum in the sampled area, volume filling factor, and

the region size (physical resolution) (Cedrés et al., 2012). These parameters may change

among individual galaxies. In general, N would decrease when the physical resolution

increases, although we did not see the significant change among IC 342 and the samples

of Bigiel et al. (2008).
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2.10.1.2 K–S Plot with XCO,v

We made the K–S plot in same way as in §2.10.1.1 but using XCO,v instead. The result

is displayed in the right panel of Figure 2.17. The color scale is same as in §2.10.1.1.

Fifty percent of the data points are located inside the green region ranging from 25 –

60 M� pc−2. The figure shows that the relation between ΣH2 and ΣSFR is steepened.

The derived N is 1.39 ±0.03. Because of the superlinear relation, τdep and SFE are no

longer constant. Specifically, τdep declines with increasing ΣH2 , namely, SFE rises when

ΣH2 increases.

Since the fitting is dominated by the bulk of the data points at low ΣH2 (about 25 –

60 M� pc−2). The high surface density regions with ΣH2 > 100 M� pc−2 are located

beyond the best fit, suggesting a steeper trend.

2.10.2 K–S Law at High ΣH2 Regions

In this section we study the K–S law in the area with high ΣH2 . 13CO selects the region

with high ΣH2 because 1) 13CO is a weak line, and thus 13CO is biased to high ΣH2

regions, and 2) owing to its higher critical density, 13CO is one of transitions available

for locating the dense cores in GMCs. These dense cores have higher column density

(ΣH2) and volume density prepared for the future star formation.

In Figure 2.9 right panel, the pixels with 13CO detection greater than 5σ are masked

with color. These pixels are used to derive K–S plot based on 13CO.

2.10.2.1 K–S plot Based on 13CO

With the surface density derived in §2.8, K–S plot in terms of 13CO is displayed in

Figure 2.18. In this domain, ΣH2 ranges from about 30 M� pc−2 – 400 M� pc−2. τdep

(or SFE) changes by more than one order magnitude over this range, from ∼ 1.5 × 109

yr at ΣH2 ≈ 30 M� pc−2 to 108 yr at ΣH2 ≈ 400 M� pc−2. N of the K–S plot is derived

as 1.78 ± 0.07.

The best fit of low ΣH2 region based on 12CO (XCO,v) is over-plotted in Figure 2.18. It

can be seen that ΣSFR of high ΣH2 regions lie beyond the best fit of low ΣH2 regions,

implying a higher SFR at a given ΣH2 .
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Figure 2.18: K–S plot at high ΣH2
region derived from 13CO. The purple crosses

denote the galactic center and the orange crosses are for spiral arm. The purple line is
the slope of K–S plot of galactic center. The red line is the result of all (arm + center)
data points. The parallel black lines denote the SFE of 10−8, 10−9, and 10−10 yr−1 or
the gas depletion time of 108, 109, and 1010 yr, respectively. The green vertical line
highlights the ΣH2 = 100 M� pc−2. The grey shadow indicates the K–S law at low ΣH2

region derived from 12CO based on XCO,v (right panel of 2.17

2.10.2.2 K–S Law at the High ΣH2 Based on 12CO

The corresponding pixels in the 12CO map with significant 13CO emission are used to

conduct the K–S plot at high ΣH2 region for the comparison.

First, the K–S plot is made with the Galactic Standard XCO. The result is displayed

in the left panel of Figure 2.19. ΣH2 lie between 20 to 800 M� pc−2. N is 1.33 ± 0.02

with all data, slightly larger than the slope at low ΣH2 (12CO, XCO). The K–S plot

with XCO,v is shown in the right panel of Figure 2.19. The derived N is approaching

2 (1.94 ± 0.11) with all data points. N derived in this section are larger than those in

the environment of low ΣH2 , regardless whether XCO or XCO,v is used. The variation

of the power law index of K–S law in this Section is summarized in Table 2.3.

2.10.3 The Environmental Variation of K–S Law

There are two conclusions acquired from the above K-S plots. First of all, the adoption

of XCO,v steepens the K–S plots in both low and high ΣH2 regimes. This is reasonable to

expect from the difference of XCO and XCO,v (Figure 2.13). Secondly, there is a trend

that N would increase with increasing ΣH2 . The steeper slope at higher ΣH2 area is

confirmed by the independent measurement of 13CO.
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(a)
b

(b)
b

Figure 2.19: K–S plot derived at high ΣH2
regions from 12CO. The color and the

lines represent the same meaning as in Figure 2.18. Left: K–S plot based on XCO. For
comparison, the result of K–S plot derived at the low ΣH2 region with XCO is overlaid
with grey shadow (left panel of Figure 2.17). Right: K–S plot at high ΣH2 based on
XCO,v. The grey shadow denotes the K–S law at the low ΣH2

region based on XCO,v

(right panel of Figure 2.17

A quantitative analysis of the dependence of N on the ΣH2 considered is displayed in

Figure 2.20. Figure 2.20 displays the derived N with a different lower threshold of the

used data. Only the data greater than the defined threshold of ΣH2 are used. In other

words, the dynamic range of fitting is narrowed down from all data to ΣH2 > 130 M�

pc−2, with intervals of > 60, 100, and 130 M� pc−2. The analysis was performed on three

datasets, 12CO (XCO), 12CO (XCO,v), and 13CO. Even though N with higher thresholds

suffer from large uncertainties because of the scatter of measurements and limited data

points, there is a clear trend that the slopes rise with an increasing threshold. In the

low-ΣH2 region (squares), N is generally less than two. In the environment of ΣH2 >

100 M� pc−2, N increases to around two to three. Such a phenomenon is observed in

both transitions.

Various studies have concluded that the SFR is well correlated with the amount of dense

gas. The most straightforward evidence is the linear correlation between LIR and L′HCN.

The correlation is seen from Galactic dense cores to extragalactic unresolved sources

(Gao & Solomon, 2004a, Wu et al., 2005). Simulations of turbulent molecular clouds

show that the SFR is controlled by the density probability distribution function (PDF)

(e.g., Kravtsov (2003), Wada & Norman (2007)). The galactic turbulent can be driven

by gravitational instability, shocks or interaction of galaxies. Kravtsov (2003) simulates

the PDF of different gas surfaces density across ∼ 20 – 2000 M� pc−2. The result

shows that the fraction of dense gas (i.e., sufficiently dense for star formation) increases

with gas surfaces density (see Figure 3 of Kravtsov (2003)). Such trend shown by the

simulations has already been observed in the molecular clouds of our Milky Way (e.g.,
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Figure 2.20: Dynamical range of fitting versus the K–S slopes (N). The data points
with color of magenta, red, and cyan represent the ΣH2

from 12CO (XCO), 12CO
(XCO,v), and 13CO, respectively. The results used all available data in the dataset
of low and high ΣH2

are presented in squares and triangles, respectively. The x-axis for
these all data points correspond to the detection limits. The circles denote the results

with various thresholds.

Kainulainen et al. (2009)). Hence, the larger N in the higher ΣH2 regime indicated by

low density tracers (e.g., CO) may be a reflection of the increasing dense gas fraction.

2.11 Comparisons with Other Galaxies

The results of IC 342 show that the K–S law may not be identical within a galaxy,

namely, the slope steepens up toward the high ΣH2 region, reflecting a shorter gas

depletion time (or higher SFE) and perhaps a different star formation mechanism. We

examine whether the results of IC 342 are particular to this galaxy or a general situation

by using published data of some nearby galaxies.

There are two selection criteria for sample galaxies. At first, the galaxy has to be studied

in terms of the metallicity based on the framework of the P-method (Pilyugin, 2000,

2001a,b, Pilyugin & Thuan, 2005). The candidates reaching this criterion are shown in

Pilyugin et al. (2004) and Moustakas et al. (2010). Pilyugin et al. (2004) and Moustakas

et al. (2010) derive the metallicity gradient with HII regions for their sample galaxies.

Moustakas et al. (2010) also derive the metallicity of the nuclear and circumnuclear
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regions for some of their samples. Secondly, the galaxy has to be studied in ΣH2 and

ΣSFR. The ΣH2 and ΣSFR data are compiled from literature and divided into two groups.

The first group includes ten galaxies with published radial ΣHI, ΣH2 , and ΣSFR from

Leroy et al. (2008).The physical resolution of the observations is ∼800 pc. ΣH2 and

ΣSFR with >3σ detection are used. Furthermore, to fairly compare with IC 342, only

the radii with ΣH2>ΣHI are used, i.e., the H2 dominated regions. With the above two

criteria, some data points at the outskirts of the galaxies are eliminated. The galaxies

(NGC 628, NGC 3184, NGC 3198, NGC 3351, NGC 3521, NGC 4736, NGC 5055, NGC

5194, NGC 6946, and NGC 7331) in the first group will be used as the samples of

galactic disks with lower ΣH2 . The second group comprises nine starburst galaxies from

Kennicutt (1998), representing the high ΣH2 domain. Most of starburst samples have

CO observations with sub-kpc resolution towards their circumnuclear disks. At such

active star forming regions, it is reasonable to assume ΣH2 � ΣHI as seen in the center

of IC 342. The metallicity of the starburst samples are from either the ’circumnuclear’

metallicity in Moustakas et al. (2010), or the extrapolation of the gradient toward the

center from Pilyugin et al. (2004). The second group contains NGC 253, NGC 1097,

NGC 2093, NGC 3034, NGC 3351, NGC 4736, NGC 5194, NGC 5236, and NGC 6946.

The K–S laws are examined based on the Galactic Standard XCO and XCO,v calculated

from the 12CO intensity and the metallicity. The results are shown in Figure 2.21. N

for disk, low ΣH2 samples with XCO (green circles) is 0.96 ± 0.06 and 1.35 ± 0.07 for the

same samples but using XCO,v (red circles). Both values are consistent with the slopes

of IC 342 at low ΣH2 regime (1.11 ± 0.02 and 1.39 ± 0.03, respectively).

For the circumnuclear starbursts, ΣH2 are greater than 100 M� pc−2, no matter XCO

or XCO,v is used. N are 1.88 ± 0.14 and 2.32 ± 0.13 by using the XCO and XCO,v,

respectively. Both numbers are in good agreement with the N derived from IC 342 with

threshold of 100 M� pc−2, i.e., N = 1.96 ± 0.16 and 2.65 ± 0.22 for ΣH2 (12CO, XCO)

and ΣH2 (12CO, XCO,v), respectively. (The slopes in this Section are summarized in

Table 2.3 as well). Thus, we then have a certain level of confidence that the results of

IC 342 is not particular but universal for nearby spiral galaxies. The similar trend was

found in M51 by Nakai et al. (1991).

2.12 Star Formation Mechanisms

The slope of K–S plot depends on the mechanisms of star formation as mentioned

above. We discuss two possible mechanisms of star formation in IC 342, the gravitational

instability and cloud-cloud collisions, as well as the theoretical aspects of changing the

power law index of K–S law due to GMCs properties.
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R25(′) Gradient (dex/R25) 12+[O/H]0 ref.

NGC 628 5.24 -0.27±0.05 8.43±0.02 1, 3
NGC 3184 3.71 -0.46±0.06 8.65±0.02 1, 3
NGC 3198 4.26 -0.50±0.14 8.49±0.04 1, 3
NGC 3351 3.71 -0.28±0.04 8.69±0.01 1, 3
NGC 3521 5.48 -0.16±0.33 8.44±0.05 1, 3
NGC 4736 5.61 -0.33±0.18 8.40±0.01 1, 3
NGC 5055 6.30 -0.63±0.29 8.59±0.07 1, 3
NGC 5194 5.61 -0.31±0.06 8.64±0.01 1, 3
NGC 6946 5.74 -0.17±0.15 8.45±0.06 1, 3
NGC 7331 5.24 -0.24±0.35 8.41±0.06 1, 3

Circumnuclear Starburst

12+[O/H]0 ref.

NGC 253 8.71±0.10 2, 4
NGC 1097 8.57±0.07 2, 3
NGC 2903 8.94±0.09 2, 4
NGC 3034 8.46±0.05 2, 3
NGC 3351 8.67±0.04 2, 3
NGC 4736 8.60±0.05 2, 4
NGC 5194 8.92±0.06 2, 4
NGC 5236 8.79±0.07 2, 4
NGC 6946 8.70±0.06 2, 4

Table 2.4: The metallicity of nearby galaxies. The first reference of each galaxy is the
source of the ΣH2 and ΣSFR. References refer to 1. Leroy et al. (2008) or 2. Kennicutt
(1998). The ΣH2 is correct to the conversion factor of 2.3 × 1020 cm−2 (K km s−2)−1.
The second reference is for the metallicity, 3. Moustakas et al. (2010), or 4. Pilyugin

et al. (2004).

.

2.12.1 Gravitational Instability

For star formation by gravitational instability, it is assumed that a constant fraction of

molecular gas will be converted to stars per free fall time. Since

tff =
√

3π/32Gρgas and (2.14)

ρSFR ∝ ρgas/tff , (2.15)

where ρgas and ρSFR are gas mass and SFR per unit volume, ρSFR is proportional to

ρ1.5
gas, or

ΣSFR ∝ Σ1.5
gas, (2.16)

assuming that the scale height of gas disk is constant in galaxies. This naturally explains

the well-known ”disk-averaged” K–S law with a power law index of 1.4 in Kennicutt

(1998). Our results of K–S plot of 1.39 ± 0.03 at the low ΣH2 region (§2.10.1) with XCO,v
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Figure 2.21: K–S plot of nearby galaxies (exclude IC 342). The solid lines indicate
the fitting results of the data points with same color. Green circles: data from galactic
disks with ΣH2

from XCO (Leroy et al., 2008), Red circles: data from galactic disks
with ΣH2 from XCO,v, Orange squares: data from starburst (SB) centers (Kennicutt,
1998) with ΣH2 from XCO, and Blue squares: data from starburst (SB) centers with
ΣH2

from XCO,v. The XCO = 2.3 × 1020 cm−2 (K km s−1)−1 is used for the ΣH2
based

on Galactic XCO. The resulting slopes of K–S Law are shown in the legend.

is consistent with the slope expected by the theory and simulations of the collapse of

molecular cloud through the gravitational instability (Elmegreen, 1994, 2002, Li et al.,

2006).

We then investigate the relation between the gravitational instability of gas and star

formation in IC 342 via Toomre Q parameter (Toomre, 1964) and 24µm image. Toomre

(1964) suggests that the gas can collapse when the Σgas exceeds the critical density

(Σcrit), leading to the Toomre-Q parameter less than unity since

Q =
Σcrit

Σgas
, (2.17)

where Σgas is ΣH2+HI. Σcrit is determined by the epicyclic frequency κ and velocity

dispersion σ as

Σcrit =
κσ

πG
. (2.18)

The HI map of IC342 was observed by Crosthwaite et al. (2000) with VLA (see §2.5.2).

The rotation curve is derived with the Brandt model in Crosthwaite et al. (2000) with

the HI data. The maximum velocity ∼170 km s−1 is located at the radius of ∼5 kpc. κ

at a radius of r is calculated by κ2(r) = 2(v
2

r2
+ v

r
dv
dr ). The map of HI velocity dispersion
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Figure 2.22: The map of Tommre Q in color scale overlaid with 24µm image in
contours. The wedge indicates the corresponding value of Q parameter to the color.
The angular resolution in this map is 38′′ to adjust with the HI map made with VLA.

The synthesized beam is plotted in the lower left of the figure.

(Crosthwaite et al., 2000) is used to estimate σ in Equation (2.18). σ has range around

7 – 25 km s−1. To fairly derive the total gas mass at each pixel, the 12CO (XCO,v) and

24µm images are convolved to the same resolution with HI image (38′′ × 37′′).

Firstly, the radial distribution of Q parameter is displayed as black solid line in Figure

2.6. The radial profile shows that only the galactic center has Q < 1. Outside the

galactic center, the average Q parameter varies around 1 – 2. Since the gas distribution

of IC 342 is not symmetric at each position angle of the galaxy, the radial distribution

may smooth the real distribution of Q parameter. For this reason, we then conduct

the spatial distribution of Q. Figure 2.22 shows the spatial distribution of Toomre Q

parameter in color scale overlaid on the 24µm image in contours. The region prone to

collapse are shown in color. The innermost region of the galaxy, bar end and several

knots in spiral arms have Q = 0.5-0.8. The region where Q < 1 is in agreement with

the peaks of 24µm, indicating that the stars in the disk is likely formed through the

gravitational instability there. Indeed, Yang et al. (2007) suggest that >60% of massive

young stellar objects are inhabiting in the regions where the gas is unstable.
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2.12.2 Star Formation via Cloud-Cloud Collisions

It is known that star formation can occur in the regions with efficient cloud-cloud colli-

sions (Koda & Sofue, 2006, Tan, 2000). The collision time scale is

tcoll ∝ 1/nvσ ∝ 1/Σgas, (2.19)

where n is the number density of clouds, v is the relative velocity of the clouds, and σ

is the average cloud cross section. ΣSFR per collision time is then proportional to Σ2
gas.

This is consistent with the slope of 2.37 ± 0.26 and 2.13 ± 0.15 acquired with both 12CO

(with XCO,v) and 13CO in the central region, respectively.

Ho et al. (1982) suggest that there are ∼ 100 molecular cores in the central region of

IC 342 and the cores are colliding with each other. The origin of the collisions can be

attributed to the bar-induced orbital crowding. The shocks produced after the cloud-

cloud collisions has been found by shock tracer molecule, e.g., CH3OH and HNCO (Meier

& Turner, 2005). These observations highlight the promoted collisional regions: along

the leading side of the bar and the intersections of the bar and the circumnuclear ring

(These two regions are located in the defined center in Figure 2.9, with size about 1′;

Meier & Turner (2005)). Indeed, both regions are associated with Hα, IR/radio star

forming regions (Becklin et al., 1980, Hirota et al., 2010, Turner & Ho, 1983). Hence,

star formation induced by the cloud-cloud collisions may result to the slope of ∼2 as

seen in the central region of IC 342.

Even though star formation by cloud-cloud collisions is suggested by previous observa-

tions with various lines, the possibility of gravitational instability cannot be ruled out

because the Tommre Q parameter is well below unity in the central region of the galaxy

(Figure 2.22).The two mechanisms may work together (Rand & Kulkarni, 1990). That

is, the gravitationally bound molecular clouds (∼107 M�) are formed through the grav-

itational instability; at the same time, cloud-cloud collisions are taking place between

the clouds to form giant molecular cloud associations (GMAs). This scenario is able to

explain the high SFE of the spiral arm in M51 (Rand & Kulkarni, 1990). If the above

scenario take places in the high-ΣH2 region of IC 342, N = 2 – 3 in this region represents

a mix of the mechanisms.

2.12.3 Star Formation Self-regulation

Self-regulation of star formation is proposed by Ostriker et al. (2010), Ostriker & Shetty

(2011), Sherman (2012). The principle idea of the theory is that stellar populations

contribute to the dynamical equilibrium of ISM. To satisfy the dynamical equilibrium,
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the total pressure at the midplane should equalize the weight of the overlying ISM, that

is,

Ptot = W. (2.20)

The total pressure Ptot consists of thermal (Pth) and turbulent (Pter) pressures at the

regime of 100 – 10000 M� pc−2. Each pressure is proportional to star formation rate in

some way. As gas is heated by stars, the thermal pressure would be proportional to the

amount of UV photons which controlled by the SFR.

Pth ∝ JUV ∝ ΣSFR (2.21)

The turbulent pressure is also proportional to ΣSFR given that the supernova explosion

is the main mechanism driving the turbulence in the ISM, thus

Pter ∝ ΣSFR. (2.22)

Hence,

Ptot = Pth + Pter ∝ ΣSFR. (2.23)

Based on these ideas, in the then suggest a star formation with a index of 2.0. The

result is consist with the observed slope of K–S law at the high-ΣH2 regions. They also

predict that the self-regulation star formation is effective when ΣH2 is greater than 100

M� pc−2, consistent with the critical surface density we found in IC 342 as well as the

critical surface density predicted by Komugi et al. (2006).

2.12.4 Critical ΣH2 of Different Star Formation Mechanisms

The idea of a transition of different star formation mechanisms is proposed by Komugi

et al. (2006). If star formation is dominated by the gravitational instability, the path

that a cloud move during its formation of stars, i.e., tffv ,where tff is free-fall time and

v is inter-cloud velocity dispersion, should be smaller than the path that they will meet

another cloud (mean free path of the cloud, λmfp). On the other hand. if λmfp < tffv,

then the star formation is dominated by cloud-cloud collisions.

With assumption of inter-cloud velocity and ΣH2 of clouds, Komugi et al. (2006) conclude

that the critical ΣH2 of the two mechanisms occur at about 100 M� pc−2. The value is

close to the point where the K–S law start to be steepened in this work.



Chapter 2. Star Formation Law 55

2.12.5 GMCs Properties and the Star Formation Law

In addition to the difference in the effective star formation mechanism, the K–S law may

be altered because of the change in the intrinsic properties of GMCs.

Krumholz et al. (2009) have performed theoretical calculations of a two-component

star formation law regardless of the galactic-scale process. The transition of ΣH2 is

approximately 85 M� pc−2. In the regions where the ΣH2 is greater than ∼85 M�

pc−2, the galactic ISM pressure is sufficiently large to be comparable with the internal

pressure of GMCs, and thus the density of GMCs is forced to increase with growing ΣH2

to balance the pressures. At the same time, the free-fall time of the GMCs is reduced

(Krumholz et al., 2009), resulting in faster star formation. On the other hand, at low-

ΣH2 regions, GMCs are independent of the environment so ΣSFR is determined only by

the GMCs themselves, implying a flattened K–S relation.

2.13 Summary of Chapter 2

We studied the Kennicutt-Schmidt (K–S) law in the nearby barred spiral galaxy IC

342 with published 12CO (1–0), 13CO (1–0), and infrared data. The main results are

summarized as follows:

• After correcting for the oxygen abundance and 12CO intensity, the 12CO-to-H2

conversion factor (XCO,v) was found to be 2–3 times lower than the Galactic

standard XCO in the center of IC 342 and ∼2 times higher than the XCO in

the galactic disk (§2.7).

• The power law index of the K–S plot is approximately 1.4 in the low-ΣH2 (12CO,XCO,v)

regions (often 25 – 60 M� pc−2), and increases to approximately 2 – 3 at high-ΣH2

(12CO,XCO,v) regions (around > 100 M� pc−2) (§2.10.1.2, §2.10.2.2). The larger

slope in the environment of high surface density is confirmed with independent

measurement of 13CO (§2.10.2.1).

• By setting different lower limits of the dynamic range for fitting, we confirmed that

the slope of the K–S law is gradually steepened with increasing ΣH2 , presumably

as a result of the increase in the dense gas fraction (§2.10.3).

• Using the published data of ΣH2 , ΣSFR (measured at the sub-kpc scale), and the

metallicity of nearby galactic disks and starburst centers, we confirm that the

environmental variation in the K–S law in IC 342 may be a general case for spiral

galaxies (§2.11).
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• The varied slopes from ∼1.4 in the low-ΣH2 domain to ∼ 2 – 3 in the central

region may indicate the change in the main mechanism of star formation among

the sub-regions in IC 342, that is, the star formation is triggered by gravitational

instability in the disk; at the galactic center, the combination of gravitational

instability and cloud-cloud collisions is favored (§2.12.1 and §2.12.2). The slope of

2.0 observed at the regions of > 100 M� pc−2 can be explained by a self-regulated

star formation as well (§2.12.3).

• The derived variable K–S law in a single galaxy also matches the theoretical pre-

diction that the GMC properties change at the ΣH2 of approximately 85 M� pc−2

and star formation efficiency increases with ΣH2 (§2.12.5).



Chapter 3

The Impact of Galactic Bar on

Star Formation

3.1 Introduction

Secular evolution (Kormendy, 1979) is a process that rearranges properties of galaxies,

such as angular momentum and mass. While the (fast) evolution can be driven by

external environment, galaxy merger for example, secular evolution can be activated by

(slow) internal dynamics of galaxies as well, such as disk instabilities. The former is

more common in the early Universe, and the slow secular evolution plays an essential

role in the local Universe. In this Chapter, I study whether/how secular evolution of

galaxy alter star forming activity in a galaxy. The secular evolution refers to galactic

bars in this study because galactic bars are the most important structure driving internal

evolution of disk galaxies in the nearby Universe (Athanassoula, 2013, Cheung et al.,

2013, Coelho & Gadotti, 2011, Gadotti, 2011). They have implication to the presence

of spiral arms, rings and pseudobulges.

This chapter is organized as follows. An overview of bar structure and star formation

properties in bars are introduced in §3.1. Motivation and methodology of this project

are shown in §3.2. §3.3 summarizes the information of the main target NGC 6946.

Observations and the combining procedures of single dish and interferometer data are

shown in §3.4, following by the results in §3.5. Physical properties inferred by line

ratios, LVG calculations, infrared color map and the mass of gas are shown in §3.6. Star

forming activity of the interested regions are presented in §3.7, including an azimuthal

Kennicutt-Schmidt law. §3.8 illustrates the velocity jumps across the bars in terms of

position-velocity diagrams. We make comparisons of resolved GMCs properties among

the galactic structures of NGC 6946 in §3.9. Finally, comparisons of GMC properties

57
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of NGC 6946 and other galaxies are discussed in §3.10. Main results of this chapter is

highlighted in §3.11.

3.1.1 Bar Structure and Its Roles in Galaxy Evolution

The non-axisymmetric bar produces the flow of gas, that is, gas between the Co-rotation

radius (CR) of bar and Inner Lindblad resonance (ILR) is pulled inward. In this area

there are two regions where gas tends to pile up: galactic bar and circumnuclear region.

Figure 3.1 shows the orbits of gas inside CR. Gas flows are indicated with single headed

arrows. Gas travels on elliptical orbits, so-called x1 orbits. The P.A. of x1 orbits

gradually changes with radii (Figure 3.1). Imaging that the system is rotating clockwise,

such a configuration produces orbit crowding at the downstream of the bar, in which

gas are pilling up, creating a high-Σgas region (Figure 3.2). Since material are piling up

at orbit crowding regions, they are visible as dust lanes or offset ridges in optical (star

light), near-infrared (dust) and radio images (molecular gas) (Figure 3.3(a) and 3.3(b),

respectively).

Inside the dust lanes, gas experiences shocks and thus loses angular momentum, falling

towards the galactic center. When the gas reaches the ILR (around at the circumnuclear

ring; CNR), some of the gas fall to the CNR (or x2 orbits). This is the second region

where gas can quickly accumulate. At the same time, some of the gas are sprayed back

out to large radii, encounter another shock at the opposite dust lane, then continue

their travel on x1 orbits. Figure 3.2 shows a simulation of Σgas in a barred galaxy

from Regan et al. (1999). Darker area represents higher Σgas. As shown in the figure,

accumulation of the gas is advanced at the bar and CNR. Figure 3.3(b) shows an example

of observed gas distribution of barred galaxy NGC 54301. It is clearly seen that there is

a gas concentration at the galactic center (the white cross). Two elongated structures

corresponding to dust lane appear beyond the central concentration.

The above theory of gas orbits suggests that galactic bar is playing a role to re-distribute

materials on galactic scale. It is not easy to observe the gas orbits, the infalling gas,

and the gas infall rate. Even so, theory is supported indirectly by some observational

results, such as the shallower abundance gradient and CO distribution within bars (e.g.,

Kuno et al., 2007, Martin & Roy, 1994). Figure 3.4 shows a plot of abundance gradient

as a function of bar strength of EB = 10(1 − b/a), where a and b are major and minor

axis of bar (Martin & Roy, 1994). As can be seen, shallow gradients are found in strong

bars with large EB.

1Observations were made with CARMA on July 2013 by Pan et al.
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Figure 3.1: Theoretical gas orbits in barred galaxy. Colored areas denote the sites
where molecular gas are pilling up, yellow for dust lanes and pink for CNR. Direction
of gas flows are indicated with single headed arrows. The galaxy is rotating clockwise.

Spray
CNR

dust lane

Figure 3.2: The gas surface density from hydrodynamic simulation, taken from Regan
et al. (1999). The orientation of bar is same as in Figure 3.1. High gas surface density is
shown with color black. Direction of gas flows are indicated with single headed arrows.

Dust lanes are colored yellow, and the spray regions are colored purple.

Some studies claim that bars are long-live structures and can survive at least 5 Gyr

(Berentzen et al., 2007). This idea is supported by recent observations. Analysis with

HST data shows that the bar fraction is roughly constant, sustaining as present value

out to z ≈ 0.3 (recent 4 Gyr). During z = 0.4 – 0.8 (3 Gyr – 7 Gyr), the fraction

of barred galaxies decreases to ∼ 20%. Such variation, however, seems to be caused

by increase in the fraction of the low mass, blue spiral galaxies; the fraction of bar in

massive and luminous spiral galaxies is compatible with the present value out to z ∼
0.8 (about recent 7 Gyr) (Sheth et al., 2008b).
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Figure 1. Optical r ′-band (upper left), g′-band (upper right), i′-band (lower left), and Hα (lower right) images of NGC 7552 taken with GMOS on the Gemini South
telescope. The Spitzer 5.8 µm contour at 5.5 MJy sr−1 (Kennicutt et al. 2003) is overlaid on the g′-band image, highlighting the orientation of the dust lanes. Likewise,
the 3 cm continuum contours (Section 3.3; see text) showing the circumnuclear starburst ring are plotted in the Hα image, with contour steps of 3σ , 15σ , and 35σ ,
where 1σ = 66 µJy beam−1.

2.1. Optical Observations: Gemini South

The optical observations of NGC 7552 reported here are the
product of a winning entry in the 2011 Australian Gemini School
Astronomy Contest, for which one of us (S. Ryder) was a co-
investigator on the contest proposal. Images of the galaxy in
g′, r ′, and i ′ filters were obtained with the Gemini Multi-Object
Spectrograph (GMOS; Hook et al. 2004) attached to the Gemini
South Telescope as part of the program GS-2011A-Q-12 (PI: C.
Onken). The filters are similar to the filters used by the Sloan
Digital Sky Survey (SDSS). We also obtained an Hα image
with a narrow-band Hα filter centered on 656 nm with a 7 nm
wide bandpass. The observations were done in seeing between
0.′′6–0.′′8 under photometric conditions on 2011 July 23 UT. Four
exposures per filter were obtained with integration time between
100 and 300 s, with each exposure offset by 10′′ spatially to allow
filling-in of the inter-CCD gaps in GMOS. On-chip binning
yielded a pixel scale of 0.′′146 pixel−1.

The data were reduced and combined using the gemini
package (V1.10) within iraf.8 A master bias frame (constructed
by averaging with 3σ clipping a series of bias frames) was
subtracted from all raw images. Images of the twilight sky were
used to flat field the images, then the dithered galaxy images
were registered and averaged together with the imcoadd task to
eliminate the inter-CCD gaps, bad pixels, and cosmic rays.

2.2. Radio Observations: Australia Telescope Compact Array

2.2.1. H i

We recreated the 21 cm neutral atomic hydrogen (H i) maps
of Dahlem (2005), who kindly provided us with calibrated data,
using robust weighting to provide a higher angular resolution

8 iraf is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

3

(a) Barred galaxy in optical (b) Barred galaxy in molecular gas

Figure 3.3: (a) Optical image (greyscale) of barred galaxy NGC 7552 is taken from
Gemini South. The black contour represents dust emission at 5.8µm from Spitzer with
5.5 MJy sr−1. This figure is taken from (Pan et al., 2013). (b) Molecular gas of NGC
5430 (Pan et al. in preparation). The primary beam of CARMA with size of 1′ is
indicated with a white circle. The beamsize of ∼8′′ (1.6 kpc) is overlaid at bottom

right.
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Figure 3.4: Slope of abundance gradient versus axis ratio of bar as EB = 10(1− b/a),
where a and b are major and minor axis of bar. EB is inversely proportional to the bar

strength. This figure is taken from Martin & Roy (1994).
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On the contrary, some people suggest that bars are periodic products in galaxies. Bars

are dissolved within 1 – 2 Gyrs due to the growth of the central mass concentration

(Bournaud et al., 2005). Transfer of angular momentum from the infalling gas to the

bar is another possible mechanism to weaken the bar (Bournaud & Combes, 2002). In

this scenario, when the bar is getting weaker, gas starts to populate at the disk and forms

stars. Then the self-gravity of the disk increases again, providing a suitable condition

for a new bar formation (Bournaud & Combes, 2002).

3.1.2 Properties of Gas and Star Formation in Bars

The previous section has introduced two regions in barred galaxies where gas tends to

pile up, dust lanes (bars) and CNRs. However, these two regions show different star

forming properties.

Observationally, gas mass of CNR is as high as > 109 M� in some galaxies. In other

words, all gas in the Milky Way are stuffed into the inner 1 kpc of barred galaxy. Since

Σgas becomes dramatically high, as a result, SFR is also high in CNR. Indeed, the mean

radial profile of Hα shows a central peak in barred galaxies, while a downward trend is

seen in that of unbarred galaxies (Figure 3.6). So far, in disk galaxies, CNR is the only

region where super star clusters are found (Maoz et al., 2001). Moreover, SFR of CNR

is high enough to dominate the global SFR of the host galaxy (e.g., Pan et al., 2013).

However, star formation in bars is complicated and has not yet been well understood.

The puzzling part is that the loci of orbit crowding (dust lanes) are the loci of strong

shocks as well (Athanassoula, 1992). Due to the shocks, gravitationally bound structures

(e.g., GMCs, dense gas cores) are prevented to form, as a result, star formation is

prevented in bars (e.g., Kohno et al., 1999, Reynaud & Downes, 1998, Tubbs, 1982,

Zurita et al., 2004). Indeed, star formation is absent in some bars, such as NGC 1300

and NGC 1530. Figure 3.5 shows the profiles of surface brightness of Hα (dotted lines)

and residual velocity (solid lines) parallel (left column) and perpendicular (right column)

to the bar of NGC 1530 (Zurita et al., 2004). The residual velocity (non–circular velocity)

corresponds to a rotation-curve-subtracted observed velocity field. It can be seen from

the figure that there is a clear anticorrelation between the two variables. Specifically,

high surface brightness (high SFR) is associated with smaller residual velocity, suggesting

that high velocity inhibits star formation.

James et al. (2009) observe Hα emission in ∼ 300 nearby galaxies with Jacobus Kapteyn

Telescope. They found that, however, the mean radial profile of Hα emission shows a

bump at bar region, whereas it smoothly decreases in unbarred galaxies (Figure 3.6).

Moreover, the bump appears from strong to weak bar. Martin & Friedli (1997) analyze



Chapter 3. Impact of Galactic Bar 62
A. Zurita et al.: Ionized gas kinematics and massive star formation in NGC 1530 85

(a) (b)

Fig. 12. a) Profiles of the normalized surface brightness in Hα emission and residual velocity parallel and perpendicular to the bar. The distance
of each profile track from the kinematic centre is indicated in the top right corner of each plot. Positive distances in the perpendicular and
parallel profiles are respectively towards the NW and NE in Fig. 7. b) Profiles of the absolute residual velocity and non–thermal velocity
dispersion parallel and perpendicular to the bar. The tracks of the profiles are the same as those in Fig. 12a.

The dynamical scope of this structure can be appreciated
from Fig. 14c, where it has been plotted onto the residual ve-
locity map of the inner disk, and where we can see that it is
far too small to be causing the lobed velocity structure, which
demands a different explanation.

5.2. The inner kinematic structure: A spiralling inflow
pattern

We can go on to interpret the inner residual velocity structure
as follows. The gas flow along the bar and its deviation into
circumnuclear orbits can be followed via the presence of dust
lanes which indicate compressed and shocked gas. These dust
lanes in the central disk of NGC 1530 were imaged by Pérez-
Ramı́rez et al. (2000; their Fig. 2b) in the near IR, at subarcsec
resolution, and are especially well seen in their J–K colour im-
age, which we reproduce here in Fig. 14b. Two clear dust lanes
can be seen to the north and south of the inner disk, coming
inwards along the direction of the bar major axis, then curling
around in orbits which take them to the far side of the nucleus in

both cases, where their trajectories have swung through 270◦,
and terminating on opposite sides of the nucleus at some three
arcsec from the centre, along a line with PA ∼ 120◦. The posi-
tions of the centres of our flow lobes in Fig. 14c coincide with
the inward curving dust lanes, so we attribute them to gas flow
coinciding with these lanes. The observed velocity structure of
the lobes is strongly affected by the fact that we observe the
velocities along a single line of sight, and so we detect only
their projected components. Where the velocity vector of the
inflowing gas is perpendicular to the line of sight the flow can-
not be detected. Thus, the lobe to the north of the nucleus is in
fact reflecting the final stages of the inflow from the southern
edge of the bar, and vice versa. The two flows spiral around
one another in an interlocking pattern. As a test of this pre-
diction we have produced a simple kinematic model showing
how these flows would appear in projected velocity. We have
assumed for simplicity that the intrinsic velocity vector has a
constant amplitude, equal to 60 km s−1, and projected it into the
line of sight to the observer, using the inclination and position

Figure 3.5: Normalized surface brightness of Hα (dotted lines) and residual velocity
(solid lines) parallel (left column) and perpendicular (right column) to the bar of NGC
1530. The residual velocity represents non–circular velocity. The x-axis shows the
distance relative to the center along the slit which is either parallel or perpendicular to
the bar. The distance between the slit itself and the galactic center is indicated in the

top right of each plot. This figure is taken from Zurita et al. (2004).

the HII regions of eleven late-type barred galaxies. They found that the SFR in the bar

has a wide range of 0.03 – 1.44 M� yr−1. Such a phenomena suggests that bars have

considerable impact on star formation, and GMCs must survive under certain conditions

in bars. Koda & Sofue (2006) estimate the escape velocity from a cloud and compare the

value with observed velocity jump (shock) across the bar of NGC 4303, they conclude

that the shock is not large enough to destroy GMCs.
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216 P. A. James et al.: Hα galaxy survey. VII.

Fig. 8. Mean Hα light profiles, as shown in Fig. 3, but subdivided into unbarred, AB and barred galaxies, in left, middle and right frames
respectively.

bars in their optical morphologies (St/SAt, or Im); the central
plots show those for intermediate or possible bar types (SABt or
IABm); and the right-hand plots the profiles for galaxies with
clear optical bars (SBt or IBm). Bar classifications are taken
from de Vaucouleurs et al. (1991) who used optical images; it
should be noted that near-IR imaging can reveal weak or small
bars not seen in the optical. In order to maintain reasonable num-
bers in each mean profile, early (T = 0–2) and late (T = 6–9) spi-
ral types have been combined. Types 3–5 are plotted separately
as these are the most important for the following discussion.

Figures 8 and 9 confirm that the distinctive profiles seen for
the T = 3 galaxies are indeed due to the barred SBb galaxies. The
mean Hα profile for the SBb galaxies shows a very strong central
peak of emission, and a clear outer peak at 0.5 r24. Both are ab-
sent in the mean profile of the Sb (unbarred) galaxies, and indeed
from the mean profiles of the unbarred galaxies of any T type.
The profile for the T = 3 SABb galaxies is noisy, given that only
5 galaxies contribute, but appears intermediate between those of
the Sb and SBb types, with some evidence of a central peak.
The R-band mean profiles for Sb, SABb and SBb types show the
same pattern, with the characteristic bar features being some-
what less strong in the older stellar population. The SBb R-band
profile still has a central peak, and an outer peak at 0.5 r24, but

both represent a much smaller fraction of the overall flux than
is the case for the mean Hα profile. Bars thus have a substantial
effect on the R-band light distribution for T = 3 galaxies, with
the outer peak pushing a large fraction of the flux further out
in these galaxies, an effect which explains the lower concentra-
tion indices for barred galaxies illustrated in Fig. 2. Indeed, the
effect on the concentration indices would presumably be even
more marked were it not for the central peaks in the mean barred
profiles, which must act to increase the concentration indices.

These characteristic bar profiles occur for T = 3 galaxies
where they are most apparent, but also for T = 4 galaxies, and
possibly for those of T = 5. (In comparing the T = 3 and 4
barred mean profiles, it should be noted that there are 13 SBb
galaxies contributing to the mean profiles against only 4 of type
SBbc, so inevitably the mean profile for the latter type is more
noisy.) The mean Hα profile for the SBbc (T = 4) galaxies is
clearly different from that for the SBc (T = 5) galaxies, with the
former again having a central peak and an outer peak at ∼0.5r24,
like those in the SBb mean profile. The SBbc R-band profile
shows only a weak central peak, and the outer profile shows a
“shoulder” of flux pushed to larger radius, but no outer peak as
such. For T = 5, the only effect is the broadening of the mean
profiles, with flux again pushed to larger radii. The Hα profile is

(a) Barred galaxy in optical
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Fig. 8. Mean Hα light profiles, as shown in Fig. 3, but subdivided into unbarred, AB and barred galaxies, in left, middle and right frames
respectively.

bars in their optical morphologies (St/SAt, or Im); the central
plots show those for intermediate or possible bar types (SABt or
IABm); and the right-hand plots the profiles for galaxies with
clear optical bars (SBt or IBm). Bar classifications are taken
from de Vaucouleurs et al. (1991) who used optical images; it
should be noted that near-IR imaging can reveal weak or small
bars not seen in the optical. In order to maintain reasonable num-
bers in each mean profile, early (T = 0–2) and late (T = 6–9) spi-
ral types have been combined. Types 3–5 are plotted separately
as these are the most important for the following discussion.

Figures 8 and 9 confirm that the distinctive profiles seen for
the T = 3 galaxies are indeed due to the barred SBb galaxies. The
mean Hα profile for the SBb galaxies shows a very strong central
peak of emission, and a clear outer peak at 0.5 r24. Both are ab-
sent in the mean profile of the Sb (unbarred) galaxies, and indeed
from the mean profiles of the unbarred galaxies of any T type.
The profile for the T = 3 SABb galaxies is noisy, given that only
5 galaxies contribute, but appears intermediate between those of
the Sb and SBb types, with some evidence of a central peak.
The R-band mean profiles for Sb, SABb and SBb types show the
same pattern, with the characteristic bar features being some-
what less strong in the older stellar population. The SBb R-band
profile still has a central peak, and an outer peak at 0.5 r24, but

both represent a much smaller fraction of the overall flux than
is the case for the mean Hα profile. Bars thus have a substantial
effect on the R-band light distribution for T = 3 galaxies, with
the outer peak pushing a large fraction of the flux further out
in these galaxies, an effect which explains the lower concentra-
tion indices for barred galaxies illustrated in Fig. 2. Indeed, the
effect on the concentration indices would presumably be even
more marked were it not for the central peaks in the mean barred
profiles, which must act to increase the concentration indices.

These characteristic bar profiles occur for T = 3 galaxies
where they are most apparent, but also for T = 4 galaxies, and
possibly for those of T = 5. (In comparing the T = 3 and 4
barred mean profiles, it should be noted that there are 13 SBb
galaxies contributing to the mean profiles against only 4 of type
SBbc, so inevitably the mean profile for the latter type is more
noisy.) The mean Hα profile for the SBbc (T = 4) galaxies is
clearly different from that for the SBc (T = 5) galaxies, with the
former again having a central peak and an outer peak at ∼0.5r24,
like those in the SBb mean profile. The SBbc R-band profile
shows only a weak central peak, and the outer profile shows a
“shoulder” of flux pushed to larger radius, but no outer peak as
such. For T = 5, the only effect is the broadening of the mean
profiles, with flux again pushed to larger radii. The Hα profile is

(b) Barred galaxy in molecular gas

Figure 3.6: Mean radial profile of Hα (star forming regions) of galaxies with mor-
phology of T = 3 (Sb). Panel (a) is mean of 13 barred galaxies (SBb). Panel (b) is

mean of 5 unbarred galaxies (Sb). The figure is taken from James et al. (2009).

3.2 Motivation and Methodology

Distribution of star forming regions are diverse in bars. Some bars are lacking of star

forming regions. Some galaxies have star forming regions only at the bar ends, while

some galaxies show a string of HII regions and HCN emission along entire bars (Leon

et al., 2008, Martin & Friedli, 1997). Martin & Friedli (1999) study HII regions in 10

barred galaxies with standard optical diagnostic diagrams. The results suggest that the

properties (e.g., electron density, extinction) of the HII regions within the bars and the

disks are similar. In other words, the HII regions in bar is just as normal as in the rest

of disk. Therefore, bars provide an excellent laboratory to study the impact of secular

evolution on the promotion and inhibition of star forming activity. The relation of the

gas and star formation in bars would help to understand how nearby galaxies evolve,

and the physical conditions that favor star formation in galactic disks.

3.3 The Target: NGC 6946

NGC 6946 is a barred spiral galaxy (Figure 3.7). The basic parameters of the galaxy is

listed in Table 3.1. NGC 6946 is located at 5.5 Mpc, where 1′′ corresponds to 27 pc. The

galaxy is rather face-on, with an inclination only 33◦. The infrared luminosity derived

using four IRAS bands is 1010.22 L� (Sanders et al., 2003).
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Figure 3.7: Optical image of NGC 6946 in i-band from Knapen et al. (2004).

HI observations clearly detect two dwarf galaxies, UGC 11583 and L149 at ∼33 – 37 kpc

away from NGC 6946 (Boomsma et al., 2008, Pisano & Wilcots, 2000). A plume-like

structure has been observed in HI at the north-western edge of NGC 6946 (see Figure

3.8) by Boomsma et al. (2008). However, since the intensity of the plume-like structure

is weak that the structure is only seen in the low resolution (high sensitivity) map. The

plume is on the same side of the companions. The velocity of the plume is also in the

same range as the two companion galaxies. Hence, the plume-like structure may be the

result of recent interaction between NGC 6946 and the companions.

NGC 6946 is undergoing nuclear starburst. Starburst model suggests that the nuclear

statburst is combination of two events that occurred 7 Myr and 20 Myr ago (Engelbracht

et al., 1996). Moreover, stars formed in the nuclear region of NGC 6946 tend to be high

mass stars (Engelbracht et al., 1996).

Because of its close distance and bright emission, NGC 6946 is included in many galaxy

surveys, including VLA THINGS (atomic hydrogen at 21 cm), Spitzer SINGS (near to

mid-infrared and optical), Herschel KINGFISH (far-infrared) and GALEX NGS (NUV

and FUV). The images trace the distributions of atomic gas, dust, and star formation.
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Table 3.1: Parameters of NGC 6946

Morphologya SAB(rs)cd
R.A. (J2000)a 20:34:52.3
Dec. (J2000)a 60:9:14
Distance b 5.5 Mpc
Inclinationc 33◦

P.A.c 243◦

a NED
b Rebolledo et al. (2012)
c Walter et al. (2008)

568 R. Boomsma et al.: HI holes and high-velocity clouds in the spiral galaxy NGC 6946

Fig. 17. Total H I map at 13′′ and 64′′ resolution of NGC 6946 and two companions. The map has been corrected for primary beam attenuation.
The greyscale shows the high resolution. The contours (1.25, 2.5, 5, 10, and 20 × 1019 cm−2) show the 64′′ low resolution H I distribution. The
highest emission contours have been left out. The sizes of the beams for both resolutions are shown in the lower left corner.

4.3. Extra-planar gas

Where is the high-velocity gas located? Is it extra-planar? The
observations have shown that: 1) the high-velocity gas is mainly
seen in the direction of the inner, optically bright disk (Figs. 9
and 14); 2) there is more gas with lower than with higher ve-
locities as compared to the local disk rotation, 2.4 × 108 M&vs.
0.5×108 M&(Figs. 14 and 16). This shows up as a striking asym-
metry/skewness in Fig. 16.

Result No. 1 points to a fountain origin of the high velocity
H I and, considering the low inclination of the galaxy, the mo-
tion is probably dominated by vertical out- and in-flows. In this
case one would expect, contrary to result No. 2, symmetry (i.e.
equal amplitudes and equal amounts of gas) between the lower
and the higher velocities. Result No. 2 resembles, instead, a so-
called beard (Sancisi et al. 2001) and leads us to think that the
high-velocity gas (or a large fraction of it) is extra-planar and
rotates more slowly than the gas in the disk. Also NGC 6946
seems, therefore, to be surrounded by a lagging halo of cold gas
as NGC 891 (Swaters et al. 1997; Oosterloo et al. 2007) and
NGC 2403 (Schaap et al. 2000; Fraternali et al. 2001). We do
not derive the amplitude of the lag but it is clear that, for the ef-
fect to be so striking (as in Fig. 16), the lag in rotation must be
quite pronounced, as found in NGC 891 (Oosterloo et al. 2007).
It is not known what is causing such a large rotational gradient.
It seems unlikely that galactic fountain models, by themselves,
can explain it (Fraternali & Binney 2006; Heald et al. 2006). For
NGC 891 and NGC 2403 it has been suggested that the gradient
is the result of interactions between the fountain gas and accret-
ing ambient gas carrying low angular momentum (Fraternali &
Binney 2008).

4.4. Interactions and accretion

Earlier observations report “no signatures of interactions in the
NGC 6946 system” (Pisano & Wilcots 2000). We have detected,
however, a plume-like structure at the north-western edge of the
disk (Fig. 17), that may be related to a recent interaction. This
plume is a very faint feature that can be revealed only with high
sensitivity and at low resolution. That is probably why it was
missed in previous observations.

The velocity of the plume is in the same range as the
two companion galaxies that happen to be on the same side
of NGC 6946. Their projected distances from the centre of
NGC 6946 are about 33 and 37 kpc respectively. We did not find
any emission in between them and the plume. However, far away
from the pointing centre the sensitivity of our observations drops
rapidly because of the attenuation by the WSRT primary beam.
At the position of the companions, the sensitivity is only 2% of
that at the centre of the field. To overcome this problem new
observations were made with the telescope pointing in the direc-
tion between NGC 6946 and its companions; but no connection
was found between the plume and the companions. The limiting
column density is about 5 × 1019 cm−2.

A lower limit for the mass of the plume is about 7.5 ×
107 M&. This is of the order of the gas mass of the companions
(1.2 × 108 M& and 8.8 × 107 M&). It is possible that we witness
the aftermath of the accretion of a third companion galaxy. In
deep optical images no emission is visible in the direction of the
plume. If, however, the companion has been tidally disrupted,
the surface density of stars can be well below the detection
limit. The plume may also have formed out of an intergalactic
H I complex which contains no stars. Alternatively, the plume is

Figure 3.8: HI integrated intensity map of NGC 6946 and its two companions. The
upper companion is UGC 11583 and the lower one is L149. The high resolution maps
(13′′) of three galaxies are shown in greyscale. The low resolution images (64′′) are
shown in contours. The plume-like structure is observed at the north-western edge of
NGC 6946. The intensity of the plume is weak, so it is only visible in the low resolution,
high sensitivity map. The beam sizes are indicated in the lower left corner. This figure

is taken from Boomsma et al. (2008)
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Table 3.2: Summary of radio data in this work

Type of telescopes Transitions Telescope (Year) Observing mode References
Single dish 13CO (1–0) NRO45 (2013) mapping This work
Interferometer 13CO (1–0) CARMA (2009) mapping This work
Single dish 12CO (1–0) NRO45 (2008–2010) mapping Donovan Meyer et al. (2012)
Interferometer 12CO (1–0) CARMA (2009) mapping Donovan Meyer et al. (2012)
Single dish HCN (1–0) NRO45 (2013) single point This work

All data in the surveys have been released to archives and therefore be available to be

compared with the molecular gas that we aim to obtain.

12CO observations of NGC 6946 have been done with many authors. Donovan Meyer

et al. (2012) made the best angular resolution and largest map of NGC 6946 with

CARMA and Nobeyama 45-m telescope (NRO45). Since 12CO to 13CO intensity ratio

is a useful tool to infer the physical conditions of molecular gas, we challenge large scale

13CO (1–0) observations in NGC 6946. In addition, to obtain the total amount of dense

gas, we made single dish HCN (1–0) observations toward several interested regions with

single-point mode. Table 3.2 shows a summary of the data of molecule in this work,

including telescopes, transitions, observing years and modes.

3.4 Observations and Data Reduction

3.4.1 CO Observations and Data Reduction with Single Dish

The single dish observations of 13CO (1–0) were made with Nobeyama 45-m telescope,

using the dual-polarization receiver, TZ (Asayama & Nakajima, 2013, Nakajima et al.,

2013) coupled with the spectrometer SAM45. Observations were made during January

– February 2013. The beam size of a 45-m dish is 20′′ at 110.2 GHz. We observed with

a spectral resolution of 488.24 kHz (1.3 km s−1 at 110 GHz), and effective bandwidth

of 1600 MHz (∼ 4356 km s−1). The On-the-Fly method was used to map the galaxy,

scanning along R.A. (x scans) and Dec. (y scans) directions. Typical Tsys is 160 – 180

K. The mapping area is 160′′ × 160′′ with P.A. = 0◦ (Figure 3.9). The center of the

map is the galactic center of NGC 6946. Each scan has 20 seconds. An OFF point 8′

away from the map was observed every two scans for sky subtraction. It took about 1.5

minutes for one ON-OFF cycle (ON-ON-OFF). Each scan is separated by 5′′. Each map

took about 31 minutes to complete, containing 33 x- or y- scans. Before the observation

of each map, we made pointing observations. SiO maser T-Cep was used as pointing

source. Pointing observations were performed at 43 GHz with receiver S40. Galactic

object S140X was observed for intensity calibration once per day. The total observing
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time is about 60 hours, including the observations of the pointing source and intensity

calibrator.

The data reduction was done with package NOSTAR, which was developed for OTF data

of NRO 45-m telescope based on AIPS. We subtracted the baseline with a 1-order

polynomial fit, then checked each scan of each maps, flagged the bad integration. Then

we combined the scan maps with a grid size 6′′, creating an x-cube and a y-cube in FITS

format. Finally, PLAIT method was performed on the cubes in NOSTAR to reduce the

scanning effect and generate the final cube which is a combination of the x-cube and

y-cube. We made two final cubes with different velocity increment. Both of them have

pixel increment 6′′ in x and y direction, 2.65 and 10 km s−1 in velocity axis. Channel

width of 2.65 km s−1 corresponds to two-channel wide of NRO’s spectrometer and the

instrumental velocity width of CARMA. This cube will be used for combing single dish

and interferometric data. The rms noise of cubes are 12.1 mK and 6.6 mK in T ∗A for the

velocity resolution of 2.65 and 10 km s−1, respectively. Main beam efficiency of 40% is

adopted for the conversion between T ∗A and Tmb, i.e., Tmb = T ∗A/0.4.

3.4.2 Integrated Intensity Map of Single Dish CO Observation

Integrated intensity map of 13CO was made with MIRAD task, moment. The clip parame-

ter which defines the range of excluded intensity is -infinity – 1.5σ of channel map, that

is, -999 – 18 mK. 13CO integrated intensity map of single dish is shown in Figure 3.10.

Actual structure of the galaxy is resolved with single dish. The integrated intensity

map is dominated by a central blob with a size of about 30′′ × 70′′ along R.A and Dec.

direction, respectively. In addition to the central blob, there is an elongated structure

emerging from the north of the central concentration. The length of the elongated emis-

sion is about 800 pc. From the end of the elongated structure, molecular gas extends

eastward.

Since single dish observations are used to compensate the missing flux of interferometric

observations, and used as a standard flux to check the combing result, it is important

that the intensity of 13CO is reliable. The galactic center of NGC6946 was observed in

13CO(1-0) with NRO 45-m telescope by Matsushita et al. (2010). The intensity of 13CO

in Matsushita et al. (2010) is 21.9 ± 1.4 K km s−1, while the intensity at the center is

21.7 ± 0.7 K km s−1 in this work. In this work, the noise integrated intensity map (σI)

is calculated with

σI = σch

√
Nch ∆v, (3.1)

where σch is the noise of channel map, Nch is the number of channel containing significant

emission, and ∆v is the channel width. The results of this work and Matsushita et al.
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Figure 3.9: Observing area overlaid on the optical image of NGC 6946 in i-band. The
white box indicates the observing area of Nobeyama 45-m telescope. The center of the
box corresponds to the galactic center. Size of the box is 160′′ × 160′′. The 19 circles
indicate the mosaic pattern of CARMA observations. The circles have diameter of 1′,
corresponding to the primary beam of CARMA. The central pointing is centered at the

galactic center.

(2010) are in excellent agreement. During the data reduction, we did not subtract any

specific region but performed the same reduction procedures to entire map all the time.

Therefore, the intensity of our 13CO (1–0) should be reliable not only in the galactic

center but also the entire map.

3.4.3 HCN Observations and Data Reduction with Single Dish

We made HCN observations with NRO 45-m telescope coupled with the receiver TZ

and spectrometer SAM45. We observed three positions at 20h34m52.s9 60◦8′55′′ (the

southern ridge; cf. §3.5.2), 20h34m51.s3 60◦9′38′′ (the northern ridge), and the galactic

center (see Figure 3.11; within the beamsize of 19′′, the HCN observation of southern

ridge cover half of the south arm and the southern blob). IHCN is generally low outside

the centers of nearby galaxies. In addition, the purpose of the HCN observations is to

measure the amount of dense gas, their actual distribution is not so important at this
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Figure 3.10: Integrated intensity map of 13CO observed with NRO45 in both color
scale and contours. The contours are 13%, 20%, 30%, 40%, 60%, 80% of the peak
brightness. The blue cross marks the galactic center. The grey circle indicates the 1′

primary beam of CARMA.

moment. For these reasons, we did not perform mapping but single-point observations.

Observations were done in January 2013. We observed with a spectral resolution of

488.24 kHz (1.6 km s−1 at 88.6 GHz), and effective bandwidth of 1600 MHz (∼ 5416

km s−1). SiO maser T-cep was used for pointing observations. Pointing observation

was made every 45 minutes. An OFF point 8′ away from the target was observed every

15 seconds for the sky subtraction. Tsys is about 140 K during the observations. A

standard flux calibrator S140 was observed once per day. Total on-source integrated

time is about one hour at each position. Data reduction was carried out with NewStar.

NewStar is a reduction software developed specifically for spectral line data of the NRO

45-m telescope based on AIPS (Astronomical Image Processing System).

The spectra of the HCN emission at the northern ridge, southern ridge and the center

are presented as black solid curved in Figure 3.12(a), 3.12(b), and 3.12(c), respectively.

Only the galactic center of NGC 6946 has been observed in HCN (1–0) with NRO 45-m

telescope in the past by Matsushita et al. (2010). Our result (IHCN = 18.9 ± 1.4 K)

is consistent with that in Matsushita et al. (2010) (IHCN = 21.4 ± 1.0 K). Integrated

intensity of HCN is 4.7 ± 0.8 and 4.2 ± 0.8 in the northern ridge and the southern ridge,

respectively. They are about four times smaller than that of the central region.

Single dish spectra of 13CO (grey) and 12CO (dashed) are overlaid on the HCN spectrum

in Figure 3.12. In the central region and the northern ridge, three spectra are similar in

both line profile and velocity coverage. However, in the southern ridge, as CO lines show

two components with a central velocity of ∼ 30 km s−1 and ∼ 90 km s−1, only single
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Figure 3.11: Positions of HCN observations. The color scale represents 13CO inte-
grated intensity map. Positions of HCN observations are indicated with white circles.

Galactic center is marked with a black cross.

component is found in HCN around 90 km s−1. Nonetheless, the spectrum of HCN is

slightly broader than the individual spectra of CO lines at both velocities.

3.4.4 Observations and Data Reduction with Interferometer

Observations with CARMA (Combined Array for Research in Millimeter-wave Astron-

omy) was made in Feb – May 2009. CARMA is composed of six 10 m antennae from

OVRO and nine 6 m antennae from BIMA. Seven-point hexagonal mosaic was used to

map NGC 6946. 13CO (1–0) and 12CO (1–0) were observed simultaneously (The re-

sults of 12CO (1–0) was published in Donovan Meyer et al. (2012)). Three bands were

used, resulting in total bandwidth of ∼108 MHz. Channel width is 2.65 km s−1. Total

on source time is about 21 hours. Bandpass, gain, and flux calibrators are 1715+096,

2015+372, and MWC349, respectively.

Since 12CO is much stronger than 13CO, and the critical density of 12CO is lower than

13CO, i.e., 13CO must be detected only at where 12CO was found, we took the calibrated

visibilities from Donovan Meyer et al. (2012) to generate a MASK for CLEANing the

13CO dirty map. First of all, we use invert of MIRIAD to perform Fourier transforma-

tion from 12CO visibility to brightness distribution, i.e., dirty image. The dirty image
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(a)

(b)

(c)

Figure 3.12: Single dish spectra of HCN (solid black) 13CO (grey), and 12CO
(dashed). The intensity of 12CO has been divided by a factor of five. The velocity
resolutions of HCN and CO spectrum are 13 km s−1 and 10 km s−1, respectively. All
spectra correspond to a region of ∼ 20′′ in this figure. (a) Spectrum of the central

region. (b) Spectra of the northern ridge. (c) Spectra of the southern ridge.
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contains the convolution of the source with a dirty beam. Then mossdi2 and restor

are used for the deconvolution (CLEAN), generating residual maps and CLEANed map.

(Task mospsf is used to combine dirty beams, then imfit is performed to estimate

the size of the synthesized beam for restor.) Then we perform invert, mossdi2 and

restor to a cube of 13CO.

The final cubes for 13CO has a channel width of 10 km s−1 and the rms noise is 11 mJy

beam−1. The beam size is 3.′′29 × 3.′′08 (89 pc × 83 pc) with P.A = -71.81◦.

3.4.5 Integrated Intensity Map of Interferometric Observations

The 13CO integrated intensity map of CARMA observations is made with the final data

cube. The map is displayed in Figure 3.13(a). There is a central component elongates

with direction of NW – SE. Beyond the NW of the central component, a thin, extended

emission shows up, sweeping to radius of ∼ 30′′. The extended structure is also seen in

the single dish 13CO map (Figure 3.10), but in the interferometric map, the emission

shifts downstream, presumably due to better angular resolution.

At the southern part, only three peaks are significantly detected with interferometer.

This result suggests that either 13CO is sparse in this region or the emission is relatively

diffuse since interferometers are not sensitive to diffuse components.
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(a)

(b)

Figure 3.13: The moment maps of 13CO. (a)Integrated intensity map made with
CARMA data alone (color scale and contours). The beam is overlaid at the bottom
right. The beam size is 3.′′29 × 3.′′08 and P.A = -71.81◦. (b)Integrated intensity map
made with CARMA+NRO45 data (color scale and contours). The contours are 10%,
20%, 30%, 40%, 50%, 70%, and 90% of the peak flux in each map. The beam size is
3.′′84 × 3.′′61 and P.A = -71.85◦. The blue cross denotes the galactic center. The red
crosses mark the bar ends of the minibar. The grey circle indicates the 1′ primary beam

of CARMA.
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3.4.6 Combination Procedure

In this section, I show the steps of combining single dish and interferometer data.

1. Enlarge single dish map to 486′′ × 486′′. Ideally, the mapping area of NRO45

should be larger than the mosaic area of CARMA, i.e., greater than 180′′ × 180′′

(Koda et al., 2011). However, due to the low intensity of 13CO, it is difficult to

map such a big area and obtain significant detection within reasonable time, so

the actual mapping area is slightly smaller (160′′ × 160′′). It should not affect

our results because the galactic features we concern are located in the central 1′,

i.e.,, only the central pointing of the mosaic, which has been well protected by

the adjoining six points. All of these seven points are inside our OTF area. We

enlarged the map (with channel width of 2.65 km s−1) with task imframe by nine

times, centering at the original OTF map. The cube now has (81 pix × 6′′) =

486′′ at x and y direction.

2. Remove the noisy emission at the edge of the original OTF map. A Fermi-Dirac

type function is adopted. Intensity of the function is 1.0 across most of the x

range, and drops rapidly at the edge (Figure 3.14). Therefore, after the single dish

cube is multiplied by the function, the real emission is conserved but the noise at

the edge are significantly reduced. Two example channels of -22 and 92 km s−1

are shown in Figure 3.15. The red and blue contours show the emission before

and after applying the function, respectively. The red contours are plotted below

the blue ones. Therefore, the regions only showing in red are either removed or

significantly reduced by the function.

3. Then we performed deconvolution to the single dish cube with the single dish

beam. The cube was convolved with a beam of NRO 45-m telescope (20′′) during

the imaging process in NOSTAR. Therefore, deconvolution is required to revert to

true emission distribution.

4. Apply a dummy beam. Then we multiplied a dummy beam to the cube to cheat

the MIRIAD as if our single dish map was observed with interferometer with the

same data structure as the CARMA observations. Since the CARMA observations

consist of 19 point hexagonal mosaic, the deconvolved cube was divided into 19

areas with same pointing centers as CARMA. We multiplied a Gaussian primary

beam with FWHM of 2′ to the 19 points of the deconvolved NRO cube.

5. Generate visibility data in u – v space for single dish data. The visibilities have a

Gaussian density profile. The size of Gaussian distribution of 10 kλ corresponds

to the effective beam size of NRO 45-m telescope (20′′).
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Figure 3.14: The Fermi-Dirac type function we used to reduce the noise at the edge
of map. The red lines indicate the position where intensity drops to 0.5.

(a) (b)

Figure 3.15: Results of applying the Fermi-Dirac type function in the channels of
NRO45. The red and blue contours show the emission before and after applying the
function, respectively. The red contours are plotted below the blue ones, therefore, the
regions only showing in red are either nearly removed or considerably reduced by the

function.

6. Imaging. All visibility data (CARMA + NRO45) are used for invert. There are

4 types of baseline (antenna pairs), i.e., CARMA (10 m – 6 m), OVRO (10 m),

BIMA (6 m), and NRO45, along with 19 pointings of mosaic (u − v coverages),

thus we have 4 × 19 = 76 types of dirty beam. The following imaging procedures

are the same as in §3.4.4.

The final combined cube has a channel width of 10 km s−1 with noise level of 14 mJy

beam−1. The synthesized beam is 3.′′84 × 3.′′61 (104 pc × 97 pc) with P.A = -71.85◦.
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(a) (b)

Figure 3.16: Averaged spectra of total area (a) and central region (b). The thick
black line, gray line, and the thin black line represent the spectrum of the combined,

single dish, and the interferometer map, respectively.

3.4.7 Missing Flux

To check the total flux and the spectral profile of the combined 13CO map, the combined

cube and CARMA cube are degraded to the resolution of NRO45, i.e., 20′′. The mean

spectra of the total area (central 30′′ × 70′′ along the bar) is displayed in the left panel

of Figure 3.16. The spectrum of the combined and CARMA cube are plotted with thick

and thin black histograms respectively. The NRO cube is overlaid with gray color. Total

integrated flux of each data cube is shown in the legend of the figure.

The spectral shape of three data cubes is similar but the intensity of the CARMA

spectra has only half height of the NRO45 and the combined cube. All the spectra show

a two-peak shape centering at about 50 km s−1. The total integrated flux of the NRO45

and the combined cube are in good agreement, about 240 Jy. The missing flux in the

CARMA data is about 50% of the total flux, 120 Jy.

The mean spectra of the three data cubes at the central 20′′ are presented in the right

panel of Figure 3.16. The size of 20′′ corresponds to an effective beamsize of NRO45.

The style and the meaning of the lines are the same as above. At the most of the central

region, even CARMA captures majority of the emission, about 83%, suggesting that

most of gas at the central region are locked in compact structures, resulting in the small

amount of missing flux. The integrated flux of combined, NRO45 and CARMA cube

are consistent and ∼80 Jy.
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3.5 Results

3.5.1 CO Morphology

3.5.1.1 Channel Maps

The channel map of 13CO is displayed in Figure 3.17 with red contours. For comparison,

the channel map of 12CO is superposed with black contours. The galactic center is

marked with a cross in each channel.

Distribution of 13CO and 12CO emissions are similar in all channels. Both transitions

show a central peak around the galactic center. The central peak has a velocity width

of about 180 km s−1 in 13CO, ranging from -34 km s−1 to 149 km s−1. Velocity width of

the central peak is slightly larger in 12CO from -45 km s−1 to 169 km s−1, corresponding

to ∼ 214 km s−1. The central spectrum of 13CO is shown in Figure 3.18. The spectrum

show a two-peak profile with respect to a central velocity of ∼40 km s−1, indicating a

rotating structure. The 12CO (combined) spectrum divided by eight is overlaid in Figure

3.18 for comparison. The profile and the velocity range of two CO lines are in excellent

agreement.

Apart from the galactic center, two elongated structures emerging from the galactic

center are seen, extending toward the north and the south, respectively. Emission of the

northern ridge emerges from about -14 km s−1 in both CO lines, spreading a width of

∼ 112 km s−1 in 13CO and ∼ 132 km s−1 in 12CO. The southern emission starts from

about -3.9 km s−1 in both lines. As in the northern ridge and the galactic center, 13CO

emission is narrower across the velocity axis (∼122 km s−1) than that of 12CO (∼142

km s−1).

All 13CO peaks are associated with counterparts in 12CO. This is a natural result since

13CO has larger critical density than 12CO. To be more precise, when the gas becomes

sufficiently dense to excite 13CO emission, 12CO must be excited already due to the

large optical thickness.. On the contrary, 13CO is absent at some 12CO peak due to

the lower density of the gas (e.g., at 6.3 km s−1 and 67.0 km s−1). We will discuss this

phenomenon from the integrated intensity maps.
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Figure 3.17: Channel maps of CO lines. 12CO is shown in black contours and 13CO
in red. The beam size is overlaid in the bottom right of each channel. The outer circle
is the beamsize of 13CO and the inner circle is for 12CO. The galactic center is marked
with a cross in each panel. Velocity of each panel is indicated in upper left with a unit
of km s−1. 13CO is plotted with a contour step of 25, 35, 45, 55, 75, and 90% of the
maximum flux. Contours of 12CO are 15, 25, 35, 45, 55, 75, and 90% of the maximum

flux.
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Figure 3.17: Continued.
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Figure 3.17: Continued.
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Figure 3.17: Continued.
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Figure 3.17: Continued.

Figure 3.17: Continued.
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Figure 3.18: Spectra of the galactic center. Spectrum of 12CO divided by eight is
shown in grey color. 13CO is displayed with black color.

3.5.1.2 Integrated Intensity Maps

Integrated intensity map of 13CO made from the combined channel map (Figure 3.17) is

shown in Figure 3.13(b). The clip parameter in moment is set to be 1.5σ of the channel

map. The map peaks at a central concentration. The central concentration in this

combined map is similar to that in the CARMA map, presumably due to the small

amount of missing flux. The central peak has an oval shape with an orientation toward

NW–SE direction. The radius of the oval is about 7.5′′ (∼ 200 pc), corresponding to a

secondary bar suggested in Elmegreen et al. (1998) and Schinnerer et al. (2006), but not

resolved in our map. Figure 3.19 is the minibar observed in12CO (2–1) by Schinnerer

et al. (2006). The minibar is composed of a central ring with a radius of 10 pc and two

dust lanes. Molecular gas are traveling toward the ring through the lanes. Two clumps

are seen in the ends of dust lanes. The two molecular clumps are indicated with red

crosses in our moment maps in Figure 3.13.

At the north of the galactic center, a prolonged structure peaking at a radius of ∼30′′ is

seen. This is the northern primary bar of NGC 6946. Figure 3.20 shows a comparison

of the 13CO integrated intensity map (contour) and the optical image of i-band. It is

obvious in the figure that the northern molecular bar coexists with a dust lane in the

optical map.

The northern bar is also seen in the 12CO integrated intensity map (Figure 3.21). The

striking difference of the two maps is that 12CO shows a continuous emission in the



Chapter 3. Impact of Galactic Bar 84

resolutionmaps (of!400 and!600) of the BIMA andNMAarrays
(Regan & Vogel 1995; Helfer et al. 2003; Ishizuki et al. 1990).
The two molecular arms extending to the north and south are
clearly seen in the PdBI 12CO(1"0) intensity map. There is some
evidence for multiple spiral arms, but whether this is a truem ¼
4 spiral structure as claimed by Regan & Vogel (1995) is not
obvious.

Themolecular gas concentration in the inner 1500 (400 pc) could
not be resolved with previous 12CO(1"0) observations: Ishizuki
et al. (1990) proposed that it is a nuclear molecular bar based on its
elongation and the presence of noncircular motions. On the other
hand, Regan & Vogel (1995) concluded that the concentration is
formed by the continuation of the outer (stellar) spiral arms. Re-
cently, Meier & Turner (2004) suggested that the central concen-
tration is actually a barely resolved ring that is fed via the outer
northern and southern gas lanes that are produced by the large-
scale bar.

Our new CO observations resolve for the first time the central
molecular gas concentration into a S-shaped spiral with an extent
of about 1000 (270 pc). For the remainder of this paper, we use the
term ‘‘nuclear spiral’’ to describe this feature. The higher resolu-
tion 12CO(2"1) map (Fig. 4b) shows in detail how the molecular
gas is distributed within the nuclear spiral. The gas is concentrated
in three bright clumps (indicated in Fig. 5), one on either side of
the nucleus at a radial distance of!400 or 120 pc, and a third clump
that coincides with the dynamical center, at least within the uncer-
tainty of our astrometry (see x 3.3).

Overall, the morphology of the nuclear gas spiral closely re-
sembles a scaled-down version of the gas flow in a large-scale
stellar bar predicted by dynamical models (e.g., Athanassoula
1992). The two outer clumps are connected to the nuclear one via
straight gas lanes that run along a position angle of P:A: ! "40&.

Fig. 4.—Intensity maps of the (a) 12CO(1"0) and (b) 12CO(2"1) lines. The coordinates are relative to the phase center of the observations. The dynamical center
inferred from the kinematics (see x 3.2) is marked with a cross in both panels. The contour levels are 0.60, 2.28, 3.96, . . . Jy km s"1 and 1.26, 2.94, 4.62, . . . Jy km s"1

for the 12CO(1"0) and 12CO(2"1) emission.

Fig. 5.—12CO(2"1) intensity map (gray-scale, gray contours) showing the
nuclear spiral structure. The important features described in the text (see x 3.4) are
indicated. The ellipses roughly outline the areas used to derived the 12CO(1"0) line
flux and thus the molecular gas mass (see x 3.4 and Table 1). The CLEAN beam is
shown in the bottom left corner.

CO IN NUCLEUS OF NGC 6946 187No. 1, 2006

Figure 3.19: The central 7.5′′ (R < 200 pc) from Schinnerer et al. (2006). Both
contours and color scale represent the minibar in 12CO (2 – 1). The white cross indicates
the galactic center. The beam size is 0.′′58 × 0.′′48 (∼ 16 pc × 13 pc). The observation

was made with IRAM Plateau de Bure interferometer (PdBI).

northern bar, however, there is a gap between the central concentration and the northern

bar in 13CO. The “missing bar” corresponds to the missing 13CO emission in the ∼ 67 km

s−1 of the channel map. Two possibilities of the missing 13CO emission are considered

here. In the first place, the “missing bar” in 13CO map is simply due to the insufficient

sensitivity. Secondly, it is lacking of 13CO emission at the locus of the “missing bar”.

We can answer which is possible from the sensitivity of 13CO map and the 12CO/13CO

line ratio.

To estimate the line ratio, 12CO map is convolved to the angular resolution of 13CO

map. The 12CO flux at the missing bar is about 30 Jy beam −1. Then a 13CO flux of

∼ 1.8 Jy beam −1 is expected assuming a line ratio of 15 (This is the mean line ratio

of the northern bar; cf. §3.6.1), which corresponds to about 4 σ detection. Therefore,

the missing 13CO emission in this region is unlikely due to the sensitivity issue, instead,

12CO/13CO ratio is larger than the mean value.
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Figure 3.20: 13CO integrated intensity map in contour overlaid on i-band image in
color scale. The contour corresponds to 10% of the peak flux in 13CO map. Galactic

center is marked with a black cross.

At the south of the center, the galactic bar is not obvious in the integrated intensity

maps. In the 12CO map (Figure 3.21), there are two elongated structures emerging from

the central concentration. Two brightest 12CO emission at a radius of ∼ -18′′2 and ∼
-27′′ are found. In the 13CO map, the elongated structures are seen as well. There are

three primary peaks (they are more clear in the interferometric map, see Figure 3.13(a))

located at the radius of ∼ -18′′ and ∼ -27′′, close to the loci of the 12CO peaks. Since

13CO is able to trace more compact emission than 12CO, the peaks which we have seen

in the 12CO are broken into multiple small peaks in 13CO. On the other hand, again,

due to the higher critical density of 13CO, the galactic features are more clear in the

13CO map. The two elongated emission at the south of the center are also seen in 13CO

but the configuration is more complicated. We will define the name of each galactic

feature in §3.5.2.

2Minus indicates the south.
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Figure 3.21: Integrated intensity map of 12CO (color scale and contours). The con-
tours are 10%, 20%, 30%, 40%, 50%, 70%, and 90% of the peak flux.The red crosses
mark the bar ends of the minibar. The grey circle indicates the 1′ primary beam of
CARMA. The beam size of 3.′′26 × 3.′′07 with P.A = -79.28◦ is superposed at the bottom

right corner.

3.5.1.3 Velocity Fields

Velocity fields (first moment) of CO are shown in Figure 3.22. The velocity fields were

made with task moment. Integrated intensity map is used as mask when making velocity

fields. Major axis of velocity field is about 240◦ at the minibar and galactic center. It

is obvious in both 13CO and 12CO maps. However, due to the insufficient sensitivity,

velocity field at the ridges are not clear in the 13CO map. The 12CO map shows that

the major axis of velocity gradients are about perpendicular to the ridges.
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(a)

(b)

Figure 3.22: Velocity fields of 13CO (a) and 12CO (b). The corresponding velocities
of colors are indicated in the wedge in the unit of km s−1. The contours are plotted

from -20 – 140 km s−1 with a step of 20 km s−1 in both maps.
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3.5.2 Definition of the Galactic Features in NGC 6946

In the 12CO map of the BIMA SONG3 with resolution of 6′′, the southern bar is more

obvious and looks more symmetric relative to the northern bar (Figure 3.23(a)). How-

ever, with our resolution of ∼3′′, the southern bar splits into two elongated structures

(Figure 3.23(b)). It is more pronounced in the 13CO map (Figure 3.13(b)) that one of

elongated structures is emerging from the north of the central peak, showing as a very

curved, arm-like structure. It merges with the southern bar at the south of the central

region. Our angular resolution is not sufficient to resolve the actual configuration of

these two galactic features yet. NGC 6946 is a weak bar galaxy, so the bar structure is

not as clear as the strong bar galaxies.

Figure 3.24 shows the definition of each structure in this work. The secondary bar is

named as the minibar, following the nomination in Schinnerer et al. (2006). For the

northern bar, since we are not able to define its counterpart at the south, the northern

bar is called the northern ridge in this work. The curved arm-like structure is referred to

the south spiral. And the peak emission located at about -18′′ is called the southern blob.

Finally, if necessary, all emission at the south, i.e., the south spiral and the southern

blob, will be mentioned as the southern ridge.

3.6 Physical Properties of Gas

3.6.1 Line Ratios

12CO to 13CO line ratio (R10, i.e.,
∫
Tmb(12CO)dv/

∫
Tmb(13CO)dv) can be used as a hint

of the physical condition of the gas. The small ratio of R10 < 10 is seen in the normal disk

GMCs of our Galaxy (e.g., Solomon et al., 1979). The intermediate ratio 10 ≤ R10 ≤ 20

is an indication of starburst region and circumnuclear starburst (e.g., Aalto et al., 1995).

The extreme value of R10 > 20 is found in galaxy mergers (e.g., Taniguchi & Ohyama,

1998). Various causes have been discussed for the observed R10, such as the variation of

intrinsic abundance ratio, kinetic temperature, velocity dispersion, density of gas, stellar

feedback, and kinematics of galaxies (Aalto et al., 1995, Paglione et al., 2001, Sakamoto

et al., 1997, Taniguchi & Ohyama, 1998).

R10 of NGC 6946 is shown in Figure 3.25. Pixels with S/N of 13CO greater than 2.5σ

were used. It is notable that R10 changes by more than three times within the central

1′ of NGC 6946. The galactic center has R10 of ∼17, which is consistent with the value

for a nuclear starburst (Aalto et al., 1995). The minibar-ends also show a high R10 of

3The BIMA Survey of Nearby Galaxies
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(a)

(b)

Figure 3.23: (a)The 12CO (1–0) map from BIMA. The beam size of 5.′′92 × 4.′′89
with P.A = 14.19◦ is overlaid in the bottom right of the figure. The contours represent
5%, 7%, 9%, 11%, 16%, 20% ,40% ,60% ,80%, and 90% of the peak. The white cross
indicates the galactic center. The circle shows the 1′ primary beam of CARMA.(b)
Same as panel (a) but the contours (yellow) of our higher resolution map are over-

plotted. The yellow contours are 6.5, 8.5, 15, and 22 Jy beam−1.
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Northern ridge

southern ridge = south spiral + southern blob

minibar 
&

 galactic centerSouth spiral

Southern blob

Figure 3.24: Definition of galactic features.

15 – 16. The northern ridge has R10 of ∼12 – 20, with a mean value of ∼ 15. In the

south spiral, R10 is as high as ∼ 11 – 15 when it just emerges from the central region,

then significantly decreases to 6 – 10 over the majority of the spiral. Then R10 increases

again to ∼ 12 at the region where the spiral and the southern blob blend together. The

southern blob also has a moderately high R10 with a mean value of ∼ 12 – 13. R10 of

each galactic features are summarized in Table 3.3.

Previous works have suggested a moderately high R10 of > 10 at galactic bars (Hirota

et al., 2010, Hüttemeister et al., 2000, Watanabe et al., 2011). Thus the southern blob

and the end of the south spiral may correspond to the southern bar.

We compare the derived R10 with the measurements carried out with other telescopes

and other independent measurements of NRO45. The mean R10 in the central 1′ of our

map is 12.3 ± 0.4. The value is in good agreement with R10 measured by NRAO 12-m

telescope (Sage & Isbell, 1991). They obtain a value of 11.1 ± 0.8 within a beamsize

of 57′′. We also compare R10 with Young & Sanders (1986) and Paglione et al. (2001).

Young & Sanders (1986) and Paglione et al. (2001) measure R10 with the FCRAO 14-m

telescope. The 14-m dish results to a beamsize of ∼45′′. R10 within the central 45′′

is 15.6 ± 0.3 in this work, 15.0 ± 1.4 in Young & Sanders (1986), and 17.0 ± 1.4 in

Paglione et al. (2001). The values are comparable within the uncertainties again. Then

we compare R10 with other independent observations of NRO45. Within the central

20′′ (one beam of NRO45), our R10 is 16.8 ± 0.3. With the measurements of NRO45

in 12CO from Komugi et al. (2008) and 13CO from Matsushita et al. (2010), R10 within

20′′ is 17.9 ± 1.2. Again, the derived R10 in this work are in good agreement with other

independent measurements.
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Figure 3.25: R10 ratio map (R10 =
∫
Tmb(12CO)dv/

∫
Tmb(13CO)dv). The blue and

the red crosses denote the galactic center and the minibar ends, respectively. The
gray circle shows the 1′ primary beam of CARMA. The corresponding color of R10 is

indicated in the wedge.

Table 3.3: The R10 and R21 of each galactic feature. The R10 is derived based on a
angular resolution 3.8′′, and 20′′ for R21.

Component R10 R21 (Tk,nH2)

Center 17 ∼1.0 (> 20 – 40 K, ≈ 103.5 cm−3)
(≈ 20 – 35 K, > 104.0−4.5 cm−3)

Minibar end 15– 16 ∼1.0 (> 20 – 40 K, ≈ 103.5 cm−3)
(≈ 20 – 30 K, > 104.0−4.5 cm−3)

Northern ridge 12 – 20 ∼0.8 (> 15–20 K, ≈ 102−3 cm−3)
South spiral 6 – 15 ≤0.8 (< 30 K, < 103.0 cm−3)

(> 3 K, < 103.0 cm−3)
Southern blob 12 – 13 ≤0.8 (> 3 K, < 103.0 cm−3)
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3.6.2 Large Velocity Gradient Model (LVG)

We use single-component Large Velocity Gradient (LVG) models (Goldreich & Kwan,

1974, Scoville & Solomon, 1974) to estimate the physical properties of molecular gas.

The physical conditions required to excite molecular lines are determined by line opacity

(column density (NCO) per unit velocity change (dv)), kinetic temperature (Tk), and

volume density (nH2) of the gas. Observed line ratio can be used to constrain the

solutions of Tk and nH2 .

Low J transition of CO is excited by collisions with H2. The CO-H2 collisional cross

sections are taken from Yang et al. (2010). Typical log(NCO/dv) of Galactic and M51

GMC is in the range of 16.6 – 17.3 (Koda et al., 2009, Schinnerer et al., 2010). For NGC

6946, typical log(NCO/dv) is about 17.0. The abundance of 12CO relative to H2 is set to

be 8.0 × 10−5 (Schinnerer et al., 2010). The intrinsic abundance ratio of 12CO-to-13CO

is set as 60, which is derived based on the Galactic GMCs (Frerking et al., 1982). Thus

the 13CO abundance is about 1.3 × 10−6. The code of LVG calculations is the same as

in Koda et al. (2012), which is written in IDL.

To get better constraints on two parameters, Tk and nH2 , at least two line ratios are

required. In addition to R10, one more transition is needed in this work. 12CO (2–1) is

reckoned as an ideal transition. Like R10, 12CO (2–1) to 12CO (1–0) ratio (R21) changes

over galactic environments as well. First of all, R21 is ∼0.4–0.7 in the normal GMCs

at the midplane of the Galactic disk up to about solar neighborhood and the inter-arm

regions of spiral galaxies (Koda et al., 2012, Oka et al., 1998, Sakamoto et al., 1997).

The warm and dense gas, presumably associated with star forming regions, have higher

R21 of 0.7–0.9 in the Galactic disk and the spiral arm of external galaxies (Koda et al.,

2012, Sakamoto et al., 1997). Around the galactic centers, R21 is about 1.0 (Koda et al.,

2012, Sawada et al., 2001). Thus the most probable R21 is in a range of 0.4 – 1.0.

We do not have 12CO (2–1) data with compatible resolution as our combined map, but

single dish 12CO (2–1) map is available from IRAM HERACLES (The HERA CO-Line

Extragalactic Survey). 12CO (2 – 1) map of NGC 6946 is displayed in Figure 3.26 with

an angular resolution of 13.′′4.

The map of 12CO (2–1) is convolved to a resolution of 20′′ to compare with the single

dish 12CO (1–0) data in this work. The R21 map of our interested region is shown in

the left panel of Figure 3.27. Within the central 1′, R21 ranges between ∼0.65 and 1.0.

There is an oval region with R21 ≈ 1, the orientation of the oval is consistent with the

minibar but far from resolved. Under this resolution, the southern ridge is not found. At

the location of the southern ridge, R21 is about unity, but obviously it is a contribution

from the minibar. For this reason, we will discuss the results of LVG calculations of the
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Figure 3.26: 12CO (2 – 1) map of NGC 6946 from IRAM 30-m telescope. The beam
size of 13.′′4 is shown in the bottom right. Galactic center is marked with a cross. The
circle indicates the 1′ primary beam of CARMA. The color bar is in the unit of K km

s−1 in Tmb.

southern ridge starting from R21 ≈ 1 as an upper limit, and decrease R21 if necessary.

The northern ridge shows R21 ≈ 0.8. Beyond the central 1′, R21 decreases to 0.3 – 0.7.

Specifically, R21 is about 0.5 – 0.8 in the spiral arms, and 0.3 – 0.5 in the inter-arm

regions. The derived R21 is consistent with the ratio found in the spiral arms and the

inter-arm regions of M 51 from Koda et al. (2012). Right panel of Figure 3.27 shows a

comparison of R21 and star forming regions traced by Spitzer. The high R21 is associated

with active star forming regions.

The results of LVG calculations are shown in Figure 3.28 for R10 = 7 and 10, and Figure

3.29 for R10 = 12 and 15. R21 of 0.4, 0.6, 0.8, and 1.0 are plotted in all panels of

figures. Figure 3.28(a), 3.28(b), 3.29(a), and 3.29(b) represent the results of R10 = 7,

12, 15, and 17, respectively, assuming an isotopic abundance ratio of 60. The grey and

black solid curves represent the corresponding line ratio of log(NCO/dv) = 16.6 and 17.3,

respectively. We find the possible solutions of Tk and nH2 enclosed in the curves of R10

and R21.
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0 0.11 0.22 0.33 0.44 0.55 0.66 0.77 0.88 0.99 1

Figure 3.27: Left: R21 map. Both contours and color scale represent R21. The
contours are with steps of 0.4, 0.5, 0.6, 0.8, and 1.0. The color bar indicates R21. The
magenta circle indicates the central 1′ in diameter. The black cross marks the galactic
center. The beamsize of 20′′ is over-plotted at the lower right corner. Right: R21 map
(contours) overlaid on Spitzer 8µm image (color scale). The steps of contour are the

same as in the left panel. Coordinates of two panels are matched.
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R10=7.0
R21=1.0

R10=7.0
R21=0.8

R10=7.0
R21<0.6

(a)

R10=12
R21=1.0R10=12

R21=0.8

R10=12
R21<0.6

(b)

Figure 3.28: Large Velocity Gradient (LVG) calculations for R10 = 7 (a) and 12
(b). X- and Y-axis are temperature and volume density, respectively. The volume
density is shown in log scale. The line ratio R10 is plotted with dashed lines, and
R21 is in solid lines. The grey curves represent log(NCO/dv) = 16.8 and the black
curves are log(NCO/dv) = 17.3. The isotopic abundance ratio is assumed to be 60
in all calculations. The red, blue and orange highlight the resultant solutions of the

individual R10 of each panel along with R21 = 1.0, 0.8, and 6 0.6, respectively.
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R21=0.8

R10=15
R21=1.0

R10=15
R21<0.6

(a)

R10=17
R21=1.0

(b)

Figure 3.29: Large Velocity Gradient (LVG) calculations for R10 = 15 (a) and 17 (b).
The line styles and color areas are the same as in Figure 3.29.
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3.6.2.1 Gas Properties in the Ridges

At the northern ridge, R10 is ∼ 15 and R21 is about 0.8. The solution of LVG calculations

is displayed in Figure 3.29(a), and highlighted with a color of blue. The resultant nH2

shows that the density is relatively low as 102−3 cm−3. A lower limit of Tk is derived as

> 15 – 20 K. The results of LVG calculations are summarized in Table 3.3.

At the southern spiral R10 is ∼12 and R21 is ∼ 1.0 in the low resolution R21 map. These

ratios lead to Tk ≈ 20 – 30 K, nH2 > 103.5 cm−3 (Figure 3.28(a), red area).

At the south blob, the mean R10 is ∼12 and the R21 is ∼ 1.0 in the low resolution

R21 map. These ratios suggest two possible solutions (Figure 3.28(b), red area). One

solution suggests a cold and dense gas with Tk = 20 – 30 K and nH2 > 103.5 cm−3.

These conditions are suitable to initiate the future star formation. The second solution

suggests a moderately warm and less dense gas with Tk > 30 K and nH2 ≈ 103.0 –

103.5 cm−3. This solution implies the existence of the gas associated with current star

formation.

The solutions in the south spiral and the southern blob suggest that the gas in these

regions are denser by more than two times than that in the northern ridge. However, it

cloud be a result of a poor-constraint of R21. If such a high density is true, we would see

a significantly higher dense gas fraction in the southern ridge than that of the northern

ridge. HCN (1–0) (§3.4.3) and IHCN/I12CO (RHCN/CO) can be used as an indication of

the amount of dense gas and dense gas fraction, respectively.

Single dish RHCN/CO at the northern and southern ridges are 0.068 and 0.053, respec-

tively. The ratios do not support a larger dense gas fraction in the southern ridge. For

comparison, the central region (galactic center and minibar) has a RHCN/CO as high as

0.112, which is about two times higher than the ridges and consistent with RHCN/CO of

other starburst galaxies (see Figure 13 of Pan et al. (2013)). As the LVG calculations

predict that higher R21 leads to denser gas (higher RHCN/CO), R21 of the southern ridge

is unlikely greater than 0.8. It is because to produce R21 > 0.8, nH2 should be larger

than ∼ 103 cm−3, namely, denser than the northern ridge, which conflicts the observed

RHCN/CO.

Provided that the the majority regions in the southern ridge have R10 ≈ 6 – 13 and

R21 is 6 0.8, nH2 would be at most 103.0 cm−3 for R10 = 7 and 12 (Figure 3.28(a) and

3.28(b)). For low R10 (< 10), Tk < 30 K, but at high R10 regime (> 10), Tk > 3 K .
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3.6.2.2 Gas Properties in the Minibar and the Center

R10 and R21 are about 15 and 1.0 at the minibar, respectively. The resultant solutions

of LVG calculations is displayed in Figure 3.29(a). Two possible solutions are found,

which are (Tk > 20 – 40 K, nH2 ≈ 103.5 cm−3) and (Tk ≈ 20 – 30 K, nH2 > 104.0−4.5

cm−3) (Figure 3.29(a), red area). Both solutions suggest that the molecular gas in the

minibar are denser than the ridges.

The galactic center has R10 and R21 ∼ 17 and ∼ 1.0, respectively. The LVG model

again predicts two gas components with (Tk > 20 – 40 K, nH2 ≈ 103.5 cm−3) and (Tk

≈ 20 – 35 K, nH2 > 104.0−4.5 cm−3) (Figure 3.29(b), red area). High density of nH2

> 103.5 is suggested in both the center and minibar with LVG calculations, which is

consistent with predictions from the HCN observations and RHCN/CO that minibar and

center contain more dense gas and a higher dense gas fraction than the ridges. Moreover,

it is possible that the gas is mostly dominated by the dense component in the central

starburst regions. The fraction of dense gas can up to ∼ 100 % (e.g., Kohno et al., 1999,

Pan et al., 2013).

In the central region (galactic center and minibar), LVG calculations of CO lines suggest

two solutions. One is cold (20 – 30 K) and extremely dense (> 104.0−4.5 cm−3), another

one is warm (> 20 – 40 K) and moderalty dense (∼ 103.5 cm−3). Both solutions are

possible and may exist together. Mangum et al. (2013b) estimated the kinematic tem-

perature of the central region of NGC 6946 with NH3. They also found two components

of temperature, 25 ± 3 K and 50 ± 10 K. Both are consistent with the LVG calculations

in terms of the temperature. In terms of density, the detection of 13CO and NH3 implies

the existence of gas > 103−4 cm−34. On the other hand, the detection of HCN (this

work) and H2CO Mangum et al. (2013a) suggests a gas with a density > 105 cm−3 .

Hence, we are not able to rule out any population which suggested by the LVG results

of CO lines in terms of density.

Henkel et al. (1998) suggest an isotopic abundance ratio of ∼ 40 at the center of in-

frared bright galaxies. Our result of LVG calculations with the abundance ratio of 40 is

displayed in Figure 3.30. The solutions are well consistent with the results with abun-

dance of 60 because the solutions are controlled by the regime of in which R21 = 1.0 is

reproduced, but R21 is irrelevant to constrain the isotopic abundance.

Physical properties of gas in the central 1′ of NGC 6946 is summarized below. The

LVG calculations suggest that the galactic center is denser than the ridges by about an

order magnitude. Density of the gas in the galactic center and minibar is on an order of

103.5−4.5 cm−3, and < 103 cm−3 in the ridges. HCN observations show that the dense

4The effective critical density NH3 is ∼ 104 cm−3 (Ho & Townes, 1983).
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R10=17
R21=1.0

Figure 3.30: LVG results for the galactic center with R10 = 17 and isotopic ratio of
40. The line styles and color areas are the same as in Figure 3.29.

gas fraction in the central region (galactic center and minibar) is about two times larger

than that of the ridges. On the other hand, dense gas fraction in the northern ridge is

about 1.3 times larger than the southern ridge. Temperature is poorly constrained with

the LVG calculations. Even so, there is a sign that the galactic center, minibar and the

northern ridge are warmer, with a temperature of > 15 – 40 K, whereas the southern

ridge is associated with colder gas with Tk < 30 K.

3.6.3 Cause of the Variation of R10

The ratio map shows that R10 has a broad range of 6 – 20 within the central 1′. LVG

calculations and HCN observations indeed show some variations of gas temperature and

density in this area. We consider more possibilities and details of the variation of R10

in this section.

Extreme starburst galaxies have been confirmed to have high dense gas fraction through

HCN observations (e.g., Gao & Solomon, 2004a), and also very high R10 (> 20; Taniguchi

& Ohyama, 1998). If R10 implies dense gas fraction, given that the effective critical

density of 13CO is larger than that of 12CO, high R10 means the dense gas fraction is

extremely low in these starburst objects, conflicting with the HCN observations (e.g.,

Gao & Solomon, 2004a). Thus dense gas fraction is not direct reason of the various R10.



Chapter 3. Impact of Galactic Bar 100

R10 could be changed due to the intrinsic variation of isotopic abundance ([12CO]/[13CO]).

Stellar feedback, gas flow in galaxies, and chemical processes could alter isotopic abun-

dance. In very early starburst, 12C is produced quickly during helium burning of very

massive star formation. 13C is a secondary product which requires 12C as seeds. It is pro-

duced during hydrogen-burning and is enriched in ISM by the ejections of stars (Henkel

& Mauersberger, 1993). Moreover, 13C can be produced during the third dredge-up of

intermediate mass stars. In terms of the gas flow in galaxies, some works propose a pos-

sibility that when gas is transported toward the galactic center, fraction of 13C around

the central region is diluted by the less-processed gas (less 13C) from the disk (e.g.,

Paglione et al., 2001, Taniguchi & Ohyama, 1998), resulting a depression of 13CO and a

large R10 in galactic centers. Chemical processes of photodissociation and fractionation

are able to alter isotopic abundance as well, they have been discussed in §2.9.2.

Derivation of isotopic abundance relies on chemical study with chemical species, such

as 12CN, 13CN. However, since these chemical species are generally weak, observa-

tions in external disk are impractical, hence it is difficult to constrain the variation

of abundance ratio across the disk of an external galaxy. If NGC 6946 follows the gra-

dient of [12CO]/[13CO] of our Milky Way (although it is not necessary), variation of

[12CO]/[13CO] in the region of concern is < 10 (Milam et al., 2005). Such a small vari-

ation is comparable or even smaller than the uncertainty of [12CO]/[13CO] measured in

extragalactic studies (Henkel et al., 1998). Hence, variation of isotopic abundance is not

preferred as well.

Because of the high opacity of 12CO, R10 is much lower than the isotopic abundance

ratio of 12CO and13CO. Thus R10 can reflect the variation of 12CO opacity. Opacity (τ)

is a function of physical properties of molecular gas:

τ ∝ N

∆v T k
2
. (3.2)

Equation 3.2 shows that increasing line width or velocity dispersion (∆v) is one of ways

to make τ become smaller. In addition, τ strongly depends on kinetic temperature.

Figure 3.31 shows a plot of R10 versus ∆v of 12CO. ∆v is derived by fitting a single

Gaussian to the pixels with significant detection. ∆v spreads over a wide range from

about 10 – 50 km s−1. A clear tendency is seen that ∆v increases with R10.

Some representative spectrum are shown in Figure 3.32. Spectrum of the northern ridge,

southern ridge, and minibar are indicated with green (Position 1 – 4), blue (8 – 13), and

magenta (6 and 7) boxes, respectively. The spectrum are presented with Jy versus km

s−1. ∆v are shown in each panel. At the southern ridge, ∆v is about 10 – 15 km s−1. ∆v

in the northern ridge are 20 – 35 km s−1, about two times broader than southern ridge.
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Figure 3.31: Line ratio of 12CO-to-13CO (R10) versus linewidth (velocity dispersion).
The linewidth is estimated by fitting with a single Gaussian.

However, the line profiles indicate that the broad ∆v of the northern ridge is caused by

the multiple gas component involving to a beam. Therefore we decomposed the spectrum

in the northern ridge with two Gaussians. (Note that the number of fitting component

is arbitrary.) The results are shown in Figure 3.33. After decomposition, individual

spectrum lie within ∆v of 9 – 26 km s−1. Majority of the spectrum has width of 10 – 15

km s−1, which is compatible with those in the southern ridge. We emphasize that the

decomposed spectrum are accurate only when GMCs do not superpose along the line of

sight. If there are multiple GMCs within a small beam of 100 pc, it is highly possible

that the GMCs are overlapping with each other or they are not fully sampled with a

beam. In such a case, the observed spectrum are affected by the geometry of GMCs.

Our decomposition may be too simplified. Hence, we cannot rule out the possibility of

the broadening effect that lower the τ of 12CO.

Another factor which determines τ is T k. T k of molecular gas can be raised by the

surrounding UV photons. LVG calculations suggest a marginal trend that the gas with

higher R10 is warmer, and vice versa. Since τ is a strong function of T k, it is worth

examining the relation of R10 and T k with other independent method.

Temperature of GMCs consist of gas and dust temperature. In the interior of GMCs

where nH2 > 104 cm−3, dust and gas start to couple thermally through the collisions. At

this high density region, temperature of dust and gas equalize (Bergin & Tafalla, 2007,

Galli et al., 2002, Goldsmith, 2001). However, at the low density regions, such as the
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surface of GMCs, different dust and gas temperatures is seen. Due to the effective cooling

of dust, dust normally cooler than gas. Temperature of dust is commonly derived from

the spectral energy distribution (SED) at infrared regime. For the gas temperature, in

addition to CO lines, NH3 (ammonia) is an ideal thermometer tracing gas temperature

in a broad range of environments from cool clouds (6 10 K) to hot molecular core of

high-mass star formation (> 30 K) (e.g., Bergin et al., 2006, Longmore et al., 2007,

Mangum et al., 2013b, Morgan et al., 2010, Pickett et al., 1998). Mangum et al. (2013b)

derive kinetic temperature of nearby star forming galaxies with multiple transitions of

NH3. Two temperatures are found in the central region of NGC 6946, they are 25 ± 3

K and 50 ± 10 K.

To derive temperature for the interested regions, we choose to use dust temperature

as a probe of gas temperature and assume that the dust temperature is proportional

to gas temperature. We note that the difference of the two temperature depends on

the strength of the external UV field. Hence, gas temperature (T g) may not linearly

proportional to dust temperature (T d) but in general, high dust temperature regions

are associated with high gas temperature (Mangum et al., 2013b). Eventually, we aim

the gain the idea of the relative temperature between the central region, northern bar

and the southern bar.

The spectrum energy distribution (SED) at 24 µm–500 µm of stellar components are

often described with a two-component gray-body model, in which the intersection is at

about 70 µm (Paladini et al., 2012). The component at < 70 µm implies the presence of

warm grains associated with HII and photodissociation regions, which have T d of about

30 – 50 K. These warm gas leads the total SED peaks at < 160 µm. On the other

hand, the cold component at > 70 µm is attributed to the grains <15 K, such as the gas

around Young Stellar Objects (YSOs), which can shift the peak of total SED toward >

160 µm. Therefore, the flux (S) ratio of 70 µm to 160 µm (S70/S160) can be used as a

relative thermometer.

70 µm and 160 µm images are taken from the PACS on Herschel. Processed images are

available from the website of KINGFISH project. The point spread function (PSF) of

70 µm and 160 µm maps are 5.′′2 and 12′′, respectively. The IDL program conv image

and the convolution kernel from Gordon et al. (2008) are used to degrade the PSF of

70 µm map to match the 160 µm map. Our CO combined maps are convolved to a

resolution of 12′′ by the MIRIAD task convol, and then we derived R10 again. The plot

of S70/S160 versus the new R10 is displayed in Figure 3.34. We are not able to derive

the exact value of temperature with this examination, but it is obvious from Figure 3.34

that R10 increases with increasing S70/S160, suggesting that higher R10 is associated
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with warmer gas. The result is consistent with the trend indicated by LVG calculations

of CO lines.
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Figure 3.32: CO spectra at some positions. 12CO/8 spectra are plotted in grey and
13CO in black. All 12CO/8 spectra are fitted with a single Gaussian, the results are
overlaid with gray curves. Galactic features are indicated with color boxes. Green,
magenta and blue boxes denote the northern ridge, minibar ends, and the southern

ridge, respectively.
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Figure 3.33: CO spectra at some positions. 12CO/8 spectra are plotted in grey and
13CO in black. The 12CO/8 spectra of northern ridge are fitted with a two-component
Gaussian, the results are overlaid with gray curves. Other spectra are fitted with single

Gaussian. Galactic features are indicated with color boxes, same as in Figure 3.32.
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Figure 3.34: Line ratio of 12CO-to-13CO (R10) versus infrared flux ratio of
70µm/160µm. The images of 70µm and 160µm are obtain from Herschel.



Chapter 3. Impact of Galactic Bar 106

3.6.4 Mass of Molecular Gas

3.6.4.1 Mass of Molecular Gas Derived from CO Lines

Because of the small opacity (optically thin) of 13CO, 13CO is a better tracer of gas

mass (Aalto et al., 2010). The mass of molecular gas (MH2) can be estimated by the

intensity of 13CO assuming LTE (see Equation 2.11).

The optical depth is estimated by the mean of 1/R10 in each sub-regions (Paglione et al.,

2001). We use 13CO abundance of 8 × 10−5/60 for the ridges and 8 × 10−5/40 for the

center and the minibar (Henkel et al., 1998). Tk derived from LVG calculations can be

a hint of Tex assuming that Tex ≈ Tk. We use Tex = 40 K for the center and minibar,

which is about the mean temperature of the two gas components derived from our LVG

calculations of CO lines and the NH3 observations from Mangum et al. (2013b). Tex = 20

K is adopted for the northern ridge and the southern ridge (south spiral and the southern

blob). The parameters used for deriving the mass from 13CO flux are summarized in

Table 3.4.

Table 3.4: Mass of Molecular Gas

Component 13CO 12CO T R10
[12CO]

[13CO]
MH2,13 MH2,12 IHCN L′HCN/L′CO

[Jy] [Jy] [K] ... ... 107M� 107M� [K km s−1] 107M�
center+minibar 67 ± 4 1420 ± 55 40 16 40 12.3 20.2 18.9 ± 1.4 0.092
Northern ridge 47 ± 2 622 ± 16 20 15 60 4.6 8.9 4.7 ± 0.8 0.055
South spiral 45 ± 2 365 ± 12 20 7 60 4.1 5.2 4.2 ± 0.8a 0.045a

southern blob 8 ± 1 101 ± 11 20 12 60 0.7 1.4 4.2 ± 0.8a 0.045a

a for the south spiral and southern blob together, could not be resolved in the observations

MH2,13 in the central region (galactic center and minibar) is estimated to be 1.2 × 108

M� from 13CO data. It is about 2.7 times larger than that of the northern ridge. The

mass of molecular gas in the southern blob and the south spiral are 7 × 106 M� and 4.1

× 107 M�, respectively.

The mass of molecular gas can be estimated from the flux of 12CO as:

MH2,12[M�] = 519295SCOD
2XCO/ν

2, (3.3)

where D is the distance of the target in Mpc, and ν is observed frequency in Hz. We

adopt XCO =1.2 × 1020 cm−2 (K km s−1)−1 (Donovan Meyer et al., 2012), which was

derived based on the virial theorem and is about 2 – 3 times lower than the Galactic

standard value.

However, they comment that XCO of NGC 6946 can vary by factor of two due to the

measurement uncertainties (Donovan Meyer et al., 2012). Uncertainty of XCO will be

discussed in §3.7.3.5.
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The flux and the derived mass are listed in Table 3.4. The mass of molecular gas in

the central region is 2.0 × 108 M�. The mass of the northern ridge is 8.9 × 107 M�.

The south spiral and southern blob have a mass of 5.2 × 107 M� and 1.4 × 107 M�,

respectively.

We derive a mean MH2,13/MH2,12 of 0.6, where MH2,13 and MH2,12 are based on LTE

assumption and XCO, respectively. The mass ratio of two transitions is larger than the

median ratio of Galactic GMCs derived from virial theorem, which is about 0.2 (Heyer

et al., 2009). Heyer et al. (2009) show a trend that the ratio of MH2,13/MH2,12 decreases

with increasing mass of GMCs. Since the mass of GMCs in NGC 6946 are about 10 times

larger than that of Galactic GMCs (will show in §3.9 later), the larger MH2,13/MH2,12

found in this galaxy should be reasonable.

3.6.4.2 Dense Gas Fraction Derived from 12CO and HCN

To compare the dense gas fraction with other galaxies, we will use L′HCN/L′CO as the

indicator of dense gas fraction rather than the calculations of the exact number of mass.

The advantage is that we can get rid of the uncertain ties in XCO and XHCN.

The sources of HCN emission, such as GMC cores, are much smaller than the beam size

of a single dish telescope. In such a case, luminosity of HCN (L′HCN in K km s−1 pc2)

is calculated by

L′HCN = 4.1× 103 SHCN ∆v D2
L (1 + z)−3 (3.4)

where SHCN∆v is HCN line flux in Jy beam−1 km s−1, DL is the distance in Mpc, and

z is redshift (Gao et al., 2007, Solomon et al., 1992, 1997). For NGC 6946, (1 + z)−3 is

about unity since z ≈ 0.000133. The derived L′HCN are 1.1 × 106 K km s−1 pc2, 1.0 ×
106 K km s−1 pc2 and 4.5 × 106 K km s−1 pc2 at the northern ridge, southern ridge

and the center, respectively.

L′CO is calculated as

L′CO = 3.25× 107SCO∆vν−2
obsD

2
L(1 + z)−3, (3.5)

with νobs in GHz and DL in Mpc (Solomon et al., 1997). We use single dish 12CO

map to compute L′CO in K km s−1 pc2. The derived L′CO is 2.0 × 107 K km s−1

pc2 for the northern ridge, 2.3 × 107 K km s−1 pc2 for the southern ridge and 4.9

× 107 K km s−1 pc2 at the center, resulting in L′HCN/L′CO = 0.055, 0.045, and 0.092,

respectively. L′HCN/L′CO of the ridges are compatible with the values observed in normal

galaxies. The mean L′HCN/L′CO of normal galaxies (LIR < 1011L�) is 0.04 (Gao &

Solomon, 2004b). On the other hand, L′HCN/L′CO in the center of NGC 6946 is between
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the mean value of LIRGs (0.071) and ULIRGs (0.17), where the definition of LIRG

is 1011L� < LIR ≤ 0.8 × 1012L�, and LIR ≥ 1011.9L� for ULIRGs (Gao & Solomon,

2004b).

3.7 Star Formation in NGC 6946

3.7.1 Distribution of Star Forming Regions

3.7.1.1 Distribution of Star Forming Regions in Optical Image

The Hα image is obtained from the ancillary data of the Spitzer SINGS project. The

observation was carried out using KPNO5 2.1-m telescope. The angular resolution of

Hα image is ∼ 2′′ (54 pc). Hα traces ionized gas surrounding the most massive O- and

B-stars. The ionizing flux is attributed to the stars with mass of > 17 M�. Therefore,

history of star formation traced by Hα is only a few Myr (Lee et al., 2009).

The Hα image shows three components at the innermost region (Figure 3.35(a)). Two

of them are associated with the minibar and the galactic center, while the third one is

about 2′′ away from the SE minibar end.

The northern ridge in our CO map has an counterpart to the Hα map. The Hα ridge

is slightly shifted to the downstream of CO emission. Such offset has been seen in

many galaxies (e.g., Egusa et al., 2009). Egusa et al. (2009) estimate the star formation

timescale for the bar region of NGC 6946 by using the offset between 12CO (from BIMA)

and Hα. The derived star formation timescale is ∼1.1 Myr.

The south spiral appears to be weak in star forming activity, except for the place where

the south spiral just emerging from the central region. Finally, there is a bright star

forming region at the locus of the southern blob.

3.7.1.2 Distribution of Star Forming Regions in Infrared Image

24µm emission traces small grains heated by the UV photons from young stars with a

timescale of ∼ 10 Myr (Calzetti et al., 2005).

The 24µm image is taken with the MIPS on Spizter. The data belongs to the SINGS

project. The angular resolution is about 6′′ or ∼ 160 pc for MIPS at 24µm. The image

is shown in Figure 3.35(b). For the bright source with high S/N, the complete extent

5Kitt Peak National Observatory
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(a)

(b)

(c)

Figure 3.35: CO images overlaid on the star formation tracers. The left column
displays the 13CO map (red color scale) superposed on the star formation tracers, and
the same plots with 12CO map (red color scale) are shown in the right column. From
the top to bottom, Panels (a) to (c), the star formation tracers are Hα (green), 24um
(blue), and UV (green) respectively. The circle in each panel indicates 1′ in diameter.

The black and blue crosses mark the minibar ends and the center.
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of the PSF of MIPS might be manifest. Such an effect is seen in the central region of

NGC 6946. 24µm emission is found at the northern ridge and the position where the

southern spiral and southern bar merge.

3.7.1.3 Distribution of Star Forming Regions in FUV image

UV emission origins from the photospheres of stars with mass > 3 M� (Lee et al., 2009).

Hence, UV traces a longer history of star formation, say, < 100 Myr.

The FUV (1350 – 1750Å) image of NGC 6946 is taken from Galaxy Evolution Explorer

(GALEX) Nearby Galaxies Survey (NGS). The angular resolution is ∼6′′ (∼ 160 pc).

The background subtracted image is made by subtracting the sky background map from

the intensity map. UV emission is only found at the northern ridge. Same as in the Hα

map, FUV emission no longer coexists with molecular gas but shows at the downstream

of the molecular bar.

3.7.2 Star Formation Rate

3.7.2.1 Total Star Formation Rate

The total infrared luminosity (8µm – 1000µm) of NGC 6946 is estimated to be 1010.22

L� from IRAS. SFR based on infrared luminosity can be derived by

SFR(M� yr−1) = LIR [L�]/(5.8× 109)× cos i, (3.6)

assuming a constant star formation during 10 – 100 Myr ago and a Salpeter IMF (Ken-

nicutt, 1998). i in Equation 3.6 is inclination of the galaxy. The total SFR derived from

the infrared luminosity is 2.4 M� yr−1.

Global SFR can be also derived with 24µm alone by (Rieke et al., 2009):

SFR(M� yr−1) = 2.04× 10−43L24[erg s−1]× 1.6× cos i, (3.7)

where the factor of 1.6 is a correction from Kroupa IMF to Salpeter IMF (Calzetti,

2012). (There are two SFR based on 24µm in this thesis. The difference of them is

the scale of calibration. Equation 2.7 is calibrated for a local scale of ∼500 pc, whereas

Equation 3.7 is calibrated for global SFR.). Global SFR based on Equation 3.7 is 1.6

M� yr−1. The derived SFR (24µm) is lower than SFR (IRAS).



Chapter 3. Impact of Galactic Bar 111

3.7.2.2 Regional Star Formation Rate

We estimate SFR with 24µm image from Spitzer. With Equation 2.7 (local SFR), we

derived SFR of 0.05 M� yr−1 at the northern ridge and 0.02 M� yr−1 at the southern

ridge. Galactic center has SFR an order of magnitude larger than the ridge, 0.21 M�

yr−1. The sum of SFR suggests that central 1′ contribute about 10% of total SFR in

this galaxy. Nonetheless, the optical disk of NGC 6946 is 10′ in diameter. The central

1′ then occupies only a percent of galaxy. It turns out that SFR surface density in the

center is extremely high compared with the rest of disk.

3.7.3 Relation Between Gas and Stars in NGC 6946

To understand the relation of gas and stars, a pixel-by-pixel K–S law is the easiest way

to study the spatially resolved K–S law. However, when the physical resolution is high,

star forming region may shift from the sites of molecular gas. At the ridges of NGC

6946, Hα emission does not coexist with CO emissions. Specifically, the star forming

region traced by Hα emission is located at the downstream of molecular gas. Such offset

is commonly seen in galactic bars. For this reason, it is not fair to make pixel-base

K-S law. To overcome the problem we make radius-base K-S law assuming the gas and

stars are propagating at same radius. Since the northern ridge and the southern ridge

contain different gas properties and star forming activity, we consider gas and stars in

the northern and southern ridges separately. Physical properties of galactic center will

be shown as well for comparison. Central 12′′ (R < 12′′) is denoted as center, which

includes the galactic center and the minibar.

3.7.3.1 Correction for Extinction

Hα is the only available map which has comparable resolution with CO maps. However,

Hα emission could be affected by dust extinction due to its short wavelength, espe-

cially near the galactic center where gas and dust are found in abundant. Accordingly,

correction is required to recover the embedded star formation in our interested area.

We use SFR(24µm) as the true SFR, then estimate the extinction of Hα (AHα) by the

factor which is required to equalize SFR(24µm) and SFR(Hα). Similar method is used

in Rebolledo et al. (2012) for the spiral arm of NGC 6946.

To equalize SFR(24µm) and SFR(Hα), AHα of 1.8, 2.1 and 2.9 are required for the

northern ridge, southern ridge and galactic center, respectively. AHα derived for spiral

arm by Rebolledo et al. (2012) is 1.0, implying that central 1′ has higher extinction than
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the spiral arm, which is not a surprising result (Leroy et al., 2008). High AHα (> 2.0)

is also found in the center of other nearby galaxies (e.g., James et al., 2005).

3.7.3.2 Azimuthal Distribution of Gas and Star Formation Rate/Efficiency

Figure 3.36(a) shows the radial distribution of ΣH2 of the northern ridge in thick curves

and the southern ridge in thin curves. ΣH2 derived from 13CO and 12CO are plotted

with a color of blue and black, respectively. Step of sampling is 3′′. Shadow area

represents galactic center with R < 12′′. Temperature and isotopic ratio which required

for deriving 13CO-base ΣH2 are the same as in §3.6.4.1. For the galactic center, isotopic

ratio is assumed to be 40 and the temperature is 40 K. For the northern and the southern

ridges, the adopted parameters are (60, 20 K).

As seen in Figure 3.36(a), ΣH2 from 13CO (ΣH2,13) is lower than that from 12CO (ΣH2,12)

by a factor of 2 – 3 across all radii. To equalize the mass derived from two CO lines,

either XCO should be on the order of 19 cm−2 (K km s−1)−1 for 12CO or raise the

temperature to 43 – 65 K for the galactic center and 35 – 50 K for ridges in 13CO

calculation. However, the masses derived from the two lines are not necessary to be

equal as suggested by the virial masses of Galactic GMCs (Heyer et al., 2009).

ΣH2,13 shows a downward trend along radius. It is about 850 M� pc−2 at the center.

At the northern ridge, ΣH2,13 sustains at ∼ 80 M� pc−2 till a radius of +40′′. Similar

trend is observed in the southern ridge that ΣH2,13 varies between 40 – 60 M� pc−2 till

−40′′6, but the downhill trend is more obvious than the northern ridge. ΣH2,13 in the

ridges of NGC 6946 is slightly larger than that of Galactic GMCs. Heyer et al. (2009)

derive a median ΣH2,13 of Galactic GMCs, which is 42 M� pc−27.

ΣH2,12 peaks at the galactic center, which is about 2500 M� pc−2 and about three times

larger than ΣH2,13. In the majority of the ridges, ΣH2,12 is about 100 – 200 M� pc−2,

consistent with the surface density of Galactic GMCs (Heyer et al., 2009, Solomon et al.,

1987). At a radius of +40′′ and −40′′, ΣH2,12 are about 150 M� pc−2 and 70 M� pc−2,

respectively.

Both transitions indicate a higher ΣH2 in the northern ridge than the southern ridge,

but the difference is not significant, only about 1.5 – 2 times.

6Minus represents south and vice versa.
7Heyer et al. (2009) only show a catalog of GMCs 13CO mass based on LTE. But they have concluded

that the virial mass determined by 13CO is equal to that from LTE. Moreover, they also derive a virial
parameter of unity to those GMCs, which again confirm that MLTE,13 ≈ Mvirial,13
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SFR is estimated by Hα by

SFR(M�) = 5.3× 10−42LHα × 10AHα/2.5 × cos i, (3.8)

where LHα is luminosity of Hα in erg s−1 (Calzetti et al., 2007). Equation 3.8 is calibrated

for local SFR assuming a Kroupa IMF.

Figure 3.36(b) displays an radial plot of ΣSFR. The line style and sampling size are the

same as in Figure 3.36(a). In the central region, ΣSFR is as high as ∼3 M� yr−1 kpc−2,

then decreases toward both sides. ΣSFR of the southern ridge decreases more rapidly

than the northern ridge, reaching a small value of ∼0.02 M� yr−1 kpc−2 at -40′′. In

contrast, ΣSFR of the northern ridge sustains at a constant beyond a radius of +20′′,

fluctuating in the vicinity of 0.1 M� yr−1 kpc−2 out to +40′′.

Azimuthal distribution of SFE (SFR/MH2) is shown in Figure 3.36(c). Since ΣH2,13

is smaller than ΣH2,12, SFE derived from 13CO (SFE13) become larger than that from

12CO (SFE12).

SFE13 and SFE12 are about (1 – 4) × 10−9 yr−1 and (0.4 – 1.5) × 10−9 yr−1 in the

galactic center, respectively. SFE13 is about (4 – 10) × 10−10 yr−1 and (1 – 3) × 10−9

yr−1 in the southern and northern ridge, respectively. SFE12 is about two to three times

lower than SFE13 in the ridges. SFE12 of the northern ridge and the southern ridge are

∼ 10−9 yr−1 and 3 × 10−10 yr−1, respectively. The SFE12 of the ridges is similar as the

mean SFE (∼ 4 × 10−10 yr−1) derived from 30 nearby disk galaxies from Bigiel et al.

(2011). This result is consistent with the similar dense gas fraction found among the

ridges and normal galaxies (cf. 3.6.4.2).

3.7.3.3 Azimuthal Star Formation Law

Azimuthal K–S law is shown in Figure 3.36(d). The northern part and the southern part

are plotted with diamonds and circles, respectively. Filled and open symbols represent

the galactic center and ridges, respectively. A dotted line is overlaid to indicate a slope

of unity with an arbitrary intersection for y-axis. In general, both transitions show

positive correlation between ΣH2 and ΣSFR. However, for a given ΣH2 , ΣSFR of the

northern ridge seems to be enhanced.

The data points are fitted with K–S law. First of all, all points are used, resulting in

a slope of 1.53 ± 0.09 for 13CO (Nall,13) and 1.27 ± 0.10 for 12CO (Nall,12). We note

that the results of all data points may not faithfully represent the tendency because the

northern ridge are obviously deviated from the trend. For this reason, we then fit K–S

law without the northern ridge (NCS), and obtain a slope of NCS,13 = 1.66 ± 0.05 and



Chapter 3. Impact of Galactic Bar 114

(a) Radial distribution of ΣGas

(b) Radial distribution of ΣSFR
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(c) Radial distribution of SFE

(d) Azimuthal K–S law

Figure 3.36: (a) Radial distribution of ΣH2
. Blue and black curves denote ΣH2

derived
from 13CO and 12CO, respectively. Results of north is shown in thick line and south in
thin line. Hatched area represents the central region. (b) Radial distribution of ΣSFR.
(c) Radial distribution of SFE. The colors and line styles are the same as in the panel
(a). (d) Azimuthal K–S law. Results of 13CO is colored blue, while 12CO is in black.
Data points of central region are shown as filled symbols. Open symbols represent the

ridges. Diamonds and circles indicate the north and the south, respectively.
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NCS,12 = 1.44 ± 0.07. K–S law is also examined in individual galactic structures. Slopes

of the galactic center (NC) is larger than other slopes, NC,13 = 1.77 ± 0.16 and NC,12

= 1.65 ± 0.14. The slope of the southern ridge (NS) is also derived to be NS,13 = 1.69

± 0.18 and NS,12 = 0.77 ± 0.17. The large uncertainties are attributed to the small

dynamic range at both axes.

In this study, we use the mean XCO of NGC 6946, which is 1.2 × 1020 cm−2 (K km

s−1)−1. This XCO is derived from virial mass of GMCs (Donovan Meyer et al., 2012).

However, the slopes of K-S law from 12CO could change if we use different XCO. Donovan

Meyer et al. (2013) shows that there is no specific trend of XCO in the ridges. Both ridges

harbor GMCs with XCO greater or less than than 1020 cm−2 (K km s−1)−1, suggesting

that the true K-S law from 12CO could be more disperse than we made.

Slopes of K-S law derived from 13CO is consistent in both galactic center and the south-

ern ridge while large difference is seen in the results of 12CO. The superlinear correlations

of 13CO suggest that the gas traced by 13CO does not directly trace the star forming

core in which the SFR per mass of core is about constant. Nonetheless it could be a

better probe of gas surrounding star forming region than 12CO by reflecting a fix frac-

tion of dense gas across a wider degree of environments, e.g., from the southern ridge to

galactic center.

In this study, star formation law or K–S law appears to be a positive correlation between

the two variables. However, this is not always the case for Galactic star formation law.

Figure 3.37 plots the relation of the mass of local (< 500 pc) clouds and the number of

YSO in them from Lada et al. (2010). The figure shows that the number of YSO per

cloud mass (i.e., star formation efficiency) change by about 100 times in these clouds,

suggesting that the total mass of clouds is a poor probe of SFR in some cases.

Heiderman et al. (2010) study K–S law with galactic YSOs and molecular clumps cross-

ing two order magnitudes of Σgas, they found that there is a star formation threshold

(Σth) at about 129 M� pc−2. Below Σth, correlation of K–S law is about vertical (N =

4.6), while it becomes a slope of 1.1 above Σth. Lada et al. (2010) also suggest a Σth

of 116 M� pc−2 based on the study of Galactic GMCs. Onishi et al. (1998) study the

relation between the cores and YSO of Taurus. A Σth of 128 M� pc−2 is suggested.

The above Galactic studies point to a Σth of ∼ 120 M� pc−2. The explanation of the

observed threshold can be magnetic field, photoionization-regulated star formation and

the self-gravitational equilibrium of clouds. The theoretical critical Σgas of clouds above

which magnetic field (B) cannot support the gas from collapse is about 50 – 110 M�
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pc−2 (Mouschovias & Spitzer, 1976), which is derived from

∑
crit

>

(
80

M� pc−2

)(
B

30µG

)
, (3.9)

where B is ∼ 20 – 40 µG. If star formation is controlled by ambipolar diffusion and

the ionization levels in the cloud, the theoretical critical Σgas becomes 60 – 120 M�

pc−2 (McKee, 1989). On the other hand, Σth may reflect the amount of clouds that

can become gravitationally bound. Heyer et al. (2001) suggest that the clouds greater

than 104 M� are bound, while less than 103 M� are not based on their observations of

Galactic GMCs. Krumholz et al. (2009) suggest a theoretical Σth of 85 M�. Below 85

M�, amount of stars that a GMC can form depends on the fraction of molecular gas

in the GMC. In this regime, a superlinear correlation of K-S law is expected, consistent

with the observing slope found in Heiderman et al. (2010). When GMCs reach a surface

density of ∼ 100 M�, molecular clouds start to convert into stars with a roughly constant

rate per free-fall time (∼ 1%), thus surface density of gas and stars start to correlate with

each other by a slope of unity. At very high surface density regime, density of GMCs

should be regulated to maintain pressure balance with the large ambient pressure. While

the density of GMCs increase rapidly, a superlinear K-S is expected again. The above

literature suggested a Σth of about 60 – 130 M� pc−2 to make gas and stars correlate

with each other. Our observed ΣH2 in the center and ridges of NGC 6946 are either

comparable or larger than the threshold, hence, it is not a surprise that the relation of

ΣH2 and ΣSFR is observed.

On the other hand, Lada et al. (2013) suggests that the scaling relation of star formation

law only exist within GMCs but not between GMCs. While the Galactic GMCs have

roughly constant Σgas as the Larson’s relation implies and the GMC structure determines

its SFR, there is no scaling relation between GMCs. Given that the GMCs in nearby

galaxies also have a constant Σgas as that in the Milky Way, the scaling relation observed

in the nearby galaxies is a result of sampling a continuous range of beam dilutions (∼
0.01 – 1.0) in unresolved observations. In other words, the scaling relation in nearby

galaxies is a artificial result.
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Table 2
Masses and YSO Contents of Local Molecular Clouds

Cloud Mass (M#)a Mass (M#)b No. of YSOs References SFR (10−6M# yr−1)

Orion A 67,714 13, 721 2862 1, 2, 3 715
Orion B 71,828 7261 635 4, 5 159
California 99,930 3199 279 6, 7 70
Perseus 18,438 1880 598 8, 9, 10 150
Taurus 14,964 1766 335 11 84
Ophiuchus 14,165 1296 316 12 79
RCrA 1,137 258 100 13, 14, 15 25
Pipe 7,937c 178 21 16 5
Lupus 3 2,157 163 69 17, 18 17
Lupus 4 1,379 124 12 17, 18 3
Lupus 1 787 75 13 17, 18 3

Notes.
a A K ! 0.1 mag using NICEST.
b A K ! 0.8 mag using NICEST.
c Corrected for background extinction of AK = 0.15 mag.
References. (1) Allen & Davis 2008; (2) Hillenbrand 1997; (3) Peterson & Megeath 2008; (4) Lada et al. 1991; (5) Gib 2008; (6) Wolk
et al. 2010; (7) Lada et al. 2009; (8) Lada et al. 2006; (9) Lada et al. 1996; (10) Jørgensen et al. 2006; (11) Kenyon et al. 2008; (12)
Wilking et al. 2008; (13) Forbrich & Preibisch 2007; (14) Neuhauser & Forbrich 2008; (15) D. E. Peterson et al. 2010, in preparation;
(16) Forbrich et al. 2009; (17) Merı́n et al. 2008; (18) Comerón 2008.

the Spitzer Space Telescope and for many of these fluxes and
positions are publically available on the Web (i.e., C2D survey:
http://irsa.ipac.caltech.edu/data/SPITZER/C2D/). Many of the
clouds have also been observed with ground-based near-infrared
imaging surveys. The most complete inventory exists for the
Pipe Nebula, followed by Taurus, Ophiuchus, and Perseus, then
Orion A, and B, and finally the California Molecular Cloud.
However, in no case do we expect the inventories to be off by
a factor of more than 2, at the most. If there is a bias in our
inventories it is that infrared surveys tend to not be complete
for Class III sources since lacking strong infrared excesses they
can be undercounted. This is not likely the case for the Perseus,
Taurus, Lupus, and RCrA clouds whose Class III populations
are well represented in existing tabulations of membership. The
situation for the other clouds is less clear in this regard. We
also count only the YSOs or candidate YSOs that are within
the cloud boundaries (i.e., within the AK = 0.1 mag contour).
Typically, this selection includes the vast majority of known
members in a cloud, and our census represents a more or less
complete inventory of star formation activity over the last 2
million years or so in each cloud (see below).

For the purposes of this paper, we will assume that the size
of a YSO population is directly related to the SFR in a cloud.
This is likely a good assumption given that when plotted on
H-R diagrams the YSOs in these clouds all seem to have similar
ages and spreads with a median age of 2 ± 1 million years
(e.g., Covey et al. 2010 and many others). The median mass for
the initial mass function of a stellar population is 0.5 M# (e.g.,
Muench et al. 2007). Thus, we derive an SFR for each cloud
from

SFR = 0.25N (YSOs) × 10−6 M# yr−1 (1)

and list the rate for each cloud in Table 2.

3. RESULTS AND ANALYSIS

3.1. On The Variation of Star Formation Activity
and Rates in Molecular Clouds

Examination of the data we have compiled (e.g., Table 2)
provides evidence for significant variations in star formation
activity and SFRs among local molecular clouds. This is shown
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Figure 2. Plot of the ratio of the total YSO content of a cloud to the total cloud
mass vs. total cloud mass. This is equivalent to a measure of the star formation
efficiency as a function of cloud mass for the local sample. It is also equivalent
to the measure of the SFR per unit cloud mass as a function of the cloud mass.
The plot shows large variations in the efficiency and thus the SFR per unit mass
for the local cloud sample (see the text).
(A color version of this figure is available in the online journal.)

in Figure 2 where we plot the ratio of N(YSO), the size of
the YSO population, to Mtot, the total mass of the cloud (i.e.,
Mtot =

∫ +∞
0.1 M(AK )dAK ) as a function of the total cloud mass.

This ratio is both a measure of the star formation efficiency in
the clouds and, from Equation (1), also a measure of the SFR per
unit cloud mass. As is clearly seen in the plot, the star formation
efficiency (and SFR per unit mass) at a given cloud mass varies
considerably, by well more than an order of magnitude, between
the local clouds.

Evidence for significant variations in the star-forming activity
of at least some molecular clouds is not new. The GMC known
as Maddalena’s cloud has long been known as an example of
a massive GMC without significant star formation (Maddalena
& Thaddeus 1985; Lee et al. 1994; Williams & Blitz 1998;
Megeath et al. 2009). However, the lack of star formation in
this massive cloud was considered to be a rare phenomenon

Figure 3.37: Number of YSO per cloud mass (star formation efficiency) versus cloud
mass. The figure is taken from Lada et al. (2010).

3.7.3.4 More Interpretations on Line Ratio

Azimuthal distribution of R10 is shown in Figure 3.38(a). Generally R10 decreases with

radius. R10 is divided into three ranges by different galactic features. In the central

region, the radial R10 is 15 – 20. The northern ridge has a wide range of R10 from 10

– 20, and < 10 in the southern ridge. R10 of the galactic center and northern ridge

resemble the value found in starburst regions, while it is similar as the Galactic GMCs

in the southern ridge. But we note that R10 varies more locally in the southern ridge

than the northern ridge. Some regions in the southern ridge show higher R10, such as

the southern blob (R10 ≈ 12 – 13). Such variation is smoothed out in the study based

on radial distribution.

Figure 3.38(b) shows the correlation of R10 and ΣSFR. There is a clear trend that R10

increases with increasing ΣSFR. This is not a surprising result, because temperature is

presumably higher in the high ΣSFR regions. And we have seen that temperature is a

dominant factor of changing opacity of 12CO (§3.6.3) and R10 by the LVG calculations

and the relation between R10 and the infrared flux ratio.

The best correlation between R10 and ΣSFR appears at low R10 regime (< 10), where

R10 rises with increasing ΣSFR. At the northern ridge, R10 ranges between 10 to 20 but

ΣSFR sustains at ∼ 0.1 M� yr−1 kpc−2 across the width of R10, suggesting that R10

does not simply reflect ΣSFR or temperature. There must other factor which exists and

controls the observed R10. As will be shown later, the northern ridge are associated

with large velocity jump across the ridge, broadening effect of line width is a factor of

reducing the opacity of 12CO and increasing R10 (Liszt, 2006).
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In the galactic center (include minibar), a loose relation of R10 and ΣSFR is seen. The

correlation suggests that for a give ΣSFR, R10 does not increase as fast as the general

trend expects. Such a correlation implies either overluminous 13CO or underluminous

12CO. Underluminous of 12CO may be due to the superposition of GMCs along the

line of sight in the innermost of galaxies, at the same time, optically thin 13CO are

faithfully detected, leading a resultant R10 lower than its ΣSFR predicts. We note the

true gas distribution and star formation enclosed in the defined galactic center is com-

plicated, containing a minibar with compact gas distribution at its two ends, diffuse

dust lanes, as well as a circumnuclear ring with a nuclear starburst in it. Our results at

the central region is a convolution of all structures above, and may contain considerable

uncertainties.

We also compare R10 with SFE in Figure 3.38(c). There is a better correlation between

the SFE13 and R10 that SFE13 increases with increasing R10. However, no significant

relation of SFE12 and R10 is seen.
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(a) Radial distribution of line ratio of R10

(b) R10 versus ΣSFR

(c) R10 versus SFE

Figure 3.38: (a) R10 as a function of radius. Data within galactic center are presented
with filled symbols, of which north is diamonds and south is circles. Hatched area
represents the central region. (b) R10 versus ΣSFR. (c) R10 versus SFE. Blue symbols

denote the SFE derived from 13CO and black from 12CO.
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3.7.3.5 Uncertainty of SFE from Conversion Factor

In the above discussion, we assumed a constant XCO to be 1.2 × 1020 (K km s−1)−1

cm−2. It is a mean value derived from Donovan Meyer et al. (2012). Any variation

of XCO can change SFE12. Regan (2000) derive XCO for the central 1′ of NGC 6946

by multi-color NIR extinction. However, XCO derived with this method is an order

magnitude smaller than Donovan Meyer et al. (2012) in the ridges, approximately 1 – 2

× 1019 (K km s−1)−1 cm−2. Moreover, Israel & Baas (2001) estimate mass of molecular

gas within the central ∼1′ of NGC 6946 by measuring the gas-phase carbon abundance.

They derive a corresponding XCO to be ∼ 1 × 1019 cm−2 (K km s−1)−1. Even the

gas-phase carbon abundance is uncertain by a factor of 2 – 3 (Israel & Baas, 2001),

the resultant XCO is still significantly smaller than the Galactic standard value and the

value derived by the virial theorem from Donovan Meyer et al. (2012), but consistent

with Regan (2000). Thus, XCO still has large uncertainty. The previous studies suggest

values which could be different by 10 times.

3.8 Velocity Jump Across the Ridges

The relation of shocks and star formation is a long-standing question. The complication

raised in galactic bars is that the loci of shocks corresponds to the sites where gas is

accumulated. Shocks are playing completely opposite roles in the formation of GMCs

and stars. Strong shocks and the turbulent gas can inhabit star formation by destroying

GMCs (Reynaud & Downes, 1998, Tubbs, 1982, Zurita et al., 2004). The turbulent

gas also prevents the formation of dense gas (e.g., Kohno et al., 1999), however, some

studies show that proper shocks generated by cloud-cloud collisions can step up star

formation in galaxies (Elmegreen, 2002, Koda & Sofue, 2006, Scoville et al., 1986, Tan,

2000, Tasker & Tan, 2009).

The different star forming properties in the northern and the southern ridges of NGC

6946 provide chance to study the dynamical influence on star formation. We use velocity

gradient in Position-Velocity (P-V) diagrams as an indicator of the strength of shocks

across the bar (e.g., Athanassoula, 1992, Koda & Sofue, 2006). P-V diagrams are cut

perpendicular to the ridges. Results of the northern ridge are displayed in Figure 3.39

for 13CO and 3.40 for 12CO. For each transition, P-V diagrams are made at three radii

of +15′′, +24′′, and +30′′. The shape of the observing P-V diagrams are consistent with

the simulation from Athanassoula (1992) (Figure 3.41). There are two components in

all P-V diagrams. At the trailing side (position < 0′′), velocity gradients are nearly flat.

At the leading side, there is a sudden velocity jump in all P-V diagrams, corresponding
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to the gas meeting the shocks (Athanassoula, 1992). In the observed P-V diagrams,

velocity changes by ∼ 100 km s−1 over < 10 ′′ (< 270 pc) in both transitions and all

radii. There is a sign that the amplitude of velocity jump decreases toward large radius.

To be precise, at the radii of 15′′ and 24′′, velocity jumps are approximately parallel to

the axis of velocity, whereas they are slightly flattened at the radius of 30′′.

P-V diagrams of the southern ridge are displayed in Figure 3.42. Because of the low

sensitivity of 13CO, only 12CO-base P-V diagrams are shown. The typical P-V pattern

across bar is obvious at the radius of -18′′. However, such a pattern is not clear at a radius

of -27′′, where the south spiral merging with the southern bar. The velocity difference

across ∼ 20′′ is about 150 km s−1 and 130 km s−1 at -18′′ and -27′′, respectively.

It is apparent from Figure 3.39, 3.40 and 3.42 that velocity jumps are steeper in the

northern ridge than the southern ridge. Provided that the velocity jump is proportional

to the strength of the shocks generated by the gas orbits, stronger shocks are associated

with higher SFR, and the enhanced SFE in the northern ridge, suggesting that the

GMCs ongoing shocks should be survival.
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(a)

(b)

(c)

Figure 3.39: P-V diagrams of 13CO cut perpendicular to the northern ridge. The
radii are +15′′, 24′′, and 30′′ in the panel (a) – (c), respectively
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(a)

(b)

(c)

Figure 3.40: P-V diagrams of 12CO cut perpendicular to the northern ridge. The
radii are +15′′, 24′′, and 30′′ in the panel (a) – (c), respectively.
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Figure 3.41: Simulation of P-V diagram cut perpendicular to a bar from Athanassoula
(1992).
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(a)

(b)

Figure 3.42: P-V diagrams of 12CO cut perpendicular to the southern ridge. The
radii are -18′′ in the panel (a) and -27′′ in the panel (b).
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3.9 Resolved GMC Properties

In §3.7, we show that star formation is more active in the northern ridge than the

southern ridge. In §3.8, we saw that velocity jumps are larger in the northern ridge

than that in the southern ridge. In this section we check whether the resolved GMC

properties are identical in the ridges along with a comparison with GMCs in the disk of

NGC 6946.

We compare individual GMCs properties in this section. GMCs are obtained from

Donovan Meyer et al. (2013) with the same 12CO data with ours. The combination

procedures are slightly different, by which they obtained a physical resolution of 60 pc.

Donovan Meyer et al. (2013) define GMCs with the Clumpfind algorithm developed by

Williams et al. (1994). 87 GMCs are defined. We only used the GMCs which are located

in our 13CO map. Moreover, we do not adopt the GMCs in the central region, namely,

galactic center and minibar. The reason is that the actual structure of the central regions

is far from resolved under a 60 pc resolution. On the other hand, only few GMCs are

defined in this area (< 5). Such a small sample is less meaningful in terms of statistics.

Comparison between the proprieties of GMCs of five nearby galactic centers (include

NGC 6946) and our Galaxy has been discussed in Donovan Meyer et al. (2013). We

refer the reader to the paper for detail discussion of central regions. Finally, we compile

49 GMCs, 12 in the northern ridge (GMCN), 12 in the southern ridge (GMCS), and rest

of GMCs are classified as disk GMCs (GMCD). Most of GMCD are located in the spiral

arms. Distribution of GMC is displayed in Figure 3.43, in which GMCN, GMCS, and

GMCD are marked with black, red, and cyan respectively.
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Figure 3.43: GMCs (crosses) overlaid on 12CO integrated intensity map. The color
black, red, and cyan represents the GMCs from the northern ridge (GMCN), southern
ridge (GMCS), and rest of galactic disk (GMCD), respectively. The GMCs are identified

by Donovan Meyer et al. (2013).

3.9.1 Histograms of Individual Parameters

We plot various properties of GMC in Figure 3.44. GMCD are shown as blue histograms,

GMCN and GMCS are shown in black and red histograms, respectively. Median values

of parameters are indicated with vertical lines with the same color as the population

they represent and the values are presented in Table 3.5.

Table 3.5: Median properties of GMCs in the disk (GMCD), southern ridge (GMCS),
and northern ridge (GMCN).

∆v [km s−1] Radius [pc] Mass [105 M�] Σgas [M� pc−2] nH2
[cm−3] τff [yr]

GMCD 5.2 88.9 17.6 101.0 18.6 8.9
GMCS 6.8 97.9 41.3 148.7 28.3 7.9
GMCN 9.3 98.1 78.9 370.6 70.4 4.7

The count distribution of velocity dispersion (∆v) is shown in Figure 3.44(a). Median

∆v of GMCD is about 5 km s−1, consistent with that of the Galactic GMCs (Heyer

et al., 2009). GMCS have ∆v of 5 – 15 km s−1. The largest ∆v of the southern ridge

is contributed by the southern blob and the merging point of bar and spiral is ∼ 15 km

s−1. Median ∆v of GMCS is 7 km s−1.
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∆v of GMCN has a wide range of 5 – 20 km s−1. Median ∆v of GMCN is about 9 km

s−1. The larger ∆v observed in GMCN may be caused by rise of internal motions in

GMCs due to the cloud-cloud collisions, large scale flow, such as spiral shocks (Bonnell

et al., 2006, Dobbs et al., 2006, Klessen & Hennebelle, 2010, Koyama & Inutsuka, 2002),

in this study, the galactic bar, and stellar feedback (Mac Low & Klessen, 2004).

Figure 3.44(b) shows a histogram of the radius of GMCs. Radius of GMCs typically

lies within a range of 50 – 150 pc, slightly larger than Galactic GMCs (Heyer et al.,

2009). From the histogram, there is no significant difference of radius among the three

populations. Median masses of 90 – 100 pc are compatible among the galactic structures.

Mass distribution of GMCs is displayed in Figure 3.44(c). The median mass of GMCD,

GMCS, and GMCN are 1.7 × 106, 4.1 × 106, and 7.9 × 106 M�, respectively. Ridge

GMCs are more massive than GMCD by about four times. Figure 3.44(d) is a zoom in

view of Figure 3.44(c) towards the small count regime. Majority of GMCN and GMCS

are located in a mass range of < 1.5 × 107 M� while there are few GMCN and GMCS

which have large mass of (2 – 6) × 107 M�.

Figure 3.44(e) displays the histogram of gas surface density derived from the above mass

and radius, a zoom-in look is shown in 3.44(f). All of GMCD are located below a Σgas of

250 M� pc−2. Median Σgas of GMCD is 101 M� pc−2. Turing to the ridges, unlike the

disk, distribution of Σgas in the ridges are rather disperse. About 50% of GMCS have

Σgas of ∼ 150 M� pc−2. Other 50% spread at 300 – 500 M� pc−2. The largest Σgas of

GMCS is 493 M� pc−2. There is no specific peak of Σgas distribution among GMCN.

GMCN equally spread a wide range of 100 – 1000 M� pc−2 with a median Σgas of 370

M� pc−2.

Figure 3.45 shows the histogram of mean volume density of molecular clouds calculated

from the mass and radius. Volume density of GMCD and GMCS are lower than that

of GMCN. Although LVG calculations cannot constrain density accurately, the mean

density of GMCs derived from the virial mass is roughly consist with that from LVG

calculations and the limit it suggests. Median nH2 of GMCN, GMCS, and GMCD are

70, 28, and 18 cm−3, respectively. The median volume density of GMCN is larger than

elsewhere by 2 – 4 times.

Free-fall time (tff) is the time required for a GMC collapses to form stars. We estimate

tff for individual GMC by

tff =

√
3π

32Gρ
, (3.10)

where ρ is the volume density of a GMC. Histogram of tff is shown in Figure 3.46. tff

of GMCN is shorter than that of GMCS by about 1.6 times. The median tff of GMCN
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is about 5 Myr, while it is about 8 Myr for GMCS, and 9 Myr for GMCD. The shorter

tff found in the northern ridge could be the cause of the higher ΣSFR and SFE.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.44: Histogram of GMC parameters. Black, red and blue histograms denote
GMCN, GMCS and GMCD, respectively. Vertical lines indicate median values of each
parameters and GMC populations. (a) velocity dispersion. (b) radius, (c) mass, (d)

zoom-in view of mass, (e) Σgas, and (f) zoom-in view of Σgas.
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Figure 3.45: Histogram of volume density of molecular clouds. Black, red and blue
histograms denote GMCN, GMCS and GMCD, respectively. The median volume den-
sities are indicated with vertical lines with the same color of each GMC population.

Figure 3.46: Histogram of free-fall time of molecular clouds. Black, red and blue
histograms denote GMCN, GMCS and GMCD, respectively. The median free-fall time

are indicated with vertical lines with the same color of each population.

3.9.2 Scatter Plots of Parameters

Since ∆v could arise due to shocks, thus, parameters are plotted as function of ∆v in

Figure 3.47. All panels are plotted in the same fashion, that is, GMCN, GMCS, and
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GMCD are colored black, red, and blue, respectively.

Firstly, the relationship of ∆v and mass is shown in Figure 3.47. These two parameters

show a tight correlation (cc8 = 0.96). It is more obvious in the scatter plot than his-

togram that GMCN have slightly larger ∆v than GMCS,D. The results are consistent

with simulations that internal kinematics of GMCs could be attributed to cloud–cloud

collisions or large-scale flow (e.g., shocks generated by spirals and bars, etc.) at the same

time ∆v arises. However, the masses of clouds are not significantly growing at the time

(Dobbs et al., 2011a, Tasker & Tan, 2009).

∆v versus radius is shown in Figure 3.47. On the whole, there is a positive correla-

tion between these two parameters. However, it is notable that the appearance of the

correlation is produced by GMCS and GMCD. Correlation coefficient of ∆v and radius

are 0.81 and 0.70 for GMCS and GMCD, respectively, while it is only 0.54 for GMCN.

Radii of most of GMCN are smaller than those suggested from the relation by a factor

of two to three. Figure 3.47 suggests that the strong shocks in the northern ridge may

promote the formation of GMCs with a normal mass but a smaller size (more compact).

As a result, Σgas (Figure 3.47(c)) and the volume density (Figure 3.47(d)) of GMCN are

larger than those of GMCS and GMCD.

Figure 3.48 illustrates the relation of mass and radius of the molecular clouds. The mass–

radius relation of GMCD and GMCS are similar, they are steeper than the relation of

GMCN. For GMCs with equivalent masses, GMCN are smaller than GMCS,D by a factor

of ∼ 1.5. As a consequence, the volume density of GMCN becomes three times larger.

Giant molecular clouds can form in the expanding front of supershells or the interface

of two shells. The energy source of supershells can be stellar winds, supernovae, and

HII regions. They have been found in our Milky Way and nearby (starburst) galaxies

(Dawson et al., 2008, 2013, Fukui et al., 1999, Garćıa-Burillo et al., 2001, Matsunaga

et al., 2001). Yamaguchi et al. (2001) observe supergiant shells in the LMC by NANTEN

in the transition of 12CO (1–0). They found that the clouds which are associated with the

supergiant shells, such as being compressed, are smaller than the clouds which are not

interacting with the shells. The more fragmented clouds associated with the expanding

shells are found in our Galaxy as well (Sherman, 2012). The mass of GMCs in two groups

of Yamaguchi et al. (2001) are similar. Moreover, the star formation is slightly more

active in the GMCs which are interacting with the shell. All properties are consistent

with what we found in the ridges of NGC 6946. Nevertheless, no significant difference

of velocity dispersion is found between the two groups of LMC.

8correlation coefficient
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Further, if suitable9 velocity jumps in galactic bars can make compact (denser) molec-

ular clouds and higher SFR/SFE, the shocks generated by supernova, HII regions (e.g.,

Ostriker & Shetty, 2011) and stellar winds may also have similar effect as shown by Ya-

maguchi et al. (2001). Accordingly, one can expect a larger slope of Kennicutt-Shimdt

law (higher star formation efficiency) toward high surface density area, such as galac-

tic centers where these energetic objects are frequently show and such effect can be

dominant. The interaction of galaxy could also generate the similar influence on the

molecular clouds by more violent compression. But note that the above-mentioned pro-

cesses are not on the same scale. Galactic bars and the interaction of galaxies are large,

galactic-scale process, while the influence from stellar populations is very local.

An anti-correlation between tff and ∆v is shown in Figure 3.47(e). We estimated the-

oretical gas depletion time for each GMC based on the observed physical properties of

them. Krumholz & McKee (2005) and Krumholz & Tan (2007) introduce a dimension-

less SFR per tff (SFRff). Physical meaning of SFRff is the fraction mass of a GMC

converting to stars per tff . Thus SFRff/tff is the inverse of the time required to convert

all of gas into stars, namely, inverse of gas depletion time. SFRff is calculated with

SFRff ≈ 0.15εcoreα
−0.68
vir M−0.32. (3.11)

M is 1D Mach number of turbulence with M = 20α0.5
virΣcl

′0.25M−0.08
6 , where Σcl

′ =

Σcl/85M� pc−2 and M6 is mass of the cloud in unit of 106 M�. αvir is virial parameter,

which can be calculated by

αvir = 5π−1/2(MΣcl)
−1/2∆v2/G (3.12)

(Bertoldi & McKee, 1992). εcore is a fraction of the mass in a prestellar core that will

be used for forming stars instead of being ejected by protostellar outflow. The fraction

of mass that will be ejected by outflows is about 25% – 75% based on the theoretical

calculation of Matzner & McKee (2000). Recently Alves et al. (2007) estimate εcore

by the observations of the Galactic dense cores and stars. By comparing the mass

function of dense cores and stars, they found that εcore is about 0.3. Thus we adopt the

observational εcore of 0.3 in this work. Scatter plot of (SFRff/tff)−1 (gas depletion time

for a GMC) and ∆v is shown in Figure 3.47(f). (SFRff/tff)−1 of GMCs is in a range of

200 – 1000 Myr, or a SFE of (1 – 5) × 109 yr−1. (SFRff/tff)−1 of GMCN is about 300

– 1000 Myr (∼ (1 – 3) × 109 yr−1), whereas it is 400 – 1000 Myr (∼ (1.0– 2.5) × 109

yr−1) for most of GMCS and GMCD.

9too large velocity jump may cause the disruption GMCs
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For the sake of comparing the observed SFE to the (SFRff/tff)−1, we scale the observed

SFE derived from 13CO by a factor three to consider εcore. The observed SFE become

∼4.5 × 10−9 and ∼ 1.2 × 10−9 yr−1 for the northern and the southern ridge, respectively.

The values are consistent with the (SFRff/tff)−1 of individual GMCN and GMCS. A

caution arise from above comparison is that the current state of GMCs are not necessarily

associated with the observed star formation, instead, they are in charge of future star

formation. The consistence of SFE and (SFRff/tff)−1 suggests that current degree of

star forming activity in the ridges will sustain till next star formation.

There is an interesting feature in the plot of (SFRff/tff)−1 and ∆v. It shows a weak

downhill relationship in GMCN (cc ≈ -0.3), while GMCS and GMCD have opposite re-

lation (cc ≈ 0.3). Given that SFRff/tff (star formation per free-fall time) is proportional

to the degree of star formation, the results of GMCS and GMCD are consistent with the

GMCs observed in the spiral arm of IC 342 and M83 that star forming GMCs tend to

have smaller ∆v. Yet GMCN have larger ∆v than other GMCs even the star formation is

more active. This again suggests that the shocks generated by galactic bar may change

GMC properties and their star forming ability.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.47: Scatter plots of parameters. All parameters are plotted as a function of
velocity dispersion. Black, red and blue symbols denote GMCN, GMCS and GMCD,
respectively. (a) Mass versus velocity dispersion. (b) Radius versus velocity disper-
sion. (c) Surface density versus velocity dispersion. (d) Volume density versus velocity
dispersion. (e) Free-fall time versus velocity dispersion. (f) The inverse of the time

required to convert all of gas into stars versus velocity dispersion.
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Figure 3.48: Mass versus radius of GMCs. Black, red and blue symbols denote
GMCN, GMCS and GMCD, respectively. Straight lines are the fits of data.
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3.10 Comparison with Other Galaxies

3.10.1 Velocity Jumps in Galaxies

On the global scale, the inhibition of star formation is due to the strong shocks across

the bar, which lead to the local destruction of clouds by strong cloud-cloud collisions

when the clouds enter the shocks. Given that the pattern speed of NGC 6946 is ∼ 47

km s−1 kpc−1 with in the central 1′ (Fathi et al., 2007), and that the rotational velocity

at 1 kpc is ∼ 90 km s−1 (Egusa et al., 2009, from CO observations), thus the clouds

enter the shocks with a velocity of ∼43 km s−1. A significantly larger velocity of ∼165

km s−1 is suggested in the non-star forming bar NGC 1530 (Reynaud & Downes, 1998).

The difference suggests that the clouds likely survive from the shocks of NGC 6946.

Hydrodynamic simulations also predict a threshold for clouds to be destroyed, and it

is > 20 – 60 km s−1 (Tubbs, 1982). Our observed value of NGC 6946 is just consist

with threshold limit value suggested by the simulations. Future observations with high

physical resolution of non-star forming bar such as NGC 1530 will be an interesting

study to compare the GMC properties in different environments.

NGC 6946 is a weak bar galaxies, while the bar of NGC 1530 is strong. The strength of

bar may be a reason of the different star forming properties. However, NGC 2903 which

has a strong bar contains active star formation in the bar region. Hα shows that there

is a string of HII regions along the bar. Dense gas traced by HCN (1–0) are found in

the entire bar as well. The rotational velocity at the halfway (∼ 1.2 kpc) and the end

(∼ 2.0 kpc) of the bar is about 150 and 190 km s−1, respectively (Sofue, 1997, from CO

observations). The pattern speed of NGC 2903 is ∼ 40 km s−1 kpc−1 (Hirota et al.,

2009). The resultant velocity for clouds entering the shocks is ∼ 102 km s−1 at the

halfway and 110 km s−1 at the end of the bar. The values exceed the threshold velocity

for the clouds to survive suggested by the simulations of Tubbs (1982), although it is

still considerably lower than that of NGC 1530. Accordingly, the strength of bar may

not be the only cause of star formation in bars.

3.10.2 GMC Properties in Galaxies

Our results implies that large velocity gradients in bar can generate compact GMCs

with a but a normal mass. As a result, the GMCs become denser along with a shorter

free-fall time or faster star formation. Same situation is found in the GMCs formed

at the front of a expanding shell. If the energy sources of the expanding shell (e.g.,

multiple supernovae in OB associations or HII regions) largely exist in the high-Σgas

regions, such as galactic center, we could expect enhanced SFE toward the high-Σgas
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regions. In other words, the changing slope of K-S law can be attributed to a different

star forming mechanism as we have examined in the disk and center of IC 342. On the

other hand, it can be a result of changing GMC properties as seen in the case of NGC

6946.

We compare GMC properties in NGC 6946 and other galaxies, including Antennae

galaxies, Galactic center (central 400 pc), Galactic disk (2 – 12 kpc), inner disk of spiral

galaxies NGC 4826 and NGC 4736 (0.3 – 3 kpc). Outer disk of spiral galaxy M31 (11

kpc), and HI-dominant dwarf galaxies NGC 205, NGC 1569, NGC 2976, NGC 3077,

NGC 4214, NGC 4449, NGC 4605, and IC 10. The data are compiled from literature.

Observation parameters and references are summarized in Table 3.6. The most distant

target is Antennae galaxies at 22 Mpc (Ueda et al., 2012). Spiral and dwarf galaxies

are located within 7.5 Mpc. Resolutions of 30 – 150 pc of nearby galaxies are roughly

compatible to the resolution that Donovan Meyer et al. (2013) use to define GMCs in

NGC 6946 (∼60 pc). To minimize any artificial variation of GMCs properties due to the

type of telescopes, we only adopt the extragalactic GMCs mapped with inteferometers.

Antennae galaxies was mapped in 12CO (3–2), while other galaxies are observed in 12CO

(1–0). The reason is to match the resolutions.

Table 3.6: Observation parameters of galaxies

Galaxies Telescope Resolution Transitions r ∝ Ma, a = References

Antennae galaxies SMAa ∼ 150 pc 12CO (3–2) 0.20 ± 0.03 b

Galactic centerc NRO 45-m 1.4 pc 12CO (1–0) 0.31 ± 0.02 d

Galactic diske FCRAO 14 m . . . f 12CO (1–0) 0.42 ± 0.01 g

NGC 4826/4736 (inner disks)h CARMA/NRO 60–80 pc 12CO (1–0) 0.27 ± 0.01 i

M31 (outer disk)k BIMA 30 pc 12CO (1–0) 0.40 ± 0.03 l

dwarf galaxies BIMA/OVRO ∼20 – 120 pc 12CO (1–0) 0.43 ± 0.02 m

NGC 6946 Northern ridge CARMA/NRO 60 pc 12CO (1–0) 0.25 ± 0.06 i

NGC 6946 Southern ridge CARMA/NRO 60 pc 12CO (1–0) 0.35 ± 0.04 i

NGC 6946 Disk CARMA/NRO 60 pc 12CO (1–0) 0.34 ± 0.04 i

a Submillimeter Array
b Ueda et al. (2012)
c Galactic center: < 400 pc
d Oka et al. (1998, 2001)
e Galactic disk: 2 – 12 kpc
f resolution of 0.2 pc at a distance of 1 kpc
g Solomon et al. (1987)
h inner disks: 0.3 – 3 kpc for NGC 4826, 0.6 – 1.5 kpc for NGC 4736
i Donovan Meyer et al. (2013)
j 2 kpc
k outer disks: 11 kpc
l Rosolowsky (2007)
m Bolatto et al. (2008) and reference therein

Figure 3.49 plots the virial mass versus radius of GMCs in each galaxy populations. For

each population, data is fitted with a form of r ∝ Ma. Small a implies that the radii

of GMCs are growing relatively slower when the mass is increasing. In other words,
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variation of the volume density of GMCs is more pronounced and the fraction of dense

GMCs relatively increases when a is small.

The index of a is summarized in Table 3.6. The smallest a occurs in Antennae galaxies,

which is 0.20 ± 0.03. a of 0.31 ± 0.02 is shown in Galactic center. a of the northern

ridge of NGC 6946 lies between the values of Antennae galaxies (Arp 244) and Galactic

center. The inner disks (< 3 kpc) of spiral galaxies also show a small a, which is 0.27 ±
0.02. Galactic disk, outer disk of M 31, nearby spiral galaxies, the southern ridge and

the disk of NGC 6946 have comparable a about 0.35 – 0.40. The largest a of ∼0.43

occurs in the dwarf galaxies.

There is a modest trend between a and the degree of star forming activity. Antennae

galaxies is an interacting system consisting of two galaxies NGC 4038 and NGC 4039.

SFR and total molecular gas mass of Antennae is∼22 M� yr−1 and 1010 M�, respectively

(Klaas et al., 2010, Ueda et al., 2012), resulting in a SFE of ∼ 2 × 10−9 yr−1. SFR of

Galactic center within the central 400 pc is 0.14 M� yr−1 (Yusef-Zadeh et al., 2009).

Mass of molecular hydrogen measured by Oka et al. (1998) is (2–7) × 107 M� within

the 400 pc. The values suggest a SFE of (2–7) × 10−9 yr−1 at the Galactic center.

The index a of radius-mass relation is 0.31 ± 0.02. SFE and a of the northern ridge of

NGC 6946 (∼ 2 × 10−9 yr−1 and 0.25 ± 0.06) are comparable with that observed in the

Antennae galaxies and the Galactic center. SFE of inner disks of NGC 4826 and NGC

4736 are ∼ × 10−9 yr−1 (Leroy et al., 2008, Rosolowsky & Blitz, 2005).

For the galactic planes of normal disk galaxies, SFE is also about (5 – 10) × 10−10 yr−1

(Bigiel et al., 2008, Kennicutt, 1998, Leroy et al., 2008, Rahman et al., 2012, Tabatabaei

& Berkhuijsen, 2010), while a is about ∼ 0.35 – 0.40. SFE of HI dwarf galaxies is

similar to those found in the outer optical disks of spiral galaxies (Bigiel et al., 2008,

Leroy et al., 2005, 2008, Yin et al., 2010), about 10−10 – 10−9 yr−1 in the centers and

10−11 – 10−10 yr−1 in their disks. a of dwarf galaxies (0.43 ± 0.02) is slightly smaller

than that of molecule-rich galaxies.

3.10.3 Implications of the Non-universal Star Formation Law in Terms

of External Pressure

The abovementioned properties suggest that galaxies with higher SFE tend to have

smaller a or more dense GMCs. In our Milky Way, the internal pressures of GMCs far

exceed the ambient ISM pressure, implying that GMCs are self-gravitating and hence

decoupled from the environments. However, if ambient pressure increases, the internal

pressures of GMCs (act outwards) must rise as well to be in pressure equilibrium with

the surrounding diffuse interstellar gas. When the molecular clouds are compressed by
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the external pressure, the gravitational force of GMCs also increase. Once the internal

pressure of GMCs cannot support the external pressure and the gravitational force,

GMCs will collapse and form stars. The origins of the external pressure cloud be ram

pressure from inflow (Heitsch et al., 2009), weight of atomic gas (Harris & Pudritz, 1994,

Heyer et al., 2001), hot gas (Keto et al., 2005, Oka et al., 1998), and other dynamical

processes (Jog & Solomon, 1992, Keto et al., 2005, Wei et al., 2012). Physical properties

of GMCs in the potential higher-pressure environments, such as spiral arm, dust lanes

and inner disks of galaxies, may be consequently regulated by the ambient ISM. In

the more extreme environments, such as interacting galaxies, the increase of external

pressure may be the mechanism of the formation of super star clusters. Those clusters

are very compact, which may be a result of their compact parent clouds (Bekki, 2004).

We can examine the relation of the internal pressures of GMCs and the external pressure

of ISM in the concerned regions of NGC 6946. The internal pressure of a GMC is

calculated by the observed GMC properties according to:

P int

k

[
cm−3 K

]
= ρ∆v2 = 212×

(
M

M�

)
×
(
r

pc

)−3

×
(

∆v

km s−1

)2

(3.13)

(Rosolowsky & Blitz, 2005). The median P int
k of GMCD, GMCS, and GMCN are 2.0 ×

104, 4.4 × 104, and 2.8 × 105 cm −3 K, respectively. The values lie in a normal range for

the external GMCs (Hughes et al., 2013), which is 104 – 106 cm −3 K. The median P int
k

of GMCN is an order magnitude larger than GMCD, and ∼ 6 times larger than GMCS.

External pressure at the boundary of a GMC is calculated using an expression for the

midplane hydrostatic pressure (Blitz & Rosolowsky, 2004b, Elmegreen, 1989, Rosolowsky

& Blitz, 2005), assuming a two-component disk, i.e., gas and stars:

P ext

k

[
cm−3 K

]
= 272×

(
ΣGas

M� pc−2

)
×
(

Σ?

M� pc−2

)0.5

× vg

km s−1
×
(
h?
pc

)−0.5

, (3.14)

where ΣGas is surface density of ISM, including molecular and atomic gas, Σ? is surface

density of stellar mass, vg is velocity dispersion of the gas, and h? is scale height of

stellar disk. We define the diffuse ΣGas as ΣH2,diff + ΣHI. The single dish 13CO map is

used to derive diffuse ΣH2,diff by assuming that diffuse gas occupies 50% of the gas. The

amount of diffuse gas is hinted by the amount of missing flux and it is also a typical

value observed in our Galaxy and nearby galaxies (e.g., Hirota et al., 2010, Rosolowsky

& Blitz, 2005). ΣHI of 6 M� pc−2 is adopted, which is derived from Leroy et al. (2008) by

using the THINGS map of VLA. Σ? is estimated by using the 3.6 µm image observed by

the IRAC of Spitzer. 3.6 µm traces the light from older stars. An empirical conversion
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derived from Leroy et al. (2008) is used for Σ?:

Σ? = Υ?,K

(
IK
I3.6

)
I3.6 cos i = 280 I3.6 cos i. (3.15)

Υ?,K is K-band mass-to-light ratio, Υ?,K = 0.5 M�/L�,K . I3.6 and IK show a tight

correlation of I3.6 = 0.55 IK (both in MJy ster−1) derived from Leroy et al. (2008). The

conversion assumes a Kroupa IMF, same as the equation we use for SFR. We find a Σ?

of 303, 534, and 826 M� pc−2 for GMCD, GMCS, and GMCN, respectively. Velocity

dispersion of interstellar gas (vg) is assumed to be 7 km s−1 (Malhotra, 1994, Stark

& Brand, 1989). Finally, a scale height of stellar disk of 350 pc is adopted, which is

derived for the Milky Way and nearby galaxies (Narayan & Jog, 2002a,b). With the

above parameters, P ext
k is found to be 2.9 × 104, 5.2 × 104, and 1.5 × 105 cm−3 K for

GMCD, GMCS, and GMCN, respectively.

Figure 3.50 plots P int
k versus P ext

k for the GMCs in NGC 6946. The solid line indicates

the trend of P int
k = P ext

k . P int
k and P ext

k are nearly equivalent in all regions, implying the

GMCs are likely in a pressure-bounded equilibrium. Moreover, the two variables show a

clear positive correlation, suggesting that the larger surface density and volume density

of GMCN could be a result of higher external ISM pressure in this area. The external

pressure might be arisen by the galactic bar and the stellar feedback.

The smaller and denser clouds observed in the northern ridges of NGC 6946, Antennae

galaxies, Galactic center, and the inner disks of spiral galaxies cloud be a side effect on

GMCs due to the high-pressure environments. For comparison, we estimate the median
P int
k of GMCs in the dwarfs and Antennae galaxies, they are 2.3 × 104 cm−3 K and 7.7

× 105 cm−3 K, respectively. P int
k of dwarfs is comparable with that of the disk GMCs

in NGC 6946, but smaller than the ridges. P ext
k of dwarf galaxies derived from Leroy

et al. (2008) are typically <104.3 (∼ 2 × 104) cm−3 K, and often around 103.5 (∼ 3 ×
103) cm−3 K. The situation is more like our Milky Way that P int

k is considerably larger

than P ext
k . In such a case, the physical properties of GMCs are independent to the

environments. GMC in the targets like NGC 6946 is a transition between dwarfs/Milky

Way and starburst galaxies that the internal pressures of GMCs have to grow to reach

the ambient pressure but not overpressure. For starburst galaxy (in this case, it is also

interacting galaxies), P int
k of Antennae galaxies is about five times larger than the high-

pressure region of NGC 6946 (the northern ridge). It could be a result of the fact that

the GMCs in Antennae galaxies are surrounding by the warm and high-pressure ISM

due to the collision of galaxies (Jog & Solomon, 1992). However, Wilson et al. (2003)

derive a P ext
k of (4–8) × × 105 cm−3 K, which is consistent with the P int

k estimated in

this work. Wilson et al. (2003) also estimate P ext
k of Antennae galaxies. They suggest a

range of 6 × 105 – 6 × 106 cm−3 K, implying P ext
k > P int

k . Hence, GMCs in Antennae



Chapter 3. Impact of Galactic Bar 143

galaxies may be either just in equilibrium or P ext
k > P int

k . In any case, they are different

with the GMCs in the dwarfs and the Galaxy. We note that the GMCs in Ueda et al.

(2012) (used in this work) and Wilson et al. (2003) may not be fully resolved due to

the relatively low resolutions (150 pc in Ueda et al. (2012) and 380 pc in Wilson et al.

(2003)). Future high resolution is required to make more reliable comparison.

There are some drawbacks of the comparison in this section that we would like to

claim. First of all, observations of resolved extragalactic GMCs are still limited to

very nearby galaxies, in which the galactic environments are relatively similar. Future

observations by ALMA with high resolution and sensitivity can enlarge the galactic

environments toward farther Universe, where extreme objects are found in abundance,

such as ULIRGs. ULIRGs have SFR of ∼ 100 M� (Sanders & Mirabel, 1996) along with

a SFE as high as 10−8 – 10−7 yr−1 (e.g., Bothwell et al., 2010, Carilli & Walter, 2013),

about 10 times higher than the disk galaxies and 100 times higher than the dwarfs.

The difference of environments of GMC properties should be more pronounced than

nearby galaxies (e.g., Boquien et al., 2011, Jog & Solomon, 1992). Thus, ULIRGs offer

crucial laboratories to examine how environmental effects change GMCs properties in

the future. On the other hand, galactic bars worth exploring more. They provide a site

to understand the variation of GMC properties in disk galaxies. The variation of GMCs

properties should be more obvious in strong bar galaxies. Comparison of GMCs in the

strong bars with (e.g., NGC 5430, 2903) and without (e.g., NGC 1530) star formation

is probably the most straight way to realize how environments shape GMCs. The study

is able to be carried out with current powerful interferometers, such as CARMA.

Moreover, we emphasize that the GMCs of the Antennae galaxies we adopted in this

work is defined by the transition of 12CO (3–2). The high transition CO lines could

trace denser gas than low-J lines. This effect may bring the bias into our comparison.

Moreover, Antennae galaxies have a high SFR, but a modest SFE compared to other

ULIRGs. By comparing the separation of interacting galaxies and their amount of

molecular gas, Gao & Solomon (1999) and Gao et al. (2001) suggest that Antennae

galaxies are ongoing an early stage of merging (large serration of two galaxies and large

amount of molecular gas which has not been consumed to stars yet). The reservoir of

molecular gas is sufficient to initiate a starburst with SFE more than ten times higher

in the later stage of merging. Then it will place the SFE of the Antennae galaxies to a

normal value of typical ULIRGs. Hence, it is reasonable that we found its SFE similar

with our Galactic center but lower than other ULIRGs, as well as a index a not so

different with the Galactic center.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.49: Relation of radius and mass of giant molecular clouds in galaxies. Name
of galaxy is indicate in the top of each panel. Slope and uncertainty of the radius–mass
relation is shown in upper left of panels. Results of NGC 6946 are displayed in panel
(f), which is the same as in Figure 3.48. Observation parameters and references of the

galaxies are summarized in Table 3.6.
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Figure 3.50: The median internal pressure (P int

k ) of the GMC versus external pressure

(P ext

k ) of ambient ISM. The solid line indicates the equivalent of P int

k and P ext

k , while

the dashed line indicate P int

k = 3P ext

k and P int

k = (1/3)P ext

k .

3.11 Summary of Chapter 3

We obtained optically thin 13CO maps of NGC 6946 from single dish (Nobeyema 45-m

telescope) and interferometer (CARMA). After combing the maps, the final resolution

is 100 pc. From the map we found:

• There is an oval concentration around the central region, corresponding to the

unresolved galactic center and a minibar.

• There is a northern bar (northern ridge) emerging around a barend of the minibar.

The northern ridge shows a typical bar shape that molecular gas are concentrated

at the leading side of the bar. Then star formation occurs at the downstream of

the molecular ridge.

• Gas structures in the south is more complicated (southern ridge). There is a

candidate of southern bar (southern blob) but it merges with a curved, spiral-like

structure (south spiral).

We study physical properties of gas, including temperature, density and mass, by using

our 13CO map, the published 12CO (1–0) map with comparable resolution (Donovan

Meyer et al., 2012), the low resolution 12CO (2–1) map from IRAM 30-m telescope, the



Chapter 3. Impact of Galactic Bar 146

Herschel maps of 70µm and 160µm, and finally our HCN (1–0) data which was made

by single-point observations. Results are summarized below:

• Within the central ∼1′ of NGC 6946, 12CO-to-13CO intensity ratio (R10) changes

by a factor of three. R10 is as high as ∼ 17 in the galactic center. Minibar also

has high R10, approximately 15 – 16. Mean R10 of the northern ridge is 15. In the

southern blob, R10 is about 12. R10, and it is 7 – 10 at the majority of the south

spiral.

• To better constrain the temperature and density with LVG calculations, 12CO

(2–1)-to-12CO (1–0) (R21) map was made by single dishes data (IRAM30 and

NRO45). Central region (minibar and galactic center) hasR21 ≈ 1. R21 of northern

ridge is about 0.8. Even though the single dish observations are not able to resolve

the southern ridge from the central region, we constrain the possible R21 of the

southern ridge by HCN observations. R21 of the southern ridge is < 0.8.

• LVG calculations of CO lines suggest that the galactic center and minibar contain

two components of gas. One component is moderate warm (20 – 40 K) but dense

(> 104.0 cm−3). Another component is warm (> 20 – 40 K) and moderate dense

(∼ 103.5 cm−3). Ridges are generally less dense (< 103.0−3.5 cm−3). Northern ridge

is warmer (> 15 – 20 K) than the southern ridge (< 30 K).

• HCN observations suggest that the dense gas fraction in the central region is larger

than the ridges by a factor of two. Dense gas fraction in the northern ridge is larger

than that of southern ridge by 1.3 times.

• The cause of the wide range of R10 is likely due to the change of gas temperature,

instead of dense gas fraction and intrinsic abundance ratio of 12CO and 13CO. We

are not able to conclude whether velocity dispersion (linewidth) is a cause of R10

just by the fits of observed spectrum.

• Images of star forming tracers (Hα, 24µm, and FUV) show that star formation is

more active in the northern ridge than the southern ridge. This may be the reason

of the higher R10 in the northern ridge, namely, higher temperature.

We compare azimuthal gas and star formation properties in NGC 6946. Hα image is

used as the star forming tracer because of the high resolution of the map. To recover the

embedding star formation, AHα is estimated by equalizing SFR(Hα) and SFR(24µm).

• The highest ΣH2 occurs at the galactic center and minibar. ΣH2,13 ≈ 850 M�

pc−2 is found from the transition of 13CO. ΣH2,12 ≈ 2500 M� pc−2 is found from
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12CO. In the northern ridge, ΣH2,13 and ΣH2,12 are 80 and 100 – 200 M� pc−2,

respectively. The southern ridge has comparable ΣH2 with the northern ridge,

ΣH2,13 and ΣH2,12 are 40 – 60 and 100 – 200 M� pc−2.

• Largest ΣSFR is found at the galactic center and minibar, ∼ 3 M� yr−1 kpc−2. In

the southern ridge, ΣSFR decreases with radius, reaching a small value of 0.02 M�

yr−1 kpc−2 at a radius of 40′′. However, ΣSFR sustains at a level of 0.1 – 0.2 M�

yr−1 kpc−2 in the northern ridge.

• Generally, SFE derived from 13CO is larger than that from 12CO because ΣH2,13

is 2 – 3 times lower than ΣH2,12. SFE13 is (1 – 4) × 10−9 yr−1 at the center,

comparable with the northern ridge, in which we found a SFE13 of (1 – 3) × 10−9

yr−1. SFE13 is lower in the southern ridge as (4 – 10) × 10−10 yr−1, respectively.

• The Kennicutt-Schmidt law shows that SFE in the northern ridge is enhanced,

deviated from the general trend produced by the galactic center and the southern

ridge.

• From the P-V diagrams cut perpendicular to the bar, we found that northern ridge

is associated with steeper velocity jump (presumably stronger shocks). The large

strong shock may help to shape the physical properties of GMCs in the northern

ridge and subsequently cause the enhanced SFE.

We study the difference of GMC properties in the northern ridge (GMCN), southern

ridge (GMCS) and galactic disk (GMCD, mainly in spiral arms) by using the giant

molecular clouds identified by Donovan Meyer et al. (2013).

• We found that the GMCS resemble GMCD. Their properties can be decried with

Larson’s relation. However, while GMCN follow the same relation of velocity

dispersion–mass as other GMCs, their radius are more compact than the corre-

lation of velocity dispersion–radius predicts. Consequently, GMCN have larger

density and shorter free-fall time, suggesting a faster star formation.

• We compare the mass–radius relation of the GMCs in NGC 6946 (this work) and

GMCs in literature, including Antennae galaxies (starburst/interacting galaxies),

Galactic center, Galactic disk, inner disk of spiral galaxies, outer disk of spiral

galaxy, and dwarf galaxies. The relations of the two variables follow the trend in

NGC 6946. This may be an outcome for GMCs in high-pressure environments.

Specifically, the density of GMCs in the high-pressure environments have to grow

to keep the balance between their internal pressures and the external pressure of

ambient ISM.
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Summary

In this thesis, I study whether/how environment affect the physical properties of giant

molecular clouds (GMCs) and their ability of star formation in barred spiral galaxies.

The uniqueness of this study is the utilization of a transition 13CO (1–0) (110.2 GHz),

which was very difficult to be mapped in nearby disks with high resolution and sufficient

sensitivity till very recent1. Small opacity (optically thin) is characteristic of 13CO,

leading to its effective critical density (a few 103 cm−3) about 10 times larger than

12CO. Furthermore, owing to its small opacity, 13CO reflects the amount of gas more

faithfully than 12CO. Although due to the different optical depth they trace,13CO and

12CO may not trace the same volume of a molecular cloud.

The thesis is divided into two parts. The first part considers general and large scale view

of the relation of molecular gas and star formation based on Kennicutt-Schmidt law. The

second part is a local view of the influence of galactic dynamics on the physical properties

of GMCs and their star forming activity, specifically, galactic bar. The procedures and

the results of the two topics are summarized in §4.1 and §4.2, respectively. Figure 4.1

and 4.2 are the flow charts of the two projects. In §4.3 and Figure 4.3, we make a

connection of the two projects and summarize the overall story of this thesis.

4.1 Star Formation Law

The role of surface density of molecular gas (ΣH2) is evaluated in terms of star forma-

tion law, so-called Kennicutt-Schmidt law (K–S law), which is defined as log ΣSFR =

N log ΣH2 + A. N is slope of K–S law. To overcome the uncertainties introduced from

the evolutionary stages of GMCs and star forming regions, K–S law is investigated under

112CO to 13CO intensity ratio is 5 – 20 in nearby galaxies

148
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sub-kpc resolution (∼ 300 pc) in IC 342. All data mentioned in this project are archival

data.

K–S law is created with 13CO map. The abundance of 13CO is assumed. The tempera-

ture of gas is estimated by the fit of spectral energy distribution (SED) from 24 µm to

500 µm. For comparison, K–S law is made with 12CO with the same physical resolu-

tion. The latest calibration of continuous CO-to-H2 factor (XCO,v) as a function of CO

intensity and metallicity is adopted. It turns out that XCO,v changes by about a factor

of five in IC 342. Therefore, using the Galactic CO-to-H2 factor in nearby galaxies (as

most of works did) is not a proper method.

Figure 4.1 shows a flow chart of this project. The central region of IC 342 has ΣH2

of > 100 M� pc−2, and 6 100 M� pc−2 in the spiral arms. These areas are referred

to high- and low-ΣH2 regions, respectively. The slope of K–S law derived from both

transitions are about 2 at the high-ΣH2 regions, while they are ∼ 1.4 at low-ΣH2 regions.

The Toomre Q parameter is used to examine the gravitational instability of IC 342. The

unstable regions (Q < 1) are well consistent with the peaks of 24µm, suggesting that the

large scale star formation is triggered by gravitational instability. On the other hand,

in the high-ΣH2 regions where ΣH2 > 100 M� pc−2, a steeper slope of 2 is observed.

The slope of ∼2 may reflect a star formation induced by cloud-cloud collisions. Indeed,

previous works have shown the detection of shock tracers in the central regions of IC

342. The slope of 2 can be explained by the self-regulated star formation as well, in

which star formation is regulated by stellar feedback. The abovementioned results of IC

342 are reproduced by similar analysis in 15 nearby galaxies.

Moreover, to observe how star formation law vary with ΣH2 , thresholds of ΣH2 are set to

control the scope of fitting (in IC 342 only), by which the mean ΣH2 gradually increase.

With this method, slope of star formation law continuously changes with increasing

ΣH2 , suggesting that there is no universal star formation law within a galaxy. The non-

universal star formation law also suggests that star formation efficiency depends on the

surface density of molecular gas. Hence, SFR does not simply rely on the amount of

gas. Instead, how the gas been accumulated, star formation mechanism and the physical

properties of giant molecular clouds are more important in controlling SFR/SFE. We

study this issue further in the next project.
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Figure 4.1: Flow chart of Chapter 2.

4.2 Influence of Galactic Bar in GMC Properties and Star

Formation

One of the probable candidates which influence star formation efficiency is galactic

dynamics. It plays an important role to redistribute gas in a galaxy.

Gas orbits in galactic bars generate large velocity jumps (shocks). The shocks can

inhibit star formation by disrupting GMCs as simulations and some observations suggest.

However, star formation is taking place in some galactic bars. The observed SFR in bars

have a wide range of two order of magnitude. Hence, galactic bar is an ideal laboratory to

study the environmental impact on GMC properties and their ability of star formation.

13CO (1–0) observations are made toward the central 1′ of NGC 6946, including the

galactic center, bar and part of spiral arms. Both single dish (NRO 45-m telescope) and

interferometer (CARMA) are used to preserve the total flux and resolution, respectively.

The final physical resolution is 100 pc. The map shows that NGC 6946 contains an

asymmetric bar, that is, the northern bar has a typical morphology of galactic bar,

while the morphology of the southern bar is not clear. The northern and southern bar
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are referred to strong bar and weak bar in this section2. Figure 4.2 shows a flow chart

of this project.

Physical properties of molecular gas are derived with LVG calculations, our HCN obser-

vations, and infrared color map. The densest and warmest region is the central region,

which consists of galactic center and a secondary bar (minibar). On the other hand, the

strong bar is warmer and denser than the weak bar.

ΣH2 of center/minibar is about 10 times larger than that of the strong and the weak

bar. There is no significant difference of ΣH2 among the bars. ΣSFR is also ∼ 10 times

larger in center/minibar than the strong bar; nevertheless, ΣSFR of strong bar is 2 –

10 times larger than the weak bar. An uphill relation of ΣH2 and ΣSFR is seen in the

center/minibar and the weak bar, but the slopes are different. ΣSFR of the strong bar

seems to be enhanced, deviated from the general trend of the K-S law.

Position-Velocity diagrams illustrate that the strong bar is associated with larger velocity

jumps across the bar. The velocity jumps are expected to destroy GMCs and inhibit

the subsequent star formation based on the theoretical works. However, in this study,

large velocity jumps (shocks) are associated with the enhanced ΣSFR.

The GMCs defined3 by Donovan Meyer et al. (2013) are used to examine the difference

(if there is) of GMC properties in the strong bar, weak bar, and galactic disk (mainly

spiral arms). GMCs in the weak bar and galactic disk follow the Larsaon’s relation of

velocity dispersion–mass and velocity dispersion–radius. The former relation is valid

for the GMCs in the strong bar, however, the later relation is unavailable. Specifically,

GMCs in the strong bar are more compact than that predicted by the relation. In other

words, with a given mass, GMCs in the stronger bar are smaller than those in the weak

bar and the disk. As a result, they become denser, along with a shorter free-fall time.

This can explain the enhanced SFE in the strong bar. Same phenomenon is found in

the GMCs at the shock fronts of an expanding shell in the LMC. These results also

provide some clues to understand the results of IC342. That is, the central source of

the expanding shell can be supernova, HII regions, and stellar winds. These objects are

found in abundance in the active star forming regions, such as galactic centers. Hence, in

addition to the difference of star formation mechanism, the difference of GMC properties,

namely, small clouds with larger ΣH2 and shorter free-fall time, may contributes to the

large slope of K–S law found in the center of IC 342.

We further compare GMCs properties in galaxies with different environments, including

Antennae galaxies (starburst/interacting galaxies), Galactic center, Galactic disk, inner

2In the main text, I use different terms which are more specific.
3defined from 12CO
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disk of spiral galaxies, outer disk of spiral galaxy, and dwarf galaxies. The relatively

small and dense GMCs are also found in those high-SFE environments, say, Antennae

galaxies, Galactic center and the inner disk of spiral galaxies. Those GMCs seem to

be an outcome for GMCs in high-pressure environments, in which the density of GMCs

have to rise to maintain the balance between their internal pressures and the external

pressure of ambient ISM.
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4.3 Environmental Dependence of Star Formation

Summary of this thesis is illustrated in Figure 4.3. We first separate the story into two

regimes, low-ΣH2 and high-ΣH2 regions.

At the low-ΣH2 regions, such as the disk of normal spiral galaxies, star formation pro-

ceeds by gravitational instability. This star formation mechanism leads to an observed

star formation law with a index of 1.5.

Galactic center, galactic bar and interacting galaxies have higher ΣH2 than disks. ΣH2

is often found to be > 100 M� pc−2. Molecular clouds can be effectively collected into

a region by large-scale galactic processes, such as galactic bars and the interaction of

galaxies. Consequently, the clouds have more chance to collide with each other. The

similar phenomenon is seen in the galactic center as well. If star formation is induced

by the cloud-cloud collisions, one would expect a star formation law with a slope of 2.

Indeed, we found this slope in the central region of IC 342 and other galaxies.

On the local scale, stellar populations, such as supernova explosions, heating of massive

stars, and the expanding shells of HII regions, can raise the external pressure exerting

on the surface of GMCs. As a result, GMCs become more compact and denser due to

the increase in the external pressure on the surface of GMCs. If those compact and

dense GMCs are formed in abundance, SFR and SFE become higher as well and more

and more sources which can raise external pressure are generated. On the other hand,

if the star formation rate is regulated by those stellar feedback, a slope of 2 of star

formation law is expected again. This result is also consistent with the slope we found

in the central starburst region of IC 342.

The external pressure could be risen by large-scale galactic process as well, for example,

dust lane shocks and the interaction of galaxies. Indeed, in the bar of NGC 6946, we

found that the compact GMCs are associated with larger dust lane shocks.

In summary, GMCs properties and star formation mechanisms respond to the galactic

environments. The different star formation mechanism could be found in different re-

gions of a galaxy. The physical properties of GMCs, for instance, size and density, could

be affected by the galactic environments as well. In this work, we suggest that GMCs

are more compact and dense in the high-pressure environments. The high pressure

could be an outcome of large-scale galactic processes (e.g., galactic bar and interaction

of galaxies) as well as the local stellar feedback (e.g., massive stars, HII regions, and

supernova).
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Figure 4.3: Summary of the thesis.



Chapter 5

Future Work

In Chapter 2, we suggest different star formation efficiency in the galaxy IC 342 with a

study of relatively low physical resolution in molecular gas. We attribute the variation

of star formation efficiency to different star formation mechanisms and speculate that

the process of how molecular gas been accumulated is more important for determining

star formation rate/efficiency. One of the efficient ways to collect molecular gas in a

region is through the galactic dynamics. Indeed, we have seen that galactic dynamics

(galactic bar) influence the GMCs properties in the study of NGC 6946 (Chapter 3).

Future studies will focus on how galactic environments control the physical properties

of GMCs and their star formation ability. A wide range of environmental properties is

desired, e.g., disk galaxies to interacting galaxies/mergers.

This section is organized as follows. Firstly, I will show future work of GMCs properties

in galactic bars in §5.1, and the GMCs and star formation within central < 1 kpc in

§5.2. Implications of the relation of star formation and nuclear activity are introduced

in §5.3. The possible relation between GMCs in disk galaxies and starburst/ineracting

galaxies is in §5.4. Summary is of this section is shown in the chart of Figure 5.1.

5.1 Star Formation in Galactic Disks: Bars

To explore how galactic dynamics determine the properties of gas and star formation in

bars, we need prior knowledge of: 1.) physical properties/conditions of GMCs, and 2.)

kinematics of gas. Physical properties of GMCs require high-resolution observations.

Physical conditions, such as temperature of gas can be inferred from radiation transfers

based on multi-line observations in radio regime. Theoretical studies of gas motion in

barred galaxy is rather robust. With these information, we can interpret the fate of

156
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GMCs in bars, such as the direction of their motion, candidates of their counterpart of

star forming regions. Moreover, galactic dynamics is a time dependent process in which

bar strength is changing. Accordingly, analysis of GMC properties and kinematics across

a wide range of bar strength is indispensable to constrain the full scenario.

In the future observations, optically thin 13CO is still worth exploring more. Identify

molecular clouds/clumps with 13CO in nearby galaxies would be an interesting study.

On the other hand, to fairly compare GMCs in external galaxies (external GMCs) and

the Galactic GMCs, quality of data is essential. The most severe problem of observations

of external GMCs is physical resolution. Hence, high frequency (transition) observations

can solve the problems one step ahead. Moreover, although some molecular lines are

still optically thick till high-transitions, high-transition lines typically trace higher den-

sity, i.e., closer to the site of star formation. Such high resolution and high transition

observations rely on interferometers, such ALMA and SMA.

5.2 Star Formation within 1 kpc

Circumnuclear rings (CNRs) are nursery of super star clusters. Super star clusters are

either be directly observed in CNRs (e.g., de Grijs et al., 2003, Dı́az-Santos et al., 2007,

Elmegreen et al., 2002, Galliano et al., 2005, Maoz et al., 2001) or indirectly suggested

from the short star formation timescale and the top heavy (flatter) initial mass function

of CNRs (Pan et al., 2013). Super star clusters are rarely observed in the disk of galaxies,

but interacting galaxies and mergers. This suggests that the GMCs in CNRs should be

different with that in the bars and disks but mimic GMCs in the more extreme objects.

Hence, since we may not be able to study those distant, dramatically high SFR systems

immanently with ALMA, CNRs offer a chance to study the physical properties of GMCs

and their star forming ability in a similar environment.

Moreover, the large scale gas supply may tell the clues of star formation mode. Molecular

gas in CNRs origins from their host galactic disks. The gas inflow rate (Ṁ inflow) ranges

incredibly large from 0.01 – 50 M� (Friedli & Benz, 1993, Haan et al., 2009). The

latest works suggest that Ṁ inflow from large scale disk is playing a key role determining

the properties of star formation in central kpc (e.g., Kruijssen et al., 2013, Seo & Kim,

2013). For example, if Ṁ inflow is so high that gas can always be gravitational unstable,

one would expect a sustained star formation with Ṁ inflow ≈ SFR in central kpc. On the

other hand, if gas inflow is too small that gas need to accumulate to meet the threshold

density for star formation, then Ṁ inflow > SFR, in such a case, episodic star formation is

expected (Kruijssen et al., 2013). The relative intensity between Ṁ inflow and SFR along

with the properties of molecular gas in CNRs then provide a clue of required physical



Chapter 5. Future Work 158

conditions (e.g., threshold density) to switch star formation on. Moreover, the observed

distribution of diffuse/dense gas and stellar populations can be affected by Ṁ inflow, the

state of inflow gas (Seo & Kim, 2013) and the geometry of the gas orbits between dust

lanes/bars and CNRs (Pan et al., 2013).

5.3 Star Formation within 1 kpc → Nuclear Activity

Gas supply from galactic disks to CNRs may have implications on central super mas-

sive black holes (SMBH)/active galactic nucleus (AGNs). There are some interesting

observational results: 1.) A galactic scale fueling mechanism coupled with a central

concentration is an efficient configuration to trigger nuclear activity (Hunt & Malkan,

1999); 2.) bar host AGNs show higher fraction of powerful AGN than those of non-bar

hosts (Alonso et al., 2013). These results suggest that even though galactic disks are far

from the central engines, they are playing a role of providing sufficient gas to central a

kpc, but not all of gas fall into centers.

Growing SMBHs and AGNs requires gas at galactic disks be driven to ≈ 10 pc, where

gas start to be controlled under the gravitational influence from BH. Mass required for

central engines is on the order of 106−7 M�, which is only about 1 – 10% of gas mass

within central 1 kpc of galaxies. The question is what physical process transport the

10% of gas from 1 kpc to 10 pc. It is complicated if we consider the dynamics of galaxy.

The changing direction of torque is the formation mechanism of CNRs, yet it also stop

the gas falling inward further. Hence, galactic dynamics itself may not be the direct

driver of feeding central engine.

Star formation related processes seem to be the most convenient way to reduce angular

momentum, such as shocks from supernova and cloud-cloud collisions (Fukuda et al.,

2000, Jogee, 2006). Indeed, star formation has been attributed to these mechanisms in

some CNRs (Ostriker & Shetty, 2011, Pan et al., 2013). The need of star formation

related processes also explains the excess of young stellar populations in inner ≤ 1

kpc of active galaxies than non-active galaxies (e.g., Cid Fernandes et al., 2005, 2001,

Kauffmann et al., 2003). Hence, physical properties of GMCs, and how star formation

proceed in CNRs become crucial for understanding the fueling mechanism of central

SMBHs/AGNs.



Chapter 5. Future Work 159

5.4 Relation of GMCs in Disks and Starbursts/Interacting

Galaxies

We compare GMCs in disk galaxy and the GMCs in various environments in §3.10.2.

We found a possible trend that when the ambient pressure of ISM increases, internal

pressures of GMCs are forced to increase to keep the pressure balance. The ambient

pressure of ISM rise from dwarfs→ inner disk of disk galaxies→ interacting galaxies. At

the same, while the GMCs in disk galaxies are roughly in pressure equilibrium, GMCs

in interacting galaxies are probably overpressure. Hence, GMCs in barred galaxies or

disks galaxies may be just a snapshot of a sequential variation. Interacting galaxies are

crucial because they can enlarge the galactic environments to a more extreme situation.

GMCs properties in those galaxy cloud be just as simple as an exploration of that in the

disk galaxies, but also possible that they are more complicated. Hence, comparison of

GMCs in disk and interacting galaxies should offer a large picture of how environments

determine the physical properties of GMCs.

As seen in the above sections, to constrain the large picture of how the physical properties

of GMCs change over the galactic environments, comparative study is required. Different

telescopes and transitions of observations cloud provide artificial variation of GMCs

properties as noted by Sheth et al. (2008a). Hence, while interacting galaxies and

starburst galaxies are found in abundance in the relatively far Universe, ALMA is the

best to tool to carry out the most reliable comparative studies on this issue.
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The facts:
- Majority of SF★ takes place in disks of galaxies in the local Universe. 
- Barred spiral galaxies are everywhere in the local Universe
- Bar can dynamically alter physical properties of gas and star formation efficiency in it  (Pan et al. 2014 in prep.)
- Some bars have no SF, some have SF in bar ends, some have SF along bars, we found one with starburst in bar. 
- We almost know nothing of the relation between gas and stars in bars.

The questions:
1.What cause the enhancement and inhibition of SF in bars even gas are plentiful? Bar strength? 
2.What’s the physical condition of gas that star formation favor in disks?
3.What’s the implication of SF in bar for galaxy evolution?

The facts:
- Relation of gas and stars are different in galactic disks and centers (Chapter 2)
- Surface density of gas are extremely high in CNR (Pan et al. 2013 ApJ)
- Star Formation rate can be extremely high in CNR (Pan et al. 2013 ApJ), but not always high even dense gas 

fraction is high, e.g., Milky Way
- Nursery of super star cluster. Thus GMCs in CNRs should be more like that in mergers or high-z starburts

The questions:
1.Does the GMCs properties and the threshold density for star formation changing with environments?
2.How star formation proceed in 1 kpc?
3.What’s the difference of the required condition for SF in CNR and disks  (back to the box above)

The facts:
- There are black holes/AGNs in galactic centers. They need gas to grow up
- Amount of gas required is about 1 - 10% of the mass in CNR

The questions:
1.How gas reduce angular momentum and fall to 10 pc from < 1 kpc?
2.Star formation related processes are the convenient way, e.g, shocks from SN, clouds collisions. But how star 

formation star and proceed in few hundred parsec? (back to the box above)

Some gas survive from SF in disks then 
enter CNRs. ★★ 

1.How much gas available?
2.What’s the gas inflow rate?
3.What’s the physical state of them?★★★ 

Ready or not ready for SF.

We may not be able to observe gas 
supply in central engines immediately, 
but indirect constrain is possible. 

★          SF = Star Formation
★★       CNR = Circumnuclear Ring
★★★  It was believed that shocks in bars 
make gas diffuse and sparse star formation 
in terms of theory and simulations. But it 
conflicts with our observing results. 

10 kpc  
Galactic Star Formation: bars

1 kpc
Local Star Formation: circumnuclear regions

10 pc
Nuclear Activity

The facts:
- They are often found to be starburst galaxies.
- Can produce super star clusters.

The questions:
1.Are GMCs in interacting galaxies different with that in disk galaxies? 
2.GMCs in interacting galaxies is an exploration of disk GMCs towards 

a more extreme environment or they are totally different?

Interacting galaxies/mergers

Figure 5.1: Summay of Future Plan.
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Komugi, S., Sofue, Y., & Egusa, F. 2006, PASJ, 58, 793

Komugi, S., Sofue, Y., Kohno, K., et al. 2008, ApJS, 178, 225

Kormendy, J. 1979, ApJ, 227, 714

Koyama, H., & Inutsuka, S.-I. 2000, ApJ, 532, 980

Koyama, H., & Inutsuka, S.-i. 2002, ApJL, 564, L97

Kravtsov, A. V. 2003, ApJL, 590, L1

Kruijssen, J. M. D., Longmore, S. N., Elmegreen, B. G., et al. 2013, ArXiv e-prints,

arXiv:1303.6286

Krumholz, M. R., & McKee, C. F. 2005, ApJ, 630, 250

Krumholz, M. R., McKee, C. F., & Tumlinson, J. 2008, ApJ, 689, 865



Bibliography 168

—. 2009, ApJ, 699, 850

Krumholz, M. R., & Tan, J. C. 2007, ApJ, 654, 304

Kuno, N., Sato, N., Nakanishi, H., et al. 2007, PASJ, 59, 117

Kwan, J. 1979, ApJ, 229, 567

Lada, C. J., & Lada, E. A. 1991, in Astronomical Society of the Pacific Conference

Series, Vol. 13, The Formation and Evolution of Star Clusters, ed. K. Janes, 3–22

Lada, C. J., Lada, E. A., Clemens, D. P., & Bally, J. 1994, ApJ, 429, 694

Lada, C. J., Lombardi, M., & Alves, J. F. 2010, ApJ, 724, 687

Lada, C. J., Lombardi, M., Roman-Zuniga, C., Forbrich, J., & Alves, J. F. 2013, ApJ,

778, 133

Lada, E. A., Bally, J., & Stark, A. A. 1991, ApJ, 368, 432

Langer, W. D., Wilson, R. W., Goldsmith, P. F., & Beichman, C. A. 1989, ApJ, 337,

355

Larson, R. B. 1981, MNRAS, 194, 809

Launhardt, R., Mezger, P. G., Haslam, C. G. T., et al. 1996, A& A, 312, 569

Lee, J. C., Gil de Paz, A., Tremonti, C., et al. 2009, ApJ, 706, 599

Leisawitz, D., Bash, F. N., & Thaddeus, P. 1989, ApJS, 70, 731
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Schinnerer, E., Böker, T., & Meier, D. S. 2003, ApJL, 591, L115

Schinnerer, E., Weiß, A., Aalto, S., & Scoville, N. Z. 2010, ApJ, 719, 1588

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525

Schmidt, M. 1959, ApJ, 129, 243

Schnee, S. L., Ridge, N. A., Goodman, A. A., & Li, J. G. 2005, ApJ, 634, 442
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