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Abstract

In this thesis, we studied about the evolution of starburst from the viewpoint of molecular
gas in galaxies.

For the study of the evolution using molecular gas, it is important to know its physical
conditions. We first find out a good tracer for estimating the molecular gas temperature
using J = 1 — 0 lines, which are observable with millimeter arrays; the HCN(1 - 0}/*CO(1
— 0) intensity ratio tend to show high value (» 1) when the molecular gas is dense
(n(Hy) = 10* em™) and warm (T > 100 K). The mechanism of this ratio can be
explained as follows; HCN(1 - 0) emission is optically thick even at high temperature, but
13CO(1 - 0) emission becomes optically thin when the temperature gets higher. Hence,
at high-density and high-temperature region, HCN/*CO ratio tend to have higher value.
Indeed, the HCN/!3CQ ratios are related with other temperature indicators; the physical
conditions of molecular gas derived from the HCN/!3CO ratios in galaxies are consistent
with those derived from high-J molecular lines. The HCN/™CQ ratios also have good
correlation with the existence of warm {~ 100 K) dust, and have loose or no correlation
with that of cold dust. These observational results support that the HCN/®CO ratio
might be a good tracer for molecular gas temperature.

Qur statistical study of starburst and non-starburst galaxies shows that the starburst
galaxies tend to have higher HCN/3CO ratios than those of the non-starburst galaxies.
These starburst galaxies also tend to have higher HCN/'2CO and CO/™CO ratios.
We searched such high intensity ratio objects in Qur Galaxy from published data, and
show that molecular gas related to shocked regions such as outflows from star forming
dense cores or supernova remnants have high ratios. This result indicates that shocked
molecular gas is the dominant source of the high intensity ratios that can be seen in
the starburst regions. Take their energetics, lifetimes, effecting areas, and numbers into
consideration, we concluded that supernova explosions are the most effective heating
source in galaxies.

Interferometric *CO(1 - 0) and 110 GHz continuum observations were carried out
toward the prototypical starburst galaxy NGC 253, the starburst galaxy NGC 3504,
and the post-starburst galaxy NGC 4736 with Nobeyama Millimeter Array (NMA).
Spectrum energy distributions in the starburst galaxies including our 110 GHz continuum
emission data are dominated by free-free emission, and the star formation efficiency
(SFE) derived from this emission and that from extinction corrected Heo luminosity
show good correspondence. HCN{1 — 0)/"2CO(1 - 0) intensity ratios (the ratio of the
dense gas amount to the total molecular gas amount) and SFEs show good correlation,
which support the previously published results that the dense molecular gas is needed
for the star formation.

We also observed the prototypical starburst galaxy M&2 in detail with NMA, and
succeeded to image a few hundred parsec scale outflowing molecular gas (spurs) and an
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4 ABSTRACT

expanding superbubble for the first time. The features of the spurs are quite similar to
the optical dark filaments (dust filaments), which indicates that molecular gas and dust
are settled in the similar regions. The superbubble is located ~ 140 pc westward from the
nucleus of M&82 with its diameter of 210 x 140 pc in north-south and east-west direction.
The energy of the superbubble is about 10%® erg, which corresponds to ~ 10* supernovae.
Molecular gas related with the superbubble is offset from rigid rotation, and ionized gas
also shows similar kinematics but have much higher velocity. Kinematics of H,O and OH
masers also show similar features, which indicate that molecular gas has undergone strong
shock which maybe produced by the interaction with ionized gas and/or by induced star
formations. The center of the superbubble is deficient in molecular gas, which means
that no more star formation would occur at there. On the other hand, the surrounding
regions are rich in molecular gas and show strong free-free emission, suggesting that
new starburst might be occurred. From these results, we proposed a new mechanism of
continuation and termination of starburst that strong starburst can blow out almost all
the molecular gas in and around the starburst region and force to stop the ongoing star
formations, but its strong expansion would compress the surrounding molecular gas and
make new star forming regions.

Near the center of the superbubble, there are a 2.2 pum secondary peak which cluster
is dominated by luminous supergiants, and a X-ray peak which may be radiated from
a middle mass (~ 10%® - 10* Mg) black hole, based on the published positions. The
stellar contents, mass, and evolution of the star cluster at 2.2 ym secondary peak based
on initial mass function (IMF) suggest that massive stars which have already exploded
can explain the energy of the superbubble. In this stellar cluster, it is possible to merge
stars to several hundred solar mass with runaway merger within the similar timescale
of the superbubble, and it can be a middle mass black hole after an hypernova. Also,
the mass of their compact remnants (stellar black holes) are enough higher than that of
the middle mass black hole, so that if some of the stellar black holes can merge into one
black hole, it would be a middle mass black hole. These results indicate that an intense
starburst is possible to make a middle mass black hole, and give a new explanation of
the formation of AGN and/or quasars.

SFEs estimated from free-free continuum emission and HCN/!3CO ratios in M82
show high values similar to other starburst galaxies, but HCN/2CO ratios show lower
values similar to post-starburst galaxies. This result strongly suggests that M82 is in the
very late phase of starburst or in the very early phase of post-starburst. Other literatures
based on optical and infrared observations also suggest the similar result.

Comparison between published starburst epoch estimated from optical/infrared data
and the change in the HCN/!2CO, HCN/¥CO, and 2CO/!2CO intensity ratios, we
proposed the evolution of intensity ratios, which corresponds to the evolution of the
physical conditions of molecular gas, in accordance with the evolution of starburst. First,
the density of molecular gas gets high by the gravitational instability. According to
the increment of molecular density, the star formation might occur, and the resultant
supernova explosions heat the surrounding gas. The continuance of star formation and
the successive supernovae might decrease the dense gas. Even all the dense gas would
exhaust or blown out, however, there might still exist the massive stars and therefore the
supernova explosions for a short time (~ 10% — 107 yr), so the temperature of molecular
gas might still high. Therefore, there might be a time offset between the changes in
molecular gas density and temperature. After the death of the heating sources, molecular
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gas might cool down, and finally diffuse and cool molecular gas might mainly remain.






Chapter 1

General Introduction

Gas, especially molecular gas, is very important matter for the universe, because all of
the stars are formed from molecular gas. Therefore, studies about molecular gas might
give important information for the formation and evolution of stars, galaxies, and much
larger structures. In this thesis, we studied the evolution of starburst in galaxies based
on the physical conditions of molecular gas. The importance of starburst and physical
conditions of molecular gas are described as follows.

1.1 Starburst Galaxy

Galaxies are usually consist of 10° — 10! stars, so that star formation is one of the most
important event in galaxy formation and/or evolution. In large-scale (~ 10% — 10% pc
scale) star formation event in a galaxy, there exist very important phenomenon, so-called
“starburst”. In starburst phase, enormous stars, especially massive stars, are formed at
the starburst region within very short-timescale (~ 10 — 107 yr; e.g. Rieke et al. 1980),
and the galaxy to be very luminous in various wavelength. The successive supernova
explosions disturb the surrounding regions, and spread heavy elements to these areas.
The energy of vast amount of supernova explosions tend to escape perpendicular to
the galactic disk and make large-scale outflows {(Tomisaka & Ikeuchi 1988) which even
reach to kpec-scale (Lehnert & Heckman 1996). Such large-scale outflows can pollute
with heavy elements not only the starburst galaxy itself, but also its galactic halo or
even intergalactic medium. Recent high-z observations indicate that galaxies with z> 4
(t < 10% yr) are already chemically polluted by heavy elements, which means that short-
timescale extensive starbursts were occurred at the very early phase of galaxy formation
(e.g. Hamann & Ferland 1999, Dietrich et al. 1999). These observations support that
the starburst phenomenon is very important also in the early universe.

The definition of “starburst” is still under discussion. but mainly there are two. One
is that a galaxy in which stars are forming intensively at higher star formation rate
(SFR) than that averaged over the lifetime of the galaxy (Weedman 1987). Another is
that a galaxy whose SFR per unit molecular gas mass available for star formation, or in
other words, star formation efficiency (SFE}, is high {Young 1987). The former definition
might depend on the area and/or activity of star forming region and/or the amount of
molecular gas, but the latter one would not depend on these parameters and defines the
quality of molecular gas. Indeed, starburst galaxies defined by the near-infrared aperture
photometry have high SFRs (Devereux 1989), but show wide range of SFEs (Young &
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Fig. 1.1: Comparison of optical spectra between a starburst galaxy (NGC 3504; top) and a
post-starburst galaxy (NGC 4736; bottom). There are large differences in the strength of
Balmer lines (Ha and Hf lines) that starburst galaxy shows strong emission features, but
post-starburst galaxy displays strong absorption features. These spectra are taken from
Ho, Filippenko, & Sargent (1995).

Devereux 1991). A dense molecular gas study of high SFR and low SFE galaxy NGC
4527 shows a small amount of dense molecular gas compared with total gas amount,
which is similar to those of normal galaxies (Shibatsuka et al. 2000), implies that this
galaxy is not a starburst galaxy from the standpoint of molecular gas study. We therefore
define the “starburst” in accordance to Young (1987} that an object with high SFE.

A proposition of a burst of star formation or “starburst” at a first time was to
explain the low mass-luminosity (M/L) ratio and high infrared luminosity of galaxies
such as “prototypical starburst galaxy” M82 and NGC 253 (Rieke & Lebofsky 1979 and
references therein). Star formation is tend to form a larger number of lower mass stars
than higher mass stars, which might be according to the initial mass function (IMF;
Miller & Scalo 1979) of

N
dd?(:) x m=® (1.1)
with the normalization formula of
My
f dN(m) = 1 (1.2)
m

where N is the number of stars, m stellar mass, « the slope of IMF which has 2.35 at
solar neighborhood (Salpeter 1955), and m, and m; are upper and lower mass cutoffs,
respectively. In the starburst region, lower mass cutoff of > 1M, is needed for the
explanation of the low M/L, which implies that starburst galaxies tend to form more
massive stars than normal galaxies (e.g. Rieke et al. 1980, Goldader et al. 1997). The
timescale of starburst is in the range of ~ 107 — 10° yr, much shorter than the lifetime
of galaxies (e.g. Rieke et al. 1980, Goldader et al. 1997).

This short timescale leads to the evolution of a starburst. At the beginning of a
starburst, the equivalent width of the Brackett -y line shows a large value because of a
large amount of ionized source {= OB stars). The lifetime of such massive stars {OB
stars) is at most ~ 107 —10% yr, so that burned out of these stars is almost corresponds to
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Fig. 1.2: Comparison of correlation diagrams between molecular gas mass derived from
2C0O(1 — 0) luminosity and infrared luminosity (left; Sanders, Scoville, & Soifer 1991} and
HCN(1 — 0) and infrared luminosity (right; Solomon, Downes, & Radford 1992). HCN
luminosity is much tightly correlated with infrared luminosity, which means that HCN
(dense gas) emission is much closely related with star formation than 2CO (diffuse gas)
emission.

the end of starburst. According to this sequence, the equivalent width of Brackett v line
might decrease. The CO absorption line, which implies the existence of supergiants (late
phase of OB stars) might increase at the middle phase of starburst (~ 10° — 107 yr) but
decrease in accordance with the decrement of the number of high mass stars. Molecular
hydrogen or Fe II lines, which trace shocked regions, get strong because of the increment
of the number of supernova explosions. After the starburst phase, there might remain
a lot of A-type stars which show strong Balmer absorption in the spectrum, so-called
“post-starburst” phase (figure 1.1). This starburst evolution has been proposed by Rieke
et al. (1988) and Rieke {1988) based on optical and near-infrared spectra of their data,
and is still believed.

1.2 Physical Conditions of Molecular Gas

Since stars are formed from molecular gas, molecular gas might be a direct fuel of star-
burst phenomena. Therefore, studies of molecular gas in starburst galaxies might give
important knowledge about the evolution of starburst and its effects.

For the formation of stars, the density of molecular gas is a very important factor.
Molecular gas has its density from 102 em™ to higher than 10! cm~3, sometimes reaches
to more than 10% cm™3, and the distributions are different between diffuse and dense
molecular gas. Diffuse molecular gas distributes widely, and is loosely gravitationally
bounded, but dense gas resides in much clumpy and tightly bounded region (e.g. Gold-
smith 1987). Observational studies of molecular cloud in Our Galaxy suggest that stars
are formed from dense molecular gas, not from diffuse region (e.g. Lada 1992). Extra-
galactic single-dish molecular gas observations also show similar result that the strength
of star formation is much tightly correlated with the amount of dense molecular gas than
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Fig. 1.3: Comparison of '*CO(1 — 0) and HCN(1 — 0) distributions (contour; Kohno,
Kawabe, & Vila-Vilaré 1999) with the Ha + [NII] image (greyscale; Wozniak et al. 1995).
Dashed lines indicate the trace of dust lanes seen in a B — I color image (Wozniak et
al. 1995). These figures clearly show that the distribution of Ha emission show better
coincidence with that of HCN emission than that of !2CO emission. These figures are
taken from Kohno, Kawabe, & Vila-Vilaré (1999).

that of diffuse molecular gas (figure 1.2; Solomon, Downes, & Radford 1992). Interfero-
metric molecular gas observations show that the distributions of star forming regions are
much closely related with those of dense molecular gas than those of diffuse molecular
gas (figure 1.3; Kohno, Kawabe, & Vila-Vilaro 1999, Reynaud & Downes 1999). These
results strongly imply that the density of molecular gas might control the star formation
from small-scale to large-scale.

Kohno (1997) has studied an evolution of star forming regions from the standpoint of
molecular gas density. In starburst galaxies, there are a large amount of dense molecular
gas, and are strongly concentrated at the starburst regions. In post-starburst galaxies,
however, there are almost no dense molecular gases. This result leads to the fact that
exhaustion of dense molecular gas by star formation would stop the starburst. On
the other hand, the beginning of starburst might cause by the gravitational instability,
because starburst galaxies tend to have unstable molecular gas, but normal galaxies have
stable gas.

Study of another physical condition parameter, temperature, of molecular gas might
also be important information for the studies of star formation. This information would
give us the strength of the effect of star formation to surrounding molecular gas. For
example, stars might heat surrounding region by their radiation, so that molecular gas
in star forming regions might be warmer than that in quiescent regions. Dark clouds,
which is quiescent, low mass star forming clouds, have temperature of ~ 10 K. However,
cores of glant molecular clouds, which are active high mass star forming clouds, have
high temperature, sometimes reach to a few hundred Kelvin {Graf et al. 1990). Molecular
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gas temperature in external galaxies also shows similar tendencies that starburst galaxies
have higher molecular gas temperature than quiescent, normal galaxies {Wall et al. 1993,
Gusten, et al. 1993, Harris et al. 1991). Therefore, temperature would give us the star
formation activity of molecular gas.

To obtain temperature information, observations of multi-J molecular lines are the
direct way. High-J and low-J lines are, however, in different wave bands, the former lines
are in submillimeter wave bands, and the latter in millimeter wave bands. At present,
only several single-dish telescopes are available for the submillimeter observations, and
no submillimeter interferometers, so that there are only small numbers of statistical
observations with low spatial resolutions (insufficient to resolve the active and non-active
regions) for the high-J line observations. Hence, studies for molecular gas temperature
in galaxies are not active so far.

1.3 Thesis QOutline

Due to the difficulty of submillimeter observations, the detail study of molecular gas
temperature has still not been done, and therefore the relation with molecular gas density,
and the evolution of these physical conditions are still not clear. In this thesis, therefore,
we will try to address the issue that “is there any relations between the evolution of
starburst and the physical conditions of molecular gas?”

Since many authors have done the study of molecular gas density, we first concentrate
to the study of molecular gas temperature. To address the issue indicated above, we
have to answer “how to know the molecular gas temperature?” and “what is the heating
source?” In chapter 2, we will study about the physical conditions of circumnuclear
molecular gas in M51, which was the beginning of this study, and indicate that the HCN{1
- 0)/BCO(1 - 0) integrated intensity ratio might be a good molecular gas temperature
probe. There is also a good correlation between HCN/¥CO ratios and the amount of
100 K dust, which strongly support this result. The studies of various objects in Our
GGalaxy suggest that supernova explosions might be the most effective heating source in
the starburst regions.

In chapter 3, the case study of prototypical starburst galaxy M82 will be discussed.
In the evolutional study of starburst galaxy by Rieke et al. (1988) and Rieke (1988), they
have suggested that M82 might be a late phase of starburst, not the typical one. In this
section, we will discuss about “is M82 typical starburst galaxy?” from the standpoint
of the physical properties of molecular gas. The molecular gas in M82 show that the
amount of dense gas is very low, but the star formation efficiency is high comparable
to other starburst galaxies, which indicate that M82 would be in the very late phase
of starburst, not in the middle of the starburst phase. Since our observations arc a
few x10 pc resolution, we will also discuss the detail structures of molecular gas in
the starburst galaxy. The molecular gas images show very interesting feature, that is,
an expanding molecular superbubble. From the study of this superbubble, we propose
the new mechanisms of the termination of starburst, the sequential starburst, and the
formation of a middle mass black hole.

In chapter 4, we will study about the physical conditions of molecular gas in starburst
and non-starburst galaxies, and compare the differences between these galaxies. There
are large differences that the density and temperature of molecular gas in starburst
galaxies tend to be higher than that in non-starburst galaxies. Even inside of a starburst
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galaxy, there are differences in physical conditions. We will also study about ~ 100
GHz continuum emission in millimeter wave, and discuss about the domination of free-
free emission in the continuum and usefulness in the estimation of star formation rate
(SFR) and star formation efficiency (SFE). The SFR and SFE derived from the free-free
emission dominated continuum emission show good correspondence with those derived
from the extinction corrected Ha emission, which indicate that millimeter wave (~ 100
GHz) continuum emission would be a good tool for estimating absorption free SFR and
SFE values, if free-free emission is dominated.

In chapter 5, we will propose the evolution of the physical conditions of molecular
gas in accordance with the evolution of starburst galaxies using all the results in chapter
2—4. There might be offsets in the evolution of the increment and decrement of molecular
density and those of molecular temperature in accordance with the evolution of starburst.
First the density would increase because of the gravitational instability, and after that
temperature would increase by the explosions of supernovae.

Summary of this thesis will be provided in chapter 6.




Chapter 2

Tracers for Estimating the Physical
Conditions of Molecular Gas

2.1 Introduction

Studies of dense molecular gas in galaxies have demonstrated that the physical properties
{especially density) of molecular gas in the central regions of starburst galaxies are quite
different from those at the centers or disks of normal galaxies. For example, high angular
resolution imaging of HCN(1 - 0) and 2CO(1 - 0) emission toward the nuclear regions of
the prototypical starburst nuclei NGC 253 and M82 revealed a high HCN(1 - 0)/2CO(1
— 0) intensity ratio of 0.2—0.3 (Paglione, Tosaki, & Jackson 1995, Sorai et al. 2000b, Shen
& Lo 1995; but it is not true for M82. See chapter 2.3, 3). These ratios are higher than
that in the central region of the Milky Way (the ratio ~ 0.08; Jackson et al. 1996, Helfer
& Blitz 1997b), suggesting an enhancement of the gas density in the central hundreds
parsec regions of starburst galaxies. This enhancement is closely related to the star-
formation efliciency. Galaxies with higher density enhancement tend to have higher
star-formation efficiency (Solomon, Downes, & Radford 1992, Kohno 1997). Moreover,
there are spatial coincidence between dense molecular gas distributions and star forming
regions (Kohno, Kawabe, & Vila-Vilaré 1999). These results strongly support the idea of
stars are formed from dense molecular gas. However, from the observations of *CO and
HCN, we can only obtain lower limits to the density conditions, and this is not enough
to reveal a whole story of starburst phenomena.

Another important information for the physical conditions of molecular gas is tem-
perature. The difference of temperature between molecular clouds might suggest the
difference of the amount of heating source such as massive stars, supernova explosion-
s, and so on. Therefore, the temperature would give us the star formation activity of
molecular gas. To obtain the temperature information, observations of high-J molecular
lines in the submillimeter wave bands are needed. At present, however, only single-dish
telescopes are available for the submillimeter observations (no submillimeter interferom-
eter), so that spatial resolutions (at most one kpc scale) are insufficient to resolve the
star forming regions (at most a few hundred pc scale; Jackson et al. 1996) and quiescent
regions even in the nearby galaxies, and we cannot obtain the small-scale temperature
information. Therefore other ways of measuring temperature are required.

In this chapter, we will propose a new probe to obtain the physical conditions of
molecular gas (especially temperature} that can observe with millimeter wave bands,

13
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and therefore can obtain detail information with high spatial resolution interferometer
observations (section 2.2). Since the discovery of this new probe is in a part of the study
about active galactic nuclei, we will also discuss about these objects. We will show the
reliability of the probe (section 2.3), and also discuss about the heating source as well
(section 2.4).

2.2 HCN/PCO as Dense and Warm Molecular Gas
Tracer 1 : M51

2.2.1 Background

Recent aperture synthesis mm-wave HCN observations have revealed the existence of the
dense gas circumnuclear tori (or disks) in the Seyfert galaxy NGC 1068 (Jackson et al.
1993, Tacconi et al. 1994) and the low-luminosity active galactic nucleus (AGN) M51
(Kohno et al. 1996). These tori have a typical radius of a few hundred parsecs and a Hs
column density of > 10%* cm™2, and are thought to be responsible for the obscuration
of the direct view of AGN. In both galaxies, the HCN emission from the tori is very
bright, and the resultant HCN/'?CO intensity ratio is very high (0.6 for NGC 1068,
Helfer & Blitz 1995, Helfer & Blitz 1997a; 0.4 for M51, Kohno et al. 1996). The possible
interpretation of this high ratio is that the density in the clouds of the tori is very high
compared with that of GMCs {giant molecular clouds) in disks of spirals.

In order to understand the physical conditions of the molecular clouds, and also to
be able to relate those properties to the AGN phenomena, multi-line observations are
essential. The best multi-line observation is to observe multi-J lines with millimeter
and submillimeter telescopes, because we do not need to consider any abundance of the
molecules, and we can derive physical conditions directly. In addition, since the dense
parts of the molecular clouds are confined to relatively smaller regions than is the 12CO
emission, the line ratios can be very sensitive to the resolution of the telescope (e.g.
Helfer & Blitz 1993). Therefore, millimeter and submillimeter multi-line observations
using interferometers are the best way to study these active regions. However, there are
still no submillimeter interferometers in this world, so that we have to find other probes
in millimeter wave bands to know the physical conditions of molecular gas, and check
the validity of the probes with observing multi-J lines in submillimeter wave bands with
case studies.

For the study of the circumnuclear molecular tori/disks, M51 is one of the best
sample galaxies to observe. It has a low-level activity Seyfert 2 nucleus (e.g. Rose & Cecil
1983, Terashima et al. 1998, Ho, Filippenko, & Sargent 1997}, and its nearness (9.6 Mpc;
Sandage & Tammann 1975) and face-on view {20°; Tully 1974) make it possible to observe
the circumnuclear region with high resolution (1”= 47 pc) and small contaminations by
outer disk gas. Aperture synthesis HCN(1 — 0) observations by Kohno et al. (1996)
have found a dense circumnuclear torus/disk around AGN, and its rotating axis (P.A.
~ —20°) is almost parallel to the position angle of the radio jet (~ —17°; Ford et al.
1985). High resolution (078 x 172) 2CO(2 - 1) observations (Scoville et al. 1998) have
also showed a similar image as that of HCN(1 - 0), although the 2CO(2 — 1) distribution
is not symmetric. From these circumstances, M51 is one of the best candidates to study
the conditions of the nuclear molecular clouds.
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Table 2.1: Interferometer observational parameters.

BCo* 2cot HCNf

Observing 1995 Nov. - 1996 Mar. 1988 Dec. - 1989 Mar. 1994 Apr. - 1994 May,
period 1995 Jan. - 1995 Mar.
Synthesized 579 x 571 571 x 474 71 x 578
beam
(Linear scaleg) (270 pc x 230 pc) (230 pc x 200 pc) (330 pc x 270 pc)
Velocity 20.4 km 51 19.5 km s~} 21.1 km s™!
resolution
R.m.s. noiseV 16 mJy beam™! 82 mJy beam™! 10 mJy beam™!

(53 mK) {340 mK) (38 mK)

* This work.

t Kohno et al. (1996).

§ For distance 9.6 Mpc (Sandage & Tammann 1975).

9 R.m.s. noise for channel maps with the velocity resolution listed above.

2.2.2 Observations

Interferometric Observations

Aperture synthesis observations of the central region of M51 were carried out in the
BCO(1 - 0) line (rest frequency = 110.201353 GHz) using the Nobeyama Millimeter
Array (NMA) during 1995 December - 1996 March. The *CO image was obtained us-
ing three configurations (D. C, and AB) of six 10m antennas which are equipped with
tunerless SIS receivers (Sunada, Kawabe, & Inatani 1994). The receiver noise temper-
atures were about 50 K (DSB) at 110 GHz. As back-end, we used a 1024 channels FX
spectrocorrelator (Chikada et al. 1987), with a total bandwidth of 320 MHz, correspond-
ing to 870 km s~1 at the ¥CO(1 - 0) frequency. The band-pass calibration was done
with 3C273, and 13084326 was observed every 25 minutes as a phase calibrator. The
flux scale of 13084326 was determined by comparisons with planets of known brightness
temperature. The uncertainty in the absolute flux scale is estimated to be ~ 20%.

The data were reduced using the NRO software package "UVPROCII”, and the final
maps were made and CLEANed with the NRAO software AIPS. All these maps were
made with natural weighting. The synthesized beam of the *CO channel maps was 579
x 571 (270 pe x 230 pc) and the velocity channel maps were made with 20.4 km s™!
velocity binning. The typical noise level of the channel maps was 16 mJy beam™'. We
briefly summarized the observational parameters of 3CQ in table 2.1, together with 2CO
and HCN. The detailed observational parameters for the ?CO and HCN are described
in Kohno et al. {1996).

Single-Dish Observations

Observations of the central region of M51 using the Nobevama 45 m telescope were
carried out in the HCN(1 - 0), ¥*CO(1 - 0), and 2CO(1 — 0) lines (rest frequency =
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86.6316024 GHz, 110.201353 GHz, and 115.271204 GHz, respectively) during 1997 May —
December. The half power beam widths (HPBW) were 17", 15", 14", and the main-beam
efficiencies were n,,, = 0.47 £ 0.02,0.51 £+ 0.03,0.40 £ 0.01, respectively. We used two
SIS receivers simultaneously for the observations of two molecular lines with no relative
pointing offsets. The telescope pointing was check and corrected every one hour, and
the absolute pointing errors were less than 3” during the observations. The system noise
temperatures (SSB) of 87 GHz, 110 GHz, and 115 GHz throughout the observations
were 200 — 300 K, 300 — 500 K, and 600 - 700 K, respectively. As back-ends, we used
2048-channel wide band acousto-optical spectrometers (AOS), with a total bandwidth
of 250 MHz, corresponds to 650 km s ! at the '2CO(1 - 0) frequency. The line intensity
calibration was made by the chopper-wheel method (Ulich & Haas 1976), and the relative
intensity errors were calibrated with the intensity of IRC+10216 at every observation.

We also observed in the HCN(3 — 2), *CO(3 - 2), 12CO(3 - 2), and HCN(4 - 3) lines
(rest frequency = 265.886432 GHz, 330.587957 GHz, 345.795991 GHz, and 354.505472
GHz, respectively) using the JCMT 15 m telescope during 1997 April - May. The half
power beam widths (HPBW) were 18", 14”7, 13", and 13", respectively. We used the
Receiver A2 for the HCN(3 — 2) observations, and the Receiver B3 for the rest of the
lines. The Receiver B3 has two mixers, Mixer A and Mixer B, and we observed the
BCO(3 - 2) with Mixer B, the 12CO(3 - 2) with Mixer A, and the HCN(4 - 3) with
both mixers. The main-beam efficiency of the Receiver A2 was 7, = 0.60 £ 0.04, and
those of the Mixer A and Mixer B of the Receiver B3 were n,, = 0.64 £ 0.03 and
0.61 £ 0.03, respectively. The telescope pointing was check and corrected every two
hours, and the absolute pointing errors were less than 3”7 during the observations. The
system noise temperatures of the Receiver A2 (DSB) and Receiver B3 (SSB) throughout
the observations were 500 — 800 K and 400 - 1000 K, respectively. As back-ends, we .
used 2048-channel digital autocorrelation spectrometer (DAS), with a total bandwidth
of 760 MHz, corresponds to 660 km s at the 2CO(3 - 2) frequency. The observed
spectra were taken using secondary mirror chopping with a beam throw of 3’ in R.A.
The line intensity calibration was made by the chopper-wheel method, and the relative
intensity errors were calibrated with the intensity of IRC+10216 at every '2CO(3 - 2}
and HCN(4 - 3) observations. For the calibrations of the 1*CO(3 — 2) observations, the
average calibration values for the 2CO(3 - 2) and HCN({4 - 3) lines with IRC+10216
observations were used. We did not calibrate the relative intensity errors for the HCN(3
— 2) observations, but it will be less than 15% (estimated from the standard deviation
of the JCMT standard line measurements of the HCN(3 — 2) line in IRC+10216).

We observed six points with the 2CO(3 - 2) line, two points with the *CO(1 - 0)
and ¥CO(3 - 2) lines, and one point (center) with the 3CO(1 - 0), HCN(1 - 0), HCN(3
- 2) and HCON(4 - 3) lines. The reference position for the observations is (R.A., Decl.)
= (13"27™465.327, 47°27'10//25), which coincides with 6 cm radio continuum peak (Ford
et al. 1985). The grid points of the 2CO(3 - 2) line were spaced by 7/5 parallel and
perpendicular to the major axis of the galaxy at a position angle {P.A.) of —10° (Tully
1974). The observed positions of **CO(1 - 0) were (070, 070) and (070, 1570} in R.A.
and Decl. offsets, and those of the ¥CO(3 - 2) were (0’0, 070) and (070, 7/5) with the
same gridding as the *2CO(3 — 2) observations. We briefly summarized the observational
parameters of these single-dish observations in table 2.2.
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Table 2.2: Single-dish observational parameters.

Molecular lines Rest frequency Beam size Linear scale* Telescope
(GHz) {arcsec) (pc)
2C0 (3-2) 345.796 ~ 13 620 JCMT 15 m
BCO (3-2) 330.588 ~ 14 640 JCMT 15 m
HCN (4 - 3) 354.505 ~ 13 600 JCMT 15 m
HCN (3 -2) 265.886 ~ 18 850 JCMT 15 m
2C0 (1 -0) 115.271 ~ 14 630 NRO 45 m
BCO (1 - 0) 110.201 ~ 15 690 NRO 45 m
HCN (1 - 0} 88.632 ~ 17 800 NRO 45 m

* For distance 9.6 Mpc (Sandage & Tammann 1975).

2.2.3 Results

The Distribution of ¥ COQO emission

The channel maps of the *CO emission observed with the NMA are shown in figure 2.1.
BCO emission from the central ~ 1’ region (in diameter) of M51 was detected over a
velocity range of Vygr = 387 — 547 km s~! (a full velocity range of 160 km s '), similar
to the 2CO (Kohno et al. 1996). Figure 2.2 shows the total integrated intensity map
of 13CO obtained by binning the channel maps over the velocity range from Viggr = 384
to 546 km s!, together with the 2CO and HCN maps taken from Kohno et al. (1996).
The total flux of ¥CO emission in our 68” beam is 162 Jy km s~!. The 3CO emission
detected with the 14m FCRAO telescope (45" beam) by Young and Sanders (1992} is
2.940.21 K km s~' (which corresponding to 122 Jy km s7!). Qur 3CO flux within a
similar 45" gaussian beam is 78.7 Jy km s~ !, corresponds to ~ 70% of the single-dish
flux. In the following intensity calculations, we recovered the missing flux with assuming
that the missing flux of 30 % is distributed uniformly.

As can be clearly seen in figure 2.2, the overall distributions of the of *CO and 2CO
emission are very similar. Both are distributed along a pair of spiral arms, and are
deficient at the center, clearly different from centrally peaked HCN emission.

Figure 2.3 shows the radial distributions of the 2CO/?*CQO, HCN/¥CO, and HCN/!2CO
total intensity ratios, respectively. We define the ‘intensity’ as I = [ Tpdv (K km s71).
All three figures shown in figure 2.3 were made using the tasks “COMB” and “IRING”
in the AIPS package; first we made ratio maps with a clipping level of 20 after the maps
convolved to the same beam size, and averaged them over concentric annuli of 4”(180
pc) width. Figure 2.3(a) indicates that the 2CO/!3CO ratio is almost constant (except
for the center), that is, ~ 742 for almost all the region of the field of view. Since we
detect almost no *CO emission from the central 8”in radius, we only obtained the lower
limit of "2CO/¥CO ratio in this region. The HCN/!CO ratio (figure 2.3(b}) is also
obtained with lower limit information, but show a centrally peaked structure. The most
remarkable point in this figure is that the HCN/'3CO ratio is higher than 3 in the central
region (r < 180 pc), namely, the HCN intensity in this region is much brighter than the
BCO intensity in spite of the much larger abundance of the *CO molecule. On the
other hand, in the outer regions (r> 180 pc), the HCN/!CO intensity ratio is only ~
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0.5-0.6 which is 5-6 times smaller than in the central 180 pc region. This trend is almost
the same as the HCN/'2CO ratio (figure 2.3(c)} which is already shown in Kohno et al.
{1996).

The Intensities of Multi-J Molecular Lines

We detected *CO lines with single-dish telescopes in all observed points (figure 2.4).
2C0(3 - 2)/(1 - 0) intensity ratios of the (070, 070} and (070, —1570) are ~ 0.8 £ 0.1
and ~ 0.9x0.1, respectively. These values are moderately high compared with starburst
galaxics (the mean value of seven starburst galaxies is 0.64 = 0.06; Devereux et al.
1994) and nearby galaxies {0.2 — 0.7 for 23 nearby galaxics; Mauersherger et al. 1999),
and almost comparable to the prototypical starburst galaxy M82 ("2CO(3 - 2)/(1L - 0)
~ 0.9 = 0.2; Tilanus et al. 1991, Wild et al. 1992) and the luminous infrared galaxy Arp
220 (0.9; Mauersberger et al. 1999). 2CO(3 - 2)/(1 - 0) ratio of the center and off-center
of M51 in Bash, Jaffe, & Wall (1990) was similar to our result, but in Mauersberger et al.
(1999) was (.62 at the center, somewhat smaller than our measurement. This would be
caused by their larger beam size of 21”and/or pointing offset. in 2CO(1 - 0) observations,
since their spectrum has an asymmetric profile. M51 have weak CO intensity at the center
but strong at the off-center (arm) region {e.g. Kohno et al. 1996, Nakai et al. 1994), so
that the large beam size or pointing offset easily cause the different line ratios and/or
asymmetric profiles.

BCO(3 - 2) was detected both at the center and off-center (0’0, —775) points, with
intensities stronger in off-center point (figure 2.5, solid line). The "*CO(3 — 2)/BCO(3
- 2) intensity ratio of the center 1s ~ 22 £ 7, but that of the off-center point is ~ 8 = 2.
This ratio 1s larger than that of other galaxies such as the Seyfert galaxy NGC 1068
(~ 14 £ 3; Papadopoulos & Seaquist 1999) and the starburst region of M82 (~ 10;
Tilanus et al. 1991). ¥CO(1 - 0) was observed only at the center, and detected at that
point (figure 2.5, dashed line). The CO(1 - 0)/3CO(1 - 0) intensity ratio is ~ 13 £ 2,
which is moderately high compared with that of normal galaxies {~ 10; Sage & Isbell
1991, Young & Sanders 1986). However, as seen in the interferometer image of CO
(figure 2.2), almost all the *CO comes from the off-center (arm) region, so that the ratio
with much smaller beam size (6 < 15"} might be much higher (figure 2.3).

About HCN molecules, J = 1 - 0 was clearly detected (figure 2.6(a)), but J = 3 -
2 (figurc 2.6(b)) and J = 4 — 3 (figure 2.6(c)) were marginal detections. The HCN{4
- 3)/1*CO(3 - 2) intensity ratio is ~ 0.03 = 0.01, similar to NGC 253 and IC 342 of
~ 0.03 — 0.05, but quite different from M82 of < 0.003 (Jackson ct al. 1995). The
HCN(3 - 2)/(1 - 0) intensity ratio is ~ 0.22 £+ 0.06, similar to NGC 1068, Arp 220,
Maffei 2 and IC 342 (~ 0.2). but lower than M82 and NGC 253 (~ 0.6 — 0.7) (Paglione,
Jackson, & Ishizuki 1997). Paglione, Jackson, & Ishizuki (1997) also observed M51. but
they obtained only a upper limit of 0.1. This might be a beam dilution of HCN(3 - 2)
emission caused by their larger beam size. Their beam size is 27", so the beam dilution
effect lowers the intensity of the source smaller than our beam size (~ 18") by 45%.
Our observed integrated intensity and peak temperature are 1.62 K km s™! and 20 mK,
so that the dilution of ~ 45% would result these values as 0.7 K km s™! and 9 mK,
respectively. These value are lower than their observed upper limits of < 1.3 K km s7!
and < 11 mkK, respectively. This estimate indicates that the higher-J HCN emission
might also be compact and centrally peaked as HCN(1 — 0) (Kohno et al. 1996). We
summarized the results of the observations in table 2.3.
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Table 2.3: Single-dish observational results.

Molecular lines Offsets* Integrated intensities’

(Aa”, Ad") (K km s71)

2C0O(3 - 2) (0.0,0.0) 431+29
(7.5,0.0) 35.6 £3.4

(0.0,7.5) 50.8 + 4.2

(—7.5,0.0) 33.7Tx£37

(0.0, -7.5) 293+ 3.0

(0.0, —15.0) 31.8+29

2C0(1-0) (0.0,0.0) 53.8+5.1
(0.0, —15.0) 37.4+3.0

BCO(3-2) (0.0,0.0) 1.9+0.6
(0.0, —7.5) 3.5+ 0.7

BCO1 -0) {(0.0,0.0) 43407
HCN(4 - 3) (0.0,0.0) 1.9+04
HCN(3 - 2} (0.0,0.0) 1.6+04
HCN(1 - 0) (0.0,0.0) 7.5+ 0.4

* The reference point (0”70, 070) is the position of the galactic nucleus determined from
the 6 cm radio continuum peak. Other points are offset from the reference point with a
P.A. of —10°.

1 Quoted uncertainties are lo.

2.2.4 Physical Conditions of Dense Gas Disk in the Nucleus
of M51

Physical Conditions Derived from HCN/!*CO Intensity Ratio

We found that the HCN/CO intensity ratio of the nuclear dense gas disk of M51
observed with the NMA is much higher than unity, in addition to the high HCN/2CO
ratio which has been already obtained by Kohno et al. (1996). Similar results have been
obtained from the nuclear molecular clouds of the Seyfert galaxy NGC 1068 and the
starburst galaxy M82 as discussed below. We will present below the physical conditions
of the dense gas disk in M51 which is estimated from the obtained HCN/*CO intensity
ratio.

Calculations based on the Large-Velocity-Gradient (LVG) approximation (e.g. Gol-
dreich & Kwan 1974, Scoville & Solomon 1974} can be used to estimate the physical
conditions of the molecular clouds from the observed molecular line data. We derived
the physical conditions of the circumnuclear molecular disk in M51 using LVG calcula-
tions with the HCN and *CO data, assuming a one component model in order to make
clear under what conditions the HCN emission becomes brighter than that of *CO. The
line intensity ratios and the line opacities were calculated as a function of the Hy number
density, n(Hz), from 10? to 10" cm ™3, and the kinetic temperatures, Ty, from 10 to 1000
K. The collision rates for CO molecule were available from Flower & Launay (1985)
(< 250 K) and McKee et al. (1982) (> 500 K), and that of HCN molecule were available
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from Green & Thaddeus {1974) (< 100 K) and Green (1993) (> 100 K}. We fixed the
abundances to the ‘standard’ relative abundance as Z(1*CO) = ["*COJ/[Hy] =1 x 107°
(Solomon, Scoville, & Sanders 1979) and Z(HCN) = [HCN]/[H,] = 2 x 107® (Irvine,
Goldsmith, & Hjalmarson 1987).

We made two kinds of coarse estimations for the velocity gradient dv/dr before the
LVG calculations. First, we estimate it from the observational values. The velocity width
of the nuclear HCN emission is about 130 km/s and its radius is < 200 pe¢ (Kohno et al.
1996), hence a lower limit to the value of the velocity gradient dv/dr is > 0.7 km s~ 'pe~L.
From Figures 3 & 5 of Kohno et al. {1996), the nuclear disk seems to be resolved, and
the separation of the blue and red velocity peaks is about 90 pc. If we assume that this
is the lower limit of the radius, an upper limit of dv/dr would be < 1.4 km s™'pc™.
Therefore, the estimated range of the velocity gradient is 0.7 < dv/dr < 1.4. A second
estimate of the velocity gradient comes from assuming that the circumnuclear clouds are

virially bound and ny, ~ 10* cm3; then. the velocity gradient can be approximately

estimated as
dv [4rGmy,ny,
o =y —T 9 kmsT ! pe !, 2.1
dr ra 3 ! ' (21)

where, o,: velocity dispersion (km s™!), r.: cloud radius (pc), G: gravitational constant,
my,: mass of molecular hydrogen, and ny,: number density of molecular hydrogen.
These two estimations show dv/dr ~ 1, similar to the general value of 1.0. We therefore
used dv/dr = 1 as a normal value in the following calculations.

The results of the calculations of the density and temperature dependent intensity
ratio are shown in figure 2.7. The solid contours in the figure show the curves of constant
HCN/3CO intensity ratios; the curves corresponding to a HCN/"CO ratio of 3 were
outlined as thick solid curves. These figures clearly indicate that the observed high
HCN/3CO ratio can only be produced when both density and temperature are high.
These results lead to the conclusion that the high HCN /' CO ratio originates in molecular
gas of high density (n{Hs) ~ 10°*! cm™3) and high temperature (T} z 300 K), for normal
velocity gradients and *CO and HCN abundances.

The LVG calculations with different velocity gradient were also performed, and im-
plied that increasing the velocity gradient of a factor of 3 (dv/dr = 3), which is larger
value than those estimated above, lowers the temperature of only a factor of ~ 2. On the
other hand, the decrease of the velocity gradient raises the temperature. Hence, even if
the velocity gradient would change, high HCN/3CO ratio indicates that molecular gas
is in high-density and high-temperature conditions. We also carried out the LVG calcu-
lations with a low *CO abundance condition, and the results indicate that reducing the
13CO molecule abundance of a factor of 2 (['*?CO]/[**CO] = 100) lowers the temperature
of only a factor of ~ 2. Furthermore, an increase of the ['?CO]/['*CO] abundance ratio
toward the galactic center is opposite from its decreasing trend of Our Galaxy (Wil-
son & Rood 1994). If we rise the *CO abundance, the calculated physical conditions
show much higher temperature. Hence, even if the ¥*CO abundance would change, high
HCN/BCO ratio indicates that molecular gas is in high-density and high-temperature
conditions. On the other hand, since the HCN emission is optically thick, the change
in the HCN abundance do not affect to the calculation results. For the following LVG
calculations, therefore, we use normal velocity gradient and ¥*CO and HCN abundances.
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Why is HCN Brighter Than *CO 7

The observed brightness temperature of an emission Ty is related to the filling factor
f, the excitation temperature 7T, and opacity of emission 7 by the equation Ty =
F(J(Te) = J(Tog))(1 — exp(—7)), where J, = (hv/k)(exp(hv/kT} —1)7', and T, is
the background radiation temperature. Using the Local-Thermal-Equilibrium (LTE)
approximation, the observed HCN/!¥CO brightness temperature ratio can be expressed
as

Tucn 1 — exp(—7uon)

TISCO N 1-— exp(—‘ﬁaco)

(2.2)

assuming the same filling factor and excitation temperature for HCN and 3CO. If the
opacities of both molecules are optically thick, the brightness temperature ratio tends to
1. However, if the HCN emission line is optically thick and *CO is thin, the ratio can
be > 1.

The opacity ratio of the HCN and 3CO emission is related to the dipole moment ;
(¢ denotes the corresponding molecules), rotational constant B, and column density N;
as

THON _ ihonBren{1 — exp( =820} Nyex (2.3)
Tsco  phooBuco{l — exp(—hZ—}iEQ)}NmCO

For the following calculations, we used pco = 0.112 x 10718 esu cm, ppen = 3.0 x 10712
esu cIn, BCO = 57.9 GHZ, BHCN = 44.3 GHZ, haco = 110 GHZ, VHCN = B88.6 GHZ,
and we used the usual abundance ratios mentioned above. Since the dipole moment of
HCN is 30 times larger than that of *CO and the T is proportional to p2, even taking
into account the abundance ratios of HCN and 3CQ, it is obvious that the myen will be
larger than the migo. Adopting Toy = 30 K (Garcia-Burillo et al. 1993), the calculated
opacity ratio of '3CO and HCN is tgon/T3co = 9.00, but these results do not depend
severely on the excitation temperature used {even if the excitation temperature is raised
by a factor of 3, the opacity ratio differences are less than 1%).

Indeed, inspection of figure 2.7 shows that the opacity of 3CO is optically thin (see
dotted line of figure 2.7) and that of HCN is optically thick (not shown in the figure)
where HCN/!3CO > 3; therefore, the above discussion is appropriate.

Physical Conditions Derived from Multi-Transition Molecular Line Study

Observation results by the single-dish telescopes show that the integrated intensity ratios
of 12CO(3 -~ 2)/(1 — 0) are almost constant in both center and off-center (arm regions),
but those of 2CO/3CO are clearly different. This result indicates that the physical
properties of the center and arm regions would be different. We again calculated the
physical conditions of the molecular clouds from the observed molecular line data based
on the LVG approximation.

Line intensity ratios and opacities for CO molecules were calculated as a function
of the Hy number density, n(H,), from 10! to 10° em™3, and the kinetic temperatures,
Tk, from 10 to 2000 K. The collision rates of < 250 K were available from Flower &
Launay (1985) and of > 500 K were available from McKee et al. (1982). We fixed the
abundances to the ‘standard’ relative abundance as Z{**CQ) = [3CO]/[Hy] = 1 x 10°°
(Solomon, Scoville, & Sanders 1979) and ['2CO]/[!3CO} = 50. We also fixed the velocity
gradient, dv/dr, as a general value of 1.0.
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Table 2.4: Two-component model LVG calculation intensities.

Molecular lines Component (a) Component (b) Observed*

(K km s71) (K km s71) (K km s71)

200(3 - 2) 27.9 12.3 43.1£29
1200(1 - 0) 49.7 8.3 53.8 +5.1
BCO(3 -2) 0.6 1.9 1.94+0.6
BCO(1 - 0) 4.7 0.3 4.3+0.7

* Quoted uncertainties are lo.

The LVG calculations assuming a one-component model indicate the molecular gas
in the central 300 pc in radius have a density n(H,) of ~ 5x10? -~ 1x10° cm 3, and a
kinetic temperature 7 of ~ 100 — 200 K. This result means that the molecular gas of
central region of M51 is dominated by diffuse, warm gas. This result, however, may not
reflect the true physical conditions, because the molecular gas emission in this region
would come mainly from two different physical condition regions, the spiral arms and
the eircumnuclear disk. Molecular gas in the spiral arm regions can be clearly seen in
the 2CO(1 - 0) and BCO(1 - 0) interferometer maps (figure 2.2), and would resemble to
Galactic GMCs (n{Hy) ~ 10? - 10* em™?, Ty ~ 15 - 40 K) or GMC complexes (n{Hj) ~
1 - 3x10° em™3, T, ~ 7 — 15 K} (Goldsmith 1987). On the other hand, the molecular
gas in the circumnuclear disk is rich in dense gas (n{Hj) ~ 10° ¢cm™3), which can also be
seen in the interferometer HCN(1 - 0) image (figure 2.2}. Since the physical conditions
of these two distinct components may be different from the calculation result, it would
be better to calculate physical conditions assuming a two-component model.

According to this point of view, we run LVG calculations assuming a two-component
model. This model did not concern geometrical effects. The best fit to the data is ob-
tained by the following: (a} a low-density (n{Hz) ~ 3 - 6x10? cm™?) and low-temperature
(Tiin ~ 20 — 50 K) component, and (b} a high-density (n(H3) » 10 em™) and high-
temperature {7}, » 500 K) component. We briefly summarized the LVG calculation
results in table 2.4.

Almost all of the *CO(1 - 0) and *CO(1 - 0) emissions and two-thirds of the 2CO(3
— 2) emission comes from the component (a). In addition, the physical properties of the
component {a) are consistent with those of the Galactic GMCs or GMC complexes, and
of the low density molecular gas in the nearby galaxies (n{H,) of < 10 em 3 and Ty, of
50 K; Mauersberger et al. 1999). Furthermore, the interferometric results indicate that
the arm regions are dominated by the 12CO(1 - 0) and *CO(1 - 0) emissions. These
results suggest that the component (a) is a main component of the spiral arm regions.
On the other hand, almost all of the ¥CO(3 - 2) emission, one-third of the 2CO(3 -
2) emission, and almost no CO(1 — 0} emission comes from the component (b). The
deficiency of the ¥CO(l — 0) emission and the physical properties of the component
(b) are consistent with the situations of the circumnuclear molecular disk observed by
NMA observations as indicated above (n(Hj3) of ~ 105 £ 1 cm™ and Ty, of > 300 K).
Stronger in higher-J emission lines in *CO molecule and therefore the high-density and

high-temperature conditions can also be seen in the massive star forming regions of Orion
A and NGC 2024 (Graf et al. 1990).
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Table 2.5: Comparison of HCN/!3CO intensity ratio with other galaxies.

Our Galaxy
Location M51 NGC 1068 IC 342 Inner region Ser A Sgr B2
Nuclear region :
Ratio >33380 >23080% ~o05-09"  ~ o088l ~08%  ~qH
Linear scale” 360 pc§ 140 pci 10 - 50 pcft ~ 600 pcﬁw 4.1 p(ﬁ!11 4.7 pc1HT

Arm or ring ~ 0.5 — 0.6 — — __ _ .

* Linear scale of the region which HCN/!3CO intensity ratio was obtained.
7 This work. The value of nuclear region was derived with 3¢ upper limit.
§ For distance 9.6 Mpc {Sandage & Tammann 1975).

9 Helfer & Blitz 1995. This value was derived with 3¢ upper limit.

I For distance 14 Mpc (Helfer & Blitz 1995}.

+* Downes et al. 1992.

1t For distance 1.8 Mpc {McCall 1989).

&8 See text.

99 For distance 8.5 kpc.

it Linke, Stark, & Frerking 1981.

Same as CO molecules, line intensity ratios and opacities for HCN molecules were
calculated as a function of n{Hs) {102 ~ 107 cm™2) and T (10 - 1000 K). The collision
rates of < 100 K were available from Green & Thaddeus (1974) and of > 100 K were
available from Green (1993). We again fixed dv/dr as 1.0, and the HCN abundances
as Z(HCN) = [HCN]/[Hy] = 2 x 107® (Trvine, Goldsmith, & Hjalmarson 1987) which is
the ‘standard’ relative abundance. The LVG calculation results for HCN{3 — 2) /(1 — 0)
~ 0.22 & 0.06 indicates n(Hy) ~ 4x10? — 2x10* ecm 3. This density range is consistent
with the CO results.

The intensities of the two-component LVG calculation results and those of the ob-
servational results suggest that the beam filling factor of the component (a) is ~ 0.02,
but that of the component (b) is only < 0.00036. The beam size of about 600 pc and
the beam filling factor calculated above implies that the area of the component (a) is
~ 6000 pc?, which is equivalent to the area of 20 molecular clouds with radius of 10 pc
{equivalent to ~ 20 GMCs) in the central ~ 300 pc in radius. On the other hand, the
area of the component (b) is less than 110 pc?, which is equivalent to the area of one
molecular cloud with a radius of only < 6 pc.

2.2.5 Comparison with Other Galaxies

From the study of physical conditions of molecular lines in the central region of M51,
we indicate that the HCN/®CO intensity ratio is good warm and dense molecular gas
tracer as high-J lines. To confirm this result, we studied the previously published data
of other galaxies. The summary for the results of the previously published data is in
table 2.5.

NGC 1068. — The nuclear region of NGC 1068 has a Seyfert 2 nucleus and star-
forming inner spiral arms (or ring) (Wilson & Ulvestad 1982, Telesco et al. 1984), but
the strength of the star-formation is lower than M82. The ?CO emission is mainly
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distributed in the inner spiral arms, and some in the nucleus. The ¥CO distribution
is similar to that of *CQ but there is no clear emission in the nucleus. On the other
hand, the HCN emission is strongly concentrated near the nucleus. Therefore, this object
resembles M51. In Helfer & Blitz (1995), the effective peak temperature of a nuclear
source of size 2” is given from the direct comparison of the *CO, *CO, and HCN
emissions. Using these values, it is clear that the 12CO/!3CO ratio is greater than 5 and
the HCN/®CO ratio is greater than 2.3. This value is rather smaller than that of M51,
but the HCN/13CO is anyway much larger than unity. In the star-forming inner spiral
arms, Helfer & Blitz mentioned that the HCN/'?CO intensity ratio is ~ 5 times smaller
than in the nucleus. If there is no depletion of ¥CQO, the HCN/3CO will be therefore
smaller than unity. Tacconi et al. {1994) estimated the kinetic temperature and density
of the circumnuclear molecular gas as > 70 K and ~ 10*~® cm™? from '?CO(4 - 3) and
(1 — 0) observations. Our LVG estimations are » 200 K and ~ 10°%! cm™, if we use
HCN/¥CO > 2.3 (Tacconi et al. 1994) and normal *CO and HCN abundances. If we
compare our estimations of both kinetic temperature and density with those of Tacconi
et al. (1994), we can say that these are in good agreement with each other.

Merger candidate ultraluminous infrared galazies. — From single dish observations,
it has become clear that merger candidate ultraluminous infrared galaxies have very
large 2CO/13CO (Aalto et al. 1991a, Aalto et al. 1991b, Casoli, Dupraz, & Combes
1992a, Casoli, Dupraz, & Combes 1992b, Aalto et al. 1995) and HCN/2CO (Solomon,
Downes, & Radford 1992) ratios, so that merging galaxies will also have high HCN/"¥CO
ratios. Indeed, high angular resolution interferometric observations of 2CO(1 - 0),
1B3CO(1 - 0), and HCN(1 - 0) emission in Arp 299 (IC 694 and NGC 3690; Aalto et al.
1997) have shown the distributions of these emission lines in this merging system, and
proved that there exist high HCN /}3CO ratio regions. These high ratio regions are seen
in the starburst regions of Arp 299 where the interacting pair is highly overlapping, and
at the nuclei of two galaxies (one is a possible AGN and the other is a possible starburst
nucleus: Gehrz et al. 1983). These results are only for one object, so that much more
high spatial resolution interferometric observations of merging galaxies are necessary to
make clear these suggestions and problems.

IC 842, — There is no clear nuclear concentration in any of the maps of the three
emission lines. Instead, there exist five evident molecular clouds, and the HCN/3CO
intensity ratios of these clouds range 0.5-0.9 (Downes et al. 1992). These values are
twice as high as the values at 400-1400 pc from the center of M51 (inner arm), but much
lower than those of the central region. The nuclear region of IC 342 has a population
of young stars and experienced recent star formation, as suggested from strong FIR
emission {Becklin et al. 1980) and 2 cm and 6em radio continuum emission (Turner &
Ho 1983). However, the degree of star formation is much lower than in M82, since only
one out of five of the dense molecular clouds has an OB star association (Downes et al.
1992), and the star formation rate of the nuclear region calculated from the 6 cm thermal
radio flux (Turner & Ho 1983) is estimated to be 0.15 My yr~'. Harris et al. (1991)
have detected >CO(6 - 5) emission from the nucleus. Incorporating the observations of
Eckart et al. {1990) and their 6 — 5 observations, they have estimated the molecular gas
temperature and density as T, = 30 K and n(Hy) > 5 x 10%. These values are much
lower than NGC 1068 or M51. Our estimations from the HCN/'3CO ratio lower than
1 indicate that the molecular gas of IC 342 is not warm, and these estimations are also
consistent with the high-J 2CO line estimations.
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Our Galary. — The inner ~ 600 pc region of the Milky Way has an average
HCN/!2CO intensity ratio of ~ 0.08 (Jackson et al. 1996, Helfer & Blitz 1997b). Using
a 2CO/13CO ratio of ~ 9 — 10 (~ 9 for inner 1 kpc, Bronfman, Bitran, & Thaddeus
1988; ~ 10 for inner 300 pc, Aalto et al. 1991a), the HCN/!3CO intensity ratio in the
inner region of the Milky Way is ~ 0.8. This value is very similar to that of IC 342. In
addition, there are data for Sgr A and Sgr B2. In Sgr A, the brightness temperature of
the 3CO emission is ~ 9.3 K (Bally et al. 1988) and that of the HCN emission is ~ 7.1 K
(Lee 1996), therefore the HCN/!3COQ is ~ 0.8. The beam size for the !*CO observations
was 100" and that of HCN 61”. Since HCN is clearly more extended than the 61” beam,
the HCN/13CO ratio would still be ~ 0.8, if the beam size was extended to match that
of the BCO observations. In Sgr B2, the *CO and HCN data was observed by Linke,
Stark, & Frerking (1981). The T of 1*CO is 7.5 K and that of HCN is 2.9 K, therefore
the HCN/3CO is ~ 0.4.

From the previous results, we can broadly divide galaxies into two groups; those that
have a HCN/3CO ratio < 1 and those with a ratio > 1. The nucleus of M51 has a
low-luminosity AGN (LINER) (Rose & Searle 1982, Rose & Cecil 1983, Palumbo et al.
1985, Makishima et al. 1990, Terashima et al. 1998). As described above NGC 1068,
and merger candidate ultraluminous infrared galaxies also have an active region. On
the other hand, the central regions of IC 342 and Our Galaxy have neither an AGN nor
an active starburst. Although we compared small samples, these results suggest that
high activity regions such as AGNs and intense starburst regions tend to have higher
HCN/BCO ratios than in the regions of lower activities.

2.2.6 How are High-Density and High-Temperature Molecu-
lar Clouds Made ?

The physical properties of the nuclear dense molecular gas disk are very different from
what is usually seen in the GMCs or the disk region of galaxies. In this section, we discuss
about the heating mechanism of this component. From our observations, however, we
cannot rule out either of these possibilities.

M51 has a low luminosity Seyfert 2 nucleus (Sect. 2.2.1), and therefore emitting
a hard X-ray (Palumbo et al. 1985, Makishima et al. 1990, Terashima et al. 1998).
The X-ray luminosity, Lx. and the estimated hydrogen column density, Ny, toward
the nucleus of M51 are ~ 10%! erg s7! and » 5 x 102 c¢m~2, respectively (Makishima
et al. 1990, Terashima et al. 1998). According to the model calculations of Maloney,
Hollenbach, & Tielens (1996) using the observed Lx and Ny, the AGN of M51 can heat
the molecular gas within a radius of ~ 5 pc to a temperature higher than a few hundred
Kelvin. This result is consistent with that of the LVG calculation results based on this
work and our NMA observations.

M51 has a radio jet emitting from the nucleus with the pressure of ~ 107° dyn cm™
(Ford et al. 1985, Crane & van der Hulst 1992). If the molecular gas around nucleus
is in pressure equilibrium with the pressure of the radio jet, the gas with the density
of > 10* cm™3 would be heated up to < 700 K. Hence, this mechanism can also be a
heating source of the dense gas disk. This is consistent with the result of Scoville et al.
(1998), and supports the idea of the molecular torus/disk collimates the jet (e.g. Scoville
et al. 1998, Kohno, Kawabe, & Vila-Vilaré 1999). Since the temperature is inversely
proportional to the density, however, the density of higher than 10° cm~2 cannot heat

2
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up to the temperature higher than 100 K.

The jet can also cause shocks to the surrounding gas. Therefore, the shock heating
would also be possible, since this mechanism can also heat up the gas to a few thousand
Kelvin. Indeed, the infrared molecular hydrogen emission line observations suggest that
the molecular gas in the nuclear region of M51 may be shocked, possibly by outflows
from the AGN (Lester and Thompson, 1990).

The near-infrared (near-IR) nuclear color observations of the Seyfert galaxies indi-
cates the existence of hot (T" = 1000 — 1300 K) dust reddened by Ay & 5 — 30 magnitude
(e.g. Alonso-Herrero et al. 1998 and references therein) near AGNs. This result suggests
that the collisional heating by dust around AGNs can be one of the heating mechanisms
of circumnuclear molecular gas. Because of no near-IR nuclear color observation for Nb1,
however, we cannot estimate the possibility of this heating mechanism.
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Fig. 2.1: Channel maps of '3CO emission. LSR velocities are shown in the upper-right
corner of each map. Synthesized beam is shown in the lower-left corner of the first channel
map. The cross of each map indicates the position of the galactic nucleus determined from
the peak of 6 cm radio continuum source of o{B1950)=13"27"46°.327, §(B1950)=47°27'10"25
(Ford et al. 1985). A circle of 68"of each map is the field of view. The rms noise is ¢ = 16
mJy beam~! = 53 mK, and the contour interval is 1 ¢, with the lowest contour at 2 o.
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Fig. 2.2: Integrated intensity maps of ?CO, *CO, and HCN lines of the central region
of M51. The color scale is shown at the top of each map. The cross of each map marks
the 6 cm continuum emission peak. '2CO and HCN maps were taken by Kohno et al.
(1996). Left: 2CO(1 — 0) moment map. Synthesized beam (5'1 x 474, P.A. = 138°) is
shown at the bottom-left corner. The field of view (65”) is indicated with a circle. The
contour levels are 1.5,3,4.5,--+,90, where 1 ¢ = 4.6 Jy beam™! km s~! [= 19 K km s™'].
Middle: *CO(1 — 0) moment map. Synthesized beam (59 x 571, P.A. = 9°) is shown at
the bottom-left corner. The field of view (68") is indicated with a circle. The contour
levels are 1.5.3,4.5,---,90, where 1 ¢ = 0.9 Jy beam™! km s™! [= 3.0 K km s™']. Right:
HCN(1 — 0) moment map. Synthesized beam (771 x 58, P.A. = 138°) is shown at the
bottom-left corner. The field of view (84") is indicated with a circle. The contour levels
are 1.5,3,4.5,--+,90, where 1 0 = 0.6 Jy beam™' km s~! [= 2.3 K km s7'].
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Fig. 2.3: Radial distributions of total intensity ratio. All figures were made using a task
“COMB?” in AIPS package to divide images each other with clipping level of 20, and
using a task “IRING” to averaged over concentric annuli of 4”{180 pc) wide. (a) Radial
distribution of 12CO/*CO total intensity ratio. (b) Radial distribution of HCN/'*CO total
intensity ratio. (c¢) Radial distribution of HCN/!?2CO total intensity ratio.
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Fig. 2.4: Spectra of 12CO(3 — 2) (solid line) and >CO(1 — 0) (dashed line) emission.
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The reference point (070, 070) is the position of the galactic nucleus determined from the

peak of 6 cm radio continuum source. Other points are offset from the reference point
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Fig. 2.5: Spectra of *CO(3 - 2) (solid line) and *CO(1 — 0) (dashed line) emission.
Formats are same as in figure 2.4.
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Fig. 2.6: Spectra of (a) HCN(1 - 0}, (b) HCN(3 - 2), and (¢) HCN(4 — 3} emission.
Formats are same as in figure 2.4.
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Fig. 2.7: Density (vertical axis) and temperature (horizontal axis) dependence of HCN(1
0)/*CO(1 - 0) intensity ratio. Solid contours show curves of constant HCN/3CO intensity
ratio, and thick solid curve indicates HCN/'3CO ratio of 3.0. Dotted curves show *CO
opacity, and thick dotted curve indicates '*CQ opacity of 1.0.
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- 0)/13CO(1 — 0) intensity ratio. Solid contours show curves of constant HCN/"?CO
intensity ratio, and thick solid curve indicates HCN/!*CO ratio of 1.0. This figure clearly
shows that the HCN abundance do not affect to the HCN/'*CO intensity ratios.
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2.3 HCN/YCO as Dense and Warm Molecular Gas
Tracer I1
: NRO 45 m Extragalactic HCN/“CO Survey

2.3.1 Background

In the previous section, we found a new probe (HCN/3CO integrated intensity ratio) to
get the information of the physical conditions of molecular gas, and proved by the qual-
itative discussions. In this section, we will discuss about this probe quantitatively. For
the quantitative discussions, we perform a HCN/CQ survey with observing starburst
and non-starburst galaxies. These sample galaxies cover a wide range of star formation
activity. We summarized the sample galaxies with basic parameters in table 2.6-2.7.

M&2 and NGC 253 are located near from Our Galaxy (3.25 Mpc and 3.4 Mpe, respec-
tively; Sandage & Tammann 1975) and show energetic properties in many wavelengths.
These galaxies, therefore, have been studied by many authors, and known as prototypi-
cal starburst galaxies (e.g. Rieke et al. 1980, Rieke, Lebofsky, & Walker 1988, Devereux
1989). NGC 2146 and NGC 3504 have star formation activities comparable to M82
and NGC 253 on the basis of 1.65, 2.2, and 10 pm photometric observations (Devereux
1989, Devereux et al. 1994). NGC 2903 is one of the Sérsic-Pastoriza galaxy (a cata-
logue of galaxies with peculiar or complex nuclei such as “hot spots” or “amorphous
nucleus”; Sérsic & Pastoriza 1965, Sérsic & Pastoriza 1967, Sérsic 1973) and its nuclear
appearance was classified as “hot spot”. This “hot spot”™ nuclear region is a powerful
infrared source, and it has been proposed that this activity would be caused by a s-
tarburst (Rieke et al. 1980, Telesco & Harper 1980). This model has been supported
by radio and infrared observations (Wynn-Williams & Becklin 1985). NGC 6946 has
a centrally peaked molecular gas structure (Ishizuki et al. 1990, Regan & Vogel 1995),
and a starburst is now ongoing at this nuclear gas concentrated region (Turner & Ho
1983, Engelbracht et al. 1996). NGC 6951 is also a Sérsic-Pastoriza galaxy, and has a
9" x 6" (~ 1.0 x 0.7 kpc assuming a distance of 24.1 Mpe; Tully 1988) circumnuclear “hot
spot” ring (Barth et al. 1995, Elmegreen et al. 1999). This ring is bright in Ho (Wozniak
et al. 1995, Gonzalez-Delgado et al. 1997) and shows high star formation rate (SFR) of
~ 3 — 4 Mgyr~! and also high star formation efficiency (SFE) which is comparable to
those in the central regions of nearby starburst galaxies (Kohno, Kawabe, & Vila-Vilaré
1999, Kohno 1997, Wozniak et al. 1995).

Optical spectra of the central regions of both NGC 4736 and NGC 5195 show strong
Balmer absorption lines (Ho, Filippenko, & Sargent 1995, Taniguchi et al. 1996, Sauvage
et al. 1996, Greenawalt et al. 1998). Since these strong Baliner absorption lines are the
typical spectra of A-type stars, the stellar populations of galaxies that have these ab-
sorption lines would be dominated by these stars. Indeed the stellar population synthesis
implies that stellar populations of NGC 4736 and NGC 5195 are extend up to at most A4
to A7, and optical light is dominated by these stellar populations (Pritchet 1977, Warn-
er 1974). The possible mechanism of making the A-type star dominated galaxies is as
follows; starburst would produce enormous numbers of early to late-type stars, assuming
a normal initial mass function. Early-type stars (OB stars) would live at most 10® vears,
so that at the time of 10° years after the beginning of the starburst, early-type stars
would be burned out, and the vast numbers of A-type stars would remain. Therefore
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Table 2.6: Basic parameters of the starburst galaxy sample.

Galaxy Type* a(B1950) 3(B1950) Ref.!  Dist.3  Ref¥
NGC 253 SAB(s)c 00M45MO55.63  —25°33'40/5 1 3.4 8
NGC 2146 SB{s}ab pec 06"10™41%.10 178022281 2 17.2 9
NGC 2903  SAB(rs)be 09P29m205.26  +21°43°20/'74 3 7.6 8
M82 10 sp 09h51m435.5 +69°55/00//0 4 3.25 8
NGC 3504  (R)SAB(s)ab  11h00™28°.53  +28°14'3172 5 26.5 9
NGC 6946  SAB(rs)cd 20M33m49° 2 +59°587497'5 6 10.5 8
NGC 6951  SAB(rs)be 20036™365.59  +65°55/4670 7 24.1 9

* Morphological type taken from RC3.

T References for the positions.

§ Distance in Mpc.

€ References for distance.

References — (1} Keto et al. 1993. (2) Condon et al. 1982, (3) 2.2 pm peak of Wynn-Williams &
Becklin 1985, (4) Shen & Lo 1995. (5) Condon et al. 1990. (6) Turner & Ho 1983. (7) Saikia et al.
1994. (8) Sandage & Tammann 1975. (9) Tully 1988,

the galaxies with numerous A-type stars would be explained as post-starburst galaxies
(Rieke 1988, Rieke, Lebofsky, & Walker 1988, Walker, Lebofsky, & Rieke 1988). Recent
millimeter wave molecular gas observations support this suggestion that there is little
molecular gas (Tosaki & Shioya 1997), or even exist, molecular gas is stable against grav-
itational instability (Shioya et al. 1998) and almost no high-density gas (Kohno 1997) in
the Balmer absorption dominated regions. Therefore, we classified NGC 4736 and NGC
5195 as “post-starburst” as other literatures classified. NGC 4826 is classified as a type
2 transition object (which has the middle of stellar and non-stellar excitation and with
no broad wing; Ho, Filippenko, & Sargent 1997). Even if all of the Ha emission of this
galaxy originates from star forming regions, the extinction corrected total Ha luminosity,
L(Ha), of 5.7 x 10%* erg s™! (Young et al. 1996) indicates the SFR of only ~ 0.5 M
yr~!, using the relationship between the SFR and the L(Ha) of (Kennicutt 1983)

L(Ha) 1

FR = Moyr .
SER = T o % 107 erge1 oY

(2.4)

Hence this galaxy might be regarded as a non-starburst galaxy.

2.3.2 Observations

Observations of the central regions of nearby galaxies using the Nobeyama 45 m telescope
were carried out in the HCN(1 - 0), 3CO(1 - 0), and 2CO(1 - 0) lines (rest frequency
= 86.6316024 GHz, 110.201353 GHz, and 115.271204 GHz, respectively) during 1997
February — April and 1997 December for starburst sample, 1998 March - April for non-
starburst sample and M82, and 1999 March — April for NGC 6951. We observed *CO and
HCN simultaneously for the starburst sample and NGC 6951, and *CO and >CO for the
non-starburst sample and M82. Since we observed two lines simultaneously with using
two SIS receivers, there are no relative pointing offsets between these two lines. The half
power beam widths (HPBW) for the *CO and HCN simultaneous observations (except
NGC 6951) were 15"and 17", and the main-beam efficiencies were n,, = 0.51 £ 0.03
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Table 2.7: Basic parameters of the non-starburst galaxy sample.

Galaxy Type* a{B1950) 5(B1950) Reft Dist.d RefY  Activity?
NGC 4736 (R)SA(r)ab  12M48™315.910  +41°23'31778 1 43 3 Post-SB
NGC 4826  (R)SA(rs)ab 12"35M165.07  +21°57'135 2 41 3 (LINER)
NGC 5195 10 pec 13h27m535.27  +47°31/2575 2 93 3 Post-SB

* Morphology types taken from RC3.

1 References for the positions.

§ Distance in Mpc.

q References for distance.

1 Star formation activity. “SB” indicates starburst.

References — (1) Turner & Ho 1994. (2) Humme! et al. 1987. (3) Tully 1988.

and 0.47 £ 0.02, respectively. The HPBW for NGC 6951 observations with *CO and
HCN lines were 15”and 18", and the main-beam efficiencies were m,, = 0.48 £ 0.02 and
0.49 + 0.02, respectively. The HPBW for the **CO and 2CO simultaneous observations
were both 14", and the main-beam efliciencies were 9, = 0.40 & 0.03 and .51 £ 0.03,
respectively. The telescope pointing was check and corrected every one hour, and the
absolute pointing errors were less than 4” during the observations. As back-ends, we used
2048-channel wide band acousto-optical spectrometers {AOS), with a total bandwidth
of 250 MHz, corresponds to 650 km s~! at the '2CO(1 — 0) frequency. The line intensity
calibration was accomplished by the chopper-wheel method (Ulich & Haas 1976), and
the relative intensity errors were calibrated at every observation with the intensity of
W51 main for NGC 6951 and IRC+10216 for the rest of the observations.

We observed central regions of sample galaxies pointed to the nuclei except for M82,
MS82 was observed toward five points for *CO and HCN lines, and three points for *CO
lines. Observed positions for M82 were the nucleus (0", 0”), and (-15", -3") and (-30",
-6”) in R.A. and Decl. offset from the nucleus with three lines. In addition, *CO and
HCN observations were pointed toward (-45", -9”} and (10", -6”) offset from the nucleus.
The basic parameters of the starburst galaxy sample are summarized in table 2.6, and
those of non-starburst galaxy sample are summarized in table 2.7.

2.3.3 Results

We detected the observed lines from all of the sample galaxies. The observed properties
(peak temperature and integrated intensity) are summarized in table 2.8, and calculated
integrated intensity ratios are summarized in table 2.9. Since we did not observe HCN
lines for the non-starburst galaxy sample, we use the HCN data taken by Kohno (1997).

Figure 2.9 shows the 2CQ, *CO, and HCN line spectra of the observed points of the
central region of M82, which is one of the starburst galaxy sample. Overall lineshapes
of each observed points are similar between these three lines, but line intensity ratios
are clearly different. 3CO is weak compared with other two lines at the center (high
HCN/CO and CO/BCO integrated intensity ratios), but on the other hand, HCN
is very weak at off-center (low HCN/¥CO and HCN/!2CO ratios). The changes of the
intensity ratios are gradual. Intensity ratios at the center are high, but the ratios get
gradually lower as the offsets get larger.

Figures 2.10-2.11 show 3CO(1 - 0) and HCN(1 — 0} line spectra of other starburst
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Table 2.8: Observed properties for sample galaxies.
Galaxy Position®  Tup(l2C0)  Twua('*CO)  Typ(HCN)T  102c0)8  1(3co)  1(HCN)S
NGC 233 (0”,0") — 0.43 £0.03 042 £0.02 — 168 £ 15 258 + 22
NGC 2146 (0", 0") — 0.074 + 0015 0.072 £ 0.007 —_ 160+ 1.3 123+ 0.7
NGC 2903 (0”,0M) — 0.074 £ 0.008  0.066 + 0.009 — 9.1+0.7 98106
M8§2 (0", 0") 3.52 + 0.08 0.23 + 0.03 0.27 £0.02 565433  345+26 554426
(+10", +6") — 0.76 £ 0.04 0.70 £ 0.04 — 66.1 £44 712436
(—15",-3")  6.0240.13 0.49 + 0.03 0.39 £0.03 646 £38  452+29 362+19
(-30", -¢") 2.61 £0.33 027 £ 005 0.17 £0.02 288 + 20 290%£28 122+ 09
(—45", -9 — 0.17 + 0.05 < 0.08 — 12.7£2.2 < 3.2
NGC 3504 {0”,0") — 0.0562 £ 0.005  0.060 £ 0.009 — 7.7+£05 10.1 £ 0.6
NGC 6946 (0", 0"} — 0.152 1+ 0.012  0.151 + 0.008 — 219+14 214410
NGC 6951 (0", 0"} — 0.055 £ 0.009  0.034 £ 0.007 — 8.1+0.6 6.1+ 0.5
NGC 4736 {0707} 0.26 £0.01  0.043 £ 0.012 — 44.1£27 63+ 1.4 —
NGC 4826 ", 0" 0.53 £ 0.05 0.11 + 0.03 — 870459 17.2+386 —
NGC 5195 (0", 0" 0.26 £ 0.04 0.10 £ 0.02 — 379+L28 120+ 2.2 —

* Offset from the position of the nucleus indicated in table 2.6-2.7.

t Peak main-beam temperature in K. Quoted uncertainties are 1¢ and upper limits are 2o.

§ Integrated intensity in K km s~!. We define integrated intensity as [ = fTMde. Quoted uncertainties are lo and
upper limits are 2o.

galaxy sample, and Figure 2.12 shows *CO(1 — 0) and >CO(1 - 0) line spectra of
non-starburst galaxy sample. I(*2CO) of NGC 4736 agrees with that of Kohno (1997),
but I{(*CO) of NGC 4826 and NGC 5195 differ 67% and 46% from his results. These
disagreements may be due to pointing error and/or calibration error. Pointing error of
our observations was ~ 4", larger than that of Kohno (1997) of ~ 2”. On the other
hand, Kohno (1997} did not observe any intensity calibrator as we did with IRC+102186.
Therefore, the intensity ratios of HCN and other lines of these galaxy may have ~ 30%
and ~ 50% error. As mentioned above, since other galaxies are observed HCN and *CO
lines simultaneously, there are no HCN/12CO integrated intensity ratio errors caused by
the relative pointing offsets.

The average HCN/'®CO ratio of the center ((0”, 0”) point) of the starburst galaxy
sample is 1.15, and that of the starburst region of M82 ((+10”,4+-6"), (¢, 0"), and (-15",
-3") points) is also similar value of 1.16. However, the average HCN/!*CO ratios of the
center of the non-starburst galaxy sample and the non-starburst region of M82 ((-30”,
-6") and (-45", -9") points) are only 0.31 and 0.34, respectively. Even we consider about
the intensity error of NGC 4826 and NGC 5195, the average HCN/2CO ratio is quite
different between starburst and non-starburst regions. On the other hand, the average
200/ CO ratio of the starburst region of M82 is 15.4, but those of the non-starburst
galaxy sample and the non-starburst region of M82 are 5.1 and 9.9, respectively. Since
the average value of the 2CO/3CO ratio at the center of galaxies is about 10 (Sage &
Isbell 1991, Young & Sanders 1986), the starburst regions of M82 have higher 12CO/*3CO
ratios but the non-starburst regions do not. These results show that both the HCN/*#CO
and 2CQ/CO ratio have higher values at the active star forming regions than the non-
starburst regions, indicate that the physical conditions of molecular gas in starburst
regions would be different from that of non-starburst regions.
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Table 2.9: Integrated intensity ratios for sample galaxies.

Galaxy Position* HCN/BCOT 2C0o/13Cot HCN/2CO!

NGC 253 (0", 0") 1.53 +0.19 5.6+ 0.5 0.274 £ 0.0243

NGC 2146 (0", 0") 0.77 + 0.08 — —

NGC 2903 (0”,0") 1.08 £ 0.11 —

M82 (0", 0") 1.61 + 0.14 16.4 + 1.6 0.098 % 0.007

(+10”, +6") 1.08 £ 0.09 — —
(—15", —3") 0.80 £ 0.07 14.3 + 1.2 0.056 =+ 0.004
(—30", —6") 0.42 £ 0.05 9.9+1.2 0.042 + 0.004
(—45", 9" 0.25 + 0.04 — —

NGC 3504 (0", 0") 1.32+0.12 — —

NGC 6946 (07, 0") 0.98 £ 0.08 —

NGC 6951 (0", 0") 0.75 + 0.08 —

NGC 4736 (0", 0") < 0.327 70+16 < 0.042F

NGC 4826 (0",0") 0.48 +0.107 5.0+ 1.1 0.063%

NGC 5195 (0", 0") 0.13 + 0.067 32406 0.018%

* Offset from the position of the nucleus indicated in table 2.6-2.7.

t Ratios of integrated intensity indicated in table 2.8. Quoted uncertainties are 1o, and
upper limits are 2o.

§ 12CO(1 - 0) intensity data taken from Sorai et al. (2000a).

€ HCN(1 - 0) intensity data taken from Kohno {1997).

1 HCN/2CO intensity ratio data taken from Kohno (1997).

2.3.4 Discussions

Physical conditions of molecular gas in sample galaxies

For the detail comparisons between the physical conditions of the molecular gas in s-
tarburst and non-starburst galaxies, we derived those from the observed line ratios
{table 2.9) based on the LVG approximation. As we discussed in section 2.2.4, the
HCN/¥CO ratio can give constraint on both temperature and density to only high
HCN/CO ratio objects, and give no constraint on temperature to low HCN/™CO
ratio objects. Hence, to give temperature information on the low HCN/13CO ratio ob-
jects, we have to derive the physical conditions with other line ratios. Since we observed
12C0(1 - 0) lines for non-starburst galaxies and a part of M82, we can obtain additional
constraint on the physical properties from »CO(1 - 0)/"*CO(1 - 0} ratios and HCN(1
- 0)/12CO(1 - 0) ratios for these objects. We therefore newly calculated the physical
conditions based on the LVG approximation for 12CQ/*¥CO and HCN/'2CO ratios.
Line intensity ratios for CO and HCN molecules were calculated as a function of the
H, number density. n(Hs), from 10! to 10° cm™3, and the kinetic temperatures, T. from
10 to 1000 K. The collision rates of the CO molecule of < 250 K were available from
Flower & Launay (1985) and of > 500 K were available from McKee et al. (1982). Those
of the HCN molecule of < 100 K were available from Green & Thaddeus (1974} and of
> 100 K were available from Green (1993}. We fixed the abundances to the ‘standard’
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relative abundance as Z(**CQO) = [PCO]/[Ha] = 1 x 107® (Solomon, Scoville, & Sanders
1979), Z(HCN) = [HCN]/[Hz] = 2 x 1078 (Irvine, Goldsmith, & Hjalmarson 1987) and
[2CO]/[*3CO] = 50. We also fixed the velocity gradient, dv/dr, as a general value of
1.0. The calculated results are shown in figure 2.13.

Using the LVG calculation results shown in the figures 2.7 and 2.13, we derived the
physical conditions of molecular gas in the sample galaxies. We summarized the derived
properties in table 2.10. The results clearly show that galaxies with higher HCN/13CO
ratio tend to have higher temperature, and also show that the starburst galaxies tend
to have higher density (n(H,) 2 10 cm™3) and higher temperature (7 > 50 K) than
those of the non-starburst galaxies of n(H,) ~ 10° em™ and 7} g 60 K. We therefore
suggest that the star formation activity might be closely related with high-density and
high-temperature molecular gas.

Similar to the HCN/*CO ratio, galaxies {or regions) with higher *CO/**CO ratios
also tend to have higher temperature. High '*CO/!3CO ratios in merging galaxies are
also reported by many authors (Aalto et al. 1991a, Aalto et al. 1991b, Casoli, Dupraz, &
Combes 1992a, Casoli, Dupraz, & Combes 1992b, Aalto et al. 1995, Aalto et al. 1997).
These merging galaxies have ultraluminous infrared properties, so that these galaxies
might also have active star forming regions. These results indicates that the '2CO/3CO
ratio might also be a good tracer for the temperature (or star formation activity) of
molecular gas. This can be explained by the similar mechanism as the HCN/2CO ratio
that 2CO is optically thick line as HCN even the temperature is high. On the other
hand, *CQO would be getting optically thin (the populations of the energy level would
move to higher level) when the kinetic temperature is getting high, and therefore the
intensity of 3CO line would be weak, and the '2CO/CO ratio would be high. One
problem in this ratio is that, as can be seen in the figure 2.13, 2CO/!¥*CO ratio cannot
decide the detail physical conditions of molecular gas with only this ratio. To know
the physical conditions, the observations of high-density tracers such as HCN would be
needed. In this point, the HCN/1¥CO ratio is a better tracer than the 2?CO/'3CO ratio.

Relation between molecular gas and dust

Since the ratios of the infrared flux taken by Infrared Astronomical Satellite (IRAS)
would be one of the good indicators for the star formation activities (Helou 1986; see
also reviews of Soifer, Houck, & Neugebauer 1987, Telesco 1993), we compared the
HCN/!3CO ratios with the IRAS flux ratios. Since the 12 um flux is dominated by the
radiation from IR cirrus clouds heated by general interstellar radiation field, and from
outflow materials of OH/IR stars (Cox, Kriigel, & Mezger 1986), these radiation do not
depend on the star formation activities, and it is reasonable to assume that the 12 um
flux exist constantly in all galaxies. We therefore made IRAS flux ratios between 12 ym
and other wavelength (log(Fia/ Fas), log(Fla/ Feo), and log( F13/ Finp)), which ratios mean
25 pum, 60 pm, and 100 #m flux densities normalized by 12 pm flux density. The IRAS
data and infrared flux ratios of sample galaxies are summarized in table 2.11.

Using the HCN/*CO ratios and infrared flux ratios of sample galaxies listed in
table 2.9 and table 2.11, respectively, we made correlation diagrams in figures 2.14-2.15.
The figure 2.14 clearly shows that the HCN/¥CO ratios strongly correlate with the
IRAS log(Fya/ Fys) ratios, and indicates that lower log(Fi2/Fys) ratio (steep spectrum
with large 25 um flux excess from 12 pm flux) galaxies tend to have higher HCN/3CO
ratios. These low log(F»/Fy;) ratio and high HCN/'3CO ratio galaxies are dominated
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Table 2.10: Physical conditions of molecular gas in the sample galaxies.

Galaxy Position* n(Hy)T T, E
NGC 253 (0", 0") ~2—3x 10 ~ 100
NGC 2146 (0",07) <5 x 104 —
NGC 2903 (0",07) = 10 2 90

MS&2 (0”,0"} ~ 6 x 10° — 2 x 101 ~ 200 — 300
(+10”, +6") = 104 > 50
(—15",-3") ~3-5x10° ~ 200
(—307, —6") ~2-—3x 10 ~ 100
(—45", —9") <5 x 10° —
NGC 3504 (0,0 > 10* 2 100
NGC 6946 (0”,0M) = 10* =2 50
NGC 6951 (0”,0") < 5 x 104 —
NGC 4736 (0”,0") <2 x10° < 60
NGC 4826 (0", 0") ~3—5x 103 ~ 50 — 60
NGC 5195 (0", 07) ~0.8—-2x10° ~ 10— 20

* Offset from the position of the nucleus indicated in table 2.6-2.7.
1 Molecular hydrogen number density in cm 3.

§ Kinetic temperature in K.

by starburst galaxies. On the other hand, non-starburst galaxies tend to have high
log(Fla/ Fps) ratios (flat spectrum) and low HCN/!3CO ratios. This correlation does
not hold in NGC 5195. We will discuss this galaxy later. The figure 2.15 shows that
the IRAS log(Fia/ Fe) ratios are loosely correlated with HCN/¥CO ratios, and IRAS
log(Fy2/ Fioo) ratios have almost no correlation. These results indicates that warmer dust
(shorter infrared wavelength components) would be related with HCN/*CO ratios.

For the detail comparison of the physical conditions of molecular gas and dust, we fit
blackbody spectra to the infrared spectral energy distribution (SED) of sample galaxies.
Since the infrared SED of Our Galaxy can be fit by mainly three components, cold dust
of T ~ 15— 25 K, warm dust of T ~ 30 — 40 K, and hot dust of 7" ~ 250 — 500 K (Cox,
Kriigel, & Mezger 1986), we used similar blackbody temperature of T' = 20 K, 50 K, and
350 K for the infrared SED fitting. These three blackbody components are, however, not
enough to fit the low log(Fio/Fss) ratio galaxies. Hence, we also used 100 K component
in addition to other three blackbody components, Examples of the blackbody fitting
results of sample galaxies are shown in figure 2.16. The fitting results clearly show that
the log(F2/ Fss) ratio indicates the fraction of the 100 K dust component relative to hot
dust component. The infrared SED of the starburst galaxy M&82, which is one of the
lowest log(Fyo/ Fys) ratio galaxy in the sample galaxies, have large amount of the 100 K
dust component, but that of the post-starburst galaxy NGC 4736, which is one of the
highest log(Fya/ Fys) ratio galaxy, have almost no 100 K dust component. The moderate
log{ F12/ Fys) ratio galaxy NGC 6951 have moderate amount of 100 K dust component,
not so large amount as M&2 but larger amount than NGC 4736.

As discussed in the previous subsection, the HCN /¥ CO ratio traces the temperature
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Table 2.11: IRAS data and infrared flux ratios of sample galaxies.

Galaxy F1y Fy.  Fg Fioo  log(Fia/Fas) log(Fia/Fso) log{Fi2/Fioo)

NGC 253 24.02 119.7 784.2 993.1 —0.70 —-1.51 —1.62
NGC 2146 6.228 17.58 131.0 184.2 —0.45 —-1.32 —1.47
NGC 2903 1.428 2.896 35.83 1008 -0.31 —1.40 ~1.85
Mg2 57.38 267.8 1089 1150 —0.67 —1.28 ~1.30
NGC 3504 1.060 3.726 21.20 32.70 —0.55 -1.30 —1.49
NGC 6946 2.545 6.745 53.89 160.0 —0.42 —-1.33 —1.80
NGC 6951 0.6169 1.374 13.21  37.47 —0.35 -1.33 —-1.78
NGC 4736 533  6.13 69.20 121.52 -0.06 —-1.11 —1.36
NGC 4826 1913 2538 34.38 74.50 -0.12 —1.25 —-1.59
NGC 5195 (.7211 1.453 10.35 < 74.38 —0.30 —1.16 > —2.01

* Flux densities in Jy, taken by IRAS.

(and also density) of molecular gas. High HCN/!3CO ratio indicates the presence of
the > 100 K molecular gas. On the other hand, the low log(F}2/ Fys) ratio indicates the
existence of ~ 100 K dust component. Taking the correlation between log( Fja/ Fy;) ratios
and HCN/¥¥CO ratios, and the similarity of the temperature of molecular gas and dust
into consideration, the existence of the 100 K dust component would be closely related
with the existence of > 100 K molecular gas, and both materials might be located
in the same place, well mixed, and therefore in temperature equilibrium. Because of
the tight correlation of the existence of dense molecular gas and the star formation
activity (Solomon, Downes, & Radford 1992, Kohno, Kawabe, & Vila-Vilaré 1999), the
100 K dust component would also closely related with star formation activity. The most
effective heating source in the star forming regions is supernova explosions (section 2.4.5),
so that the heating mechanisms of dust and molecular gas would be shock heating and/or
cosmic ray heating. As mentioned in section 2.2.6, shock can heat the gas to more than
a few hundred Kelvin, so that shock heating can be the heating mechanism of molecular
gas and dust. Cosmic ray from supernova explosions can also heat the gas up to a few
hundred Kelvin (Suchkov, Allen, & Heckman 1993), so that this mechanism can also be
the heating mechanism.

Comments on NGC 5195

As mentioned above, NGC 5195 is one of the post-starburst galaxy which shows strong
Balmer line absorptions and a small amount of dense gas, and so on. The nuclear region
of this galaxy, however, is very bright in infrared. Infrared Space Observatory (ISO) 15
pm observations show very bright point-like source, although this source do not show
any correspondence with Ha distribution as the sources of NGC 5194 (M51) do (Sauvage
et al. 1996). Dust temperature indicates unusually high value of ~ 65 K, relative to M51
and Our Galaxy of ~ 20 — 30 K (Smith 1982). Ha images show diffuse, filamentary
structures, which is similar to that seen in the outflows from the starburst region of M82
(Greenawalt et al. 1998). The X-ray image also shows extended structure in north-south
direction as the Ha image (Ehle, Pietsch, & Beck 1995, Greenawalt et al. 1998), which is
also similar to the Ho—X-ray configuration of M82. These observational results suggest
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that NGC 5195 might be a very early phase of post-starburst {or a very late phase of
starburst), which have almost no dense molecular gas and massive star formations, but
still have stronger interstellar radiation field (ISRF) than other non-starburst galaxies.
Indeed, the strength of the ISRF of this galaxy is possible to heat the dust to the observed
properties (Boulade et al. 1996).

However, our molecular line observations suggest that the temperature of molecular
gas would be only ~ 10 — 20 K, three times or more lower than that of dust. One of the
possible explanations of this difference would be that molecular gas and dust are located
at the different regions and therefore these materials are not in temperature equilibrium,
and also the molecular gas emission comes from mainly cold component and the dust
emission comes from warm component. NGC 5195 is interacting with NGC 5194 and
the molecular gas of the arm of NGC 5194 is overlapping (Sage 1989, Sage 1990), so that
there is a possibility of the molecular gas emission comes from cold molecular gas located
in the arm of NGC 5194 and the dust emission comes from the nucleus of NGC 5195.
However, the velocity component of the molecular gas in NGC 5195 (velocity range of
~ 500 - 800 km s~!) and that of the arm of NGC 5194 (velocity range of ~ 350 — 500 km
s~1) are obviously different (Sage 1989, Sage 1990), and our data mainly come from NGC
5195, this explanation would be in difficulty. Other possibility is that the warm dust
component is located at the circumnuclear ring seen in the optical B-band minus 15 pm
image which have a radius of 12"(Block et al. 1997), or diffuse H1I regions located around
the nucleus (Greenawalt et al. 1998), because these structures are located well outside of
our beam size. The post-starburst region of NGC 5195 is only the central several arcsec,
and our observations are looking just at this region. Therefore our observational results
tend to indicate the post-starburst properties. To make clear this problem, high spatial-
resolution mapping observations of NGC 5195 with multi-molecular line, and derive the
spatial physical conditions of molecular gas would be needed.
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Fig. 2.9: 2CO(1 - 0) (top row), *CO(1 — 0) (middle row), and HCN(1 — 0} (bottom row)
spectra of the central region of the prototypical starburst galaxy M82. Horizontal axis is
LSR velocity, Visr, and vertical axis is main beam temperature, Tyyg. The reference point
(07, 0"} is the position of the galactic nucleus determined from the peak of 2.2 ym source
(see table 2.6). Other points are in R.A. and Decl. offset from the reference point.
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Fig. 2.10: '*CO(1 — 0) (left side) and HCN(1 - 0) (right side) spectra of the center of
starburst sample. Horizontal axis is LSR velocity, Visr, and vertical axis is main beam
temperature, T\yg. Scale for the vertical axis is same between *CQ and HCN. Top row:
NGC 253. Middle row: NGC 2146. Bottom row: NGC 2903.
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Fig. 2.11: *CO(1 - 0) (left side) and HCN(1 — 0) (right side) spectra of the center of

starburst sample.

NGC 6946. Bottom row: NGC 6951.

Formats are same as figure 2.9. Top row: NGC 3504. Middle row:
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Fig. 2.12: 3CO(1 - 0) (left side) and 'CO(1 — 0) (right side) spectra of the center of
normal and post-starburst sample. Horizontal axis is LSR velocity, Visr, and vertical axis
is main beam temperature, Tyyg. Top row: NGC 4736. Middle row: NGC 4826. Bottom
row: NGC 5195,
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Fig. 2.13: {Top) Density (vertical axis) and temperature (horizontal axis) dependence of
2C0(1 - 6)/3CO(1 - 0) intensity ratio. Solid contours show curves of constant 2CQO(1
— 0)/3CO intensity ratio, and thick solid curve indicates '2CO(1 — 0}/*CO ratio of 10.0.
{Bottom) Density (vertical axis) and temperature (horizontal axis) dependence of HCN(1
— 0)/'2CO(1 - 0) intensity ratio. Solid contours show curves of constant HCN/'2CO
intensity ratio, and thick solid curve indicates HCN/2CO ratio of 0.1.
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black body temperatures, and the sum of these fitting were indicated with solid lines. (a)
The fitting result of starburst galaxy M82. (b) The fitting result of moderate starburst
galaxy NGC 6951. (c) The fitting result of post-starburst galaxy NGC 4736. These figures
suggest that the IRAS log{F;/Fps) ratio indicates the fraction of the 100 K component.
The strong starburst galaxy (= MB82) is clearly dominated by the 100 K component, but
non-starburst galaxy (= NGC 4736) has almost no 100 K component.




2.4. HCN/BCO AS DENSE & WARM GAS TRACER HI 51

2.4 HCN/¥CO as Dense and Warm Molecular Gas
Tracer 111
: High HCN/CO Objects in Our Galaxy

2.4.1 Background

In the previous section (section 2.3), we show that starburst regions have high HCN/*CO,
2C0O/"BCO and HCN/'2CO integrated intensity ratios, and indicate there are good rela-
tions between physical conditions of molecular gas derived from the intensity ratios and
star formation activities. In this section, we will discuss about the high intensity ratio
sources in these active regions.

Because of the limited spatial resolution for the observations of external galaxies, we
may observe many star forming regions, supernova remnants, and so on in one beam,
and therefore it is very difficult to make clear what is the heating sources in the star-
burst regions. On the other hand, these objects in Qur Galaxy can observe and discuss
separately and in detail, it might be good samples to discuss about the heating sources
in the starburst galaxies. Since there are many observations of the active regions in
Our Galaxy, we studied these regions with previously published data. For this study, we
searched high HCN/CO, 12CO /¥ CO and/or HCN/!2CQ intensity ratio objects (similar
to the extragalactic starburst regions) in star forming regions {section 2.4.2), supernova
remnants (section 2.4.3), and high mass-loss carbon stars (section 2.4.4).

2.4.2 Star forming regions

In star forming regions, there are three active components; (1) star forming dense cores,
(2) outflows from the cores, and (3) shock fronts and/or dense photodissociation regions
between neutral layers and ionization (HII regions) fronts. We will discuss these three
components in order.

Star forming dense cores

Stars are made from dense molecular cores rather than diffuse molecular envelopes (e.g.
Lada 1992). This is also seen in the larger spatial scale that star formation activity
in the star forming regions of external galaxies has a better spatial and quantitative
correlation with dense molecular gas (i.e. HCN) than tenuous molecular gas (i.e. 12CO;
Kohno, Kawabe, & Vila-Vilaré 1999, Solomon, Downes, & Radford 1992). Therefore it is
expected that dense cores have high HCN/12CO ratios. Indeed, Giant Molecular Cloud
(GMC) mapping observations with 2CO(1 - 0), HCN(1 - 0), and CS(1 — 0) lines shows
that the cores of the GMCs ($88, $140, S269, and Orion B) have high HCN/CO ratios
of 0.1 — 0.3 (Helfer & Blitz 1997b) which is similar ratio to those of the extragalactic
starburst regions.

On the other hand, '*CO(1 - 0) and CO(1 - 0) observations of high mass star
forming cores of NGC 2071, S140, and Orion show the 2CO/*CO intensity ratios of
~ 2.7, 3.1, and 9.8, respectively, at the systemic velocity component (Snell et al. 1984, see
also figure 2.17). 2CO and '*CO observations towards young low mass stars of T Tauri
and AS 353 A show the 2CO/13CO intensity ratios of ~ 2.5 and 2.3, respectively, around
the systemic velocity component (Edwards & Snell 1982). 2CO and 3CO observations
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Table 2.12: 12?CO/'3CO intensity ratios of star forming dense cores and associated outflows .

Objects Cores* Outflows* Notes References
NGC 2071 2.7 21 High mass star forming core 1
5140 3.1 20 High mass star forming core 1
Orion 9.8 95 High mass star forming core 1
T Tau 2.5 10 —-20 T Tauri type star 2
AS 353 A 2.3 > 40 T Tauri type star 2
Haro 6 — 10 1.3 15 Herbig-Haro object 3
HH 19 — 27 1.5 — Herbig-Haro object 3
RNO 43 — 11.5 - 51 Herbig-Haro object 3
LK He 234 2.3 36 Herbig-Haro object 4
HH 7-11 2.5 > 84 Herbig-Haro object 6}

* 12C0/1CO intensity ratios of star forming dense cores and associated outflows
References — (1) Snell et al. 1984. (2) Edwards & Snell 1982. (3) Edwards & Snell 1984.
(4) Edwards & Snell 1983. (5) Snell & Edwards 1981.

towards Herbig-Haro objects of Haro 6 — 10 in Taurus, HH 19 — 27 which lie ~ 10’ south
of NGC 2068, LK Ha 234 in the reflection nebula NGC 7129, and HH 7 — 11 which
lie south of NGC 1333 show the 2CO/13CO intensity ratios of ~ 1.3, 1.5, 2.3 and 2.5,
respectively, around the systemic velocity component (Edwards & Snell 1984, Edwards
& Snell 1983, Snell & Edwards 1981). To summarize, these nine objects show low
12C0/BCO ratios from ~ 1 to at most ~ 10 (see table 2.12), and an average ratio of
only 3.1, three times lower than those of the central regions of normal galaxies of about
10.

HCN/2CO ratios of 0.1 — 0.3 and an average '2CO/!3CO ratios of 3.3 indicate the
HCN/¥CO ratio of about 0.3 — 1.0, similar to the central regions of the normal galaxies
or disk regions of galaxies.

The results of these three ratios indicate that only HCN/!2CO ratio of the star
forming dense core is similar to that of the starburst galaxies, but other ratios cannot
explain the ratios which can be seen in the starburst galaxies. Therefore, the forming
stars in the dense core would not be the dominant high intensity ratio sources of the
molecular gas in starburst galaxies.

Outfiows from star forming dense cores

Outflows associated with star forming dense cores are one of the energetic activities in the
star forming regions. These outflows have the energies of ~ 10*' —10%" erg (Bally & Lada
1983, Edwards & Snell 1984, Edwards & Snell 1983, Snell & Edwards 1981, Solomon,
Huguenin, & Scoville 1981), large enough to affect the surrounding gas. These outflows
can be seen as the high velocity (wing) components in the spectra.

12C0(1 - 0) and ¥CO(1 - 0) observations of outflows associated with high mass star
forming cores of NGC 2071, 5140, and Orion, associated with young low-mass stars of
T Tauri and AS 353 A, and associated with Herbig-Haro objects of Haro 6 — 10, RNO
43, LK Ha 234, and HH 7 — 11 show the 2CO/!3CO intensity ratios of about 21, 20,
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55, 10 — 20, > 40, 15, 11.5 — 51, 36, and > 84, respectively (Snell et al. 1984, Edwards
& Snell 1982, Edwards & Snell 1984, Edwards & Snell 1983, Snell & Edwards 1981, see
also figure 2.17). These ratios are much higher than those of the dense core (table 2.12),
which means that little of the 3CO emission is associate with the outflows (see also
figure 2.18 and next paragraph), contrary to the dense cores. In addition, these ratios
are higher than those of the normal galaxies, and comparable or higher than those of
starburst or merger candidate ultraluminous infrared galaxies (see section 2.3.4).

Since HCN emission line has hyperfine components, observations of objects in Our
Galaxy with HCN emission are very little compared with other non-hyperfine lines.
However, there are a few observations with HCN lines for these outflows. Umemoto et
al. (1992) observed a highly collimated outflow in the dark cloud L1157 with 1*CO(1 - 0),
1BCO(1 - 0), and HCN(1 - 0) lines (figure 2.18). In ?CO spectrum, we fit the gaussian
to the outflow component and derive the integrated intensity. HCN spectrum show
almost no emission from the quiescent component as can be seen in the 2CO spectra
because of the self-absorptions at the systemic velocity. Hence we assume that the HCN
emission is only from outflow component. On the other hand, since 3CO spectra show
no outflow component, we derived the 3¢ upper limit of ~ 0.3 K. From these data,
we calculated HCN/!2CO and HCN/'CO ratios of 0.9 and > 260 (30 lower limit),
respectively. Interferometric observations of Orion-KL high velocity outflow (Wright,
Plambeck, & Wilner 1996) were done with HCN and CQO lines, and also show high
HCN/2CO intensity ratios of 0.4 — 0.5. These ratios are also much higher than those of
starburst galaxies (see section 2.3.4).

These intensity ratios at the outflows associated with star forming dense cores show
similar or much higher values than those of extragalactic starburst regions. These results
imply that the outflows can be one of the high intensity ratio sources of the molecular
gas in starburst galaxies.

Photodissociation regions

Ionization fronts between ionized gas and molecular gas are one of the good samples for
the study of photodissociation regions (PDRs) and shocked molecular gas {interactions
between expansion of ionized gas and quiescent molecular gas). The multi-line (*?CO(1
- 0), BCO(1 ~ 0), and HCN(1 - 0)) observations of the Orion bright bar, which is
a prominent ionization front located at the south-east of the Orion nebula, was done
by Omodaka et al. (1994). The observations were slit scan perpendicular to the Orion
bright bar (figure 2.19}. The northwest region is a HII region ionized by the Trapezium
stars {Becklin et al. 1976}, and the southeast region is a molecular cloud region. The
12C0/BCO, HCN/™CO, and HCN/BCO intensity ratios along this slit scans are shown
in figure 2.20. The '>CO/3CO ratios have higher ratios around HII region side, but
lower than those of the extragalactic starburst regions. The HCN/'2CO and HCN/¥CO
ratios, on the other hand, have higher ratios around molecular cloud side. These higher
HCN/2CO ratios of 0.2 — 0.25 are very similar to those of the extragalactic starburst
regions, but HCN/13CO ratios of 0.7 — 0.8 are somewhat lower than those of the extra-
galactic starburst regions.

Similar to the star forming dense cores, only the HCN /12CO ratio is similar to that of
the starburst galaxies, but other ratios are lower than which can be seen in the starburst
galaxies. Therefore, the PDRs ionized by the early-type stars would not be the dominant
high intensity ratio sources of the molecular gas in starburst galaxies. However, since
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the observations of the PDRs with 2CO(1 - 0), CO(1 - 0), and HCN(1 - 0) lines are
only Omodaka et al. (1994), it would be needed to confirm this conclusion.

2.4.3 Supernova remnants

Molecular gas associated with supernova remnants are known as one of the good lab-
oratory for the study of shocked molecular gas. Since the shocked molecular gas has
high temperature, the chemical reactions in the shocked gas might be very different
from low temperature molecular gas. Therefore, the shocked molecular gas observations
with many molecules and transitions were done by many authors for the study of shock
chemistry. The sample of molecular clouds which have clear evidence of the association
with supernova remnants are, however, very rare at present, and these multi-line, multi-
transition observations were mainly done toward 1C443, and some observations toward
W51C. Hence we will look at these two samples in this section.

Shocked molecular gas in the supernova remnant 1C443 is the best-studied sample.
There are several clumps that can be seen in the molecular gas observations (figure 2.21}.
2CO(1 - 0) and *CO(1 - 0) observations of clump B show the 2CO/¥CO intensity
ratios of 61 + 6 (DeNoyer & Frerking 1981) and 62 (Dickman et al. 1992), and those of
clump C show 2CO/¥CO > 12 (DeNoyer 1979). Moreover, HCN(1 - 0)/2CO(1 - 0)
intensity ratios at clump GI (north part of clump G) and clump B are both 0.25 (van
Dishoeck, Jansen, & Phillips 1993), and that at southeast edge of clump C is .18 (White
et al. 1987). Sample spectra of 2CQO, 3CO and HCN emission at clump B are shown
in figure 2.22. Since both of the 2CO/"¥*CO and HCN/'CO ratios shows high value,
HCN/BCO ratios would inevitably show high ratios (larger than unity). These high
values at the shocked molecular gas are quite similar to those of extragalactic starburst
regions.

W51C is also one of the supernova remnants associated with shocked molecular gas
(Koo & Moon 1997a). There are five molecular clumps, and the 2CO(1 - 0) and *CO(1
— () observations were done toward clump 2 and 4 {Koo & Moon 1997b). The resultant
intensity ratios are 53 + 18 and 62 + 25, respectively, which are also similar to those of
extragalactic starburst regions. HCN(1 - 0) observations of W51C are not available so
that the intensity ratios related to HCN are not clear.

The 2CO, 2CO; and HCN intensity ratios of these two objects show similar results
as those of extragalactic starburst regions, which indicate that the supernova explosions
would be one of the high intensity ratio sources of the molecular gas in starburst galaxies.

2.4.4 High mass-loss carbon stars

Asymptotic giant branch (AGB) stars are the dominant sources of mass-loss objects,
which return the materials to the interstellar space with a mass-loss rate of 3 — 6 x 1071°
Mg pc™? yr~! (Jura & Kleinmann 1989). Carbon stars are one of the AGB stars with
[C]/[O] abundance ratio of > 1, which constitute about half of the high mass-loss AGB
stars (Jura & Kleinmann 1989), and IRC+10216 is one of the most famous and common
high mass-loss carbon star. We observed this source with **CO(1 - 0), *CO(1 - 0}, and
HCN(1 - 0) for the intensity calibrations of starburst galaxies. Details of the observations
are in section 2.3.2. The observed spectra are shown in figure 2.23, and the resultant
12CO/BCO, HCN/2CO, and HCN/CO ratios are ~ 11, 1.3, and 15, respectively. The
12CO/BCO ratio is similar to the normal galaxies. Other high mass-loss carbon stars
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also show 2CQO/CO ratio of ~ 11 +4 in 8 objects out of 13 (Greaves & Holland 1997),
although their observations were J = 2 — 1 lines (but may have similar ratio with J =
1 - 0. For example, IRC+10216 have 2CO({1 - 0)/¥CO({1 - 0) = 11 and *CO(2 -
1)/C0O(2 - 1) = 15). On the other hand, HCN/2CO and HCN/!*CO ratios show quite
high values compared to those of extragalactic starburst regions.

These results indicate that **CO/¥CO ratio cannot explain the ratios in the starburst
galaxies. In addition, AGD stars are evolved from intermediate mass stars (from 1 to
5—8 M, stars) and are abundant in normal galaxies, but these galaxies do not have high
HCN/'2CO and HCN /¥ CO ratios. Therefore the high mass-loss carbon stars would not
the source of high intensity ratios in the starburst galaxies.

2.4.5 Discussions

From the standpoint of '*CO/¥CO, HCN/“CO, and HCN/!*CO intensity ratios, the
high intensity ratio source of the molecular gas in the starburst galaxies would be outflows
associated with star forming dense cores and/or supernova explosions. As discussed in
section 2.2 and 2.3, these high intensity ratios indicate that the molecular gas have high-
density and high-temperature physical conditions. Both of these sources are related to
shock phenomena, so that the “shock” would be the most important. mechanism for these
conditions. To distinguish the dominant source of these conditions in starburst regions,
we have to consider the intrinsic parameters of both of these outflows and supernova
remnants such as source sizes, dynamical timescales, energies and so on. Hence. we next
discuss which is the dominant source in the starburst regions with considering these
intrinsic parameters.

The outflows have the energies of ~ 104 — 10%7 erg and the typical source sizes of
0.1 — 1 pc (Bally & Lada 1983, Edwards & Snell 1984, Edwards & Snell 1983, Goldsmith
et al. 1984, Snell et al. 1984, Snell & Edwards 1981, Solomon, Huguenin, & Scoville
1981) with the dynamical timescale of typically 10°~% yr {Richer et al. 2000). On the
other hand, the supernova remnants have the energies of ~ 10°! erg. and the source sizes
of 10° — 10% pc at the dynamical timescale of 10° — 10° yr (Jones et al. 1998, Weiler
& Sramek 1988). From these values, we will calculate the heating efficiencies in the
starburst regions for each source.

At first, we will calculate stellar mass function in the starburst regions. Since the
outflow phenomena are the angular momentum ejections for the mass acceretion onto the
embedded stars in the dense cores, all the star forming cores would forin the outflows
{André 1994, Bachiller 1996), and therefore these do not depend on the stellar mass
function. However, the progenitor of the supernova explosions might be only stars with
the stellar mass of » 8 Mg, so that the number of the objects would depend on the
stellar mass function. For the calculation of the stellar mass function, we adopted the
initial mass function (IMF) of the extended Millar-Scalo function (Kennicutt 1983),

__dN{m)
- dm

= km ™ (1<m <100 M) (2.5)
= km™" (01<m <1 M) (2.6)

p(m)

where m is the stellar mass in unit of Mg and N(m) is the number count of the stars
with a mass of m. & is a normalization constant defined by

fm" b(mydm = 1 (2.7)

T
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where m, is a lower mass cutoff and m, is an upper mass cutoff. We adopted the upper
mass cutoff of 100 M, and the lower mass cutoff of 1 My (which means we only use
equation (2.5)) because starburst regions tend to be deficient in low-mass stars less than
~ 1 mg {Goldader et al. 1997). With these mass cutoff, k¥ would be determined as 1.5.
As mentioned above, stars with their mass larger than 8 Mg would finish their life with
the supernova explosion, so that we have to derive the number count of these high-mass
stars for the estimations of supernova heating efficiency. The calculation was done as

100 100
N(8 <m <100 Mg) = / AN = /8 b(m)dm = f8 15m 2%dm = 0.04  (2.8)

which means only 4% of the formed stars have their mass of > 8 Mg,

Next we will calculate the energy input efficiency to the starburst regions. We assume
that one starburst phase would continue 10® yr {Rieke et al. 1980, Goldader et al. 1997),
and the spatial extent of the starburst region would have a radius of ~ 100 pc (Jackson et
al. 1996, Devereux 1989) with a thin disk-like structure (which means we do not consider
thickness of the disk). For the outflow, we adopt an energy of 10%7 erg, a timescale of 10°
yr, a radius of 0.5 pc, and assume that all the stars (100 % of the formed stars) would
eject outflows in their star formation phase. Using these values, the energy input by the
outflow to the starburst region in one starburst phase normalized by the stellar number
count would calculate as

10% [yr] (0.5 [pe])? y 100 [%]
10% [yr] ~ (10? [pc])* ~ 100 [%]
~ 2.5 x 10% [erg/starburst]. (2.9)

Eoutflow ™ 10%7 [erg] x

For the supernova explosion, we adopt an energy of 10%' erg, a timescale of 10° yr,
a radius of 10 pe, and as calculated in equation (2.8) that 4 % of the formed stars
would explode. These high-mass stars would be short-lived (similar to the timescale of
a starburst}, so that almost all of these stars would explode enough within the starburst
phase of 10® yr. Using these values, the energy input by the supernova explosion to the
starburst region in one starburst phase normalized by the stellar number count would
calculate as

10° [yr] (10 [pe])* 4 %]
108 [yr] = (102 [pe])* ~ 100 [%]
~ 4.0 x 10* [erg/starburst]. (2.10)

esny ~ 10° [erg] x

These calculation results clearly shows that egn >> €,u: 5100, and suggest that the su-
pernova explosions are the most efficient heating source in the starburst regions. There-
fore, it is concluded that the high 2CO{1 - 0)/13CO(1 - 0), HCN(1 - 0)/?CO(1 - 0), and
HCN(1 - 0)/33CO(1 - 0) ratios which indicate high-density and high-temperature con-
ditions of molecular gas in the starburst galaxies would mainly caused by the supernova
explosions of high-mass stars.
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Fig. 2.17: '2CO and !3CO Spectra (top) and ?CO/3CO intensity ratios (bottom) of high
mass star forming cores and associated outflows. The ratios clearly show low intensity
ratios at the cores, but high at outflows (wing components). These figures are taken from

Snell et al. (1984).
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Fig. 2.18: Spectra of '2CO(1 — 0) (top), *CO(1 — 0) (middle), and HCN(1 — 0) (bottom)
lines toward the outflow in the dark cloud L1157 (Vg ~ 2.7 km s !). The position of
the spectra is (+45". —145") offset from the IRAS 20386 + 6751 (a(B1950) = 20h38™39.56,
§{B1950) = 67°51'33") which might be the progenitor of this outflow. Thick vertical lines
in the HCN spectrum indicate the hyperfine components. The *CO and HCN lines show
clear outflow (high velocity or wing) components, but '*CO line shows no such component.
These figures are taken from Umemoto et al. (1992).
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Fig. 2.19: The map of Orion bright bar region. Black dots with a thick straight line are
strip scanned positions of !?CO(1 — 0), 1*CO(1 - 0), and HCN(1 — 0) emission. A circled
dot is a reference position of (07,0") = (a(B1950) = 5"32™52.¢7, §(B1950) = —5°27'00").
Thin solid contours are the 6 cm continuum emission (free-free emission; Johnston et al.
1983), and the asterisks indicate the positions of #2 Ori A and 6° Ori B. The northwest
region is a HII region, and the southeast region is a molecular cloud region. This figure is
taken from Omodaka et al. (1994),
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tom) intensity ratios perpendicular to the Orion bright bar. 0” is a reference position
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and the southeast region is a molecular cloud region. The intensity data are taken from
Omodaka et al. (1994).
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Fig. 2.21: Shocked molecular gas region in IC 443. This image was mapped with 2.1 ym
shocked molecular hydrogen emission. Names and positions of the clumps are indicated
in the map. (From Burton 1987, van Dishoeck, Jansen, & Phillips 1993)
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Fig. 2.22: HCN(1 - 0}, '*CO(1 — 0), and ?CO(1 - 0) spectra of IC 443 B. The horizontal
axis indicates the LSR velocity and the vertical axis indicates the antenna temperature,
These spectra clearly show strong HCN and weak *CO emission. HCN data are taken
from Ziurys et al. (1989), and other data are from Dickman et al. (1992).
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Fig. 2.23: 12C0O(1 — 0), B¥CO(1 — 0}, and HCN(1 — 0) spectra of IRC+10216. The horizontal
axis indicates the LSR velocity and the vertical axis indicates the main-beam temperature.
These spectra clearly show strong 2CO and HCN, and weak '*CO emission.







Chapter 3

Molecular Gas in Prototypical
Starburst Galaxy M82

3.1 Introduction

Messier 82 (NGC 3034, Cigar Galaxy) is known as one of the nearby (3.25 Mpc; Sandage
& Tammann 1975) bright irregular galaxies, and therefore has been studied by many
authors and by many wavelength. Optical photographic observations (Lynds & Sandage
1963) show remarkable features of filaments extend along the minor axis to a height of
3 kpc above and below the disk of this galaxy. They suggest that these filamentary
structures are the resultant of an expulsion occurred at the central region. Infrared
observations suggest that M82 is one of the luminous infrared galaxies of ~ 3 x 10?
Lo (Rieke & Lebofsky 1979). The mass-to-luminosity ratio, M/L, of this galaxy shows
extremely low value (< 0.02, Rieke & Lebofsky 1979; = 0.04, Telesco 1993) compared
with typical values of 5—10 and other nearby starburst values of ~ 0.2 (Rieke & Lebofsky
1978). This extremely low M/L ratio can be explained by bursts of star formation {or
starburst; Ricke & Lebofsky 1978, Rieke et al. 1980).

Soft X-ray observations show extended structures along the minor axis of M82, which
is similar to the optical extensions (Watson, Stanger, & Griffiths 1984, Kronberg, Bier-
mann & Schwab 1985, Fabbiano 1988, Bregman, Schulman, & Tomisaka 1995, Shopbell,
& Bland-Hawthorn 1998). Large-scale molecular gas ('?CO(1 - 0); Nakai et al. 1987) and
dust (2 mm, Kuno & Matsuo 1997; 450 pym and 850 pm, Alton, Davies, & Bianchi 1999)
observations also show filamentary structures outside the disk region. Radio (centimeter-
wavelength) continuum observations show over 40 sources within central ~ 300 pc region
(Kronberg, Biermann & Schwab 1985). Multi-frequency radio observations (Wills et al.
1997) and high-resolution VLBI observations (Bartel et al. 1987, Wilkinson & de Bruyn
1990, Muxlow et al. 1994) of these sources indicate that most of these sources are su-
pernova remnants with their average age of a few hundred years. Ages and numbers
of the supernova remnants indicate the supernova rate of 0.05 — 0.1 yr™', much higher
than that of Our Galaxy of ~ 0.01 — 0.02 (Condon 1992). These results also support
that the central starburst and the resultant supernova explosions cause the large-scale
filamentary structures.

Inside the disk region, there is a 2.2 um peak which is dominated by late type stars
(late type supergiants; Rieke et al. 1980, Dietz et al. 1986, Joy, Lester, & Harvey 1987,
Lester et al. 1990} located at the dynamical center (Weliachew, Fomalont, & Greisen
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1984). Around this region, there are luminous super star clusters with low M/Ly ~ 0.1
which suggest young ages of £ 5 x 107 yr (O’Connell et al. 1978, O’Connell et al. 1995).
However. this region is strongly absorbed by dust even in 2.2 pm (K-band). e.g. Ax ~ 1.4
{McLeod et al. 1993), < 0.8 (Telesco et al. 1991), ~ 0.6 (Joy, Lester, & Harvey 1987),
these correspond to Ay ~ 14, < 8, and =~ 6, respectively, if we assumme Ay/Ax = 10
(Draine 1989}, so that it is difficult to discuss in detail by these wavelength.

On the other hand, since mid-infrared to millimeter wave bands are not affected by
absorption, it is very suitable to study such heavily absorbed starburst regions. Mid-
infrared, far-infrared and submillimeter continuum (= dust itself) features show double
lobe structure which emission is weak at the 2.2 pum peak but strong at the surrounding
regions (Rieke et al. 1980, Telesco et al. 1991, Smith et al. 1991). Molecular gas (*2CO
J=1-0,2—1,3—2) observation also show double lobe structure (Nakai et al. 1987, Lo
et al. 1987, Loiseau et al. 1990, Tilanus et al. 1991), but tend to have larger radius than
infrared lobe (Telesco et al. 1991). Detail interferometric molecular observations show
central peak around the center of the double lobe, but somewhat offset to west from
the 2.2 um peak {Carlstrom 1988, Shen & Lo 1995). These observations indicate that
dust and molecular gas structure have a ring-like structure (Nakai et al. 1987) or tightly
wound spiral arms (Shen & Lo 1995). Multi-line observations indicate that molecular
gas temperature and density are ~ 20 — 70 K and ~ 10* % cm 3, respectively (Nguyen-
Q-Rieu, Nakai, & Jackson 1989, Harris et al. 1991, Wild et al. 1992, Gilisten, et al. 1993,
Seaquist, Frayer, & Bell 1998). In addition, there are OH and HyO masers at the central
regions (Weliachew, Fomalont, & Greisen 1984, Baudry, & Brouillet 1996, Seaquist,
Fraver, & Frail 1997), so that there would be much dense and warm gas. Atomic gas
also indicates dense (= 10* em™?) and warm (= 200 K) condition (Lugten et al. 1986).
92 GHz free-free emission shows strong intensity which is equivalent to the flux from
5x 10° 05 stars {Carlstrom & Kromberg 1991). These absorption-free observations also
suggest active star formations at the central region of M82.

Recent interferometric observations suggest the existence of a superbubble, which
may be formed by the massive supernova explosions (Weid et al. 1999, Neininger et al.
1998, Wills et al. 1999). 2CO(1 - 0) and *CO(1 - 0) observations suggest the existence
of superwind around this region (Kikumoto et al. 1998). Inside of this superbubble, there
is a strongest radio point source, 41.95+575, which may be a supernova remnant (Bartel
et al. 1987, Wilkinson & de Bruyn 1990, Wills et al. 1997, Pedlar et al. 1999), and a
middle mass black hole candidate (Matsumoto & Tsurn 1999, Ptak & Griffiths 1999).

These results are, however, still not explained each other systemically, so that the
starburst in M82 is still not clear so far. We therefore performed high-resolution (278 x
2!3), multi-line, deep imaging observations of the central region (450 pc in radius) of
MR&2 with the Nobeyama Millimeter Array for understanding the starburst phenomena
in M&2.

3.2 Observations

Aperture synthesis observations of the central region of M82 were carried out in the
2C0(1 - 0), BCO(1 - 0). CBO(1 - 0), CS(2 - 1), HCO™(1 - 0), and HCN(1 - 0)
lines (rest frequency = 115.271 GHz, 110.201 GHz, 109.782 GHz, 97.981 GHz, 89.189
GHz, and 88.632 GHz, respectively) with the Nobeyama Millimeter Array (NMA) during
1997 November - 1999 March. All the images were obtained using three configurations
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(D, C, and AB) of six 10m antennas which are equipped with tunerless SIS receivers
(Sunada, Kawabe, & Inatani 1994). The system noise temperatures in the single side
band were about 950 K, 850 K, 500 K, and 450 K at 115 GHz, 110 GHz, 98 GHz, and
89 GHz, respectively. As back-end, we used a XF-type spectro-correlator Ultra Wide
Band Correlator (UWBC; Okumura et al. 2000), with a total bandwidth of 512 MHz and
256 channels for 12CO observations (corresponding to 1300 km s ! bandwidth with 5.2
km st velocity resolution), and with a total bandwidth of 1024 MHz and 126 channels
for other observations {corresponding to 2800 km s, 3100 km s™', and 3500 km s~
bandwidths with 22 km s™!, 24 km s}, and 27 km s~ velocity resolutions for 110 GHz,
98 GHz, and 89 GHz, respectively). Since the NMA receiver system has an intermediate
frequency (IF) of 6 GHz, and the UWBC can obtain both the upper side band {USB)
and the lower side band (LSB) with 1024 MHz bandwidth, it is possible to observe (a}
BCO(1 - 0), CBO(1 - 0), and CS(2 - 1) lines, and (b) HCO*(1 — 0) and HCN(1 -
0) lines, simultaneously (figure 3.1). The band-pass calibration was done with 3C273,
and 0923+392 was observed every 10 minutes as a phase and amplitude calibrator. The
flux scale of 0923+392 was determined by comparisons with Mars and Uranus. The
uncertainty in the absolute flux scale is estimated to be ~ 20%.

The data were analyzed using the NRO software package " UVPROCII”, and the final
maps were made and CLEANed with the NRAQO software ATPS. All these maps except
C'180 were made with natural weighting. Since C'®Q emission is weak, the map was
made with the UV tapering of 60 k) to increase the signal-to-noise ratio at the cost of
the spatial resolution. The spatial resolutions, their linear scale, and the typical noise
level of the channel map of the 2CO, 1¥CO, C®0, CS, HCO*, and HCN maps were
summarized in table 3.1. We also obtained 100 GHz continuum with USB of HCO*
and HCN simultaneous observations. The central frequency and the bandwidth of the
continuum are 100.884 GHz and 1024 MHz, respectively. The spatial resolutions of the
100 GHz continuum is 377 x 3”3, which corresponds to a linear scale of 56 pc x 50
pc. The typical noise level of the map was 1.6 mJy beam™'. We also summarize the
continuum observational parameters in table 3.1.

3.3 Results

3.3.1 Distributions of Observed Gas

Total integrated intensity maps of observed molecular lines and 100 GHz continuum are
shown in figure 3.2. The plus and cross marks indicate the positions of the galactic nucle-
us (dynamical center) determined from the peak of the strongest 2.2 ym source (Lester
et al. 1990) and the centimeter-wave continuum point source 41.954-57.5 which would be
a young supernova remnant (Bartel et al. 1987, Wilkinson & de Bruyn 1990). The over-
all distributions of molecular gas are coincident with previously identified (Carlstrom
1988, Shen & Lo 1995) three prominent peaks, so-called double lobes (or North-East
[NE] and South-West [SW] lobes) and a central peak. These distributions are briefly
summarized in figure 3.3.

12C0O and *CO molecular gas tend to reside in SW lobe, but neutral dense molecular
gas (HCN and CS) tend to reside in opposite side of the lobe (NE lobe). 100 GHz
continuum is strong in central peak and inner side (east side) of the SW lobe, and some
weak emission is in NE lobe. The distribution of HCO™ tend to have the characteristics
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Table 3.1: Observational parameters.
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Synthesized beam Velocity R.m.s. noise

(Linear scale*) resolution Channel map’ Moment map

12C0(1 - 0) 2'8 x 2'3 52kms™!  37.7mJy beam ! 1.6 Jy kms™!

(42 pc x 35 pc) (540 mK) (23 K km s71)

BCO(1 - 0) 379 x 374 22kms ! 10.7 mJy beam~!  0.93 Jy km s~!

(59 pc x 51 pe) (82 mK) (7.1 K km s71)

CBO(1-0) 571 x 474 22 km s7! 8.9 mJy beam™'  0.73 Jy km s7!

(77 pc x 66 pc) (40 mK) (3.3 K km s71)

CS(2-1) 4"3 x 3"6 24 km s~! 5.8 mJy beam™  0.51 Jy km 5!

(65 pc x 45 pc) (48 mK) (4.2 K km s71)

HCO*(1 - 0) 40 x 3'6 27kms™!  6.3mly beam™  0.64 Jy kms~!

(60 pc x 54 pc) (67 mK) (6.8 K km s~ 1)

HCN(1 - 0) 4711 x 376 27 km 57! 6.4 mJy beam™! 0.62 Jy km s~!

c X c m . m s
(62 pc x 54 pc) (67 mK) (6.5 K km s~ 1)
100 GHz 37 x 33 e 1.6 mJy beam™! —

continuum (56 pc x 50 pc) {16 mK)

* For distance 3.25 Mpc (Sandage & Tammann 1975).
1 The noise level of a 8 MHz bandwidth. For 100 GHz continuum, the noise level of a 1 GHz
bandwidth is displayed.

of the distributions of both neutral dense molecular gas and 100 GHz continuum. The
detail line ratios will be discuss in next subsection (section 3.3.2).

We also identified diffuse spurs north and south (minor axis direction) of the galaxy,
which can be clearly seen in '2CO map. As shown in figure 3.4, the spurs well trace
dark filaments which can be seen in optical B-band image (Alton, Davies, & Bianchi
1999). Since the dark filaments might be the absorption of dust, the spatial coincidence
of the distributions of molecular gas and dark filaments indicates that molecular gas and
dust might reside in similar regions. Similar structures (= spurs) have been detected
further out in the filaments by low spatial resolution single-dish **CO(1 — 0) (Nakai et
al. 1987) and millimeter and submillimeter continuum (dust emission; Kuno & Matsuo
1997, Alton, Davies, & Bianchi 1999) observations, but ours is the first detection close
to the disk.

3.3.2 Molecular Line Intensity Ratios

To know the physical conditions of molecular gas in M82, we derived the intensity ratios of
these lines. For the comparison with the 100 GHz continuum, we derived the ratios from
the total integrated intensity maps. Since M82 is the edge-on galaxy, this comparison
would be a rather crude way than the comparison with the position-velocity maps, but
continuum emission has no velocity information, this way is the only way to compare.
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Table 3.2: Intensity ratios of observed molecular gas at specific regions.*

Position HCN/2CO HCN/®BCO 2CO/BCO

NE lobe 0.073 £ 0.004 1.29+0.10 18.14+1.1
Central peak 0.067 £ 0.005 1.54+0.15 23.1+2.0
SW lobe (E) 0.044 £ 0.004 0.82 £ 0.08 184+1.1
SW lobe (W) 0.047 £+ 0.004 0.57 + 0.05 122+ 0.5

* Quoted uncertainties are lo.

In this way, we only made the ratio maps of 2CO, ¥CO, and HCN emission. We define
the ‘integrated intensity’ as I = f Tgdv (K km s71). All the ratio maps were made using
the tasks “COMB” and “IMEAN” in the AIPS package; first we corrected the primary
beam attenuations, recovered the missing fluxes from the single dish observations (12CO
— Young et al. 1995; BCO - Young & Scoville 1984; HCN - this work (section 2.3)), and
convolved all the maps to the same beam size of 471 x 376 corresponds to the spatial
resolution of the HCN map which have the largest beam size. Next we made ratio
maps with a clipping level of 2¢, and then averaged the ratios at specific regions. We
divided the molecular gas distribution to four areas, that is, the NE lobe, central peak,
SW lobe (E), and SW lobe (W) for the rough comparisons of the regional differences.
Since the SW lobe is elongated to the east-west direction, we divided to the east side
and west side. Table 3.2 summarized the integrated intensity ratios of the HCN/2CO,
HCN/1BCO, 12C0O/BCO.

The HCN/*CQO ratios in all the regions of M82 clearly have lower values of < 0.1
than those of other starburst galaxies of > 0.1, rather similar to those of the normal
or post-starburst galaxies of < 0.1 (Solomon, Downes, & Radford 1992, Kohno 1997).
Although these ratios have low values, there are some tendencies between these four
regions, that is, the NE lobe and central peak have somewhat higher values than those
of the SW lobe (E} and (W). These differences are much clearly seen in other ratios.
The HCN/¥CO ratios show that the central peak have the highest value of ~ 1.5, well
corresponds to the single dish observations (section 2.3). The NE lobe and the central
peak have high ratios of > 1 similar to those of starburst galaxies NGC 253 and NGC
3504, the SW lobe (E) has a ratio of ~ 0.8 similar to those of starburst galaxies NGC
2146, NGC 2903, NGC6946, and NGC 6951, and the SW lobe {W) has a low ratio similar
to non-starburst regions or galaxies (see section 2.3). The 2CO/*3CQ ratios also have
the highest value of ~ 23 at the central peak, which is similar to merging galaxies (Aalto
et al. 1991a, Aalto et al. 1991b, Casoli, Dupraz, & Combes 1992a, Casoli, Dupraz, &
Combes 1992b, Aalto et al. 1995, Aalto et al. 1997). The NE lobe and the SW lobe (E)
also have high ratios of ~ 18, but SW lobe (W) has low ratio of ~ 12 similar to those of
the normal galaxies (Sage & Isbell 1991, Young & Sanders 1986).

To sum up the major characteristics of these four regions, HCN/2CO ratios are very
low similar to those of the non-starburst galaxies. For HCN/¥CO and 2CQO/'*CO ratios,
the central peak has high intensity ratios similar to those of other starburst galaxies, the
NE lobe and SW lobe (E) have somewhat lower ratios than the central peak but in the
range of the ratios of starburst galaxies, and the SW lobe (W) has the lowest ratios
similar to those of the non-starburst galaxies.
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3.3.3 100 GHz continuum

The 100 GHz continuum emission in M82 is dominated by free-free emission (figure 3.5),
so that the strength of the 100 GHz continuum directly related with star formation
activities like Har emission in optical wavelength. Moreover, since the 100 GHz continuum
observation would not be affected by the dust absorption as optical or near-infrared
observations, there are great advantages in the observations of the star forming regions
in edge-on galaxies or central region of galaxies where a large amount of dust hinder
the star forming regions. Indeed, the central region of M82 are deeply obscured by dust
even in the K-band (e.g. Ax ~ 1.4, McLeod et al. 1993; Ak < 0.8, Telesco et al. 1991;
Ak =~ 0.6, Joy, Lester, & Harvey 1987; these correspond to Ay ~ 14, £ 8, and = 6,
respectively, if we assume Ay /Ax = 10, Draine 1989), so that it is very hard to derive
the flux of recombination lines in optical or near-infrared.

From the flux of the free-free emission, we can estimate the production rate of Lyman
continuum photons, Ny, from

() s0310 () " () (i) o0

where T, is the electron temperature, v the frequency, and Lt the thermal (free-free)
spectral luminosity (Condon 1992). Since Lt = 4w D2St where D is the distance and
St is the thermal {free-free) flux density, we can rewrite the equation (3.1) as

() = 78107 (u%[rq) ([G;z])o'l ([Ml;c])z () @2

Using the equation (3.2) and the peak flux density of 100 GHz continuum (v = 100.884
GHz; see section 3.2) averaged over the beam size of 471 x 376 (62 pc x 54 pc), we
calculated the minimum Ny, at specific regions in M82, assuming T, ~ 10! K and
D ~ 3.25 Mpc (Sandage & Tammann 1975). We also estimated the number of O8 stars
(M ~ 20 Mg) assuming their N, of ~ 103 s~ (Panagia 1973). The results are
summarized in table 3.3.

The star formations in M82 are very active at the central peak where the HCN/3CO
and 2CO/CO ratios are relatively high compared with other regions. On the other
hand, the star formation activity in the SW lobe (W), where the ratios are similar
to non-starburst galaxies, is low. Those of the NE lobe and SW lobe (E), where the
ratios are not so high but in the range of the ratios of starburst galaxies, are moderate.
The calculated Ny, are about a factor of 5 lower than those estimated by Carlstrom &
Kronberg (1991), but this may due to their large beam size of 678 x 671.

3.4 Expanding Molecular Superbubble

3.4.1 Spatial and Kinematical Structure

At the innermost region of the spurs around the central peak and the SW lobe, there
are arc-like features connecting these two peaks (figure 3.4). A position-velocity (PV)
diagram cut along the major axis of the galaxy (figure 3.6b) shows an arc-like deviation
from the rigid rotation at this region. It can be explained by the expanding superbub-
ble. If there is an expanding bubble, the velocity of the line of sight can be seen as a
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Table 3.3: 100 GHz continuum flux densities and corresponding Lyman continuum photons at specific
regions.

Position Fy NEY Ngg

NE lobe 38.7 4.9 x 10°* 2.20 x 10*
Central peak 56.8 7.2 x 102 3.23 x 10%
SW lobe (E) 45.4 5.8 x 1052 2.58 x 104
SW lobe (W) 29.2 3.7 x 1032 1.66 x 10*

+ Peak 100 GHz continuum flux [mJy beam™'] in the specific regions. The beam size is
4"1 x 3'6. 1o uncertainties are 1.3 mJy beam™'.

t Production rate of Lyman continuum photons [s7!] calculated with F} averaged over
the beam size. 1o uncertainties are 0.2 s=!. See text for detail.

§ Number of O8 stars (M ~ 20 Mg} whose total production rate of Lyman continuum

photons is equivalent to the calculated Np,. lo uncertainties are 0.07 x 104,

gradual change toward the center of the superbubble as shown in the schematic diagram
(figure 3.6d), which is similar to the arc-like deviation in the PV diagram. Indeed, such
gradual deviation in the PV diagram is one of the common features of the expanding
HI superbubbles (Deul & den Hartog 1990). In addition, recent literatures also argued
that this deviation is the implication of molecular superbubble, but they do not show
any spatial evidence for it (Neininger et al. 1998, Wei et al. 1999, Wills et al. 1999).
They argued that the superbubble has already broken toward the minor axis direction
of this galaxy, and therefore do not show any shell structure in their figures. We made
a channel map binning over the velocity range from Vigg = 118 to 212 km s™!, which
corresponds to the range deviates from the rigid rotation (figure 3.7c). The map clearly
shows a shell-like structure between the two peaks (correspond to the central peak and
the inner side of the SW lobe) with a diameter of ~ 210 pc x 140 pe (~ 14" x 9”) along
the north-south and east-west directions. This structure is also visible in other molecu-
lar lines such as *CO and HCN (figures 3.7d-¢), as was previously argued by Neininger
et al. 1998. Because of the spatially distinct shell structure (figures 3.7c-e) which can-
not be seen in the previous observations and the gradual deviation in the PV diagram
(figure 3.6b), this shell-like structure might be the first clear imaging of an expanding
molecular superbubble. :

3.4.2 Physical Properties

We first derive the expanding velocity and the dynamical timescale of the superbubble.
The velocity field of the southern shell (figure 3.6¢) is very close to rigid rotation. If
we assume that the shell structure is the edge-brightening effect (Wills et al. 1999),
the southern shell would be moving perpendicular to the line-of-sight, and this velocity
might be the systemic velocity of the molecular superbubble (figure 3.6d). We can also
assume that the systemic velocity of the superbubble is on the rigid rotation, since the
PV diagram shows almost all of the molecular gas except that of the superbubble is
on the rigid rotation (figure 3.6b). These reasons lead to the expanding velocity of
the superbubble would be the most deviated velocity from the rigid rotation in PV
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diagram (figure 3.6b), and the resultant expanding velocity would be ~ 100 km s'.

Similar discussions are also argued in Wills et al. (1999). However, we cannot reject the
possibility of the expanding velocity of ~ 50 km s~! which is the mean deviation velocity
in the PV diagram (Weif et al. 1999), so that we use the velocity of 50 — 100 km s™!
for the following calculations. Assuming a constant velocity expansion, this expanding
velocity and the size of the superbubble (radius of ~ 105 pc) indicate that the elapsed
time from the explosion can be estimated as ~ 1 — 2 x 10° years.

Next, we will estimate the energetics of the superbubble. Using the intensity ratios
between the 12CO line and the *CO and HCN lines, we calculated CO-to-H, conversion
factor based on the Large-Velocity-Gradient (LVG) approximation (Sakamoto 1999).
Before the intensity ratio calculations, we recovered missing flux of each of three line
images using single-dish observations (32CO - Young et al. 1995; *CO - Young & Scoville
1984; HCN - this work (section 2.3)). The resultant conversion factor is 1.4 + 0.6 x 10%
em~? (K km s71)7!, assuming normal [*?CO]/[H,] abundance ratio and velocity gradient
ranges of 50 — 100 and 1 —2 km s ! pc™?!, respectively. However, the kinetic temperature
for the conversion factor of ~ 0.8 x 10%° (K km s™!)~! is ~ 500 — 700 K, which would
be somewhat unusual at star forming regions, and also inconsistent with the results of
the single dish observations of ~ 100 — 300 K (section 2.3). Also, that for the conversion
factor of ~ 2.0 x 10%° (K km s71)~! is < 100 K, also inconsistent with the results of the
single dish observations. On the other hand, the temperature for the conversion factor of
~1.4%10% cm~2 (K km s7!)~ ! is ~ 100 — 200 K, consistent with the results discussed in
section 2.3. In addition, the conversion factor at this region taken from other literatures
are ~ 1.0 x 10%° and ~ 1.2x 10%* em~2 (K km s7!)~! estimated from optically thin C**O
line (Wild et al. 1992) and 450 pm continuum (Smith et al. 1991), respectively, which are
consistent with our result. Hence, we adopted 1.4 x 102 cm 2 (K ki s !)~! as the CO-
to-H, conversion factor for the following calculations. Using this conversion factor, the
calculated molecular superbubble mass is ~ 1.8 x 10® M. Total molecular mass inside
the radius of 450 pc {observed region) is estimated to be ~ 5.5 x 10® Mg, assuming
same CO-to-Hy conversion factor. These results indicate that about one-third of the
molecular gas is affected by the explosion. From this molecular superbubble mass and
the expanding velocity, we derived the kinetic energy of the superbubble as ~ 0.5—2x 10%
erg. This energy is equivalent with the total energy of ~ 10* — 10* supernovae, assuming
one supernova has a kinetic energy of ~ 10! erg and all the supernovae energy is used for
the expansion of the superbubble. Since the transformation efficiency of the supernovae
explosions energy to the kinetic energy of the superbubble would be smaller than 100%,
the number of the exploded supernovae would be much larger. This energetics is more
than an order of magnitude larger than that of HI superbubble in other galaxies, such
as Our Galaxy, Large and Small Magellanic Clouds, M31, M33, and M101 which have
< 10% erg (Tenorio-Tagle & Bodenheimer 1988 and the references therein).

3.4.3 Comparisons with Other Observations

This molecular superbubble is strong in the south region, but diffuse in the north region.
On the other hand, the shell-like structure in the 408 MHz continuum (synchrotron
emission; Wills et al. 1997), [NeIl| line (ionized gas; Achtermann & Lacy 1995), and the
radio recombination line (H41q; Seaquist et al. 1996) images at similar spatial scales
are strong in the northern part (figure 3.8a). These evidences seem to indicate that the
southern part of it would be dominated by molecular gas but northern part by ionized
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-gas.

A PV diagram compared with the molecular gas and the recombination line (fig-
ure 3.8b) shows that the deviation from the rigid rotation in the recombination lines
is much larger than that of the molecular gas. [Nell] line kinematics also shows simi-
lar features (Wills et al. 1999). OH and H,O masers (Weliachew, Fomalont, & Greisen
1984, Baudry, & Broutllet 1996, Seaquist, Frayer, & Frail 1997) are strongly concentrated
at the boundary between the molecular gas and the recombination line in the PV dia-
gram (figure 3.8b). Pumping mechanisms for OH masers are collision (= shock) and/or
IR/UV radiation (= radiation from H1II region), and for H,O masers are basically shocks
(Elitzur 1992). Indeed, OH masers can see just at the shocked region of the supernova
remnant {Arikawa et al. 1999) and around the HII regions (Gaume & Mutel 1987), and
H,0 masers is also distributed at the shocked regions of bow shocks {outflows from star
forming dense cores; Claussen et al. 1998). Therefore, molecular gas and ionized gas
would be strongly interacting at the boundary of the superbubble, and producing many
shocked regions and/or induced star forming regions. This is consistent with the result
of 100 GHz continuum observations discussed above (section 3.3.3).

Inside the superbubble (figure 3.7c), there is a 2.2 um secondary peak (Dietz et al.
1986) which emission may be dominated by luminous supergiants (Joy, Lester, & Harvey
1987). A strong X-ray peak also locates at the center of the superbubble (Collura et
al. 1994). Soft X-ray emission can be explained by the thermal emission from hot gas
(= 107 K) heated by active star formations and supernova explosions (Watson, Stanger,
& Griffiths 1984, Bregman, Schulman, & Tomisaka 1995). Hard X-ray observations show
the time variability of its intensity, which indicate the existence of a middle mass black
hole (heavier than stellar mass black holes but lighter than the supermassive black holes)
with a mass of ~ 460 — 2 x 10®% Mg (Matsumoto & Tsuru 1999, Ptak & Griffiths 1999).

The high-resolution (2/3 x 179) 100 GHz continuum image superposed on the 2CQO
superbubble contour shows clear offset between the 2CO peaks and the 100 GHz con-
tinuum peaks. The 100 GHz continuum peaks tend to reside inside of the superbubble.
The OH and H,O masers distribute close to these 100 GHz continuum peaks. The center
of the superbubble, on the other hand, the 100 GHz continuum is weak, where the 2.2
pm secondary peak and the X-ray peak are located.

3.4.4 Starburst at 2.2 ym Secondary Peak

We calculated the stellar population of the 2.2 ym secondary peak cluster, which located
near the center of the superbubble, using the initial mass function (IMF) for the esti-
mation of the starburst evolution at this cluster. Since the 2.2 ym secondary peak is
dominated by the luminous supergiants (Joy, Lester, & Harvey 1987), we would estimate
the number of stars for the K-band at the peak using the luminosity of a M2 I (M2 type
supergiant) star. The luminosity of the 2.2 uym secondary peak at K-band (Dietz et
al. 1986) with its extent (full width at half maximum (FWHM)) of 4" (McLeod et al.
1993) would be calculated as ~ 3.0 x 10%” erg s7! Hz"!. The absolute bolometric mag-
nitude, My, bolometric correction, BC, and V — K of a M2 [ star are —8.3, —1.57, and
4.29, respectively (Pickles 1998), so that its absolute V magnitude, My, and absolute K
magnitude, My, can be calculated as

My = My — BC = —6.73 (3.3)
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and
Mg =My — (V- K)=-11.02, (3.4)

respectively. Since 0.0 mag of M is equivalent to the flux of 107202 erg s~ em™2 Hz™!
or to the luminosity of 7.5 x 10 erg s~! Hz"!, the luminosity of a M2 I star might
be 1.9 x 10! erg s~! Hz™!. Therefore, the luminosity of the 2.2 pm secondary peak at
K-band is equivalent to that of ~ 1500 M2 I stars.

We next calculate the stellar content at the 2.2 um secondary peak cluster. Since
the timescale of the superbubble is only ~ 1 — 2 x 10% yr, we assume that the stars
with their mass larger than 20 Mg (short-live stars with their lifetime of 107 yr) are
already exploded by supernovae, and that the remained high mass stars with their mass of
15 — 20 Mg are now M2 I stars. Using an extended Millar-Scalo IMF (Kennicutt 1983)
of dN/dm o m~* with lower and upper mass limits of 1 and 100 (see section 2.3.4
for detail), and assuming that there are 1500 stars whose mass are 15 — 20 Mg, the
total stellar numbers and mass formed at the 2.2 ym secondary peak cluster can be
calculated as ~ 2 x 10° stars and ~ 7 x 10° Mg, respectively. The number of » 20 M,
stars which would have already exploded in this cluster are ~ 3 x 10% stars, consistent
with the estimated numbers of supernovae of 10° — 10% which are needed to create the
superbubble. _

The efficiency of star formation in molecular clouds is generally ~ 5 — 25% (Rieke
1988), so that molecular gas used to form the 2.2 pm secondary peak cluster would be
~ 3 x 10° — 1 x 10" Mg,. If we assume the size of this cluster is corresponds to FWHM
in K-band of 4”7 (McLeod et al. 1993), the size might be about 60 pc. Compared with
giant molecular clouds in Our Galaxy which have their size and mass of 20 — 80 pc
and 8 x 10* — 2 x 10°% Mg, respectively (Goldsmith 1987), the molecular cloud which
formed the 2.2 ym secondary peak cluster had similar size but had an order of magnitude
heavier mass than those in Qur Galaxy. In addition, since the mass of the superbubble
is ~ 1.8 x 108 M, that of the molecular cloud which formed the 2.2 ym secondary peak
cluster is 1 — 2 order of magnitude smaller. This means that such a small-scale, localized
starburst affected very massive, large-scale regions.

From these observational evidences and IMF calculations, it is obvious that this ex-
panding molecular superbubble might be made as a result of localized starbursts occurred
around the 2.2 pm secondary peak. Inside the superbubble, hot ionized gas created by
the supernova explosions might be compressing the surrounding molecular gas outwards.

3.4.5 Effects of Superbubble to Starburst

As mentioned elsewhere, stars are believed to be made from the dense part of molecular
gas (Lada 1992). Extragalactic observations also suggest that star formation activity
has a better spatial and quantitative correlation with dense molecular gas (i.e. HCN)
than tenuous molecular gas (i.e. '?CQO; Kohno, Kawabe, & Vila-Vilaré 1999, Kohno
1997, Solomon, Downes, & Radford 1992). Therefore, it is natural to think that the
termination of star formation is caused by the exhaustion of dense molecular gas by
making stars. However, as can be seen in the figure 3.7, almost all the molecular gas is
blown away from the center of the superbubble by its explosion, so that star formation
at the center of the superbubble would stop because of the lack of dense molecular gas.
Indeed, the 100 GHz continuum at the center of the superbubble is weaker than the
surrounding region, which support this discussion (figure 3.9). Hence, this superbubble
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tells us that expulsion of dense molecular gas from star forming regions is another possible
mechanism for the termination of star formation.

On the other hand, the swept up molecular gas is concentrated at the central peak and
the SW lobe, and the inner side of these two peaks, there is strong 100 GHz continuum
(free-free) emission (figure 3.9) equivalent to the flux from ~ 10° O8 stars (Carlstrom
& Kromberg 1991), and also have the star formation efficiencies similar to or higher
than other starburst galaxies (figure 3.11). This situation indicates that other starbursts
are now ongoing at the inner side of these two peaks. Since these peaks correspond to
the minor axis of the bubble and the diameter is about 70 pc smaller than that of the
major axis, this difference suggests that the expansion toward the galactic disk might be
suppressed by the molecular gas resides in the disk. This condition quite resembles to the
hydrodynamical simulations (Tomisaka & Ikeuchi 1988), although the initial conditions
would be somewhat different from that of the superbubble in M82. Therefore, it is
reasonable to think that these two peaks might be formed by the expansion of the
superbubble, and other starbursts might be induced by the compression.

3.4.6 Middle Mass Black Hole

As mentioned above, recent hard X-ray observations show the time variability of the
intensity of the strongest X-ray peak in M82 {Matsumoto & Tsuru 1999, Ptak & Griffiths
1999), which locates near the 2.2 ym secondary peak. This time variability indicates the
existence of a middle mass black hole with a mass of ~ 460 — 2 x 10* M. We therefore
discuss about the possibilities of this middle mass black hole formation at this 2.2 um
secondary peak cluster.

There would be two possibilities of making a middle mass black hole, (1) one is
the merging of stellar black holes, and {2) another is the merging of stars before the
supernovae and make a very high mass star, and produce a black hole after its supernova.
The timescale of an object sink into the center of the stellar cluster by the dynamical
friction (Binney & Tremaine 1987) can be estimated as < 107 yr in the 2.2 ym secondary
peak cluster. Therefore, it would be possible to concentrate some of the stars or black
holes (but not all of these) at the center of this cluster in the timescale of the superbubble
of 1 — 2 x 10° yr.

We then discuss about the black hole mass with these merging process. We first
discuss about the possibility (1}. If we assume that stars with their mass larger than 25
Mg would create stellar black holes of almost same mass (Brown & Bethe 1994), there
would be 2 x 10 black holes with their total mass of 7 x 10* M,; in this 2.2 m secondary
peak cluster, based on IMF calculations discussed in the previous section. A problem is
the possibility of merging. Since stellar black holes have very small radii (1 — 10 km),
it would be very hard to merge because of the angular momentum ejection and merging
timescale {~ 10° yr), the total mass of the stellar black holes will be the upper limit of
the middle mass black hole. This upper mass limit is well within the range of that of
the middle mass black hole estimated from the hard X-ray observations. Next, about
the possibility (2), since stars have large radii (> 10° km), it would be much easier for
stars to be merged than stellar black holes. There are simulations of stellar merging
(runaway merger) in compact clusters to create a very massive star (> 100 My) in less
than 3 —4 x 10° years (Portegies-Zwart et al. 1999). If we assume that the stellar merging
probability of 0.1% which is similar probability to the stellar merger simulations, it is
possible to make a ~ 700 M, object in the 2.2 ym secondary peak cluster. Such a high
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mass object would evolve to a similar mass (~ 700 M) black hole after the hypernova
( 1052 erg). This mass is also within the range of that of the middle mass black hole.
To summarize, either possibilities are possible to create a black hole within the mass
range decided by the hard X-ray observations, and we can also limit the black hole mass,
Mgy, in this cluster as 460 < Mgy < 7 x 10* Mg, whose upper limit has estimated from
the IMF calculations, and lower limit from the hard X-ray observations.

Since the cluster mass, Myster, are calculated as 7 x 10° M from IMF as cal-
culated in the previous subsection, the ratio of Mgy over Myuser would be -3.2 g
log(Mpn/Meuster) < —0.95. We compared this ratio with those of other galaxies. We
used the data of Myyge (= Myster) and Mgy in Magorrian et al. (1998) except their
upper limit data. As shown in the figure 3.10, the estimated range of the middle mass
black hole in M82 is on the Myyg-Mpu relation for galaxies with supermassive black
holes.

Qur results related to the superbubble and middle mass black hole might give a new
explanation to the observations and discussions such as many of the quasar-like and AGN
activities are related with starburst activities (AGN-starburst connection; Terlevich et
al. 1992, Lawrence 1999), some of the quasars are embedded in interacting (and therefore
active star forming) galaxies (Boyce et al. 1996, Boyce et al. 1998), strong ~-ray bursts
(hypernova) with its energy of » 10% erg (Mészdros 1999), and middle mass black holes
located either at or offset from galactic nuclei (Colbert & Mushotzky 1999). According
to our results, these would be created/ongoing with the similar mechanism (=localized
starburst) which occurred in the 2.2 pm secondary peak cluster in M82.

3.5 Starburst in M82

To derive the physical conditions of molecular gas in M82, we calculated those using the
observed line ratios based on LVG approximation. Detail modeling and the results of the
LVG calculations are discussed in sections 2.2.4 and 2.3.4, and shown in figures 2.7 and
2.13. The intensity ratios at specific regions are shown in table 3.2, and the resultant
physical conditions are summarized in table 3.4.

There are some differences in physical conditions of molecular gas between the specific
regions. Molecular density in the NE lobe and the central peak tend to have somewhat
(factor of two) higher than the SW lobe. Temperature is lower in SW lobe (W) than other
regions. These tendencies are very similar to the 100 GHz continuum flux (and therefore
Lyman continuum photons) shown in table 3.3. As discussed above (section 2.3.4 and
section 3.3.1), molecular gas and dust are spatially correlated, so that it might be natural
to have similar tendencies.

Although there are some differences in physical conditions between the regions, these
differences are within the order of magnitudes of ~ 10® cm™ and ~ 10? K. Compared
with those of other galaxies in table 2.10, density of M82 is an order of magnitude lower
than starburst galaxies but similar to non-starbursts. On the other hand, temperature
is similar to or higher than starbursts, and an order of magnitude higher than non-
starbursts. Hence, it is obvious that molecular gas in M82 has low-density and high-
temperature conditions.

Since star formation activity is well correlated with the quantity of dense molecular
gas (Kohno 1997, Solomon, Downes, & Radford 1992}, molecular gas in the starburst
galaxy M82 is expected to be rich in high-density gas. However, above results indicate



3.5, STARBURST IN M82 77

Table 3.4: Physical conditions of molecular gas in M8&2.

Position n(Hy)T Tk§

NE lobe ~ (5~ T) % 103 ~ 300
Central peak ~ (4 —6)x 10° ~ 400 — 500
SW lobe (E) ~ (2 3) x 10° ~ 300 — 400
SW lobe (W) ~ 3 % 10° ~ 100 — 200

* Molecular hydrogen number density in cm™3.

1 Kinetic temperature in K.

that M82 is dominated by tenuous gas. To discuss quantitatively, we calculated star
formation efficiency (SFE) and compared with other galaxies observed by Kohno (1997).
The SFE usually calculate using Ha luminosity, but it is very difficult to calculate for
M82 because of the deep dust absorption. We therefore calculate the SFE using 100
GHz continuum data.

The calculations from 100 GHz continuum flux to SFE are as follows; The thermal
flux density, St, is related with HZ line flux, Fyz, as

Te —0.52 0.1
i ~ 0.28 ( ) ( Y ) Sty (3.5)
10712 erg em=2 57! 104 K GHz mJy

and the Fyg is related with Ha line flux, Fy,, as

FHC!
FH»B

T, )—0.07’ 5.6

= 2.86
(%

where T, is the electron temperature and v is the frequency of St (Condon 1992). There-
fore, the relation between Ha luminosity, Ly,, and St can be written as

Lita wf D ( T. )‘0-59( v )0-1 St
(ergs‘l) 9.61 < 10 (Mpc 101 K GHz mly /)’ (3.7)

where D is the distance to the object. The star formation rate (SFR) is correlate with
Lys by (Kennicutt 1983)

FR L
5 = fo | (3.8)
Mg yr—! 112 x 104 ergs—!

Dividing this SFR by the beam size, we can obtain the SFR column density in unit of Mg
yr~! pc™?. On the other hand, the gas column density, X,.s, can be obtained assuming
Galactic 2CO-to-H; conversion factor of 3.0 x 10 cm™2(K km s~ 1)~} as

Egas ICO
=1. .
(M@pC‘2) 36 500 (Jy km s-! arcsec—?) ’ (3.9)

where Ico is 12CO integrated intensity, and a factor of 1.36 is for the inclusion of He
and other elements (Kohno 1997). The SFE (in unit of yr!) can obtain from the
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equation (3.8) divide by the equation (3.9). If we assume the conversion factor of 1.4x10%
em 2(K km s 1) ~! which is the derived value for the superbubble (section 3.4.2), the gas
column density would be a factor of 1.4/3.0 smaller, and the SFE would be a factor of
1.4/3.0 larger than the derived values using the above equations.

We calculated the SFE for some regions in M82 and plotted on the HCN/CO-SFE
correlation diagram (figure 3.11}. Other galaxy data plotted on the diagram are taken
from Kohno (1997). The data of M82 arc largely offset from the correlation derived
by Kohno (1997), and the SFE are similar to those of the starburst galaxies, but the
HCN/'CO ratios are similar to those of the non-starburst galaxies. Since the SFE
is calculated from the Ho luminosity and the Ha emission is originate from the early
type stars (OB stars), it is clear that M82 formed a large amount of early type stars as
other starburst galaxies. However, the amount of dense gas is very small compared with
starburst galaxies and similar to those of non-starburst galaxies. The stars believe to be
formed from dense part of the molecular gas (Lada 1992), hence it is natural to think
that dense gas is exhausted or blown away by the starburst activity, and therefore star
formation in M82 would stop because of the lack of dense gas. We therefore suggest that
M8&2 is now in the very late phase of starburst or in the very early phase of post-starburst.
This suggestion is also supported by the results of near-infrared spectroscopy that M&2
is in the late phase of starburst (Rieke, Lebofsky, & Walker 1988, Rieke 1988) whose age
is about 5 x 107 yr (Rieke et al. 1980).

Model calculations of superbubbles show that the last phase (timescale of ~ 107
yr) of superbubbles have elongated, chimney-like structures which extend over 1 kpc
(Tomisaka & Ikeuchi 1988). At this timescale, the shell (or wall) of this chimney-like
structure is quite similar to the molecular spurs in M82, so that the spurs would be the
remnants of broken superbubbles. Single-dish dust observations of M82 revealed that
the dust extends at least 800 pc away from the galactic disk (Alton, Davies, & Bianchi
1999). Assuming that the expanding velocity of the dust is the same as our estimated
expanding velocity of the superbubble, the expanding timescale would be 0.8 — 1.6 x 107
vears, similar to the model calculations of Tomisaka & Tkeuchi (1988), but about one
order of magnitude longer timescale than that of the molecular superbubble which can
be seen in our image.

Since the large-scale outflow originate from at least two different burst regions (Shop-
bell, & Bland-Hawthorn 1998), the molecular spurs extend everywhere from the molecu-
lar disk (figure 3.7b), and there are about an order of magnitude difference in the expand-
ing timescale between the superbubble and the large-scale outflow (previous paragraph},
it is reasonable to suggest that the energetic explosions and the sequential starbursts
similar to the superbubble region (section 3.4.5) have been occurred many times at the
central region of M82 in this ~ 107 years. In addition, repeats of these energetic starburst
cycles might create the spurs and the kpc-scale outflows. Now M82 has little dense gas
in the starburst region, these starburst cycles might stop near future, and the formations
of the large-scale outflows might also stop. This starburst cycle would be very important
for other starburst galaxies, since many of these galaxies have similar large-scale outflows
(Lehnert & Heckman 1996) as M82.
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Fig. 3.1: Examples of the simultaneous observations with UWBC (Ultra Wide Band Cor-
relator). Left side and right side columns of the figure indicate lower side band (LSB) and
upper side band data (USB), respectively. Each row indicate one observation. 1st row —
LSB : continuum. USB : 12CO(1 - 0) line. 2nd row — LSB : CS(2 - 1) line. USB : ¥CO(1
— 0) and C'80(1 - 0) lines. 3rd row — LSB : HCO*(1 - 0) and HCN(1 — 0) lines. USB :
continuum.



80 CHAPTER 3. MOLECULAR GAS IN M82

500 1000 1500 [K km/s] 80 [K km/s]
AL : ! |

695515
10-S S

DECLINATION (B1950)

[K km/s] [ : _ ] (K kmv/s]
6955 15!- : 13¢0(1-0) - ) — - |t - HCO*(1-0) -
10p0 G -
05!
00

=
e)
o
—
o
=
D
=
4
z
=1
(5]
w
(=]

[K km/s]

cSs(2-1)

DECLINATION (B1950)

.m':_‘:._-m—n. L 1 = "j: L Rkl . 1
095148 46 44 42 40 38 46 44 42 40 38 46 44 42 40 38

RIGHT ASCENSION (B1950) RIGHT ASCENSION (B1950) RIGHT ASCENSION (B1950)

Fig. 3.2: Integrated intensity (moment) maps of 2CO(1 - 0), '*CO(1 - 0), C'*O(1 - 0),
CS(2 — 1), HCO™(1 — 0), HCN(1 — 0) lines, and 100 GHz continuum of the central region
of M82. The region of these maps are indicated with a box in Ha (grayscale) and X-
ray (white contours) images, which are taken from Shopbell & Bland-Hawthorn (1998)
and Bregman, Schulman, & Tomisaka (1995), respectively. The color scale is shown at
the top of each map. Synthesized beam is shown at the bottom-left corner of each map.
The contour levels for 2CO(1 — 0) map are 100, 200, 300, - - -, and those for other maps are
30,60,90, --. Detail observational parameters are indicated in table 3.1. The plus mark
indicates the position of the galactic nucleus determined from the peak of the strongest
2.2 um source (Lester et al. 1990) of a(B1950)=9"51"43%6, §(B1950)=69°55'00". The cross
mark indicates the position of the centimeter-wave continuum point source 41.95+-57.5 of
a(B1950)=9"51m41%.95, §(B1950)=69°54'57"5, which would be a young supernova remnant
(e.g. Bartel et al. 1987).
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Fig. 3.3: Identifications of the molecular gas peaks and other important sources. The
contour map is the integrated intensity map of 2CO(1 — 0).
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Fig. 3.4: Distribution of diffuse spurs. (a) ?CO integrated intensity map {contours) su-
perimposed on an optical B-band inlaﬁfe (gray%‘r‘de' Alton, Davies, & Bianchi 1999). The
contour levels of the ?CO map are 5,10.15.20,25,30,40,50.---,900, where 1 ¢ = 1.64 Jy
beam ™' kms™! [= 23 K km s™']. Brigh’s regions of the grayscale are indicated in black and
dark regions are in white. (b) Positions of the molecular spurs (thick lines) superimposed
on the ?CO integrated intensity map (contours and grayscale). Values for the grayscale
are indicated on the top of the figure. The contour Eﬁvelb are same as (a). These figures
clearly show the good coincidence in the distributions between molecular gas and optical
dark filaments.
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Fig. 3.5: Spectral energy distribution (from radio to far infrared) of M82. Total spec-
trum (solid line) consists of synchrotron (dot-dash line), free-free (dashed line), and dust
(dotted line) emission. This figure clearly shows that the 100 GHz continuum emission is
dominated by free-free emission. This figure is taken from Condon (1992).




84 CHAPTER 3. MOLECULAR GAS IN M82

500 1000 1500 [K km/s]

DECLINATION (B1950)

(d)

Bubble

@
£
=
1
]
=
=

38 36
20 25 [K]
_____ I

Visg [km/s]

09 51 50 48 46 44 42 40 38
RIGHT ASCENSION (B1950)

Fig. 3.6: The position-velocity (PV) diagrams of 2C0O(1 — 0) along the major axis of M82.
(a) Integrated intensity map of ?CO. Pink solid lines indicate the sliced regions for PV
diagrams indicated below. (b) A PV diagram at slice A. A red solid line indicates rigid
rotation velocity. The region of the superbubble (a(B1950)~ 9"51™43%.6) is clearly deviate
from the rigid rotation velocity. (c) A PV diagram at slice B. A red solid line indicates
rigid rotation velocity. Almost all of the gas at this slice is on the rigid rotation velocity.
(d) A schematic diagram of expanding superbubble. If there is an expanding superbubble,
the velocity of the line of sight can be seen as a gradual change toward the center of the
superbubble. On the other hand, the edge of the superbubble would have same velocity
as the systemic velocity.
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Fig. 3.7: (a) The X-ray image (contours) superimposed on the Ha image (grayscale),
which is same as figure 3.2. (b) '2CO integrated intensity map (contours) superimposed
on optical B-band image (grayscale), which is same as figure 3.4. (c¢) The 2CO molecular
superbubble image binning over the velocity range of 118212 km s~!. The contour levels of
the 2CO map are —10, 10, 20, 30, - - -, 1100, where 1 0 = 8.9 mJy beam™' [= 127 mK]. Values
for the color scale is indicated on the top of the figure. The synthesized beam size, and the
plus and cross marks are the same as figure 3.2. The circle marks indicate the positions
of OH and H;0 masers (Weliachew, Fomalont, & Greisen 1984, Baudry & Brouillet 1996,
Seaquist, Frayer, & Frail 1997). The diamond and triangle marks indicate the positions
of 2.2 um secondary peak (Dietz et al. 1986) and the strongest X-ray peak (Bregman,
Schulman, & Tomisaka 1995), respectively. This figure clearly shows that all these sources
are well inside the molecular superbubble. (d) The HCN molecular superbubble image
binning over the velocity range of 134 — 215 km s~!. The contour levels of the HCN map
are —6,—3,3,6,-++,150, where 1 ¢ = 3.7 mJy beam™' [= 39 mK]. (e) The *CO molecular
superbubble image binning over the velocity range of 127 — 214 km s~!. The contour levels
of the 1*CO map are —3,3,6,---,180, where 1 0 = 5.4 mJy beam™' [= 41 mK].
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Fig. 3.8: H4la images (contours; Seaquist et al. 1996) superimposed on the 12C0 integrated
intensity images (color scale). Values for the color scale is indicated on the top of the figure.
(a) Integrated intensity maps. Pink solid lines indicate the sliced regions for position-
velocity (PV) diagrams indicated below. This figure indicates that molecular gas (**CO)
is concentrated mainly on south (lower) side, but ionized gas (H41a) is concentrated mainly
on north (upper) side. (b) PV diagram at slice A. Red solid line indicates rigid rotation
velocity. Pink and blue marks indicate OH and H;O masers, respectively. Plus marks
indicate masers with small position and velocity range that cannot be indicated by the
bars. Bar marks indicate masers with small position range but have large velocity range
as indicated by the bars. The region of the superbubble (a(B1950)~ 9851™43%.6) is clearly
deviate from the rigid rotation velocity, and H4la emission have much larger deviation.
At this region, masers are clearly concentrated.
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Fig. 3.9: The '2CO integrated intensity image (contour) superimposed on the 100 GHz
continuum image (color scale). The plus and cross marks indicate the positions of the
nucleus and the strongest centimeter continuum peak 41.95+457.5. The circle, diamond
and triangle marks indicate the positions of OH and H;O masers, 2.2 ym secondary peak,
and the strongest X-ray peak, respectively.
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Fig. 3.10: A correlation diagram between bulge mass (Mpyz.) and black hole mass (Mgu)
in galaxies. Cross marks indicate the data taken from Magorrian et al. (1998), and a solid
line is a linear fitting of their data. The upper limit and the lower limit of the data of
MB82 has estimated from the IMF calculations of the 2.2 um secondary peak and the hard
X-ray observations, respectively. The data of M82 is on the correlation derived from the
data of supermassive black holes in galaxies (Magorrian et al. 1998).
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Fig. 3.11: A correlation diagram between HCN/!2CO intensity ratio and star formation
efficiency in galaxies. Open diamonds are the data of M82 in many regions, filled circles
indicate the data taken from Kohno (1997), and a dotted line is a linear fitting of his data.
The data of M82 are largely offset from the correlation derived by Kohno (1997). The
data of M82 have the SFE similar to those of the starbursts, but the HCN/!2CO ratios
are similar to those of the non-starbursts.






Chapter 4

Molecular Gas in Nearby Galaxies

4.1 Introduction

To know about the physical conditions of molecular gas in starburst galaxies, we observed
and discussed about the “prototypical” starburst galaxy M82 for the case study in the
previous chapter. However, the results imply that M82 is not a typical starburst galaxy
as we expected, which have very small amount of dense molecular gas. To obtain the
further knowledge of the physical conditions of molecular gas in starburst regions, we
observed additional three galaxies, another “prototypical” starburst galaxy NGC 253, the
starburst galaxy NGC 3504, and the post-starburst galaxy NGC 4736 with Nobeyama
Millimeter Array.

The “prototypical” starburst galaxy NGC 2533 is one of the nearby (3.4 Mpc; Sandage
& Tammann 1975) starburst galaxies, and therefore studied by many authors and in
many wavelengths together with another “prototypical” starburst galaxy M82. Far in-
frared luminosity calculated from IRAS 60 pm and 100 ym data is ~ 1.4x 10 L, which
is comparable with 1.6 x 10!° L, for M82 (see also Telesco & Harper 1980). Near-infrared
Brackett line observations of the central region of NGC 253 show that the line strengths
are similar to those of M82 (Rieke, Lebofsky, & Walker 1988), and suggest that the
bolometric luminosity of the central region is probably produced by recently formed OB
stars (Wynn-Williams et al. 1979, Beck & Beckwith 1984}, which strongly implies the
existence of starburst. However, the extent of the infrared source and nonthermal radio
source are smaller than those of M82 (Rieke, Lebofsky, & Walker 1988), which suggests
a smaller extent of the starburst region. Diffuse X-ray emission {Fabbiano & Trinchieri
1984, Fabbiano 1988, Cappi et al. 1999), optical emission lines (McCarthy, Heckman, &
van Breugel, Lehnert & Heckman 1996), and dust emission {Alton, Davies, & Bianchi
1999) show outflow features but show smaller extent than M82, which also indicate that
active starburst is now ongoing at the center but this active region is smaller. NGC 253
has a small-scale {~ 700 pc) bar (stellar and molecular bar; Canzian, Mundy, & Scoville
1988, Paglione, Tosaki, & Jackson 1995, Peng et al. 1996, Engelbracht et al. 1998) inside
a large-scale (~ 4 kpc) bar (also stellar and molecular bar; Scoville et al. 1985, Engel-
bracht et al. 1998). This small-scale bar is rich in dense molecular gas (Paglione, Tosaki,
& Jackson 1995, Peng et al. 1996), and suggested to have high temperature (> 100
K; Paglione, Tosaki, & Jackson 1995). These molecular properties are also supported
by the low-resolution multi-molecular-line observations (Mauersberger, Henkel, & Sage
1990, Wall et al. 1991, Harrison, Henkel, & Russell 1999).
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NGC 3504 is one of the Devereux starburst sample which have the characteristics
of “M82 type” starburst in mid-infrared surface brightness viewpoint {Devereux 1989},
and its near-infrared line observations suggest the large numbers of UV photons of ~
2.5 x 10% 57! (Puxley, Hawarden, & Mountain 1988, Puxley, Hawarden, & Mountain
1990) which corresponds to 1.1 x 10° O8 stars (using log(Nyy) ~ 48.35 for O8 stars;
Panagia 1973). It has a large-scale stellar bar with offset dust lanes along this bar
(Buta & Crocker 1991, Kenney, Carlstrom, & Young 1993). Interferometric molecular
gas observations show a centrally peaked structure, and the dust lanes are connecting to
the edge of this molecular gas concentration (Kenney, Carlstrom, & Young 1993, Ishizuki
1993). Dense molecular gas distribution also shows a centrally peaked structure (Kohno
1997} and radio continuum observations also show similar features (Condon et al. 1990,
Saikia et al. 1994), and therefore considered as nuclear starburst galaxy. However, recent
high-resolution optical and near-infrared observations show circumnuclear star formation
features (radius of about 2”or 250 pc) rather than star formation at the nucleus (Planesas,
Colina, & Pérez-Olea 1997, Elmegreen et al. 1997).

Nuclear region of NGC 4736 spectra show Balmer line absorption features (Ho, Filip-
penko, & Sargent 1995, Taniguchi et al. 1996) which suggest that A-type stars are mainly
dominated at this region (Taniguchi et al. 1996, Pritchet 1977), and absorption-corrected
Ha luminosity requires only six O6 stars (Taniguchi et al. 1996) which implies very low
star formation activity. Molecular gas observations suggest that nuclear gas is stable
against the gravitational instability (Shioya et al. 1998), which also support the low star
formation activity. Such a A-type star dominated region can be a site of a starburst in a
very late phase (Rieke, Lebofsky, & Walker 1988, Rieke 1988, Walker, Lebofsky, & Rieke
1988); about 10° yr after the beginning of starburst, OB stars (short-lived stars of g 10%
yr) would already burned out, but vast amount of A-type stars may be still alive, and
therefore the spectra of old starburst regions would be dominated by those of the A-type
stars. Because of these reasons, NGC 4736 is classified as a post-starburst galaxy.

Since stars are made from molecular gas, it is natural to think that these various
starburst and non-starburst galaxies would have different molecular physical conditions,
and therefore suitable to study about the relations of the physical properties of molecular
gas and star forming activities.

4.2 QObservations

Aperture synthesis observations of the central regions of NGC 253, NGC 3504, and NGC
4736 were carried out in CO(1 - 0) line (rest frequency = 110.201 GHz) and 110 GHz
continuum (using line free channels) with the Nobeyama Millimeter Array (NMA) during
1998 November - 1999 May. All the images were obtained using three configurations
(D, C, and AB) of six 10 m antennas, which are equipped with tunerless SIS receivers
{Sunada, Kawabe, & Inatani 1994). The system noise temperatures in the single side
band at 110 GHz were about 420 K, 320 K, and 420 K for NGC 253, NGC 3504, and NGC
4736, respectively. As back-end, we used an XF-type spectro-correlator Ultra Wide Band
Correlator (UWBC; Okumura et al. 2000), with a total bandwidth of 1024 MHz and 126
channels for other observations (corresponding to 2800 km s ' bandwidths with a 22 km
s~! velocity resolution for 110 GHz). The band-pass calibrations for the observations of
these galaxies were done with 3C273. Phase and amplitude calibrators were 0048-097,
11564295, and 1308+326 for NGC 253, NGC 3504, and NGC 4736, respectively. The
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Table 4.1: Observational parameters.

Galaxy Line/Cont.  Weighting* Synthesized beam R.m.s. noise

{Linear scale') Channel map§ Moment map
NGC 253 13CO(1-0) NA 1079 x 572 7.8 mJy beam~!  0.72 Jy km s~!
{180 pc x 86 pc) (14 mK) (1.3 K km s~ 1)
RB 678 x 3’3 18.4 mJy beam™! 1.6 Jy km s~}
(110 pe x 54 pe) (83 mK) (70 K km s™1)

110 GHz NA 1079 x 572 2.1 mJy beam™! —

continuum {180 pc x 86 pc) (3.7 mK) —

RB 678 x 3”3 3.2 mJy beam™! —

(110 pc x 54 pc) (14 mK) —
NGC 3504 '3CO(1 - 0) TP 476 x 378 8.5 mJy beam~!  0.67 Jy km s~!
(5980 pc x 490 pc) (49 mK) (39K km s™1)

110 GHz TP 475 x 378 1.2 mJy beam™! —

continuum {580 pc x 490 pc) (7.1 mK) —
NGC 4736 13CO(1 - 0) TP 570 x 474 54 mly beem™! 0.39 Jy km s~}
(100 pc x 92 pc) (25 mK) (1.8 K km s71)

110 GHz TP 570 x 474 0.84 mJy beam™! —

continuum {100 pc x 92 pc) (3.9 mK) —

* NA ... natural weighting, RB - -- robust weighting (robust parameter = —1.5), TP .- UV tapering
with 60 k.

1 Assuming distances as follows; NGC 253 - - - 3.4 Mpc (Sandage & Tammann 1975}, NGC 3504 ... 26.5
Mpc {Tully 1988), NGC 4736 - -- 4.3 Mpc (Tully 1988).

§ The noise level of a 8 MHz bandwidth. For 110 GHz continuum, the noise level of a 1 GHz bandwidth
is displayed.

calibrators were observed every 10 minutes, and the flux scales of these calibrators were
determined by comparisons with Mars and Uranus. The uncertainty in the absolute flux
scale is estimated to be ~ 20%.

The data were analyzed using the NRO software package “UVPROCII”, and the
final maps were made and CLEANed with the NRAQ software AIPS. *CO(1 - 0) and
110 GHz continuum images of NGC 253 were made with natural weighting. Since the
images of NGC 253 have high signal-to-noise (S/N) ratios, we also made robust weighting
(robust parameter = —1.5) maps to increase spatial resolutions at the cost of the S/N
ratios. The intensities of 3CO(1 - 0) and 110 GHz continuum of NGC 3504 and NGC
4736 were very weak, so that we made these maps with the UV tapering of 60 kA to
increase the S/N ratio at the cost of the spatial resolution. The spatial resolutions,
their linear scale, and the typical noise level of the channel maps of these images were
summarized in table 4.1.
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4.3 Results

4.3.1 Prototypical Starburst Galaxy NGC 253

We made high (1079 x572) and low {68 x 373) spatial resolution moment maps of observed
13CO(1 - 0) line and intensity maps of 110 GHz continuum with natural weighting and
robust weighting (robust parameter = —1.5). These are shown in figure 4.1. The plus
mark indicates the position of the galactic nucleus determined from the 2 and 1.3 cm
continuum peak (Ulvestad & Antonucci 1997). The high resolution 110 GHz continuum
peak is located at a(B1950)=00"45™05%.73, 4(B1950)=-25°33'37"2, 21 northwest of the
2 and 1.3 cm continuum peak and 279 north of the 94 GHz continuum peak (Peng et
al. 1996). The disagreement of the position between our 110 GHz continuum peak and
94 GHz continuum peak of Peng et al. (1996} is not clear. The *CO image of our data
also show a few arcsec offset to the north from other *CO image (Hiittemeister & Aalto
1998), so that the offset maybe caused by artificial errors. One possibility of this artificial
error is that the large separation between NGC 253 and the phase calibrator. There are
no bright calibrators near NGC 253 so that the phase calibrator far from NGC 253 was
used for the observations. We used 0048 — 097 {~ 16° from NGC 253) for the phase
calibrator, but Peng et al. (1996) used 0108 + 015 (~ 27° from NGC 253) which have
much larger elongation than our calibrator. Such a large separation between a calibrator
and an object of ~ 30 degree would cause some positional errors > 20% of synthesized
beam, if baseline vectors are not very accurately determined (r.m.s. > 0.2 A). This would
be one of the reasons of the positional difference. For the following discussions, we will
compare within our data or with other low-resolution observations and do not compare
in detail with other high-resolution observations, because we cannot clarify the origin of
the position offset between our data and other data.

The 110 GHz continuum shows a single peak in the low-resolution map, but shows
a double peak structure elongated toward ~ 3” west in the high-resolution map. There
is also weak emission along the previously identified “molecular bar” (Canzian, Mundy,
& Scoville 1988). *CO emission shows bar-like structure consistent with the molecular
bar. Low-resolution map implies that there is weak emission along the molecular bar at
the edge of the field of view that is not previously identified. Detection of this emission
may be due to our high sensitivity (~ 70¢) observations. High-resolution map implies
that strong peaks are located westward relative to the 110 GHz continuum peak. The
strongest peak of the 3CO emission is clearly offset from the peak of the 110 GHz
continuum emission, which means that the *CO emission is weak at the star forming
regions.

4.3.2 Starburst Galaxy NGC 3504

A moment map of the observed *CO(1 - 0) line and an intensity map of 110 GHz
continuum are shown in figure 4.2. CO(1 - 0) and HCN(1 — 0} images (Ishizuki
1993, Kohno 1997) are also shown in this figure. The plus mark indicates the position
of the galactic nucleus determined from the 6 cm continuum peak (Saikia et al. 1994).
The peak of *CO emission is clearly offset westward from the nucleus, which is different
from the centrally peaked CO and HCN distributions. These displacements between
BCO emission and ?CO and HCN emission can be seen in other galaxies, such as the
central peak of M82 (see figure 3.2; CO and HCN emission have a single peak, but
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BCO emission have double peaks), and overall distributions of Arp 299 (Aalto et al.
1997).

The peak of 110 GHz continuum also offsets from the nucleus but to the northeast
direction. This offset is different from the molecular line emissions indicated above, and
also different from the Ha distribution (Planesas, Colina, & Pérez-Olea 1997, Kenney,
Carlstrom, & Young 1993). The Ha emission is distributed at southwest of the nucleus,
and very weak at northeast. Since the northeast region of the nucleus is dominated by
dust (Buta & Crocker 1991, Kenney, Carlstrom, & Young 1993), there are two possible
causes of the offset between 110 GHz continuum and He emission distributions; one is
that the Hoa emission is strongly absorbed by dust, and another is that the 110 GHz
emission is dominated by the dust emission. As discussed below (section 4.4.1), 110 GHz
continuum emission is dominated by free-free emission which means that starburst is
ongoing at the 110 GHz peak and therefore there might be Ha emission if there are no
dust absorption. Hence, the first possibility would be plausible.

In figure 4.3, we show the radial distributions (averaged over concentric annuli of
1" = 130 pc width) of the HCN/¥CO, 2CO/*CO, and HCN/?CO intensity ratios.
Details about making these figures are described at section 2.2.3. We also show the
starburst region traced by the 110 GHz continuum {central ~ 5” = 650 pc region)
with thick solid lines in each figure. All these ratios show high values at the starburst
region. The HCN/¥CO ratio (figure 4.3(a}) shows higher than unity at the starburst
region, which indicates that the molecular gas in the central region of NGC 3504 is in
high-density and high-temperature condition. The 2CO/¥*CO and HCN/2CO ratios
(figure 4.3(b) and (c)) also shows high values of over 20 and 0.1 at the starburst region,
which also support the high-density and high-temperature condition. These results are
consistent with the results of single dish observations (section 2.3.4). On the other hand,
these ratios show low values (HCN/1¥CO g 1, 12CO/CO g 10, and HCN/2CO £ 0.1)
at the outer region (r> 650 pc).

The extent of the molecular gas in NGC 3504 is only 10", barely resolved with our
~ 5 — 6" beam, so that it is very hard to discuss the spatial variation of the physical
conditions based on integrated intensity maps in detail. We therefore calculate the in-
tensity ratios using position-velocity (PV) diagrams of each molecular line, which means
we will separate the molecular gas in NGC 3504 kinematically and discuss the physical
conditions. We made the PV diagram intensity ratios with 20 clipping, and divided to
seven region with a 30 km s~! width (VR1-VR7}. The resultant ratios are summarized
in table 4.2. The intensity ratios around the systemic velocity (VR4) are similar to those
of NGC 253 which have high HCN/*CO and HCN/"CO of > 1 and > 0.2, respectively,
but have low 2CO/'*CO of £ 10 (see table 2.9). On the other hand, the intensity ratios
of other velocity ranges {except VR3) have high HCN/3CO and *CO/"¥CO ratios of
> 1 and > 10, respectively, but have somewhat low HCN/CO values of ~ 0.1. These
ratios are similar to those of M82. All the ratios of the range VR3 have high values. Since
the positions of the molecular gas except VR4 (systemic velocity component) are located
offset from the nucleus {Kenney, Carlstrom, & Young 1993), these components would
be related with the circumnuclear star forming regions (Planesas, Colina, & Pérez-Olea
1997, Elmegreen et al. 1997).

We derived the physical conditions of molecular gas with the LVG calculations assum-
ing normal molecular abundances, which are discussed in detail at section 2.2.4, using
the intensity ratios in table 4.2. All the components except VR3 and VR4 have a density
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Table 4.2: Integrated intensity ratios on position-velocity diagrams in NGC 3504,

Region Velocity* HCN/BCO 2C0/BCO HCN/2CO
VR1 1430 — 1460 1.7 17.3 0.109
VR2 1460 — 1490 1.7 16.3 0.098
VR3 1490 — 1520 3.0 15.6 0.158
VR4 1520 — 1550 2.5 9.6 0.253
VRS 1550 — 1580 1.8 17.0 0.117
VR6 1580 — 1610 1.5 14.6 0.115
VR7 1610 — 1640 1.6 126 0.101

* Velocity range for intensity ratios in km s~!. Velocity range VR4 corresponds to the
systemic velocity region (Vs = 1535 km s™1; Kenney, Carlstrom, & Young 1993).

Table 4.3: Physical conditions of molecular gas in NGC 3504.

Region n(Ha)* 7
VR1 ~ 1 x 10* ~ 200 — 300
VR2 ~06—1x104 ~ 200 — 300
VR3 ~1—4x10? ~ 200 — 500
VR4 ~2—6x 10 ~ 150 — 300
VRS ~ 1 x 10* ~ 200 — 300
VR6 ~1 % 10* ~ 200 — 300
VR2 ~0.7—-1x 104 ~ 200 — 300

* Molecular hydrogen number density in ecm™2.

} Kinetic temperature in K.

of ~ 1 x 10* cm™ and a temperature of ~ 200 — 300 K. The nearby systemic velocity
component VR3 has higher density condition of ~ 1~ 4 x 10" em™2, and also higher
temperature condition of ~ 200 — 500 K. These physical properties of non-systemic ve-
locity components would be related with ongoing circumnuclear starburst, since these
components would be spatially related with these regions mentioned above. The sys-
temic velocity component VR4 has higher density condition of ~ 2 — 6 x 10 em™3, but
temperature is similar to other components.

4.3.3 Post-Starburst Galaxy NGC 4736

A moment map of observed *CO(1 - 0) line and an intensity map of 110 GHz continuum
are shown in figure 4.4. ?CO(1 - 0) and HCN(1 - 0} images (Sakamoto et al. 1999, Kohno
1997} are also shown in this figure. The plus mark indicates the position of the galactic
nucleus determined from the 6 cm continuum peak (Turner & Ho 1994). There are two
peaks in CO map, one is the north peak which resides near the nucleus ~ 1.5” offset
to the north direction, and another is the south peak which is ~ 10" offset to the south
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of the nucleus and on the southern part of the molecular arcs (Sakamoto et al. 1999).
The positions of these peaks disagree with those of 2CO emission which are similar
to the situations of NGC 3504 or other galaxies mentioned above (section 4.3.2). The
nuclear peak of *CO map separates to two peaks in the higher resolution map, and one
of the peaks coincides with the nucleus and another peak is ~ 3” offset to north from
the nucleus (Sakamoto et al. 1999). These two peaks are similar to the twin peaks in
the UV map (Maoz et al. 1995). These results indicate that the ¥CO north peak resides
between the two peaks. The position of the south peak also disagrees with those of *2CO
peaks which locate at the molecular arcs. On the other hand, the 110 GHz continuum
map show no clear emission (g 2¢) inside the field of view. HCN also show no clear
emission (figure 4.4, Kohno 1997).

Figure 4.5 indicates the radial distributions {averaged over concentric annuli of 3”7 =
63 pc width) of the HCN/¥CO, 2CO/PCO, and HCN/*CO intensity ratios. Detail
descriptions for the making of these figures are mentioned at section 2.2.3. Balmer
absorption dominated region (central g 10” = 210 pc region; Pritchet 1977) is also
indicated with thick horizontal lines in each figure. The HCN/¥CO and HCN/!2CO
ratios at the Balmer absorption dominated region show low values of < 0.6 and < 0.1,
respectively. The 2C0O/3CO ratio shows ~ 7 — 11 at the Balmer absorption dominated
region, and much lower values (< 6} at the outer region (> 210 pc).

4.4 Discussions

4.4.1 110 GHz continuum emission

For the estimations of star formation activities, Ha emission is one of the most useful
data, since the Ha emission is in the optical wave band and therefore a lot of published
data are available. The Ha emission is, however, easy to be affected by the dust absorp-
tion, it is not useful for the studies of dusty objects such as edge-on galaxies {(e.g. M82
and NGC 253). On the other hand, the free-free emission in millimeter wave bands is
useful for these objects because millimeter wave do not affected by the dust absorption.
Problems for the free-free emission are the weakness of its intensity and the contami-
nations with synchrotron and dust emission. Therefore, there are little studies of the
millimeter free-free emission. However, the newly installed UWBC in the NMA backend
made the detections of weak continuum emission possible by its wide frequency band-
width of 1 GHz. Also a great amount of centimeter (e.g. Condon 1992 and references
therein) and far-infrared (IRAS} continuum observations, and the recent submillimeter
dust observations by many authors made it possible to extract free-free emission from
the observed millimeter continuum emission. Using published data and our continuum
data (for NGC 253, however, there exist some missing flux in our data, so that we used
the single-dish observation of Jura, Hobbs, & Maran 1978. See next subsection), we
make decomposition of the spectrum into three components, i.e. synchrotron, free-free,
and dust emission.

We made spectral energy distributions (SEDs) of NGC 253 and NGC 3504 using
previously published flux data from 20 ¢m to 60 um, and separated to synchrotron, free-
free, and dust components. Synchrotron emission and free-free emission is assumed as
o v® and & v~%!, respectively, where synchrotron spectrum index o is a free parameter.
The intensity of dust emission can be written as o< (1 —e™7)B,(T'), where 7 is dust opacity
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and B,(T} is black body radiation at frequency v and temperature 7. In far-infrared,
submillimeter, and millimeter wave bands, dust opacity is 7 < 1, and the opacity might
be in proportion to ¥ and 3 ~ 2 (Hildebrand 1983, Draine & Lee 1984, Braine & Hughes
1999), so that we can write the intensity of dust emission as x v*B,(T), and T is a free
parameter. The fitting result is shown in figures 4.6 and 4.7. The synchrotron spectral
index and the dust temperature were fitted as ~ —0.8 and T' ~ 25 K for NGC 253
and ~ —1.1 and T ~ 33 K for NGC 3504. In these figures, it is clear that 110 GHz
continuum emission is dominated by free-free emission for both galaxies, which means
that starburst is ongoing where the 110 GHz continuum detected.

QOur NGC 4736 image does not show any millimeter continuum emission. Because
of this non-detection of 110 GHz continuum emission, and no published submillimeter
dust observations, there would be a large error to fit three components, and therefore we
did not separate the SED of NGC 4736. Since ~ 110 GHz continuum emission in NGC
253 and NGC 3504 (and also M82, figure 3.5, Condon 1992} are dominated by free-free
emission, we assume that 110 GHz continuum emission in NGC 4736 also dominated by
free-free emission. The r.m.s. of this image would give a good upper limit of the free-free
emission. The HCN observations show no clear emission (figure 4.4, Kohno 1997) and
Balmer lines show absorption features (Ho, Filippenko, & Sargent 1995, Taniguchi et al.
1996). Since stars are formed from dense gas (e.g. Lada 1992), the lack of HCN emission
(dense gas) implies there would be no active star formations at this region. The existence
of Balmer absorptions which indicate this region is mainly dominated by A-type stars,
and the absorption-corrected Har luminosity requires only six O6 stars {Taniguchi et al.
1996, Pritchet 1977). These results indicate that there are no active star formations at
the center of NGC 4736, and are consistent with the weak free-free emission.

4.4.2 Relations between Dense Gas Fraction and Star Forma-
tion Efficiency

Kohno (1997) suggest that there is a rough correlation between HCN/'2CO ratios and
star formation efficiencies (SFEs). Since the SFEs of his data are calculated using Hor
emission data, there would be some possibilities of errors caused by the dust absorption
effect as mentioned above. We therefore derive the SFEs using free-free (~ 100 GHz
continuum) emission and discuss about the merit and demerit of this emission com-
pared with optical He line, and after that we will discuss about the correlation between
HCN/'2CO ratios and star formation efficiencies.

Both NGC 3504 and NGC 4736 have previously published Hoa data and our 110
GHz continuum data, so that we can compare SFEs derived from both emission for
these two galaxies. The calculation method of SFEs from Ha and free-free emission has
mentioned in section 3.5. We assumed the electron temperature as 10* K in the following
calculations. The extinction corrected Ha luminosity of NGC 3504 is ~ 1.4 x 10* erg
s~! with 4”7 x 2" (510 pc x 260 pc in linear scale, assuming distance as 26.5 Mpc; Tully
1988) aperture (Ho, Filippenko, & Sargent 1997). This corresponds to the SFR column
density of 8.6 x 1075 Mg, yr~! pc 2, which has been calculated using the equation (3.8)
and dividing by the linear scale of the aperture size. The SFE can be calculated with
dividing by the gas column density (equation (3.9)), and the resultant SFE is ~ 6.1 x 10°
yr~! (Kohno 1997). The Ha luminosity estimated from free-free emission, on the other
hand, would be 6.7 x 10%! erg s~! within the beam size of 578 x 4”6 which is the same as
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the HCN/*2COQ ratio discuss below. The corresponding SFR column density is 1.2 x 1073
Mg yr~! pe 2, and the SFE can be calculated as 3.9 x 1072 yr~!, only a factor of two
lower than that calculated from Ha emission. The absorption corrected Her luminosity of
NGC 4736 is ~ 1.3 x 10®® erg s7! with 370 x 1”8 (63 pc x 38 pc in linear scale, assuming
distance as 4.3 Mpc; Tully 1988) aperture {Taniguchi et al. 1996}, which corresponds to
the SFR column density of 3.8 x 1077 Mg yr~! pe™? and the SFE of ~ 1.6 x 10% yr~!
(Kohno 1997). The 20 upper limit of the 110 GHz continuum observations implies the
Ho luminosity of < 6.6x10% ergs ! with the beam size of 11" x 77, and therefore the SFR
column density and the SFE would be < 1.6 x 107 M, yr™! pc™? and < 2.5 x 107% yr~!,
respectively. This SFE upper limit is higher than the SFE derived from Hev emission,
so that both results do not contradict each other. These two results indicate that SFEs
derived from free-free emission and extinction {or absorption} corrected Ho emission is
consistent each other, and both are useful for the studies of star formation activities. We
summarized these values in table 4.4.

We next calculate the SFE of the edge-on galaxy NGC 253 from 110 GHz continu-
um emission. Before this calculation, we compared our 110 GHz continuum flux with
single-dish flux to see the amount of missing flux of our data. The single-dish 87.2 GHz
continuum flux is 0.314 Jy with 75" beam size {Jura, Hobbs, & Maran 1978}, whereas
our 75" flux is 0.253 Jy. Assuming 87.2 GHz and 110 GHz continuum flux have almost
same values, this indicates that our data recovers about 80% of the single-dish flux.
We corrected the missing flux of 20% assuming this flux is distributed uniformly, and
calculated Ha luminosity, SFR, and SFE according to the method mentioned in sec-
tion 3.5. The equivalent Hey luminosity would be ~ 3.2 x 10! erg s~! within the beam
size of 15" x 15" (same as that of the Nobeyama 45m observations). The calculated
SFR column density and SFE would be 4.1 x 107° Mg, yr~! pe2 and 1.6 x 1078 yr~1,
respectively. As mentioned above, these results might be good absorption-free values.
From this absorption-free Ha luminosity, we can calculate the visual extinction, Ay, at
the central region of NGC 253. Absorption uncorrected Her luminosity is 1.0 x 10% erg
s~! within 16” beam (Sorai et al. 2000a), and our Ho luminosity is 3.3 x 104! erg s}
within the same 16” beam. The difference between the logarithm of these values imply
the absorption at Ha wave length, Ay,, and the resultant Ay, is ~ 2.5. According to
the average interstellar reddening relation of Ay,/Av ~ 0.81, the Ay can be estimated
as ~ 3.1. Since NGC 253 is edge-on galaxy, the estimations of the visual extinctions
from optical and infrared wave length are very difficult, and the published values imply
very different values, such as Ay = 5 — 6 (I, J-, and K-band observations toward the
central 22" region; Uyama, Matsumoto, & Thomas 1984), 7— 19 (near- and mid-infrared
observations. Wide Ay range caused by the various methods; Engelbracht et al. 1998),
35 — 80 (radio recombination lines; Puxley et al. 1997}, and so on. Our estimated Ay is
lower than other published Ay. The estimated Ly,, SFR, and SFE are summarized in
table 4.4. Since Ay implies large variations depend on the observations, we do not show
any Ha derived Ly,, SFR, and SFE in this table.

We plotted HCN/!2CO-SFE correlation diagram using our HCN/'2CO ratios and
SFEs data and those of Kohno (1997) in figure 4.8. This figure clearly shows that the
SFEs for NGC 3504 and NGC 4736 which derived from Hao lines and 110 GHz continuum
show good correspondence, and strongly suggest that ~ 100 GHz continuum is very
useful data for estimating the star formation activities, as mentioned above. Our newly
obtained NGC 253 data strongly confirmed the correlation between HCN/!2CQ intensity
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Table 4.4: Ha luminosities, star formation rates and star formation efficiencies in nearby galaxies

Ha* 110 GHz continuum!
Galaxy LHa SFR SFE Lia SFR SFE
NGC 253 — — — 3.2 x 104! 41%x107%  16x10°8
NGC 3504 14x10" 86x10"% 61x10? 6.7 x 104 1.2x 1072 3.9x10°?

NGC 4736 13 x10% 3.8x1077 1.6x 1072 <66x10% <16x%x107% <25x107°

+ Ha luminosities (L, ), star formation rates (SFR) and star formation efficiencies (SFE) in erg s !,

Mg yr~! pe™?, and yr~!, respectively, estimated from Ha line data.
t Lua, SFR, and SFE in erg s™!, Mg yr~! pc™2, and yr™!, respectively, estimated from 110 GHz
continuum flux data.

ratios and SFEs in a few hundred parsec scale, which indicate that star formations are
closely related with the existence of the dense molecular gas.

4.4.3 Relations between Molecular Gas Intensity Ratios

In the previous section and in section 2.3, we derived a few hundred parsec resolution
HCN/BCO, 2CO/CO, and HCN/!2CO ratios of nearby galaxies. Using these values,
we plotted the correlation diagrams.

Figure 4.9 shows the correlation diagram of HCN/2CO and HCN/3CO intensity
ratios. We also plotted the rough boundaries between low density (n(Hy) < 10* ecm™3)
and high density (n(H;) 2 10* em2) of HCN/2CO = 0.1, and between low temperature
(T < 100 K) and high temperature (T} > 100 K) of HCN/¥CO = 1.0 with dotted lines.
Starburst galaxies (NGC 253, NGC 3504, NGC 6946, and NGC 6951) tend to have high
HCN/'2CO and HCN/¥CO ratios, but non-starburst galaxies (NGC 4736, NGC 4826,
and NGC 5195) have low ratios. The velocity divided intensity ratios of NGC 3504 is
also plotted at this figure. It is clear that the components around systemic velocity (VR3
and VR4) are largely offset from other components. Intensity ratios of starburst galaxies
are scattered, particularly NGC 253 and NGC 3504 VR3 and VR4,

Figure 4.10 shows the correlation diagrams of HCN/2CO-12CO/¥CO and *CQ/BCO-
HCN/3CO intensity ratios. Also in these diagrams, the rough boundaries of HCN/2CO
= 0.1 and HCN/CO = 1.0 which mentioned above are plotted. We set the rough
boundary for *2CQO/*CQ ratio as 10, which is the average values of nearby galaxies (e.g.
Young & Sanders 1986, Sage & Isbell 1991}, and larger than this value tend to relate
with active star forming galaxies such as merging galaxies {Aalto et al. 1991a, Aalto et
al. 1991b, Casoli, Dupraz, & Combes 1992a, Casoli, Dupraz, & Combes 1992b, Aalto et
al. 1995, Aalto et al. 1997). As can be seen in these diagrams, *CQ/"CO ratios of NGC
253 and NGC 3504 VR4 are below the border of 10, although other ratios (HCN/2CQ
and HCN/'¥CO ratios) show higher values similar to other starburst galaxies.

The physical conditions of molecular gas in NGC 253 are n(H;) ~ 2 — 3 x 10* em™
and 7} ~ 100 K (table 2.10), which are higher density but lower temperature than the
several velocity components (except VR3 and VR4} in NGC 3504 of n{Hy) ~ 1 x 10*
em™3 and Ty ~ 200 — 300 K (table 4.3). The physical conditions of molecular gas in
NGC 3504 VR4 show similar tendencies as NGC 253, which are the results of similar
intensity ratios. Those of NGC 3504 VR3S, on the other hand, show higher-density and
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higher-temperature than the several velocity components in NGC 3504, which are the
results of higher values in all three intensity ratios. Since the merging galaxies also show
high intensity ratios in **CO, 3CO, and HCN lines (section 2.2.5), molecular gas in these
galaxies also have high-density and high-temperature.

All of the intensity ratios of molecular gas in non-starburst galaxies show lower values
than the boundaries, and the resultant physical conditions imply low-density and low-
temperature, as discussed in section 2.3 .4.

These results indicate that (1) the physical conditions of molecular gas in starburst
galaxies and non-starburst galaxies are different. Those of non-starburst galaxies have
quiescent conditions (low-density and low-temperature), but those of starburst galaxies
have higher-density and/or higher-temperature than non-starbursts. (2) Molecular gas in
starburst galaxies have wide range of physical conditions like higher-density and lower-
temperature (NGC 253 and NGC 3504 VR4), lower-density and higher-temperature
(NGC 3504 VR1 — 2 and VR5 — 7), and higher-density and higher-temperature (NGC
3504 VR3 and maybe merging galaxies).
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Fig. 4.1: High and low resolution images of *CO and 110 GHz continuum emission of the
central region of the prototypical starburst galaxy NGC 253. The color scale is shown at
the top of each map. The cross of each map marks the position of the galactic nucleus
determined from the 2 cm and 1.3 cm continuum emission peak of a(B1950)=00"45™05°.79,
§(B1950)=-25°33/39"1 (Ulvestad & Antonucci 1997). The field of view (68") is indicated
with a dashed circle. Top left: Low-resolution *CO(1 — 0) moment map. This figure is
made with natural weighting. Synthesized beam (1079 x 52, P.A. = 165°) is shown at
the bottom-left corner. The contour levels are 4,8,12, 16, 20,30, --,700, where 1 o = 0.72 Jy
beam~! kms~! [= 1.3 K km s™!]. Top right: High-resolution ?CO(1 — 0) moment map. This
figure is made with robust weighting of —1.5. Synthesized beam (6”8 x 33, P.A. = 158°)
is shown at the bottom-left corner. The contour levels are 2,4,6,---,160, where 1 ¢ = 1.6
Jy beam~! km s™! [= 7.0 K km s~!]. Bottom left: Low-resolution 110 GHz continuum map.
This figure is made with natural weighting. Synthesized beam (1079 x 5'2, P.A. = 165°)
is shown at the bottom-left corner. The contour levels are —2,2 4,6,8,10,20,30, and 400,
where 1 o = 2.1 mJy beam™! [= 8.7 mK]. Bottom right: High-resolution 110 GHz continuum
map. This figure is made with robust weighting of —1.5. Synthesized beam (6”8 x 373,
P.A. = 158°) is shown at the bottom-left corner. The contour levels are —2,2,4,6,---, 160,
where 1 0 = 3.2 mJy beam™! [= 14 mK].
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Fig. 4.2: Images of '?CO, HCN, 13C0, and 110 GHz continuum emission of the central
region of the starburst galaxy NGC 3504. The color scale is shown at the top of each map.
The cross of each map marks the position of the galactic nucleus determined from the 6
cm continuum emission peak of o(B1950)=11"00"28°.52, §(B1950)=28°14'31"4 (Saikia et al.
1994). The field of views of these maps are much larger than the indicated area. 12C0O and
HCN maps are taken from Ishizuki (1993) and Kohno (1997), respectively. Top left: 2co(1
— 0) moment map. Synthesized beam (5”8 x 473, P.A. = 164°) is shown at the bottom-left
corner. The contour levels are 2,4,6,---,180, where 1 ¢ = 6.3 Jy beam ™! km s™! [=23 K
km s~!]. Top right: HCN(1 — 0) moment map. Synthesized beam (476 x 43, P.A. = 109°)
is shown at the bottom-left corner. The contour levels are 2,4,6,:--,180, where 1 0 = 0.46
Jy beam~! km s~! [= 8.6 K km s~']. Bottom left: *CO(1 — 0) moment map. Synthesized
beam (476 x 3/8, P.A. = 137°) is shown at the bottom-left corner. The contour levels are
2,4, and 60, where 1 o0 = 0.67 Jy beam™! km s~ [= 3.9 K km s~1]. Bottom right: 110 GHz
continuum map. Synthesized beam (45 x 378, P.A. = 139°) is shown at the bottom-left
corner. The contour levels are —2,2, and 4c, where 1 0 = 1.2 mJy beam™' [= 7.1 mK].
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Fig. 4.3: Radial intensity ratio distributions in the central region of NGC 3504.
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figures were made using a task “COMB” in AIPS package to divide images each other
with clipping level of 20, and using a task “IRING” to averaged over concentric annuli of
1”(130 pc) wide. Thick solid lines indicate the extent of starburst region determined by
the 110 GHz continuum emission. (a) Radial distribution of HCN/¥CO intensity ratio.
(b) Radial distribution of 2CO/3CO intensity ratio. (c) Radial distribution of HCN/2CO
intensity ratio.
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Fig. 4.4: Images of '2CO, HCN, ®CO, and 110 GHz continuum emission of the central
region of the starburst galaxy NGC 4736. The color scale is shown at the top of each map.
The cross of each map marks the position of the galactic nucleus determined from the
6 cm continuum emission peak of o(B1950)=12"48™31%.89, §(B1950)=41°23'31"8 (Turner &
Ho 1994). 2CO and HCN maps are taken from Sakamoto et al. (1999) and Kohno (1997).
Top left: 2CO(1 — 0) moment map. Synthesized beam (4”3 x 38, P.A. = 96°) is shown
at the bottom-left corner. The field of view (65”) is indicated with a dashed circle. The
contour levels are 2,4,6,--,160, where 1 ¢ = 1.5 Jy beam™! km s™! [= 8.5 K km s™']. Top
right: HCN(1 — 0) moment map. Synthesized beam (1170 x 770, P.A. = 165°) is shown at
the bottom-left corner. The field of view is larger than the indicated area. The contour
levels are 2 and 40, where 1 ¢ = 0.55 Jy beam™! km s~! [= 1.1 K km s™']. Bottom left:
13C0O(1 — 0) moment map. Synthesized beam (570 x 4”4, P.A. = 144°) is shown at the
bottom-left corner. The field of view (68") is indicated with a dashed circle. The contour
levels are 2,4, and 60, where 1 ¢ = 0.39 Jy beam™! km s~ [= 1.8 K km s™']. Bottom right:
110 GHz continuum map. Synthesized beam (570 x 474, P.A. = 139°) is shown at the
bottom-left corner. The field of view (68") is indicated with a dashed circle. The contour
levels are —2 and 20, where 1 o = 0.84 mJy beam™! [= 3.9 mK].
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Fig. 4.5: Radial intensity ratio distributions in the central region of NGC 4736. All
figures were made using a task “COMB” in AIPS package to divide images each other
with clipping level of 15, and using a task “IRING” to averaged over concentric annuli of
3"(63 pc) wide. Thick horizontal lines indicate the maximum extent of Balmer absorption
dominated region (coincident with the aperture of Pritchet 1977). {(a) Radial distribution
of HCN/"CO intensity ratio. (b) Radial distribution of *CO/!*CO intensity ratio. (c)
Radial distribution of HCN/'?CO intensity ratio.
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Fig. 4.6: Spectral energy distribution (SED) of the central region of NGC 253. Filled
circles indicate the observed flux, and the solid line indicates the sum of synchrotron, free-
free, and dust emission. 110 GHz emission is clearly dominated by the free-free emission.
Solid line: Fitted SED. Dashed line: free-free emission (x v °!). Dotted line: synchrotron
emission {(x v~ %8). Dash-dot line: dust emission (x v2B,(T), T ~ 25 K). Flux data are taken
from following papers; 1.5 GHz (20 cm) --- Condon et al. (1982). 5 GHz (6 cm) --- Turner
& Ho (1983). 15 GHz (2 cm) - -- Turner & Ho (1983). 87 GHz (3.4 mm) --- Jura, Hobbs,
& Maran (1978). 230 GHz (1.3 mm) - .- Kriigel et al. (1990). 3 THz (100 pym), 5 THz (60
pm} --- IRAS.
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Fig. 4.7: Spectral energy distribution (SED) of the central region of NGC 3504. Filled
circles indicate the observed flux, and the solid line indicates the sum of synchrotron, free-
free, and dust emission. 110 GHz emission is clearly dominated by the free-free emission.
Solid line: Fitted SED. Dashed line: free-free emission (o« v~%1). Dotted line: synchrotron
emission (o v~ '1). Dash-dot line: dust emission (x v*B, (1), T ~ 33 K). Flux data are taken
from following papers; 1.5 GHz (20 cm) --- Condon et al. {1990). 5 GHz (6 cm) - - - Saikia
et al. (1994). 110 GHz (2.7 mm) --- our data. 230 GHz (1.3 mm) --- Chini, Kriigel, &
Lemke (1996). 3 THz (100 m), 5 THz (60 um) - - IRAS,
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Fig. 4.8: Correlation diagram between HCN/!?CO ratios and star formation efficiencies
(SFEs). Open marks indicate our data whose SFEs are estimated from our interferometric
110 GHz continuum observations. Filled marks indicate the data taken from Kohno (1997)
whose SFEs are estimated from Ho intensities. Diamonds and circles indicate the data
taken by the interferometer (Nobeyama Millimeter Array) and the single-dish (Nobeyama
45 m), respectively. A dotted line is a linear fitting of these data.
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Fig. 4.9: Correlation diagram between HCN/?CO and HCN/'3*CO ratios. Filled circles
indicate the integrated intensity ratios toward the galactic centers, and the open diamonds
indicate the velocity divided intensity ratios for NGC 3504. The velocity range of VR3,
VR4, and other points are indicated in table 4.2. Vertical dotted line indicates HCN/!2CO
ratios of 0.1, which is the rough boundary of low density (n(H,) < 10* em~?) and high
density (n(Hz) > 10* cm ?). Horizontal dotted line indicates HCN/¥CO ratios of 1.0,
which is the rough boundary of low temperature (Tx < 100 K) and high temperature
(Tk > 100 K).
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Fig. 4.10: Correlation diagrams between HCN/!2CO and 'CO/*CO ratios (top), and
12C0/13C0O and HCN/¥CO ratios (bottom). Filled circles indicate the integrated intensity
ratios toward the galactic centers, and the open diamonds indicate the velocity divided
intensity ratios for NGC 3504. The velocity range of VR3, VR4, and other points are
indicated in table 4.2. The dotted line of HCN/!2CO = 0.1 indicates the rough boundary
of low density (n(Hz) < 10* cm™2%) and high density (n(H;) > 10? cm~2). The dotted line
of HCN/'"*CO = 1.0 indicates the rough boundary of low temperature (7x < 100 K) and
high temperature (Zi > 100 K). The dotted line of 2CO/*CO = 10 indicates the average
value of nearby galaxies, and active star forming galaxies tend to have > 10 and quiescent
galaxies tend to have < 10.







Chapter 5

Starburst Evolution

5.1 Intensity Ratios of Molecular (Gas in Galaxies

In chapter 2, we suggest that HCN/3CO would be a good molecular gas temperature
tracer, and using this ratio and other ratios (HCN/*?CO and '*CO/'*CO) we revealed
that starburst galaxies tend to have higher density and higher temperature molecular
gas than non-starburst galaxies. Searching for the high intensity ratio objects in Our
Galaxy implies that the supernova explosion would be the most effective heating source
for starburst regions. In chapter 3, multi-molecular lines and continuum observations of
the “prototypical” starburst galaxy M82 were done, and the results suggest that M&2
would be in late phase of starburst. The detail observations of M82 show the existence
of a superbubble, and suggest that the energetic starburst can terminate the starburst
itself, the extension of the superbubble can turn on the new starbursts at surrounding
regions, and the starburst can form the middle-mass black hole. In Chapter 4, we indicate
that ~ 100 GHz continuum might be dominated by free-free emission and therefore it
might be a good absorption-free star formation indicator. We also suggest that molecular
gas in starburst galaxies and non-starburst galaxies have different physical conditions,
and even between those of the starburst galaxies have different physical conditions. In
this chapter, we will discuss about the evolution of starburst from the viewpoint of the
physical conditions of molecular gas using these results.

Studies of star forming regions in Qur Galaxy suggest that stars are formed from dense
molecular cores rather than diffuse molecular envelopes (e.g. Lada 1992). Extragalactic
dense molecular gas studies show clear correlation between the amount of dense molecular
gas and the star formation efficiency {Solomon, Downes, & Radford 1992, Kohno 1997).
There are also spatial coincidences between the positions of dense molecular gas clouds
and those of the star forming regions (Kohno, Kawabe, & Vila-Vilaré 1999, Reynaud
& Downes 1999). On the other hand, post-starburst galaxies, which had experienced
a starburst phase at ~ 10° year ago but have low star formation activities at present,
have almost no dense molecular gas even they have a lot of diffuse molecular gas (Kohno
1997). These results indicate that vast amount of dense molecular gas is needed for the
starburst activity, and if the dense molecular gas were exhausted by the formation of
stars, the starburst activity would stop {Kohno 1997). We compiled all of our single-
dish and interferometric data and those of Kohno (1997), and displayed in figure 5.1.
All of the data except those of M82 have good correlation between the dense molecular
gas fractions and star formation efficiencies (SFEs) as indicated by Solomon, Downes,
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& Radford (1992) and Kohno (1997). The data points of M82 are, however, largely
offset from this correlation. From the standpoint of SFEs, M82 have very high values
corresponds to or higher than other starburst galaxies such as NGC 253, NGC 3504, NGC
6946, and NGC 6951. Since these SFEs are derived from free-free or Ha emission, the
starburst region of M82 still have a large amount of ionizing source such as massive stars
(OB stars). From the standpoint of molecular gas, however, there exist a small amount
of dense molecular gas compared with total gas amount, corresponds to non-starburst
galaxies such as NGC 4736, NGC 4826, NGC 5055, and NGC 5195. As mentioned above,
all of the stars are formed from dense molecular gas, so that starburst region of M82
might not form stars actively hereafter. To summarize, M82 have formed vast amount of
massive stars in the past and these are still exist, but no longer possible to make them.
This suggests that M82 would be transient phase of starburst to post-starburst. On the
other hand, the star formation of other starburst galaxies might be now ongoing.

Figure 5.2 shows a correlation diagram between HCN/'2CO and HCN/*3CO intensi-
ty ratios. Since the HCN/?CO ratio is a good tracer for density (section 2.3.4, Kohno
1997) and the HCN /'3 CO ratio for mainly temperature (section 2.2.4, 2.3.4), this diagram
would correspond to the correlation between density (horizontal axis} and temperature
(vertical axis). Molecular gas in non-starburst galaxies (NGC 4736, NGC 4826, and
NGC 5195) have low HCN/2CO (< 0.1) and HCN/"¥CO (< 1.0) ratios which means
low-density and low-temperature conditions, but that of starburst galaxies have various
ratios. Intensity ratios of molecular gas in M82 ({except those of the center of the super-
bubble) show very interesting features. HCN/!3CO ratios range continuously from higher
values (~ 1.75) to lower values {~ 0.5) and decrease with the decrement of HCN/2CO
ratios. The most important point is that the lowest ratios are very similar to those of
the non-starburst galaxies. On the other hand, molecular gas in NGC 253 is rich in
dense molecular gas (high HON/'2CO of ~ 0.3), even the HCN/*CO ratio is similar to
those of M82. Intensity ratios of molecular gas in NGC 3504 are located between those
of M82 and NGC 253, but are spread in wide area. The systemic velocity components
VR4 is close to those of NGC 253, but have higher HCN/!3CO ratio (~ 2.5). The nearby
systemic velocity component VR3 have much lower HCN/'2CO ratio (~ 0.15) and much
higher HCN/3CO ratio (~ 3.0) than those of VR4 and NGC 253, which suggest that
VR3 have lower density but higher temperature. Other velocity component in NGC 3504
show similar intensity ratios to those of higher limit in the intensity range of M82, which
have high HCN/3CO ratio of ~ 1.75 and low HCN/12CO ratio of ~ 1.

The top diagram of figure 5.3 shows a correlation diagram between HCN/12CO and
1200/13C0O ratios. The non-starburst galaxies have low HCN/?CO and 2CO/3CO
ratios of < 0.1 and < 10, which are typical values for these galaxies. M82 have low
HCN/'2CO ratios similar to the non-starburst galaxies but have high 2CO/¥CO ratios
of > 10. NGC 253 and NGC 3504 VR4, on the other hand, have high HCN/'?CO ratios
of > 0.1 but have low 2CQ/!CO ratios similar to non-starburst galaxies. Intensity
ratios of all the velocity components of NGC 3504 except VR4 are located at the middle
of those of NGC 253 and M82, but those of NGC 3504 VRI1-2 and VRb5-7 are located
rather near to those of M82 than that of NGC 3504 VR3.

A correlation diagram between 2CQO/®CO and HCN/CO is displayed in figure 5.3
(bottom). Molecular gas in NGC 253 and NGC 3504 VR4 have high HCN/#CO (> 1)
and low 2CO/®CO (< 10) ratios, but that in M82 has rather opposite tendencies;
high 2CO/¥CO (> 10) and high to low HCN/BCO (0.5 — 2.0) ratios. All the velocity



5.2. STARBURST EVOLUTION 115

components of NGC 3504 except VR4 are again located at the middle of NGC 253 and
M8&2. which have both high HCN/BCO (> 1) and high ?CO/"“CO (> 10) ratios but are
again spread in wide area; intensity ratios of NGC 3504 VR1-2 and VR5-7 are located
near to those of M82, but those of NGC 3504 VRJ are largely offset from other velocity
components and have high HCN/3CO and *CO/BCO (> 10) ratios of ~ 3.0 and ~ 15,

5.2 Starburst Evolution

The studies of the starburst evolution have been done mainly by Rieke and his collabora-
tors based on their infrared observation results. Near-infrared emission line observations
indicate that NGC 253 have larger Brackett ~ equivalent width, stronger CO absorption
and have milder shocked gas (strong Hy and [Fe II] emission) than those of M82. These
implies that younger stars are still exist and the number of supernova explosions are
smaller in NGC 253 than in M82, concluding that NGC 253 is in younger phase of star-
burst than M82 (Rieke, Lebofsky, & Walker 1988, Rieke 1988). The extent of X-ray and
dust show that NGC 253 have much smaller extent than M82 (Fabbiano 1988, Cappi et
al. 1999, Alton, Davies, & Bianchi 1999, Ricke, Lebofsky, & Walker 1988, Rieke 1988),
which also indicate that the number of supernova explosions are much smaller in NGC
253. From the viewpoint of dense molecular gas, NCG 253 is rich in very dense molec-
ular gas such as HCN(4 - 3) than M82 even both galaxies have similar ?CO intensities
(Jackson et al. 1995), which indicate that NGC 253 is possible to make more stars than
M82. These results also support the suggestion that NGC 253 is in younger phase of
starburst than M82.

Rieke et al. (1988) and Rieke (1988) also suggest much older starburst phase galaxies,
NGC 4736 and NGC 5195, because of their small Brackett v equivalent widths, their
slightly stronger CO absorption band than those of normal galaxies (Walker, Lebofsky,
& Rieke 1988), and their stellar populations which extend up to at most A4 to A7
(Pritchet 1977, Warner 1974). Recent optical spectra of the central regions of both NGC
4736 and NGC 5195 show strong Balmer absorption lines (Ho, Filippenko, & Sargent
1995, Taniguchi et al. 1996, Sauvage et al. 1996, Greenawalt et al. 1998), which are the
typical spectra of A-type stars, and have very low star formation activity (Taniguchi
et al. 1996). Millimeter wave molecular gas observations indicate that in the Balmer
absorption dominated regions, there are very small amount of molecular gas (Tosaki
& Shioya 1997), or even exist, molecular gas is stable against gravitational instability
(Shioya et al. 1998) and have almost no high density component (Kohno 1997}. These
observational results also suggest that these galaxies are in very late phase of starburst.
or so-called “post-starburst™ phase.

We compared the duration of starburst (Rieke 1988, Rieke, Lebofsky, & Walker 1988)
and the intensity ratios of molecular gas (table 5.1}. We put NGC 3504 at the middle of
NGC 253 and M82, because the intensity ratios of NGC 3504 tend to have the middle
values of those of NGC 253 and M82 (see previous subsection). Since there are gradual
changes in the intensity ratios according to the changes in the duration of starburst,
we propose the evolution of the intensity ratios (= physical conditions) of molecular gas
according to the starburst evolution. The HCN/!2CO intensity ratio tends to decrease as
the starburst would evolve. The HCN/!3CO intensity ratio tends to increase at the early
phase of the starburst, but tends to decrease at the late phase. The 2CO/¥CO intensity
ratio also tends to behave as HCN/!3CO ratios, but the turnover of the increment to the
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Table 5.1: Comparisons between the duration of starburst and the intensity ratios of molecular gas in
galaxies.

Galaxy  Duration® W(Brvy)* CO Absorption* HCN/!3CO HCN/2CO  !2C0O/1BCO

[y}
NGC 253 107 Large Very Strong 1.5 0.27 6
NGC 3504 — — — 1.5-3.0 0.10 — 0.25 10 — 17
M&2 5x 107  Fairly Large Strong 04-19 0.03 — 0.08 13- 50
NGC 4736 108 Small Small 0.4 0.05 9
NGC 5195 108 Small — 0.1 0.02 3

* Data taken from Ricke et al. (1988) and Rieke (1988).

decrement is much later phase than that of the HCN/¥CO ratio. We plot the evolutional
tracks on the correlation diagrams of the intensity ratios in figures 5.4.

These tendencies can explain as follows; since stars are formed from dense molecular
gas such as HCN (e.g. Lada 1992), dense gas would decrease as the stars are formed
by the starburst activities. The evolution of the HCN/2CQ intensity ratio {dense gas
ratio) shows monotonically decrease, so that formation of dense gas at the shocked region
(section 2.3) would be small compared with the consumption by the star formation.
Dense molecular gas might be related to warm regions much closer than 2CQ, because
stars which are formed from dense molecular gas are one of the heating sources, and
because dense molecular gas can also be formed from shocked regions such as supernova
remnants which would also one of the heating sources. ?CO, on the other hand, is
located even in much diffuse and therefore wider region than HCN, so that it might take
much longer time to heat up 2CO gas than HCN gas. At the end of the starburst, the
amount of dense molecular gas would decrease so that HCN intensity would be relatively
weaken compared with *CO intensity and therefore the HCN /¥ CO ratio would decrease.
The heating sources would still exist for a while even the dense molecular gas decrease,
so that diffuse gas such as '?CO would be still heated by these sources and therefore
the 12CQ/BCO ratio would still have higher value. To summarize, at the early phase
of starburst, there would be a time lag that the rise of the 2CO/!*CO ratio would be
later than that of the HCN/YCO ratio. At the late phase of starburst, the 2CO/CO
ratio would have higher value even the HCN/13CO ratio decreases. These suggestions
also support the idea that NGC 253 is in the young phase of starburst, M&2 in the late
phase, and NGC 3504 in the middle phase.

The intensity ratio of molecular gas at the central region of the superbubble in M82,
especially 2CQO/3CO ratio, have very large values (> 30) compared with other starburst
galaxies. This region was the position of strong starburst, whose energy might corre-
sponds to ~ 10% erg or ~ 10 supernovae (section 3.4). These ratios are similar to those
of merging galaxies (Aalto et al. 1991a, Aalto et al. 1991b, Casoli, Dupraz, & Combes
1992a, Casoli, Dupraz, & Combes 1992b}, which might be ongoing extensive starburst
at interacting regions. This similarity strongly suggests that the starbursts in merging
galaxies might quite resemble to that in M82.

The determination of the evolutional track of non-starburst to starburst is very dif-
ficult. The proposed mechanisms of the dense gas increment are the instability of gas
cloud (Kohno 1997) or the compression by the enormous supernovae (section 3.4.5}. The
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amount of increment 1s, however, depends largely on the initial conditions such as large-
scale kinetic structures, amount of gas at surrounding regions, and so on. Therefore,
we can only suggest that non-starburst galaxies may be possible to evolve into starburst
galaxies, and also the lower activity starburst galaxies may be possible to evolve into
higher activity starburst galaxies, but it largely depend on their various conditions.

In concluding, we indicated the change of the physical conditions of molecular gas
according to the evolution of starburst in the following and also in figure 5.5.

1.

cn

Pre-starburst phase. The amount of dense molecular gas might be increasing by the
gravitational instability (Kohno 1997). It is still not clear whether the increment
of dense molecular gas would be accompanied by star formation or not, so that
increment of temperature might also unclear.

Early starburst phase. The area of starburst and the amount of supernovae
are small, may be confined nearby star forming dense molecular clouds, so that
HCN/BCO ratio might increase but 'CO/"CO may have still smaller value. The
possibility of sequential star formation might depend on the surrounding environ-
ment such as gas amount, galactic kinematical structures, and so on, so that it is
not apparent whether starburst would evolve to sequential starburst or end with in-
stantaneous starburst. If the sequential starburst has started. the amount of dense
molecular gas and its temperature would increase by the compression of superno-
va explosions. Examples of this phase might be NGC 253 and systemic velocity
component (VR4) of NGC 3504.

Middle starburst phase. The effect of the starburst might widely spread by the
strong UV radiation from the vast amount of early type stars and its explosions.
and therefore density and temperature might have very high values. Examples
might be nearby systemic velocity component {VR3) of NGC 3504.

Late starburst phase. Because of a large amount of star formation and supernova
explosions, the amount of dense molecular gas might decrease. A large amount
of formed stars might be, however, still exist so that temperature of molecular
gas might still be in warm condition. Good example might be M82. The velocity
component VR1 -2 and VR5—7 of NGC 3504 may be in the phase between middle
and late starburst phase.

Post starburst phase. Almost all of the dense molecular gas is exhausted or blown
out, from starburst region, and therefore no more starburst would continue. OB
stars are already burned out at this moment, so that there are no heating sources
and gas would be in cool condition. Examples of post-starburst galaxies might be
NGC 4736 and NGC 5195.
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HCN/*CO

0.2
HCN/'2CO

Fig. 5.2: Correlation diagram between HCN/!2CO and HCN/!*CO ratios. Filled circles
indicate the integrated intensity ratios toward the galactic centers, and the open diamonds
for MB2 indicate intensity ratios for various points, and for NGC 3504 indicate the velocity
divided intensity ratios. The velocity range of VR3, VR4, and other points are indicated
in table 4.2. Vertical dotted line indicates HCN/!2CO ratios of 0.1, which is the rough
boundary of low density (n(H:) < 10* cm~3) and high density (n(H:) > 10! em™3). Hori-
zontal dotted line indicates HCN/!*CO ratios of 1.0, which is the rough boundary of low
temperature (7y < 100 K) and high temperature (7 » 100 K).
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Chapter 6

Summary

6.1 Estimating the Molecular Gas Temperature

In the study of the physical conditions of molecular gas around the active galactic nucleus
(AGN) in M51 with interferometer (Nobeyama Millimeter Array or NMA), we find a
good tracer for estimating the molecular gas temperature using low-J lines. The HCN(1
~ 0)/1CO(1 - 0) intensity ratio tend to show high value (3 1) when the molecular gas
is dense (n(Hy) 3 10* cm~3) and warm (7} 3 100 K) (figure 6.1 left). The mechanism of
this ratio is as follows; HCN(1 — 0) emission is optically thick even at high temperature,
but ¥CO(1 - 0} emission becomes optically thin when the temperature gets higher.
Hence, at high temperature region (and, of course, enough dense to emit HCN line)
HCN/¥CO ratio tend to have higher value. High-J line studies also suggest the existence
of high-temperature molecular gas in the central region of M51. Comparison between
the physical conditions of molecular gas derived from HCN/3CO ratios and high-J lines
in published data are also consistent in other galaxies.

We also observed starburst and non-starburst galaxies in HCN(1 - 0) and 3CO(1
— 0) lines with a single-dish telescope (the Nobeyama 45m telescope). Compilation of
the HCN/'3CO ratios from these data and the flux ratios of the Infrared Astronomical
Satellite (IRAS) data show good correlation between the HCN/'*CO ratios and the
ratio of IRAS 12 gm and 25 pm fux (Flrasi2um/ Firasesum), which means that there are
close relation between the amount of warm (> 100 K) molecular gas and ~ 100 K dust
(figure 6.1 right}. On the other hand, correlations between the HCN/CO ratios and
either Firasi2um/ Firaseoum OF Firas12um/ Firas100um Show loose or no correlations, which
suggest that the amount of warm molecular gas has almost no relation with that of cold
dust.

The consistency between the physical conditions of molecular gas derived from the
HCN/!'*CO ratios and high-J molecular lines, and the tight correlation between the
HCN/'CO ratios and the amount of 100 K dust strongly suggest that a HCN/B®CO
ratio would be a good tracer for molecular gas temperature.

Starburst galaxies which tend to have higher HCN/!3CO ratios also tend to have
higher HCN/*CO and ?CQ/*3CO ratios than non-starburst galaxies. Search for high
intensity ratio objects in Qur Galaxy show that molecular gas with high HCN/BCO,
HCN/2CO, and 2CO/¥CO ratios is tend to reside at shocked regions such as molecular
gas related with outflows from star forming dense cores or supernova remnants. Take
their energetics, lifetimes, effecting areas, and numbers into consideration, we concluded

123
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Fig. 6.1: (Left) Density (vertical axis) and temperature (horizontal axis) dependence of
HCN(1 - 0)/™CO(1 — 0) intensity ratio based on the Large-Velocity-Gradient (LVG)
calculation. Solid contours show curves of constant HCN/!*CO intensity ratio, and
thick solid curve indicates HCN/'*CO ratio of 1.2. This figure clearly shows that high
HCN/CO ratio indicates high-density and high-temperature. (Right) Relation between
IR AS log{ F12/F»5) flux ratios and HCN{(1 - 0)/¥CO(1 - 0) integrated intensity ratios. Filled
circles and triangles indicate starburst galaxy sample and non-starburst galaxy sample, re-
spectively. The solid line indicates the calculated linear regression using all sample galaxies
except NGC 5195, which largely offsets from the correlation.

that supernova explosions are the most effective heating source in galaxies.

6.2 Starburst in Nearby Galaxies

Interferometric "*CO(1 - 0) and 110 GHz continuum observations of the prototypical
starburst galaxy NGC 253, the starburst galaxy NGC 3504, and the post-starburst galaxy
NGC 4736 were done with NMA. 110 GHz continuum emission in the starburst galaxics
are dominated by free-free emission, and the SFE derived from the free-free emission
and that from extinction corrected Ha luminosity show good correspondence. This
result suggests that free-free emission estimated from 110 GHz continuum might be a
good star formation tracer. HCN(1 - 0)/12CO(1 — 0) intensity ratios (the ratio of the
dense gas amount to the total molecular gas amount) and SFEs show good correlation,
which support the previously published results that the dense molecular gas is needed
for the star formation.

We also had done high-sensitivity observations of the prototypical starburst galaxy
M82 with NMA, and show detail inner (at most a few hundred parsec from the galactic
disk) structures of outflowing molecular gas (spurs} for the first time. The features of
spurs are quite similar to the optical dark filaments (dust filaments). which indicates
that molecular gas and dust are settled in the similar regions.

We successfully imaged an expanding molecular superbubble at a first time, which
located ~ 140 pc westward from the nucleus of M82 (not at the nucleus) with its diameter
of 210 x 140 pc in north-south and east-west direction (figure 6.2). The energy of the
superbubble is about 10°° erg corresponds to ~ 10% supernovae. Molecular gas related
with the superbubble is offset from rigid rotation, and ionized gas also shows similar
kinematics but have much higher velocity. Kinematics of HoO and OH masers also show
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Fig. 6.2: The large-scale to small-scale views of M82. (a) The X-ray image (contours; Breg-
man, Schulman, & Tomisaka 1995) superimposed on the Ho image (grayscale; Shopbell
& Bland-Hawthorn 1998). (b) '2CO integrated intensity map (contours) superimposed on
optical B-band image (grayscale; Alton, Davies, & Bianchi 1999). (c)-(e) The 2Cco(1 - 0),
HCN(1 - 0), and '*CO(1 — 0) molecular superbubble image. Inside the superbubble, there
are 2.2 um secondary peak (diamond), X-ray peak (triangle), young supernova remnant
41.95+575 (cross), and OH and H,0 masers (circles). At this region, a strong starburst
has occurred and maybe formed a middle mass black hole.

similar features, which indicate that molecular gas has undergone strong shock which
maybe produced by the interaction with ionized gas and/or by induced star formations.
The center of the superbubble is deficient in molecular gas, which means that no more
star formation would occur at there. On the other hand, the surrounding regions show
strong free-free emission, suggesting that new starburst might be occurred. From these
results, we proposed new mechanisms of continuation and termination of starburst that
strong starburst can blow out almost all the molecular gas in and around the starburst
region and force to stop the ongoing star formations, but its strong expansion would
compress the surrounding molecular gas and make new star forming regions.

Near the center of the superbubble, there are a 2.2 um secondary peak which cluster is
dominated by luminous supergiants, and a X-ray peak which may radiate from a middle
mass (~ 10° — 10* M) black hole. The stellar contents, mass, and evolution of the
star cluster at 2.2 um secondary peak based on initial mass function (IMF) suggest that
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massive stars which have already exploded can explain the energy of the superbubble.
In this stellar cluster, it is possible to merge stars to several hundred solar mass with
runaway merger within the similar timescale of the superbubble, and it can be a middle
mass black hole after an hypernova. Also, the mass of their compact remnants (stellar
black holes) are enough higher than that of the middle mass black hole, so that if some
of the stellar black holes can merge into one black hole, it would be a middle mass black
hole. These results indicate that an intense starburst is possible to make a middle mass
black hole, and give a new explanation of the formation of AGN and/or quasars.

SFEs estimated from free-free continuum emission and HCN/¥CO ratios in M82 show
high values similar to other starburst galaxies, but HCN/!2CO ratios show lower values
similar to post-starburst galaxies (figure 6.3). This result strongly suggests that M82 is
in the very late phase of starburst or in the very early phase of post-starburst. Other
literatures based on optical and infrared observations also suggest the similar result.

We proposed the evolution of the physical conditions of molecular gas with compar-
ison between the starburst age derived from optical and infrared observations and the
change in the molecular emission line intensity ratios (figure 6.4}. First, the density of
molecular gas gets high by the gravitational instability. According to the increment of
molecular density, the star formation might occur, and the resultant supernova explo-
sions heat the surrounding gas. The continuance of star formation and the successive
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supernovae might decrease the dense gas. Even all the dense gas would exhaust or blown
out, however, there might still exist the massive stars and therefore the supernova ex-
plosions for a short time (~ 105 — 107 yr), so the temperature of molecular gas might
still high. Therefore, there might be a time offset between molecular gas density and

temperature.
Using these results mentioned above, we propose a new view of starburst evolution,

which is briefly shown in figure 6.5.

1. Dense gas might form by the gravitational instability (Kohno 1997). A starburst
would start after the accumulation of dense molecular gas.

2. Vast amount of stars might form by the starburst, and dense molecular gas might
exhaust according to the star formation.

3. Supernova explosions might occur at the end of the lifetime of massive stars. These
explosions may heat up the surrounding molecular gas.

4. A large number of supernova explosions cause the blow out of dense molecular gas
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from the star burst region, and terminate the star formations.

5. After the termination of star formation, heating sources might decrease and disap-
pear, molecular gas might cool down, and the galaxy might become a post-starburst
galaxy.

Also, it is possible to merge stars to several hundred solar mass object in a dense star
cluster, and the object might evolve to a middle mass black hole after the hypernova.
This result also gives a new explanation of the formation of active galactic nuclei. Also,
the blow out of molecular gas from starburst region would compress the surrounding
molecular gas, and turn on the new star formation.

To summarize, this work mainly clarify the mechanisms about the heating of molec-
ular gas, the termination of starburst, the formation of middle mass black hole, and
sequential starburst.
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