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ABSTRACT

A galaxy-galaxy merger is a fundamental process for galaxy evolution since it is
a common event in the universe. The ultimate question in this thesis is "what hap-
pens during a galaxy-galaxy merger". Astronomers have been studying a merger
process theoretically and observationally. It is obvious that collisions affect the
morphology of galaxies. Furthermore, many studies have addressed that a merger
process affects activities of galaxies, i.e., triggering starburst and/or active galac-
tic nucleus (AGN) activities. However, it remains unknown how such activities
are enhanced by a galaxy-galaxy merger and subsequently affect galaxy evolution
(feedback process). I approach these issues by using sub/millimeter telescopes;
Atacama Submillimeter Telescope Experiment (ASTE) and Atacama Large Mil-
limeter/submillimeter Array (ALMA). I performed a series of separate projects as

follows.

1st project
At first, I investigated “global” properties of merging galaxies through survey
observations. The main goal of the first project is to reveal the evolution of
the merging galaxies in terms of star formation relation. Star formation re-
lation is a global relation between properties of star formation activity (i.e.,
star formation rate: SFR) and material for star formation (i.e., molecular gas
mass: My,). The relation has been studied over ~50 years and still be a big
issue in astronomy since the relation is essential to understand and model the
galaxy evolution. Several investigations have demonstrated that there is a bi-

modal sequence for isolated disk galaxies and starburst galaxies; long-lasting



star formation in disk galaxies and rapid mode in starburst galaxies. This
means that star formation efficiency (SFE = SFR/My,) is higher in starburst
galaxies than disk galaxies. My working hypothesis is that a galaxy-galaxy
merger can explain the bi-modality, which means that merging galaxies fill
the gap between two sequences. In order to confirm this idea, it is necessary
to investigate the exact location of interacting galaxies through systematic ob-
servations along the merger sequence from early stage (before coalescence)
to late stage (after coalescence) with a various SFR range. However, previous
studies are biased to late stage mergers that have intense starburst activity.
In my project, I conducted ASTE CO (3-2) survey observations for merging
galaxies (total observation time 120 hours). I increase the number of early
stage merging galaxies without intense starburst activities. I investigated the
relation between the CO (3-2) luminosities (Lco o< My,) and the far-infrared
luminosity (Lgr o< SFR) (which is a fundamental relation to determine star
formation relation) in a sample of 29 early- and 31 late- stage merging galax-
ies and 28 nearby isolated spiral galaxies. I found that normal isolated spiral
galaxies and merging galaxies have different slopes («) in the logLco — log
logLpr plane: o ~ 0.8 for disk galaxies and ~ 1.1 for merging galaxies. In
addition, I found that the star formation efficiency (SFEx Lgr/Lco) gradu-
ally increases from isolated galaxies, merging galaxies, and to high-z active
galaxies. My results support the idea to explain the bi-modality by a merger

process.

2nd project
Second, I investigated the details of star formation activity in a merging

galaxy. As shown in the first project, a galaxy collision plays an important
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role for global star formation activity in galaxies. The goal of the second
project is to answer the question of “Where starbursts are triggered in merg-
ing galaxies?”. In this project, I use both optical integral field units (MUSE
mounted on Very Large Telescope) to obtain Ha and H/3 image which can
trace diffuse disk-wide starbursts and ALMA to obtain H40« and H42« im-
age which can trace extremely dusty nuclear starbursts. As a kickoff study,
I selected one merging galaxy NGC 3256 that consists of two galaxies; one
is the northern starburst galaxy and the other is the southern dusty galaxy
hosting a low luminosity AGN. First, I use optical integral field units (MUSE
mounted on Very Large Telescope) and obtain maps of recombination lines
(i.e., Ha and Hp). I investigate the spatial distribution and properties of star
forming regions. I found many star forming blobs outside of nuclear regions,
and these regions are categorized as starburst in terms of surface density of
SFR and My,. However, it is difficult to investigate star formation activities
in dusty regions by using optical observations. Instead, I use mm/sub-mm
recombination lines to investigate “true” star formation activity without dust
extinction. I observed H40a and H42« in 3mm resolution by using ALMA. I
found that there is a star forming region at the southern nucleus where optical
recombination lines are undetected due to strong dust extinction (Ay ~ 18).
The missed SFR in the southern dusty star forming region is 12% of to-
tal SFR expected from extinction corrected HS map. Including both VLT
and ALMA observation, I found that the contribution of SFR from nuclear
and spatially extended starburst is ~ 27% and 73% respectively. Therefore,
I conclude that disk-wide starbursts are more important than dusty nuclear

starbursts in NGC 3256.
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3rd project
Finally, I describe the feedback process. Starburst and AGN feedback oc-
cur in the form of galactic-scale outflows. The goal of the third project is to
answer the question of “What kind of structure and properties do molecular
outflows have?”. Recently, a number of studies have reported identifications
of molecular outflows in CO observations by using ALMA. They measured
the mass and velocity of outflows. However, in order to include the feedback
process into galaxy evolution model, the other properties of outflows (e.g.,
structure and physical and chemical properties) should be investigated. The
originality of the third project is that I use multi-lines (e.g., CO, HCN and
HCO") to characterize the structure, density and temperature, and chemistry
of the outflows. NGC 3256 is an ideal target since two low J (J < 3) CO out-
flows from the two nuclei (starburst and low-luminosity AGN) have already
been reported. Two different types of outflow can be simultaneously investi-
gated. I detected the high-density gas traced in HCN (1-0) and HCO*(1-0)
in AGN triggered southern outflow. On the other hand, the same lines were
undetected in the northern outflow triggered by starburst. In terms of the
HCO*(1-0)/CO(1-0) (i.e. dense gas fraction) and the CO(3-2)/CO(1-0) line
ratio are larger in the outflow (0.20 +0.04 and 1.3 0.2, respectively) than
in the nucleus (0.08 -0.01, 0.7 0.1, respectively). This means that the out-
flowing gas has a higher density and temperature compared to the nucleus.
It is difficult to understand these results under an assumption of simple mass
transportation (i.e., negative feedback). In addition, by investigating these
line ratios for each velocity component in the outflow, I found that the dense
gas fraction increases and the CO (3-2)/CO (1-0) line ratio decreases toward

the largest velocity offset. This means that dense gas tracers and CO lines
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trace different part of the outflow; i.e., dense clumps traced by HCN and
HCO" and diffuse gas traced by CO lines. Such clumps with large velocity
offset are detected by high resolution (0.2”") follow up CO (2—1) observation.
One possible scenario to produce such a two-phase outflow is an interaction
between the jet and the interstellar medium (ISM), which is seen in active

AGNs (e.g., M51, IC5013).

[Conclusions] Through these three projects, I found mainly two important phe-
nomena to answer the question of “what happens during a galaxy-galaxy merger”

as follows.

1. “nuclear starburst” and “disk wide starbursts’ in merging galaxies: The
classical idea of merger induced star formation activity is nuclear starbursts
taking place in the central region (< 1 kpc) due to global gas inflow in the
late stage. On the other hand, some theoretical models predict disk-wide star-
bursts (>1 kpc) due to the fragmentation of dense gas in the early stage. The
enhancement of SFE in merging galaxies seen in our ASTE survey supports
the latter case. In addition, a case study of NGC 3256 shows the evidence
of the larger contribution of disk-wide starburst than dusty nuclear starburst.
The key of my project is that both diffuse disk-wide starbursts and dusty nu-
clear starbursts are investigated in a consistent manner by using hydrogen re-
combination lines by optical (MUSE/VLT) and mm wavelength (ALMA). In
the future, it is necessary to investigate various types of merging galaxies
(e.g., early/late stage, major/minor, wet/dry) with the same method in order
to explain the mechanism of enhancement of star formation activity during a
merger process. For example, more advanced merging galaxies are expected

to have larger contribution of dusty nuclear starbursts than disk-wide star-



bursts.

2. dense clumps in a molecular outflow: A case study of NGC 3256 shows
the presence of dense clumps in the AGN triggered outflow. This has not
been predicted by the typical merger scenario, where gas is simply expelled
without any actions (negative feedback). The complex physical mechanisms
are necessary to explain the formation of dense clumps in outflows, i.e., jet
and ISM interaction by strong AGN feedback. Such clumps in the outflows
can possibly become the sites of future star formation (“positive feedback™),
affecting the long-term evolution of the host galaxy. However, the expected
SFR derived from total dense gas mass in the outflow is not as high as the SFR
of host galaxy. The conclusion from this study is that while the degree of star
formation is likely small, the existence of “positive feedback” is possible and
it is not completely ruled out. As a next step, it is necessary to investigate
how outflows affect the star formation activity not only for high-velocity gas

but also for the gas in the disk.

[Future prospects] The observational data presented in this thesis provides evi-
dences of previously expected “disk-wide starbursts” and the new idea of “clumpy
dense outflows” in merging galaxies, particularly in NGC 3256. The important next
step is to expand our observation from individual case studies to a statistically sig-
nificant sample that includes a wide range of merger stages, star formation rates,

and nuclear properties.
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1 INTRODUCTION

The earth travels around the sun. Thousands of stars like the sun are visible in
the night sky by our eyes. Our galaxy contains ~ 200 billions of stars, and the sun is
merely one of them. In addition, there are numerous galaxies outside of our galaxy,
and the number is said to be > 100 billions. A galaxy is the most important com-
ponent of the Universe. Therefore, proper understanding of the process of galaxy

formation and evolution is essential for disentagling the history of the universe.

Stars are the fundamental unit of the galaxy. Galaxies also have interstellar
medium (ISM) containing gas and dust. In addition, galaxies have dark matter,
which are invisible and cannot be observed directly. A galaxy is not an eternal sys-
tem in a cosmic timescale, and all galaxies have characteristics like human beings;
e.g., variety of sizes, stellar populations, masses, and morphologies. Astronomers
have been trying to reveal their nature, structure, and origin. In this thesis, I chal-

lenge the mystery of galaxy evolution.

1.1 Historical Background about Galaxy-galaxy Merger

Edwin Hubble proposed a classification system for nebulae (both galactic and
extragalactic) from 1922 to 1926, and produced the diagram called "Hubble se-
quence" of galaxy morphological types (Hubble , 1926) (Figure 1.1). In this thesis,
I focus on the irregular galaxies that do not fit into the Hubble sequence. One of the
most common mechanisms to produce such irregular galaxies is a gravitational in-
teraction between galaxy and galaxy. Assuming that galaxies are widely scattered in
the universe, collisions between galaxies are unlikely because the spatial density of

galaxies is too low. However, galaxies are often in a cluster and the space between
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galaxies is much smaller. Erik Holmberg proceeded the first theoretical approach
to reconstruct the disturbed morphology at a close encounter between two nebular
(Holmberg , 1941). He used 37 light-bulbs as a laboratory model and found that the
tidal deformations cause an increase in the attraction between the two objects, i.e.,

after the passage.

(Normal spirals)
o G SR
(Ellipticals) Sa Sb & Im
® e - @
EO E3 E6 SO
@ (@) (Sj 8 A
SBa SBb SBc IBm
(Barred spirals)

Figure 1.1 A schematic of the morphological classification scheme, Hubble se-
quence. This figure is reproduced from Mo H. van den Bosch F. C. and White
S. 2010, "Galaxy Formation and Evolution" (Mo et al. , 2010)

Vorontsov-Velyaminov published the catalogue of interacting galaxies called
"VV catalog" (THE ATLAS AND CATALOGUE OF INTERACTING GALAX-
IES) in 1959 (Vorontsov-Velyaminov , 1959). Starting with VV catalog, catalogs
of galaxies containing many interacting galaxies and galaxies experiencing/expe-
rienced interaction and merging were published; e.g., Arp catalog (Arp , 1966)
(ATLAS OF PECULIAR GALAXIES), CGCG catalog (Zwicky et al. , 1968) (Cat-
alogue of Galaxies and of Clusters of Galaxies), AM catalog (Arp & Madore , 1987)

(Catalogue of Southern Peculiar Galaxies and Associations), ESO catalog (The ES-
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O/Uppsala Survey of the ESO (B) Atlas of the Southern Sky), and Mrk catalog
(1967-81, 1986, 1989). Figure 1.2 shows the images of the interacting galaxies

obtained by Hubble Space Telescope.

Interacting Galaxies Hubble Space Telescope « ACS/WFC « WFPC2

NASA, ESA, A. Evans (University of Virginia, Charlottesville/NRAO/Stony Brook University), STScl-PRC08-16a
and the Hubble Heritage (AURA/STScl)-ESA/Hubble Collaboration

Figure 1.2 The peculiar morphology of interacting galaxies from Hubble Space
Telescope observations. (©NASA, ESA, A. Evans (University of Virginia,
Charlottesville/NRAO/Stony Brook University), and the Hubble Heritage Team
(STScI/AURA)-ESA/Hubble Collaboration

To coincide with releases of the merging galaxy catalogs, Toomre and others
carried theoretical works on the dynamical interaction between galaxies expect-

ing the tidal effects in colliding disc systems. One of the finest papers is Toomre &
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Toomre (1972). They reproduced the long "bridges" and "tails" seen in the interact-
ing galaxies, and suggest that elliptical galaxies may be the product of past mergers.
In particular, they reproduce the orbits and outer shapes of four specific interacting
pairs: Arp 295, M51 + NGC 5195, NGC 4676, and NGC 4038/9 (Figure 1.3).
Numerous theoretical works including N-body simulations were performed to ex-
plain the peculiar morphology of interacting galaxies in the 1970s. The results are

reviewed by White (1978).

o -
5/9 SCALE °® . Seox

Figure 1.3 (left) The model to reproduce the stellar distribution of Antennae galaxy
(NGC 4038/9) based on N-body simulation (Toomre & Toomre , 1972). This figure
is reproduced from Toomre A. & Toomre J. 1972, ApJ, 178 623-666. (right) The
RGB images of Antennae galaxy obtained by Hubble Space Telescope. (Credit:
ESA/Hubble & NASA)

In addition to the morphological evolution, Toomre & Toomre (1972) argue
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that an interaction can have a profound impact to the activity in galaxies. One of
the most simple benchmarks for activity of galaxies is "how many solar mass stars
a galaxy form in one year (star formation rate SFR [M, yr™'])". Star formation in
galaxies is a fundamental process that dictates the future evolution and morphology
of galaxies. Using UVB colors of galaxies as an indicator of the history of star for-
mation, Larson & Tinsley (1978) show an evidence that "bursts" of star formation
(starburst) are often caused by the effects of close tidal interactions or collisions
between galaxies. A "starburst galaxy" is a galaxy powered by bursts of massive
star formation. For example, Milky Way has the global SFR of a few M, yr™! and
star formation rate per unit area (Xspr) of a ~ 1072 My yr~! kpc™ (Kennicutt &
Evans , 2012). On the other hand, a starburst galaxy shows global SFR of 10-1000
M, yr! and Sgpg of > 107" Mg yr™!' kpc™ (Heckman , 2001). This means that a
starburst galaxy would use up the available gas in ~ 1 Myr and this time scale is
much smaller than the life time of the typical galaxies ~ 1 Gyr. Moreover, Condon
& Dressel (1978) conducted 21-cm radio continuum observation and found that
radio continuum fluxes in the interacting galaxies were a factor of 2-3 enhanced
compared to isolated spirals. Condon et al. (1982) interpreted this as an evidence

for powerful nuclear starbursts triggered by galaxy interactions.

Infrared observation is one of the keys to investigate the star formation activity
in merging galaxies since they emit the bulk of their energy as dust reprocessed ther-
mal IR emission powered by embedded star formation. Such IR-luminous galaxies
were first discovered by Rieke & Low (1972). The revolutionary telescope, "In-
frared Astronomical Satellite (IRAS)", launched on 25 January 1983 (Neugebauer
et al. , 1984), which was the first space telescope to conduct the all sky survey in
infrared. IRAS has sufficient sensitivity to detect numerous extragalactic sources

in infrared, and produced /RAS Point Source Catalog containing ~ 20,000 galax-
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ies. Investigations of the optical images of /RAS galaxies show that the fraction
of objects that are interacting/merging systems appears to increase systematically
with increasing infrared luminosity. For example, Sanders et al. (1988); Mel-
nick & Mirabel (1990) show that the fraction of interacting/merging galaxies are
~ 10 % at infrared luminosity L of 10157 L, and ~ 100 % at > 10'? L. Galax-
ies hosting such a large luminosity at infrared are called luminous infrared galax-
ies (LIRGs; 10" Ly, < Lg < 10" L) and ultra luminous infrared galaxies
(ULIRGs; 10? L, < L < 10" Ly). In addition, sub-millimeter telescopes have
been rapidly developed since the 1980s (e.g., 12 m NRAO). Mm/sub-millimeter
telescopes enable us to investigate the properties of molecular gas in the merging
galaxies. Main observational discovery was high concentrations of cold molecular
gas in the central regions of some mergers. Sanders & Mirabel (1996) reviewed the
studies related to millimeter observations of U/LIRGs. The main conclusion from
IRAS and sub-mm observations is that strong interactions and gas-rich mergers are
responsible for the great majority of U/LIRGs. Subsequently, the merger scenario
as the origin of U/LIRGs has been developed by observations and theoretical mod-
elings (e.g., Mihos , 1999; Cui et al. , 2001; Murphy et al. , 2001; Veilleux et al. ,

2002), in which the interaction triggers combination of starburst and AGN activity.

In the 1990s, theoretical models of galaxy-galaxy interaction had been success-
ful to explain the mechanism enhancing the star formation. The main difference
from the simulations in the 1970s is that they developed new dynamical models
with gas, stars, and a live dark matter halo during the interaction. For example, ac-
cording to the model by Barnes & Hernquist (1992), the angular momentum of gas
is transferred to stars due to dynamical friction, allowing the gas to flow rapidly to-
wards the nuclei of merging galaxies. Such dynamical models are widely accepted

and become the base of the current simulations, including feedback mechanisms re-
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lated to activities of starburst and active galactic nuclei (AGN) (e.g., Hopkins et al.

, 2006) (see also Section 1.3.3).

On the observational side, the rapid development of telescopes in the 1990s en-
abled us to observe numerous numbers of galaxies including distant (high redshift)
galaxies. For example, the Sloan Digital Sky Survey (SDSS) statistically charac-
terize the activities of the merging galaxies (Ellison et al. (2008) and following
series for “Galaxy pairs in the SDSS”) in local Universe (redshift up to z~0.05).
In the rest-frame UV, it is found that distant star forming galaxies show irregular
morphologies (e.g., Elmegreen & Elmegreen , 2005). In addition, the redshift evo-
lution of merger fraction has been investigated by various groups (e.g., Bridge et al.
, 2010; Steinborn et al. , 2018) These studies show that merger fraction is higher in
the higher redshift. This suggests that galaxy-galaxy interaction plays an important

role in terms of the galaxy evolution in cosmological timescale.

1.2 Empirical star formation relation
1.2.1 Kennicutt-Schmidt law

In order to understand and model the galaxy evolution, we need simple mathe-
matical formula for star formation in galaxies. The most widely applied formula is
the power law relation between the observable surface density of gas (Xg,,) and star

formation rate (Xsggr) originally introduced by Schmidt (1959).
Ysrr = AXg, (1.1)

Dozens of studies had investigated the relation between Xgpr and X,,. Kennicutt
(1983) summarized the measurements of Ho, HI, and CO distribution, and found a

Schmidt law index of 1.4 4+ 0.15 over several orders of magnitude in SFR and gas

7



density (called Kennicutt-Schmidt law). This relation has been used in numerical
N-body SPH simulations to convert gas density to SFR (e.g., Springel & Hernquist
, 2003).

In the 2000’s, targeted surveys with space telescopes Galaxy Evolution Explore
(GALEX; NGS) (Gil de Paz et al. ,2007) in UV and Spitzer; SINGS (Kennicutt et al.
, 2003) in infrared enable us to investigate the spatial distributions of star formation
activity in galaxies. In addition, the developments of radio and sub-mm telescopes
enabled us to investigate spatial distributions of the atomic gas and molecular gas
in galaxies (BIMA SONG; Helfer et al. 2003, HERACLES; Leroy et al. 2008, and
THINGS; Walter et al. 2008). Combining these observations, Bigiel et al. (2008)
investigated the properties of molecular associations at sub-kpc resolution in 18
nearby galaxies and expanded the Kennicutt-Schmidt law from scales that include
the entire galaxy to local star forming regions. In addition, the Kennicutt-Schmidt
law was expanded to high redshift sources (e.g., Solomon & Vanden Bout , 2005).
Genzel et al. (2010) investigated the relation including galaxies at z ~ 1 —3. They
found that gas-rich major mergers at both low and high-z produce 4-10 times more
FIR luminosity at a given gas mass. After including the galaxies which have high
luminosity in submillimeter (submillimeter galaxies; SMGs), Daddi et al. (2010)
suggest two different SF regimes: a long-lasting mode for disk galaxies and a more
rapid mode for U/LIRGs and SMGs both at low and high redshift. Figure ?? shows
the typical examples of the empirical star formation relations. Finally, the current
issue is to reveal the background physical mechanisms in order to explain the em-
pirical Kennicut-Schmidt relation (e.g., Tan , 2000; Li et al. , 2005; Onodera et al.
, 2010). For example, Krumholz & McKee (2005) explain the Kennicutt-Schmidt
relation using turbulence regulated model for environments ranging from normal

galactic disks to starbursts and U/LIRGs. Star formation relation is investigated by
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using lower-density tracers such as CO (1-0), higher excitation CO transitions, and
high-density gas tracers such as HCN and HCO®. For example, Gao & Solomon
(2004) investigate the relation between integrated SFRs and dense molecular gas
mass for normal and starburst galaxies. They found a linear relationship, implying
a strong coupling between dense gas mass and star formation activity. Additional
information about star formation relation (e.g., star formation rate diagnostics, star
formation process, molecular and atomic gas tracer) is reviewed by Kennicutt &

Evans (2012).

1.2.2  Kennicutt-Schmidt relation for merging galaxies

I mentioned that several investigations have demonstrated that there is bi-modal
sequence for isolated disk galaxies and starburst galaxies (e.g., Daddi et al. , 2010).
One idea is that galaxy-galaxy merger can explain the bi-modality. This means
that SFE gradually increases from early to late stage and merging galaxies fill the
gap between two sequences. This is predicted in recent theoretical merger mod-
els (e.g., Teyssier et al. , 2010; Bournaud , 2011). In their model, one important
phenomenon is global gas inflow which increases the average gas density and the
SFR (nuclear starburst). This is a standard process and occurs at a late stage of
merger process (after coalescence) effectively. In addition, the gist of their argu-
ment is that fragmentation of high-dispersion gas outside the nuclear region due
to local shock (which triggers extended starburst) is equally important especially in
the early phase (before coalescence). In addition, some other numerical simulations
of merging galaxies provided by Powell et al. (2013) have shown that all merging
galaxies (not only starburst systems like the Antennae galaxy but also lesser degree
ones) are in between the disk sequence and the starburst sequence. The observa-

tional confirmation of enhancement of SFE in merging galaxies have still being
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Figure 1.4 The empirical star formation relation called Kennicut-Schmidt relation.
Daddi et al. (2010) show that there are two sequences in this relation. One is
disk sequence for normal galaxies and the other is starburst sequence for U/LIRGs
and SMGs. The detail of the sample selection and galaxies plotted in this figure is
explained in Daddi et al. (2010). This figure is reproduced from Daddi et al., 2010,
Apl, 713 686-707.
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investigated in recent works (Cheng et al. , 2018; Violino et al. , 2018; Pan et al. ,

2018).

1.3 Feedback mechanism during galaxy and galaxy interaction
1.3.1 Galactic Wind

Finally, I describe the feedback process. The lexical meaning of the "feedback
mechanism" is "mechanism by which the products of a process can act as regulators
of that process". If the regulators activate the process, the mechanism works as
"positive feedback", and opposite is "negative feedback". One of the dominant
feedback mechanisms in galaxy formation and evolution is galactic wind, which is
the gas explosion in galaxies (for review, Veilleux et al. , 2005). For example,
when the galactic wind is triggered by starburst and galactic wind regulates the star
formation activity, such phenomenon is reffered as negative feedback.

The first observational evidence of a galactic wind was reported by Lynds &
Sandage (1963) at the center of M 82. A multi-wavelength approach is necessary to
understand complex wind phenomena with various gas phase; optical and UV line
emissions (e.g., Heckman et al. , 1990) and blue-shifted absorption (e.g., Heckman
etal. , 2000), extended emission in soft X rays (e.g., Read et al. , 1997), and at radio
wavelength (e.g., Hummel et al. , 1991). However, reviewing all the properties of
galactic wind is beyond the aim of this thesis, and I focus on the molecular part
of the galactic wind especially observed by molecular emission lines (molecular
outflow) (e.g., CO, see Section 1.3.2).

The key question is what triggers such molecular outflows. This is broadly di-
vided into two mechanisms; starburst or AGN driven. I describe the basic properties
for both mechanisms following Veilleux et al. (2005).

[starburst driven] Large collections of both supernova explosions and massive
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stellar winds can be the sources of galactic scale molecular outflows. By using the

starburst model (e.g., starburst99), the mass-loss rate (M* [Mg, yr']) can be scaled

with SFR,
M, SFR
=0.26 (1.2)
Mg yr! Moyr!
and the corresponding kinetic power is
E, SFR
-=7.0x 10" ———. (1.3)
erg s” Mgyr!

[AGN driven] The super massive black hole activity at the galactic center can also
drive some galactic scale outflow by accretion. Through several processes, huge
amounts of energy is released during accretion as outflows. In simple formulae, the
mechanical luminosity due to mass accretion can be described as

MaCC
M@yr_l

E,
— ~10"(e/0.01)
Lo

(1.4)

where MaCC[M@yr‘l] is the mass accretion rate and e is the energy conversion ef-
ficiency. For example, the mass accretion rate is My, < 0.001 Moyr~' for low-
luminosity AGNs, My ~ 1 Moyr™ for Seyfert galaxies, and Myee ~ 100 Mo yr™
for quasars. There are some processes related to the AGN driven outflow, and the
formulation is not easy. For instance, radiation in luminous AGNs or quasars can
push the surrounding gas (e.g., via electron scattering), and radiative cooling also
affects the dynamics of the gas. Finally, magnetic fields in accretion disk power the
collimating outflow associated with relativistic jets in powerful radio-loud galaxies

(e.g., Zensus , 1997).

Various types of feedback mechanisms are suggested. One is radio-mode feed-

back. If jets heat the ISM and prevent the fragmentation, it is a negative feedback
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(e.g., McNamara & Nulsen , 2007). On the other hand, if jets create shockwaves
that facilitate the fragmentation, it is a positive feedback (e.g., Gaibler et al. , 2012).
The other is quasar-mode feedback. If powerful outflows remove fuel for star for-
mation from the galaxy, it is a negative feedback (e.g., Di Matteo et al. , 2005). On
the other hand, if powerful outflows compress gas and induce star formation, it is a

positive feedback (e.g., Zubovas & Nayakshin , 2014).

1.3.2  Molecular Outflows

Molecular gas outflows affect the amount of cold gas for star formation and
black hole accretion. For example, in order to explain the observed mass of the mas-
sive elliptical galaxies in current Universe (Baldry et al. , 2004), negative feedback
by molecular gas outflow is important to prevent the overgrowing of the galaxies.
Molecular outflows also play an important role to explain the correlation between
black hole mass and bulge properties (co-evolution between black hole and galaxy)
(e.g., Magorrian et al. , 1998). Molecular outflows have been discovered in local
starburst galaxies, such as NGC 253 (Sakamoto et al. , 2006; Bolatto et al. , 2013a;
Krips et al. , 2016; Walter et al. , 2017), M 82 (Walter et al. , 2002; Weil} et al. ,
2005; Veilleux et al. , 2009; Salas et al. , 2014; Chisholm & Matsushita , 2016),
NGC 3628 (Tsai et al. , 2012), NGC 2146 (Tsai et al. , 2009; Kreckel et al. , 2014),
and NGC 1808 (Salak et al. , 2016), and AGN host galaxies, such as NGC 1068
(Krips et al. , 2011; Garcia-Burillo et al. , 2015; Lin et al. , 2016), IC 5063 (Mor-
ganti et al. , 2013; Tadhunter et al. , 2014; Morganti et al. , 2015; Dasyra et al.
, 2015; Dasyra et al. , 2016) M 51 (Matsushita et al. , 2007; Querejeta et al. ,
2016), and Circinus (Zschaechner et al. , 2016). Since both starbursts and AGNs
can be triggered during mergers (e.g., Hopkins et al. , 2006; Narayanan et al. ,

2008; Debuhr et al. , 2012; Hayward et al. , 2014), nearby merging galaxies are
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ideal laboratories to observationally investigate these phenomena (e.g., Feruglio
et al. , 2010; Cicone et al. , 2014; Fiore et al. , 2017; Pereira-Santaella et al. ,
2018). Molecular outflows have been detected in several merging galaxies, such as
Mrk 231 (Feruglio et al. , 2010; Cicone et al. , 2012; Gonzalez-Alfonso et al. ,
2014; Aalto et al. , 2015; Feruglio et al. , 2015; Lindberg et al. , 2016), NGC 6240
(Feruglio et al. , 2013; Saito et al. , 2018), Arp 220 (Sakamoto et al. , 2009; Barcos-
Muiioz et al. , 2018), and NGC 1614 (Garcia-Burillo et al. , 2015; Saito et al. ,
2016). These observations show that molecular outflows are not rare during galaxy
merger. Cicone et al. (2014); Pereira-Santaella et al. (2018) investigate the energy
of outflows in several galaxies, and they found that AGN is important to produce
massive outflows and pure starburst activities are not enough to completely quench
the nuclear starbursts. Observational investigations of molecular outflows have just

been developed and this is a hot topic related to galaxy evolution.

1.3.3 Theoretical merger model including feedback

One of the current issues of theoretical models for galaxy-galaxy merger is how
feedbacks from starburst and AGN affect the merger evolution. Springel et al.
(2005) described techniques to incorporate feedback mechanisms from both the
massive stars and black hole accretions into simulations for merging galaxies. Cox
et al. (2006); Cox et al. (2008) theoretically investigate the effect of stellar feed-
back for the merger driven star formation. However, as observations suggest (Ci-
cone et al. , 2014; Pereira-Santaella et al. , 2018), AGN also plays an important
role as a feedback mechanism. Newton & Kay (2013) demonstrated that AGN sup-
presses star formation more efficiently in galaxy mergers than in isolated galaxies.
Recently Park et al. (2017) find that the effect of AGNs on star formation is larger

in major mergers than in minor mergers. Theoretical merger model including feed-
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back is still under development, and the observational evidences of outflows should

help the development of theoretical models.

1.4 Current understanding of galaxy merger

Finally, I summarize the curren understandings of the physics that occur during
galaxy-galaxy merger (Figure 1.5). I follow Hopkins et al. (2008) as an outline
of the typical growth of a galaxy during a gas rich major merger. At first, without
gravitational interaction, isolated disks evolve secularly. Once the two galaxies
interact, star formation and black hole accretion are enhanced even though the effect
is weak. At this stage, the distinct double nuclei can be observationally identified
(early stage). During the final coalescence of two galaxies, intense starbursts are
triggered by massive inflows (e.g., Iono et al. , 2004) and observed as U/LIRGs
and/or SMGs. The rapid mass accretion to the central black hole also enhances
AGN. Most of the gas is consumed due to starburst activity, eventually, supernovae
and AGN feedback blow out the residual gas (e.g., Veilleux et al. , 2005). At this
stage, the merged galaxy is observed as dust-reddened object (late stage). Finally,
the starburst and AGN activity decline due to depletion of gas and the remaining

galaxy becomes a quiescent elliptical galaxy (remnant).

It is necessary to understand that the model introduced here is just one possible
explanation and the models are continuously being improved. There are impor-
tant parameters to understand a merger process in the context of galaxy evolution;
e.g., masses of galaxies, mass ratio (major/minor merger), gas fractions (wet/dry
merger), and environment. For example, van Dokkum (2005) show that elliptical
galaxies in local universe were assembled at low redshift through mergers of gas-
poor and bulge-dominated systems. Tidal fly-bys of minor components also affects

the morphology and GMC properties of the galaxies (Pettitt et al. , 2016, 2017;
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Pettitt & Wadsley , 2018; Pettitt et al. , 2018). In addition, the future of merg-
ing galaxies is being investigated; i.e., whether merger remnant become elliptical
or disk galaxy (Ueda et al. , 2014). In this thesis, I focus on the gas-rich major
mergers for simplicity. However, we need to keep in mind that it is necessary to
investigate both "different stage of the merger process" and "different merger pa-
rameter”. A large number of merging galaxies should be selected in a different way
in order to understand the importance of galaxy mergers to galaxy assembly, star

formation, bulge formation, and supermassive black hole growth.
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1.5 This thesis

I introduced the importance of studying a galaxy-galaxy merger. There are
mainly two strategies to observationally investigate merging galaxies. One is to
investigate the "global" properties through the observations of a statistically signif-
icant sample of merging galaxies. However, the information obtained from global
properties is limited, and it is difficult to elicit complex phenomena during a merger
process. The other strategy is to investigate spatially resolved properties of a smaller
sample of merging galaxies. While lacking statistical robustness, individual pro-
cesses can be studied in more detail. In this thesis, I adopt both strategies and

address three key questions, as follows.

o Is star formation relation universal between normal galaxies and merg-

ers? (Chapter 2)

At first, I investigated “global” properties of merging galaxies through our
own survey observation. The main goal of the first project is to reveal the
evolution of the merging galaxies in terms of star formation relation. As
shown in section 1.2, the main conclusion in literature is that star formation
in the normal isolated disk galaxies is often regarded as the long-lasting mode,
whereas starburst galaxies are experiencing a more rapid mode (higher star
formation efficiency) due to galaxies involved in a major merger. In order to
confirm this idea, it is necessary to investigate the exact location of interacting
galaxies on star formation relation through systematic observations along the
merger sequence from early stage (before coalescence) to late stage (after
coalescence) with a various SFR range. However, previous studies are biased
to late stage mergers that have intense starburst activity. In my project, I

conducted ASTE CO (3-2) survey observations for merging galaxies (total
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observation time 120 hours). I investigated the relation between the CO (3-2)
luminosities (Lco o< My, ) and the far-infrared luminosity (Lgr o< SFR) (which
is a fundamental relation to determine star formation relation) in a sample of
29 early- and 31 late- stage merging galaxies and 28 nearby isolated spiral

galaxies.

Where and how much is the starburst triggered during the merger pro-

cess? (Chapter 3)

Second, I investigated the details of star formation activity in a merging
galaxy. As shown in Chapter 2, a galaxy collision plays an important role
for global star formation activity in galaxies. The goal of second project is
to answer the question of “Where are starbursts triggered in merging galax-
ies”. As a kick off study, I selected one merging galaxy NGC 3256 which
consists of two galaxies; one is the northern starburst galaxy and the other is
the southern dusty galaxy hosting a low luminosity AGN. First, I use opti-
cal integral field units (MUSE mounted on Very Large Telescope) and obtain
maps of recombination lines (i.e., Ha and Hf3). However, it is difficult to
investigate star formation activities in dusty regions by using optical obser-
vations. Instead, I use mm/sub-mm recombination lines to investigate “true”
star formation activity without dust extinction. I observed H40a and H42«

in 3mm waveband by using ALMA.
What kind of structure and properties do molecular outflows have? (Chap-
ter 4)

Finally, I describe the feedback process. Starburst and AGN feedback oc-
cur in the form of galactic-scale outflows. Recently, a number of studies has

reported identifications of molecular outflows in CO observations by using
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ALMA. They measured the mass and velocity of outflows. However, in or-
der to include the feedback process into galaxy evolution model, the other
properties of outflows should be investigated. The detection of outflows by
using dense gas tracer is one of the keys to characterize the physical and
chemical properties of outflows. The aim of the third project is to identify
dense gas in molecular outflow. I use multi-lines (e.g., CO, HCN and HCO")
to characterize the structure, density and temperature, and chemistry of the
outflows. NGC 3256 is an ideal target since two low J (J < 3) CO outflows
from the two nuclei (starburst and low-luminosity AGN) have already been
reported. Based on the physical properties of molecular outflow, I investigate

how outflows affect the evolution of host galaxies.
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2 ASTE Merging Galaxy Survey

2.1 Science Goal

The goal of this project presented in this chapter is to reveal the evolution of
the merging galaxies in terms of the star formation relation. As shown in sec-
tion 1.2, star formation relation for normal and starburst galaxies show a bimodal
sequence in mass - IR luminosity (My, —SFR) , molecular gas mass surface den-
sity - SFR surface density (X, —srg) plane, and fundamentally CO luminosity
- FIR luminosity plane (Lo —Lrr) (Genzel et al. , 2010; Daddi et al. , 2010).
The bimodal sequence means that long-lasting star formation in disk galaxies and
rapid mode in starburst galaxies possibly triggered by a major merger process. This
means that star formation efficiency (SFE=SFR/My,) is higher in starburst galax-
ies than disk galaxies. This is predicted in recent theoretical merger models (e.g.,
Teyssier et al. , 2010; Bournaud , 2011). In their model, one important phenomena
is global gas inflow which increases the average gas density and the SFR (nuclear
starburst). This is a standard process and occurs late stage of merger process (after
coalescence) effectively. In addition, the gist of their argument is that fragmentation
of high-dispersion gas outer the nuclear region (which triggers extended starburst)
is equally important especially in the early phase (before coalescence). On the
other hand, (Powell et al. , 2013) show no evidence of a bimodal relationship in
the simulated Kennicutt-Shmidt relation by merging galaxies. In addition, some
other numerical simulations of merging galaxies provided by Powell et al. (2013)
have shown that all merging galaxies (not only starburst systems like the Anten-

nae galaxy but also lesser degree ones) are in between the disk sequence and the
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starburst sequence. In order to observationally confirm that merging galaxies are
between two sequences, it is necessary to investigate the exact location of interact-
ing galaxies through systematic observations along the merger sequence from early
stage (before coalescence) to late stage (after coalescence) with a large FIR range.
However, previous studies are biased to late stage mergers that are bright in the
FIR luminosity like U/LIRGs (e.g., Downes & Solomon , 1998). In this project, I
observed optically selected merging galaxies along the complete merger sequence

with a wide FIR range (10°L,, < Lgr < 10'2L,).

I note that I use the relation between Lo, and Lgr rather than My, and
SFR in order to avoid the large systematic errors due to the uncertainty of CO-
to-H, conversion factor. For example, Bolatto et al. (2013b) show that CO-to-H,
conversion factor is different for ULIRGs (~ 0.8 M, (K kms™!' pc?)™!) and normal
galaxies (~ 4.2 M, (K kms™ pc?)™!). Bournaud et al. (2015) suggest CO-to-H,
conversion factor (~ 2 Mg, (K kms™' pc?)™") for starburst mergers due to strong
ISM turbulence in starburst mergers. Bournaud et al. (2015) suggest CO-to-H,
conversion factor (~ 2 Mg, (K kms™' pc?)™") for starburst mergers due to strong
ISM turbulence in starburst mergers. On the other hand, their model predicts that
higher CO-to-H, conversion factor (~ 4) for high-z disk galaxies than star-burst
mergers. Narayanan et al. (2012); Renaud et al. (2018) show that the conversion
factor varies during the course of a merger evolution. Nevertheless, our current
data is insufficient to address this issue at present and deferred to future studies
that include the analysis of the CO (1-0) data in the same sources. The Lgg-to-
SFR conversion can also be uncertain for galaxies with small FIR luminosity where
the UV luminosity may be a better indicator of the SFR. Part of this chapter is
published in the PASJ, 68, 96, (2016) as Investigating the relation between CO (3-2)

and far-infrared luminosities for nearby merging galaxies using ASTE by Tomonari
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Michiyama (Michiyama et al. , 2016).

2.2 CO (3-2) observations

Molecular gas is the ingredient for star formation. In Galactic star forming
regions, active high-mass star formation is associated with dense molecular gas.
Observing dense molecular gas is crucial for understanding star formation process
and timescale. There is an empirical linear relation between the luminosity of the
FIR and dense gas tracers such as CO (3-2) and HCN (1-0) whose critical densities
are ~ 107 cm™ (Tielens , 2005) in local galaxies. Theoretical models basically
suggest that linear relation is seen because dense gas is likely to be direct fuel for
massive star formation (e.g., Krumholz & Thompson , 2007; Narayanan et al. ,
2008). Therefore, CO (3-2) emission line can be used as a tracer of the moderately
dense and warm gas heated by star formation. As a pilot study, Iono et al. (2009)
show the correlation between CO (3-2) luminosities and FIR luminosities based
on Submillimeter array (SMA) observations of 14 local Ultra/luminous Infrared
Galaxies (U/LIRGs) and high-z sources. Wilson et al. (2012) further investigate
the CO (3-2) luminosities of more quiescent disk galaxies in the local universe and
find that star formation efficiency in disk galaxies is lower than that of merging
U/LIRGs. In addition, Muraoka et al. (2016) show universal CO (3-2) to FIR
luminosity relation in different types of galaxies observed at different luminosity,
i.e., from spatially resolved giant molecular associations in nearby galaxy disks to

starburst ULIRGs.
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2.3 Telescopes
2.3.1 ASTE

I use Atacama Submillimeter Telescope Experiment (ASTE) ! (ASTE: Ezawa
et al. , 2008) (Figure 2.1) to observe CO (3-2) emission. ASTE is a 10-m submil-
limeter telescope. It was installed at Atacama desert, Chile, in 2002 March. Since it
is located 4,800 meters above sea level, the observing condition at the telescope site
is excellent. We can observe in the 0.1 mm - 1mm wavelength range, which cover
the CO (3-2) emission. ASTE is a powerful telescope to investigate the center of
our own galaxy, nearby star-forming regions, and distant galaxies, and has brought
many new results. Smooth telescope surface (accuracy is within 19 micron) enables
us to perform submillimeter observations efficiently. In addition, we can operate the
telescope remotely even from Japan (Sekimoto & Lmsa Working Group , 2001). A
new cartridge-type side-band separating (2SB) mixer receiver for 350 GHz band,
DASH3435, is available from 2015. Tunable LO frequency range is 327 GHz to 370
GHz. IF frequency range is 4.0 GHz to 8.0 GHz. Observable frequency range (LO
frequency range +/— IF center frequency) is 321 GHz to 376 GHz. We can observe
two linear polarization (PO and P1) with DASH345 (Ezawa et al. , 2008). CATS345
has similar frequency coverage, but we cannot observe polarization. CATS345 was
available until 2014. The observational efficiency is twice higher in 2015 than in
2014. Those receivers covers the CO (3-2) emission frequency ~ 345 GHz (Ezawa
et al. , 2008). The WHSF is an FX-type spectrometer. Two observing modes, i.e.,
4,096 MHz width mode and 2,048 MHz width mode, are available. The wide fre-
quency width enable us to observe the line emission with large velocity dispersion

from extra galactic sources. Thanks to the double polarization receiver and wide

!see ASTE web page http://alma.mtk.nao.ac.jp/aste/
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frequency spectrometer, ASTE is the strong tool to investigate the global molecu-
lar gas properties that are traced by CO (3-2) emission from nearby extra galactic

sources.

Figure 2.1 The outside appearance of ASTE.

2.3.2 AKARI

I use the AKARI point source catalog (Yamamura et al. , 2010) to measure
the total infrared luminosity Lr;z. AKARI' is the Japanese infrared astronomical
satellite launched in 2006 (Figure 2.2). The main objective of the AKARI mission
is to perform an all-sky survey at infrared wavelength. AKARI has four bands cen-
tered on 65, 90, 140, and 160 ym, and a far infrared all-sky survey was completed
by this instrument. AKARI achieved a sensitivity one order of magnitude better
and resolution a few times higher (1 to 1.5 arcminutes) than IRAS (Infrared As-

tronomical Satellite). IRAS is the first infrared astronomical satellite launched in

'https://www.ir.isas.jaxa.jp/AKARI/index.html
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Figure 2.2 The outside image of AKARI. (©) JAXA

1983, so AKARI made a second-generation survey of infrared astronomy. The Lgg
are mostly measured by using IRAS catalog in literature. However there are minor
differences between literature when they measure lumonosity. In order to estimate
Lk in the same manner toward all sample, we use the DARTS catalog match sys-
tem 2 to match our catalog and AKARI point source catalog. I re-measure the Lrz
with AKARI data using the equation derived in Takeuchi et al. (2010). I use
equation (6) ~ (8) and (11) in Takeuchi et al. (2010).

L, = Av(WIDE-S)L,(90 um)+ Av(WIDE-L)L, (140 um) (2.1)

Av(WIDE-S) = 1.47 x 10" [Hz] (2.2)
Av(WIDE-L) = 0.831 x 10" [Hz] (2.3)
logleg = 0.964logL3®d, +0.814 (2.4)

The error Lij is measured from AKARI 90 ym and 140 gm flux error (~ 5 % and

10 % respectively). We caution here that this error only contains the photometric

’http://www.darts.isas. jaxa.Jjp/astro/akari/
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CITOrS.

2.4 Sample selection

[early stage merger] I selected “early-stage merger” (double nuclei in an optical
image) from the VV catalog (Vorontsov-Velyaminov , 1959; Vorontsov-Velyaminov
etal. , 2001), using the following criteria: (a) both galaxies have measured B-band
magnitudes, and the difference of the B-band magnitude between the two galaxies
in a system is < 3 mag (in order to select major mergers); (b) the system is identified
in the IRAS Revised Bright Galaxy Sample: IRAS RBGS: (Sanders et al. , 2003);
(c) the optical radial velocity is known for both sources; and (d) the declination is
< 30°. My initial sample selection has 40 systems. However, I have observed only
6 systems (VV 81, VV 217, VV 242, VV 272, VV 352 and VV 729) due to the lim-
ited ASTE observation time. In addition to these 6 systems, I observed VV 122, VV
830 and VV731. Even though VV 122 and VV 830 are categorized into Nest and
Enigmatic respectively by Vorontsov-Velyaminov (1977), they are merging galax-
ies with two nuclei. The B-band magnitude for VV 731 is measured as one source,
but ASTE can resolve the two nuclei. Additionally, I observed IRAS F16399-0937
as an early-stage merging galaxy: the ASTE 22” beam covers both nuclei separated
by 3.4 kpc. The Digitized Sky Survey (DSS) images for these systems are shown
in Figure 2.3, and the pointing positions and velocity information are presented in
Table 2.1.

[late stage merger] Additionally, I selected three “late-stage merger” (single nu-
cleus in an optical image) from RBGS with a declination < 30°(ESO 286-1G019,
NGC 1614, and NGC 7252) and four (AM 2038-382, Arp 230, Arp 187, and UGC
6) with Lgr < 10'' L, from Ueda et al. (2014). The DSS images for these sys-

tems are shown in Figure 2.4. The pointing positions and velocity information are
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Figure 2.3 The DSS blue band images of the early stage mergers. The green circles
show the observing positions with ASTE 22" beams. The lines on the bottom-right
show the 10 kpc scale length.
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Table 2.1 Early-stage merging galaxy sample.

Notes. (1): source name. (2)(3): Observed coordinate. (4) Helio. Radial Velocity

from NED.

Source RA DEC Vel.
J2000 J2000 [km s!]
(1) (2) (3) 4)
VV 081a 00:51:01.8 -07:03:25 1,750
VV 081b 00:51:04.4 -07:03:56 1,744
VV 122a 01:58:05.3 +03:05:01 5,431
VV 122b 01:58:06.6 +03:05:15 5,589
VV 217a 02:29:09.7 -10:49:43 4,686
VV 217b 02:29:10.3 -10:50:10 4,516
VV 242a 22:19:27.8 +29:23:45 4,569
VV 242b 22:19:30.0 +29:23:17 4,493
VV 272a 00:06:27.0 -13:24:58 5,729
VV 272b 00:06:29.0 -13:25:14 5,717
VV 352a 00:18:50.1 -10:21:42 8,193
VV 352b 00:18:50.9 -10:22:37 8,125
VV 729a 03:41:10.5 -01:18:10 7,750
VV 729b 03:41:10.7 -01:17:56 7,592
VV 731a 23:18:22.6  -04:24:58 7,250
VV 731b 23:18:21.8 -04:24:57 7,380
VV 830a 00:42:52.8 -23:32:28 6,664
VV 830b 00:42:45.8 -23:33:41 6,787
IRAS F16399-0937 16:42:40.2 -09:43:14 8,098
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presented in Table 2.2.

UGC 6 Arp 230 NGC 1614 Arp 187
L 2 f =
-
10 kEC
AM 2038-382 ESO 286-1G019 NGC 7252

L] = . ' .-
o | @®| e

l- 4 , o

L |
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Figure 2.4 The DSS blue band images of the late stage mergers. The green circles
show the observing positions with ASTE 22" beams. The lines on the bottom-right
show the 10 kpc scale length.

2.4.1 Supplementary data

I use the CO (3-2) data of nearby galaxies obtained with both single dish tele-
scope and interferometer as supplementary data. Iono et al. (2009) observed the
CO (3-2) emission from 14 nearby merging U/LIRGs with SMA (Submillime-
ter Array) in Hawaii. Leech et al. (2010) observed nearby merging U/LIRGs
with JCMT (James Clerk Maxwell Telescope) in Hawaii, and the observed galaxies
are small enough for JCMT beam size (14.4"). Three late stage merging galaxies
(NGC 828, UGC 5101, NGC 4194) in Ueda et al. (2014) were observed in CO (3-
2). Those galaxies yield a combined sample of 29 early stage mergers and 31 late

stage mergers with a wide range of FIR luminosity (Lgr ~ 10°—10"Ls). Wilson
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Table 2.2 Late-stage merging galaxy sample.

Source RA DEC Vel.
J2000 J2000 [km/s™']
1) (2) 3) “)
UGC 6 00:03:09.6  +21:57:39 6,579
Arp 230 00:46:24.2  -13:26:32 1,720
NGC 1614 04:34:59.8 -08:34:46 4,778
Arp 187 05:04:53.0 -10:14:51 12,095
AM 2038-382  20:41:13.9: -38:11:37 6,092
ESO 286-1G019  20:58:26.8  -42:39:02 12,890
NGC 7252 22:20:44.7  -24:40:42 4,792

Notes. (1): source name. (2)(3): Observed coordinate. (4) Helio. Radial Velocity
from NED.

etal. (2012) performed CO (3-2) mapping of 28 nearby isolated spiral galaxies by
using JCMT. Comparing those sample and mine, I can investigate the difference of
star formation efficiency (SFE) in both mergers and non-merging systems. Due to
the difference in distance, the observing modes are different for spiral and merging
galaxies: single-dish mapping for spiral galaxies, and interferometric or single-
point observations for merging galaxies. I note that SMA observations might have
missing flux but it is difficult to correct it. Figure 2.5 shows that the number of early
stage merging galaxies with low FIR luminosity (10° < Lgr < 10'!) has increased
in this work.

The discussions in this chapter are based on the sample sources shown above.
I note that there are a few more CO (3-2) observations in the literature toward
nearby galaxies. For example, Yao et al. (2003) investigated CO (3-2) emission in
various types of galaxies with JCMT. However, unlike the sample sources above,

they performed single point observation regardless of the galaxy size. This means
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Figure 2.5 Histogram of the FIR luminosities of the three samples. The green, red,
and blue bars show early-stage mergers, late stage mergers, and isolated spirals,
respectively. The black boxes show sources which we observed with ASTE, and
the others are galaxies from the literature (Wilson et al. , 2008; Leech et al. , 2010;
Wilson et al. , 2012).
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that in some cases they measure the CO emission from the nucleus of the galaxy
and a direct comparison with our sample is difficult. Therefore, I don’t use sample
in Yao et al. (2003) for comparison in this thesis. Mao et al. (2010) performed
the largest CO (3-2) survey towards various types of galaxies. They investigate the
relationship between Lgr of whole galaxy and L., of nuclear region, so I cannot
directly compare the sources in Mao et al. (2010) and our project since L¢o 1S
measured toward whole galaxy in our work. Therefore, I do not use the galaxies
observed in Mao et al. (2010) for comparison. The same problem is seen for
the sample of Komugi et al. (2007), Narayanan et al. (2008) and Vila-Vilar6
et al. (2003). Papadopoulos et al. (2012) compiled CO(3-2) data for nearby
U/LIRGs from various telescope in different projects, so it is hard to determine
which observation is applicable for our projects. However, most of the merging
galaxies in Papadopoulos et al. (2012) are covered by Iono et al. (2009) and Leech

etal. (2010), and thus they are already included in our sample.

2.4.2  FIR Luminosity in The Early Stage Merging Galaxies

The spatial resolution of AKARI is too coarse to derive the FIR emission sep-
arately for the two galaxies in the early stage mergers. One way to separate the
contribution is to scale the FIR luminosity according to the ratio of the radio con-
tinuum emission, assuming that the radio to FIR correlation holds true in these
galaxies (Yun et al. , 2001). Another way is to scale the FIR emission through the
K-band flux ratio, again assuming a correlation between the SFR (derived from FIR
luminosity) and the stellar mass (derived from K-band). By using the 1.5 GHz im-
ages obtained from the Karl G. Jansky Very Large Array (VLA) archive, I find that
six of the early stage mergers have radio emission only from one galaxy in a system

(VV 081, VV 122, VV 242, VV 272, VV 352, and VV 731). For these sources, I
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assume that all of the FIR emission arises from the galaxy with radio detection. If
the radio emission is detected from both galaxies, I distribute the total FIR lumi-
nosity according to the flux ratio of the 1.5 GHz emission (a : b =38 : 62 for VV
731 and 39 : 61 for VV 830). Finally, I use the flux ratio of 2MASS (Cutri et al. ,
2003) 2.2 um (a : b=155:45 for VV 217 and 63 : 37 for VV 729) for galaxies with

no VLA detection from either of the galaxy in the pair.

2.5 ASTE observation

I observed the CO (3-2) line emission toward the sample sources with the At-
acama Submillimeter Telescope Experiment (ASTE) during the observing seasons
2014B, 2015A, 2015B, and 2015C. The total observation time was ~120 hours (in-
cluding overhead) to observe all 26 individual galaxies. I conducted single point
observations with the position switch mode. The main beam size is 22" at 345
GHz, and I specify the OFF position to be 5’ away from the target sources. I used
two types of receivers; CATS345 (Inoue et al. , 2008) in 2014B and DASH345 in
2015A, 2015B, and 2015C. I used the 2048 MHz mode of WHSF (Iguchi & Okuda
, 2008; Okuda & Iguchi , 2008) for the backend spectrometer (velocity resolution
and coverage are 0.86 and 1750 km s™! at 350 GHz, respectively). R-sky calibration
was carried out every 15 minutes, and the system noise temperature was typically
200—400 K. Absolute flux scales of the obtained spectra were calibrated by observ-
ing a standard source at least once a night. The average main beam efficiency is
Nmb = 0.57£0.08. I checked the pointing of the telescope every 60—90 minutes and
the errors were typically < 3”. The ASTE 22" beam corresponds to ~ 2.5 kpc for
the nearest target Arp 230 (Dy = 19.3 Mpc). Since the typical CO (3-2) size of
LIRGs is 0.3—3.1 kpc (Iono et al. , 2009), I assume that our ASTE 22" beam is

large enough (at least comparable) to trace the emission from the bulk of the galaxy.
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2.5.1 Data Reduction and Analysis

I use NEWSTAR which is the software package developed at the Nobeyama Radio
Observatory to process the raw data. Low quality spectra with winding baselines are
flagged by eye and only the high quality spectra are integrated. The flag rate (~ 30
—70 %) strongly depends on the weather condition. The spectra are then smoothed
to a velocity resolution of 30 km s™! (for sources with clear CO (3-2) detection) or
50 km s~! (for non-detection) with a boxcar function in order to improve the signal
to noise ratio (S/N). Baselines are fitted with a polynomial function of order one,
but we used second and third orders in some cases with large baseline fluctuations.
We succeeded to detect CO (3-2) emission (Tpeak /0c.ms > 4) from 17 sources, and

the final spectra are shown in figure 2.6.

I derive the integrated CO (3-2) properties of the sources that show more than
three continuous channels with positive > 3¢ signal. The CO velocity-integrated

intensity is derived using the following formula:

T*
Ico = / TopdV = / Aagv (2.5)

Tlmb

where Ico is in the unit of K km s, 7}, is the main beam temperature in Kelvin, and
Nmb 18 0.47 - 0.71. The errors in I for the value listed in table 2.3 were calculated

using

Tleo = OrRM.S. V (AVeodV) (2.6)

where or ms 1S the R.M.S. noise of T, in Kelvin, AVg is the full line width in
km s7! (the range between FWZI in table 2.3), and §V is the velocity resolution
in km s! (30 km s™! for detected sources). The derived errors are in the range of

6—20 % of measured Ico. The 30 upper limits of Ico for non-detected sources were
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Figure 2.6 CO (3-2) spectrum of our ASTE observation sample. The velocity res-
olution is 30 km s™! for detected sources and 50 km s™! for non-detected sources.
The vertical line represents the systematic velocity from NED.
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Figure 2.6 continued
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Figure 2.6 continued

measured by assuming gaussian profile,

upper _ V 21

Ico™ = > ov(orms. X 3) 2.7)

where oy is the velocity dispersion of the emission line which is assumed to be
oy =200 km s (FWHM~ 500 km s7'). The L3 ,, is calculated by using the

following equation (Solomon & Vanden Bout , 2005),

Leoia) = 23.5QDiIco(1+2)7. (2.8)

The L{o;3_,) is given in K km s™' pc®. The €, is the solid angle of the source

convolved with the telescope beam in arcsec?

assuming that CO is uniformly dis-
tributed in ASTE beam. The Dy is the luminosity distance in Mpc. I summarize the

observational information in table 2.3 and 2.4.
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Table 2.3 ASTE CO (3-2) observation for early stage mergers

source tinteg ORM.S. Tpeax S/N FWZI FWHM Ico 5y
[mK] [mK] [km s~!] [kms™!] [Kkms™!'] [Kkms™]
(1) (2) 3) 4 ) (6) (@) 8 O]
VV 081a T4m20s 84 <252 - - - <632 -
VV 081b 28m15s 7.1 66.3 9.3 1,620-1,920 130 9.13 0.67
VV 122a 6m50s 13.0 72.3 56  5,360-5,660 150 11.85 1.23
VV 122b 31m30s 6.9 <20.7 - - - <5.19 -
VV 217a 129m00s 33 20.7 6.3  4,430-4,670 100 245 0.28
VV 217b 105m25s 5.6 <16.8 - - - <421 -
VV 242a 8m50s 20.5 923 45  4,270-4,780 410 32.83 2.54
VV 242b 24m40s 37.9 <1137 - - - < 28.50 -
VV 272a 49m05s 4.7 223 47  5,440-5,890 500 9.41 0.55
VV 272b 25m10s 8.7 < 26.1 - - - < 6.54 -
VV 352a 29m00s 6.0 < 18.0 - - - <451 -
VV 352b 118m00s 7.9 <237 - - - <5.94 -
VV 729a 11m30s 7.6 <228 - - - <572 -
VV 729b 37m50s 5.7 28.4 50  7,350-7,710 150 4.83 0.59
VV 731a 39m40s 6.3 38.3 6.1  7,120-7,630 330 11.31 0.78
VV 731b 40m50s 8.5 38.9 46  7,150-7,600 300 8.96 0.99
VV 830a 17m30s 6.3 28.3 45  6,590-6,800 170 3.90 0.50
VV 830b 22m30s 11.7 93.4 8.0  6,470-7,010 160 25.60 1.49
IRAS F16399-0937  25m00s 13.7 53.6 3.9  7,940-8,330 300 12.15 1.48

Notes. (1): source name. (2):Total on-source time after flagging bad baseline spectra. (3): Root mean square noise level
measured with NEWSTAR in main beam temperature. (4): Peak temperature of CO (3-2) emission in main beam temperature.
(5): Signal to noise ratio. Tpeak/orM.s.- (6): The full width zero intensity. (7): Full width half maximum for emission

spectrum.(8): CO (3-2) intensity in the unit of K km s7L. (9): The error of CO (3-2) intensity in the unit of K km sL.

Table 2.4 ASTE CO (3-2) observation for late stage mergers

source tinteg ORM.S. Tpeak S/N FWZI FWHM Ico &S
[mK] [mK] [km s~ [kms™] [Kkms!] [Kkms™]

€Y 2) 3) ) ) (6) @) (®) )

AM 2038-382  90m30s 38 184 438 5,840-6,260 180 282 0.43
Arp 187 33m20s 10.2 <306 - - - < 7.67 -

Arp 230 95m40s 6.7 30.0 45 1,530-1,890 90 4.25 0.70

ESO 286-IG019  10m10s 14.5 67.4 46  12,760-12,940 50 7.89 1.07

NGC 1614 4m30s 22.4 14995 6.7 4,620-5,120 150 35.30 2.60

NGC 7252 19m50s 9.2 67.7 7.4 4,400-4,970 300 20.51 1.20

UGC 6 55m10s 4.1 23.5 5.7 6,330-6,780 160 6.61 0.48

Notes. (1): source name. (2):Total on-source time after flagging bad baseline spectra. (3): Root mean square noise level
measured with NEWSTAR in main beam temperature. (4): Peak temperature of CO (3-2) emission in main beam temperature.
(5): Signal to noise ratio. Tpeak/orM.s.- (6): The full width zero intensity. (7): Full width half maximum for emission

spectrum.(8): CO (3-2) intensity in the unit of K km s™!. (9): The error of CO (3-2) intensity in the unit of K km s7L.
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2.5.2 Derivation of the Star Formation Efficiency (SFE)

I assume that CO (3-2) emission can be a tracer of the total amount of dense
gas (direct material of star formation) in a galaxy, and a dusty starburst activity
is a dominant source of the FIR luminosities (The effect of AGNs is discussed
in section 2.6.3). I can connect the dense gas mass to the current massive star
formation by a comparison between L3 5, and L. I define the dense gas star
formation efficiency (SFE) by taking the ratio between the FIR luminosity and the

CO (3-2) luminosity,
SFE L, (Kkms™ pc*)™'] = Lpr /Lt (2.9)

I use Lpr/Lio3- rather than SFR/My, in order to avoid additional ambiguities
through the uncertainties of the excitation of the CO (3-2) line and CO to H, con-

version factor. Table 2.5 show Lgg, L’co<3—2)’ and SFE for each source.

Table 2.5: Leir, Leos—z) and SFE for nearby galaxies investigated in this project.

Source Lrr Leoi-2) SFE ref.
1) () (3) “) &)
[10° Lo [10* Kkms™ pc®] [Lo (Kkms™ pc?)™']

—— early stage merging galaxies —

VV 081a - < 0.20 - This work
VV 081b 0.62+0.03 0.39+0.03 159+14 This work
VV 122a 6.33+0.30 6.55+0.68 97+11 This work
VV 122b - <3.23 - This work
VV 217a 0.614+0.06 1.0240.12 6049 This work
VV 217b 0.4640.05 <17 > 38 This work
VV 242a 7.06+£0.41 12.29+0.95 57+6 This work
VV 242b - <10.92 - This work
VV 272a 3.27+0.33% 5.67+£0.33 58+7 This work
VV 272b - <4.17 - This work
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Table 2.5 (Continued.)

Source Ler Leoa-n SFE ref.
)] 3] 3) “ (5)
[10° Lo] [10® K kms™'] [Lo (Kkms™ pc?)™']
VV 352a - < 6.08 - This work
VV 352b 17.94£0.34 < 17.87 > 326 This work
VV 729a 1.58+0.16% <17.18 > 31 This work
VV 729b 0.93+0.09% 5.51£0.68 2945 This work
VV 731a 6.78+0.34 11.40£0.79 59+5 This work
VV 731b 11.36£0.58 9.08£1.00 125+15 This work
VV 830a 7.201+0.45 3.26+0.42 221431 This work
VV 830b 11.72+0.73 22.30+1.30 53+4 This work
IRAS F16399-0937 24.25+0.90 16.58+2.02 146419 This work
Arp 299 29.9942.00 12.59+0.28 238+17 Wilson et al. (2008)
NGC 5257/8 13.27£1.27 31.62+1.93 4245 Wilson et al. (2008)
NGC 5331 35.79+1.42 25.12+0.37 14246 Wilson et al. (2008)
Arp 236 27.244+1.06 50.124+0.99 5442 Leechetal. (2010)
UGC 2369 31.73+1.08 15.85+1.78 200423 Leechetal. (2010)
IRAS 03359+1523 27.18+1.73 12.5942.56 21646 Leech et al. (2010)
Arp 55 41.09+1.82 63.10£5.32 65+6 Leech et al. (2010)
Arp 238 39.81+4.04 12.59£2.09 316£61 Leech et al. (2010)
Arp 302 43.37+1.63 50.124+2.04 8745 Leech etal. (2010)
NGC 6670 26.28+1.54 31.62+2.41 8348 Leechetal. (2010)
— late stage merging galaxies —
AM 2038-382 2.31+0.19 2.03+0.31 114£20 This work
Arp 187 2.51+0.25% < 24.05 > 15 This work
Arp 230 0.30£0.02 0.18+0.03 168+31 This work
ESO 286-1G019 57.07£3.05 25.63£3.46 223432 This work
NGC 1614 24.25+1.19 16.43+1.21 148+13 This work
NGC 7252 4.354+0.33 8.61£0.50 515 This work
UGC 6 5.90+0.28 5.294+0.38 111£10 This work
NGC 2623 26.52+1.12 10.0040.08 265+11 Wilson et al. (2008)
Mrk 231 146.46+4.28 25.12£0.65 583423 Wilson et al. (2008)
Arp 193 37.13+1.57 25.124+0.42 148+7 Wilson et al. (2008)
Mrk 273 85.47+2.58 31.62+1.00 270+£12 Wilson et al. (2008)
NGC 6240 43.92+1.75 79.43£1.70 5543 Wilson et al. (2008)
IRAS 17208-0014  158.54+10.52 50.12£3.46 316£30 Wilson et al. (2008)
IRAS 00057+4021 24.12£1.35 15.8540.83 152412 Leech et al. (2010)
IRAS 01077-1707 34.45+1.53 25.124+2.45 13715 Leech etal. (2010)
I Zw 35 25.94£0.75 12.59£1.50 206425 Leech et al. (2010)
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Table 2.5 (Continued.)

Source Ler Leoa-n SFE ref.
(1) ? (3) C)) (5)
[10° Lo] [10® K kms™'] [Lo (Kkms™ pc?)™']

Mrk 1027 18.17£0.71 50.1242.04 36+2 Leech et al. (2010)
IRAS 02483+4302 47.03£2.45 12.59+1.54 374+£50 Leech et al. (2010)
IRAS 04232+1436 117.76+5.77 100.00£12.00 118=+15 Leech et al. (2010)
IRAS 10039-3338 30.74+£1.37 15.85+0.62 194+£12 Leech et al. (2010)
IRAS 10190+1322  79.004+19.20 50.12+5.35 158+42 Leech et al. (2010)
IRAS 10565+2448 83.43+3.49 39.814+1.26 210+£11 Leech et al. (2010)
IRAS 13001-2339 24.01£1.93 15.85+0.54 151+13 Leech et al. (2010)

NGC 5256 20.87+1.27 25.12£2.66 83+10 Leech et al. (2010)

Mrk 673 21.54+1.64 19.954+2.96 108+18 Leech et al. (2010)
IRAS 14348-1447  167.73£13.15 100.00+10.31 168422 Leech et al. (2010)

Mrk 848 46.69+£1.85 25.12+1.39 186+13 Leech et al. (2010)

NGC 6090 20.77+0.85 39.814+1.55 5243 Leech et al. (2010)
IRAS 17132+5313 53.61£1.97 25.124£5.02 213443 Leech et al. (2010)
IRAS 20010-2352 37.06+2.13 31.62+2.70 117+12 Leech et al. (2010)

11 Zw 96 45.26+1.77 31.62+1.98 143£11 Leech et al. (2010)

—— spiral galaxies —

NGC 0628 0.35+0.07 0.52+0.10 68+19 Wilson et al. (2012)

NGC 0925 0.2010.04 0.0940.02 227468 Wilson et al. (2012)

NGC 2403 0.12£0.02 0.17+0.03 72+19 Wilson et al. (2012)

NGC 2976 0.05+0.01 0.05+0.01 105427 Wilson et al. (2012)

NGC 3031 0.25+0.05 0.10£0.04 251+109 Wilson et al. (2012)

NGC 3034 3.98+0.80 3.98+0.04 100£20 Wilson et al. (2012)

NGC 3049 0.25+0.05 0.13+0.03 200+58 Wilson et al. (2012)

NGC 3184 0.40+0.08 1.00+0.15 40+10 Wilson et al. (2012)

NGC 3198 0.40+0.08 0.63£0.10 63+16 Wilson et al. (2012)

NGC 3351 0.50£0.10 0.50+0.06 100+23 Wilson et al. (2012)

NGC 3521 1.00+£0.20 2.00+0.13 50+£11 Wilson et al. (2012)

NGC 3627 1.58+0.32 3.16+0.17 50410 Wilson et al. (2012)

NGC 3773 0.03+0.01 0.0240.00 126140 Wilson et al. (2012)

NGC 3938 0.7940.16 1.2640.20 63+16 Wilson et al. (2012)
NGC 4236 0.02£0.00 0.05+0.01 32+11 Wilson et al. (2012)
NGC 4254 3.16+0.63 7.94£0.52 4048 Wilson et al. (2012)
NGC 4321 2.51£0.50 5.01+0.49 50+11 Wilson et al. (2012)
NGC 4450 0.13£0.03 0.10+0.03 126+43 Wilson et al. (2012)
NGC 4559 0.254+0.05 0.2040.04 126437 Wilson et al. (2012)
NGC 4569 1.0040.20 2.00£0.17 50411 Wilson et al. (2012)
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Table 2.5 (Continued.)

Source Ler Leoa-n SFE ref.
M (2) (3) ) (5)
[10° Lo] [10® K km s7'] [Lo (Kkms™ pc?)™']

NGC 4579 0.6340.13 0.7940.14 79421 Wilson et al. (2012)
NGC 4625 0.03£0.01 0.0140.00 200464 Wilson et al. (2012)
NGC 4631 1.2640.25 1.5840.08 79416 Wilson et al. (2012)
NGC 4736 0.5040.10 0.5040.04 100421 Wilson et al. (2012)
NGC 4826 0.63+0.13 1.004-0.05 63413 Wilson et al. (2012)
NGC 5033 1.5840.32 2.5140.33 63+15 Wilson et al. (2012)
NGC 5055 1.0040.20 2.00+0.17 50+11 Wilson et al. (2012)
NGC 5194 1.5840.32 5.0140.19 3246 Wilson et al. (2012)

Notes. (2): FIR luminosity based on the AKARI/FIS BSC (Section 2.3). The "-" sing means VLA non-
detected galaxies of early stage. The "1" sign means that the galaxy is not listed in the AKARI/FIS BSC. We

use FIR luminosities in referred paper (ref.) instead. (5):The reference of L/c0(3—2)’ Wilson et al. (2008),
Leech et al. (2010) or Wilson et al. (2012)

2.6 Results and discussions

2.6.1 Relation between Ly and L/cog—z)

A linear relation (slope a ~ 1, llogLpr = alog Lo+ 3) between Leg; )

and Lpr was suggested in previous studies (e.g.,Greve et al.

(2014) and refer-

ences therein). Here, I investigate the variation in the Lo —Lrr correlation as

a function of merger stage, and the results are presented in Figure 2.7. I conducted

log-linear fitting and derive the indices « and f3.

(for all sample sources)

log Lk = 1.10£0.0710g L35, + 1.15:+0.40

r=0.95

Before determining the weighted sum of squared residuals, the

(2.10)

err err
r and IG5 are

reflected on the relative weight of each data point. The correlation coefficient
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= _XWD0Y)
B(xi=%)*(yi—y)>
of the correlation between two variables. The slope of o =1.10£0.07 is slightly

(where x is log L3 5 and y is log Lpr) evaluates the strength

larger than the linear relation obtained for U/LIRGs (o =0.99 £0.04, Greve et al.

(2014)). The spiral galaxies with low FIR luminosity (Lgr ~ 10°L) have system-
atically lower L¢3 5. Since the CO luminosity may systematically underestimate
the molecular hydrogen gas mass in lower metallicity galaxies, such systematic off-
set might be due to lower metallicities in lower mass (i.e., less luminous) galaxy
(Wilson et al. , 2012) and/or low excitation condition (i.e., small CO (3-2)/CO (1-

0) ratio)

2.6.2  Evolution of mergers in the 10g Leo;_»—log Lrr plane

I independently derive the slope « for late stage mergers, early stage mergers,

and spiral galaxies (Figure 2.8).

(for spirals)
log Ler = 0.79:0.0410g L3 5, +3.50:+0.24 (2.11)
r=0.95

(for early stage mergers)
log Lg = 1.08=0.1410g L3 o)+ 1.18%0.61 (2.12)
r=0.87

(for late stage mergers)
log Lerg = 1.1240.1610g L3, + 1.00=0.65 (2.13)
r=0.88
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Figure 2.7 Relation between Lgr and Lg;_ 5. The symbols colored in green, red,
and blue represent early stage mergers, late stage mergers, and isolated spiral galax-
ies, respectively. The arrows represent the 30 upper limit of the CO (3-2) luminos-
ity for the ASTE non-detected sources. Galaxies that are not detected in both the
CO (3-2) and 1.5 GHz continuum emission are not shown here.
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Figure 2.8 (Top) Relation between L¢3 5 and Lrr. The best-fit functions are
shown in colored lines. (Bottom) the difference of slope between early stage merg-
ers, late stage mergers, and isolated spiral galaxies with the fitting errors are pre-
sented. Galaxies that are not detected in the CO (3-2) are not shown here.

49



(for all mergers)
log Lrg = 1.100.0710g L3 0y +1.15£0.40 (2.14)
r=0.85

I find the various slope o between isolated galaxies and mergers (as a whole)
(=0.79+£0.04, 1.08 £0.14, 1.12£0.16 for spirals and early- and late-stage
mergers, respectively). This can also appear in the relation between Lgg and SFE
(Figure 2.9), which means that the SFE of spiral galaxies decreases as a function of
L whereas merging galaxies show a contrary trend. I note that Iono et al. (2009)
show no strong evidence between Lgr and SFE, this should be due to the lack of

galaxies with 10'°L,, < Lgr < 101 L.

2.6.3  The effect of AGNs to the Lco;_o—Lrr relation

For some U/LIRGs, we can not ignore the contribution of the AGNs to the
FIR luminosity (Sanders & Mirabel , 1996), and the exact fraction of the AGN
contribution varies from source by source (Armus et al. , 2007). In the case of
Mrk 231, the nuclear starburst contributes 25-40% of the bolometric luminosity.
On the other hand, Ichikawa et al. (2014) suggest that the AGN contribution of
~ 20% in ULIRGs, which suggests starburst activity is the main power sources
of IR luminosities. In this project, we select AGN candidates and measure the
star formation relation excluding candidates in order to check the effect of AGN
in a discussion. We identify twelve sources based on the classification scheme
using Wide-field Infrared Survey Explorer (WISE, Wright et al. , 2010) 22"aperture
photometry color of our sample sources (table 2.6) (Jarrett et al. , 2011; Mateos

et al. , 2012; Stern et al. , 2012) (Figure 2.10). Excluding these candidates, the
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Figure 2.9 Relation between Lgg and SFE. The symbols and the colors are the same
as figure 2.7. The arrows represent the lower limit of SFE for the ASTE non-
detected sources. Galaxies that are not detected in both the CO (3-2) and 1.5 GHz

continuum emission are not shown here.
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Figure 2.10 WISE color-color diagram. Green and red symbols represent the early
and late stage mergers. The region enclosed by the lines show the criteria for AGN
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relation between L3, and Lpr becomes,

log Lgr = 1.11x0.12 log L3+ 1.05+0.55

r=0.87

for the early stage mergers, and

log Lk = 1.100.15 log Loy +1.15+0.63

r=0.88

(2.15)

(2.16)

for the late stage mergers (Figure 2.11). There is little difference between the re-

lation here and those derived in section 2.6.2 (Figure 2.8). We conclude that the

effect of the AGN is negligible in the FIR luminosity.

Table 2.6: WISE color

Source

—— early stage merging galaxies —

VV 081a
VV 081b
VV 122a
VV 122b
VV 217a
VV 217b
VV 242a
VV 242b
VV 272a
VV 272b
VV 352a
VV 352b
VV 729a
VV 729b
VV 731a
VV 731b
VV 830a
VV 830b
Arp 299W*

log(fi2/fa6)  log(fs.e/f3.4)
0.31 0.54
5.73 0.64
7.81 0.72
7.05 0.67
1.23 0.56
0.62 0.55
5.68 0.78
3.94 0.61
5.39 0.66
1.15 0.57
6.08 0.64
10.92 0.83
1.00 0.56
2.52 0.66
6.51 0.88
5.48 1.06
2.78 0.97
5.97 0.78
0.93 0.15
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Source log(fio/fss) log(fse/f34)
Arp 299E* 0.46 0.25
NGC 5257W 0.78 -0.17
NGC 5257E 0.82 -0.16
NGC 5331IN 0.69 -0.19
NGC 53318 0.80 -0.12
Arp 236W* 0.64 0.19
Arp 236E* 0.75 0.09
UGC 2369N 0.25 -0.24
UGC 23698 1.00 -0.02
Arp 55E 0.80 -0.10
Arp 55W 0.82 -0.11
Arp 238E 1.03 0.05
Arp 238W 0.81 -0.12
Arp 302N 0.69 -0.09
Arp 3028 0.81 -0.18
NGC 6670E 0.92 -0.11
NGC 6670W 0.82 -0.10

— late stage merging galaxies —

AM 2038-382 0.54 -0.22
Arp 187 0.59 -0.21
Arp 230 0.59 -0.21
ESO 286-1G019* 0.92 0.28
IRAS F16399-0937 0.82 -0.09
NGC 1614 1.08 -0.05
NGC 7252 0.65 -0.19
UGC 6* 0.50 0.05
NGC 2623 0.77 0.02
Mrk 231" 0.31 0.23
Arp 193 0.90 -0.00
Mrk 273* 0.66 0.20
NGC 6240 0.73 0.00
IRAS 17208-0014 0.84 0.02
IRAS 00057+4021 0.78 -0.19
IRAS 01077-1707 0.89 -0.11
I ZW35 0.79 -0.04
Mrk 1027 0.83 -0.11
IRAS 02483+4302 0.35 -0.18
IRAS 04232+1436 0.77 -0.07
IRAS 10039-3338* 0.15 0.74
IRAS 10190+1322 0.82 -0.06
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Source log(fio/fss) log(fse/f34)

IRAS 10565+2448 0.91 0.04
IRAS 13001-2339 0.71 -0.11
NGC 5256 0.76 -0.09
Mrk 673 0.67 -0.18
IRAS 14348-1447* 0.80 0.08
Mrk 848 0.98 -0.01
NGC 6090 0.98 -0.08
IRAS 17132+5313 0.90 -0.04
IRAS 20010-2352* 0.47 0.07
I ZW 96 1.03 0.05
NGC 828 0.83 -0.14
UGC 5101* 0.19 0.40
NGC 4194 -0.38 -0.28

2.6.4 Global star formation relation from GMA scale to high-z galaxies

Using the molecular gas observations in distant galaxies (Carilli & Walter ,
2013; Casey et al. , 2014), I investigate the L, and Lgr relation for different
star forming environments (e.g., normal star formation in isolated spirals and ex-
treme starburst in SMGs). I use CO (3-2) information of normal high-z star form-
ing galaxies from Tacconi et al. (2013) and SMGs/QSOs from Solomon & Van-
den Bout (2005); Bothwell et al. (2013). For the giant molecular association
(GMA; sub-kpc) scale star forming region, I use the ASTE on-the-fly CO (3-2) im-
ages of NGC 628, NGC 7793 (Muraoka et al. , 2016), and M 83 (Muraoka et al. ,
2007). Figure 2.12 show the comparison with GMAs, high-z sources, and our sam-
ple sources. I obtained a linear relation (logLr = 1.0 logLeo;_5, +2.0) across six
orders of magnitude in the CO (3—2) luminosity, which is consistent with the global
linear relation in previous studies (e.g., Greve et al. , 2014). However, I find rela-
tionships which are different among the population. For example, nearby late stage
mergers (red diamonds) and high-z SMG/QSOs (gray triangles) are systematically

higher than the global fit, and the high-z normal star forming galaxies (Tacconi et al.
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Figure 2.11 (Top) Relation between L¢;_», and L excluding AGN candidates.
The best-fit functions are shown in colored lines. Galaxies that are not detected in
the CO (3-2) are not shown here. (Bottom) the difference of slope between early
stage mergers, late stage mergers, and isolated spiral galaxies with the fitting errors
are presented.
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Figure 2.12 Comparison of high-z normal star forming galaxies (cyan crosses; Tac-
coni et al. , 2013) and SMGs/QSOs (grey triangles; Bothwell et al. , 2013; Solomon
& Vanden Bout , 2005) in FIR-CO plane. The GMAs in (Muraoka et al. , 2016) are
shown as small dots. The line shows the non-weighted least-square results for all
sources (Lpr = 1.0 logLco3-,+2.0). We note the possibility of a systematic uncer-
tainty for deriving FIR luminosity of sample sources. For example, we derived FIR
luminosity of sample sources in Tacconi et al. (2013) from their SFR by assuming
SFR [M, yr']=4.5 x 10 Lgr (Mo et al. , 2010). In addition, the FIR luminosity
of sample sources in Muraoka et al. (2016) is measured by assuming Lig = 1.3Lgg.

, 2013) are lower on average. This possibly suggests that a single global relation
cannot explain the star formation from GMA scale to high-z galaxies. I note that
FIR luminosities for high-z normal star forming galaxies possibly have systemati-
cal error since the FIR luminosity is derived from SFR measured by various tracers
(e.g., Ha, UV, 24 ym). Tacconi et al. (2013) mention that systematic error is

£35%.
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Figure 2.13 The relation between FIR-SFE for average value (median values are
plotted as crosses). The error bars are calculated as a standard error.

In addition, I found the gradual increase of the average SFE from isolated galax-
ies, merging galaxies, and to high-z SMG/QSOs (Figure 2.13). This suggests on-
going efficient star formation in high-z SMG/QSOs possibly due to gas rich major
mergers. I note that evolution of the SFE seen in Figure 2.13 might be due to the
enhancement of FIR luminosity by AGN, especially, in high-z SMG/QSOs. 1t is
necessary to quantify the AGN contribution for the high-z sources in the future. On
the other hand, the smaller SFE in high-z normal star forming galaxies (light blue)
might suggest a long lasting star formation like nearby isolated spiral galaxies.

Finally, I mention issues about CO excitation and CO to H, conversion factor.

It is said that merging galaxies have higher CO (3-2)/CO(1-0) ratio than normal
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spiral galaxies and the ratio increase as a merger process proceeds (Leech et al. ,
2010). In addition, Bolatto et al. (2013b) show that CO-to-H, conversion factor
is different for merging ULIRGs (~ 0.8 M., (K kms™' pc?)™') and normal galaxies
(~ 4.2 M, (K kms™ pc?)™!). This means that the conclusions based on Liq — Lrr

plane become more robust on My, —SFR plane.
2.6.5 Suggestions for merger induced star formation

The global properties of our observed galaxies support the merger model sug-
gested by Teyssier et al. (2010); Bournaud (2011); Powell et al. (2013) in which
mergers fill the gap between disk and starburst sequence. These simulations are
consistent with our observation as well as the independent observational results of
dense gas tracers (e.g., HCN and HCO") toward interacting systems, showing that
dense gas is ubiquitous across the merging interface between the two interacting
galaxies (e.g., lono et al. (2013); Saito et al. (2015)). The next step is to under-
stand the small scale physics to characterize the global properties. For example,
Teyssier et al. (2010); Bournaud (2011) emphasizes the importance of the frag-
mentation of high-dispersion gas both around the central nucleus as well as in the
extended disk in mid-stage mergers. They also argue that the same process is im-

portant in late stage mergers.
2.7 Chapter Summary

I conducted ASTE CO (3-2) observations toward 19 early and 7 late stage merg-
ing galaxies. Including supplemental data, we investigate the CO (3-2) and FIR
luminosity of 29 early stage merging galaxies, 31 late stage merging galaxies, and

28 isolated spiral galaxies. The main findings are as follows;

e There is correlation between CO (3-2) luminosity and FIR luminosity in the

case of both spirals and mergers (figure 2.7). I find that spiral galaxies and
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merging galaxies has different slope in the log L¢o;_—logLrr plane, o ~
0.79 for isolated spiral galaxies and o ~ 1.12 for merging galaxies (figure
2.8). An obvious bi-modality is not seen in the log L¢3 »—logLer since

mergers fill the gap between disk and starburst sequence.

I find a positive correlation between FIR luminosity and SFE in merging
galaxies. This correlation is not seen in previous observation of merging

galaxies (e.g., lono et al. , 2009) due to lack of the FIR faint sources.

I find the increase of the average SFE from isolated spiral, merging galaxies

to active high-z galaxies (SMGs/QSOs).

Our observations can be explained by the models which predict (1) inefficient
starbursts triggered by disk-wide dense clumps formed in the early stage of
interaction and (2) efficient starbursts triggered by central global gas inflow
occur in the final stage for each galaxies. The next step is to show the evi-

dences of these phenomena in individual galaxies.
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3 True star formation without dust

extinction in NGC 3256

3.1 Science Goal

In chapter 2, I investigated the relation between global CO and FIR luminosity
in merging galaxies. However, the information obtained from global properties is
limited, and it is difficult to elicit complex phenomena during a merger process.
Especially, it is necessary to investigate spatial distribution of SFR and molecular
gas (e.g., Espada et al. , 2012) in order to understand where starbursts are triggered
during a merger process. In this chapter, I focus on the star formation activity in a
merging galaxy.

The classical idea of merger induced star formation activity is nuclear starbursts
taking place in the central region (< 1 kpc) (e.g., Keel et al. , 1985). Nuclear
starbursts are triggered by a massive gas inflow toward the central region. Barnes
(2004) recognized the spatially extended star formation activity in a merging galaxy
Mice. Subsequently, observational evidences for spatially extended star formation
activity were reported in e.g., Antennae galaxy (Wang et al. , 2004), Arp 140
(Cullen et al. , 2007), NGC 2207+IC 2163 (Elmegreen & Elmegreen , 2005). Re-
cently, using optical integral field unit observation, Cortijo-Ferrero et al. (2017)
investigated the star formation history of early stage mergers, and showed that ex-
tended starbursts arise in the early stages mergers. Nuclear starbursts occur later,
in the more advanced stages of the merger. However, the conclusion of “spatially

extended starburst” is probably because the unveiling dust-enshrouded nuclear star-
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burst. It is necessary to investigate the dusty nuclear starbursts and spatially ex-
tended starbursts in a consistent manner .

In order to show a conclusive evidence for the importance of spatially extended
starburst against nuclear activity, I use both optical and millimeter/sub- millimeter
(mm/sub-mm) hydrogen recombination lines. At first, mapping of nebulae emis-
sion line (i.e., Ha and H/3) by optical integral field unit (IFU) enables us to inves-
tigate spatial distribution of star formation activity without strong dust extinction.
However, it is difficult to quantify “true" star formation activity in dusty merging
galaxies.

One of the best methods to investigate the properties of star forming region
in extremely dusty area is the recombination lines in mm/sub-mm (Scoville &
Murchikova , 2013). Recently, ALMA has detected recombination lines from nearby
galaxies; e.g., NGC 253 (Bendo et al. , 2015), NGC 4945 (Bendo et al. , 2016),
and NGC 5253 (Bendo et al. , 2017). By cross-checking SFR measurements from
the other wavelength, they demonstrate ALMA is effective to study the starburst
activity in a dusty region. I apply this method to investigate the properties of HII
regions associated with dusty starburst region in dusty merging U/LIRGs. Little has
been reported on the observations of mm/sub-mm recombination lines in U/LIRGs.
For example, in the case of Arp 220, Anantharamaiah et al. (2000) have detected
H167a, H165a, H92a, H42a, H40«r, and H3 1« by using Very Large Arry (VLA)
and IRAM 30m telescope, and they suggest multiple starbursts. In terms of the
ALMA study of recombination lines towards merging LIRGs, Scoville et al. (2015)
look for the H26« emission from Arp 220, but detection is not clear due to the con-
tamination of nearby HCN(4-3) line. In this chapter, I present observations of He,
HpS, H40« and H42«a emission in one merging galaxy NGC 3256, and reveal the

true star formation activity.
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3.2 ALMA

The Atacama Large Millimeter/submillimeter Array (ALMA)' is an interferom-
eter consisting of 66 antennas (12-m and 7-m) located on the Chajnantor plateau at
5000m altitude (Figure 3.1). The baselines can be up to 16 km. Additional com-
pact configurations are accessible for spatially extended targets. In the case of the
targets with large scale structure of which 12-m array can not recover well, it is
possible to use Atacama Compact Array (ACA) which consists of of twelve 7-m
antennas and four 12-m antennas. The observable frequency coverage depends on
the receivers, ranging from Band3 (starting at ~ 84 GHz) to Band10 (ending at
~ 950 GHz). The field of view is determined by the size of individual antennas and
the observing frequency, and generally the full width at half maximum (FWHM) of
the primary beam is used to describe the diameter of the field of view. For example,
the field of view is ~ 197 at 300 GHz for 12-m array and 35 for 7-m array. The
angular resolution depends on the observing configuration and frequency. In the
case of the most compact configuration (~ 160 m), the spatial resolution is ~ 0.5”
at ~ 950 GHz and ~ 4.8” at 110 GHz. In the case of the most extended configura-
tion (~ 16 km), the spatial resolution is ~ 0.020” at ~ 230 GHz to ~ 0.043” at 110

GHz. The resolution in arcsec can be approximated as

FWHM(”) =76 /(maximum baseline (km))/(frequency (GHz)). 3.1

The noise revel in the data cubes (S) is roughly proportional to

S o< (k* Ty )(A % N7 x (N, * Av A7)y 3.2)

'"https://almascience.org/about-alma/alma-basics
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where k is Boltzmann constant, Ty, is the system temperature, A is the effective
surface area of each antenna, N is the number of antennas, N, is the number of
polarizations, Av is the available bandwidth (is 7.5 GHz for continuum observa-
tion and channel width for spectral line observations) and A7 is the integration
time. Common Astronomy Software Applications package (CASA) (McMullin et al.
, 2007) has been developed to support the data processing of the radio astronomical
telescopes such as ALMA and VLA. [ use CASA for the data analysis in this thesis

for ALMA data.

Figure 3.1 The outside appearance of ALMA.

3.3 NGC 3256

NGC 3256 is a merging LIRG with a FIR luminosity of Lgg = 10''** L, and
the Iuminosity distance of D; = 35 Mpc (Sanders et al. , 2003). Since NGC 3256
is one of the brightest galaxies within ~ 40 Mpc, it is an ideal target source for
a case study. As shown in Figure 3.2(a) and (b), there are two long tidal tails of
stars and HI gas (e.g., English et al. , 2003), which are clear evidences of a galaxy-

galaxy interaction. In the context of selection criteria in chapter 2, NGC 3256 is
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a late stage merger since the optical DSS image shows single nucleus. However,
this galaxy consists of two galaxies and has two distinct northern and southern
nuclei separated by ~ 5 (~ 850 pc), identified by X-ray, IR, and radio emissions.
A schematic picture is shown in Figure 3.3. In addition, SFE [Ly] = Lpr /Lo ~
40 (K km s~ pc?)~! (Sargent et al. , 1989) is lower compared to the average value
of SFE seen in merging galaxies (Michiyama et al. , 2016). Therefore, NGC 3256
can be a transient phase from early stage to late stage in a merger process.

Ohyama et al. (2015) found that the primary heating source is likely re-
lated to starburst activity at the northern galaxy, and a low-luminosity AGN is
believed to be the dominant source of the far-infrared luminosity at the southern
galaxy. The star formation activities associated with modest dust obscured regions
were investigated with optical spectroscopy (Lipari et al. , 2000). They suggest
that the nuclear starburst and extended HII region at the spiral arms have simi-
lar properties (e.g., electron temperature 7; ~ 6000-7000 K, and electron density
ne ~ 100—1000 cm™). In order to investigate the dusty HII region associated with
the southern nucleus, Piqueras Lopez et al. (2012, 2013) observed infrared recom-
bination lines in NGC 3256. They show that the southern nucleus in NGC 3256
has a large dust extinction (Ay ~ 12), and it is difficult to investigate the SFR of the
dusty region even by using infrared spectroscopy.

Sakamoto et al. (2006) investigated the molecular gas distributions with SMA,
and found a strong gas concentration toward the double nucleus. The other impor-
tant finding is the high-velocity gas from the nuclei, where the galactic wind was
identified by Na D absorption lines (Heckman et al. , 2000). Sakamoto et al. (2014)
further investigate the molecular gas distribution by using ALMA and identified
two molecular bipolar outflows from the two nuclei. One is the spatially extended

starburst driven outflow around the northern nucleus, and the other is AGN driven
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Figure 3.2 The images of NGC 3256. (a) The DSS red filter image shows the clear
stellar tidal tail. (b) The red color shows the HI distribution, and there are HI tidal
tails (English et al. , 2003). (c¢) The image obtained by HST. There is a face on blue

spiral galaxy and an edge-on dusty galaxy.
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Figure 3.3 The schematic picture of the central part of NGC 3256 based on
Sakamoto et al. (2014). There are a face-on spiral galaxy (north) and edge-on
dusty galaxy (south).
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collimated outflow around the southern nucleus. Therefore, NGC 3256 is a good
laboratory to investigate the feedback mechanism during the merger process. I will

investigate the molecular outflows in chapter 4.

3.4 Data
3.4.1 MUSE

I use IFU data obtained by Multi Unit Spectroscopic Explorer (MUSE). MUSE
is a second generation instrument for the Very Large Telescope (VLT) of the Euro-
pean Southern Observatory (ESO). The data for NGC 3256 are obtained from ESO
science archive portal’>. Both Ho and Hf3 are detected in the entire galaxy. I use
Hp map (Figure 3.4a) to avoid the contamination of NII lines around Ha emission.
I use Ha and Hf peak ratio (Ha/Hf)qs to make the dust extinction map (Figure
3.4b)

EB-V)=

2.5 lo |: (Ha/Hﬁ)obs :| ) (33)

k(Ha)—k(HB) ~ [(Ha/HB)mode
k(M) is the dust extinction curve and k(Ho)—k(Hf3) = 1.163 (Calzetti et al. , 2000).
(Ha/HB)mogel is 2.69 assuming case-B, T, = 5000 K, and n, = 10*> cm™. The dust
extinction magnitude

AV = RV E(B —V) (34)

where Ry = 4.05 for starburst galaxies (Calzetti et al. , 2000; Calzetti , 2013) (Fig-

ure 3.4b). The extinction corrected HS map is shown in Figure 3.4c.

3.4.2 ALMA

I use the ALMA data to obtain H40cr, H42a and '*CO (1-0) data cube and

~ 99 GHz continuum image (Michiyama et al. , 2018; Harada et al. , 2018) (Ta-

’http://archive.eso.org/scienceportal/home
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Figure 3.4 (a) HB map, (b) dust extinction map, and (c) dust extinction corrected
HS map. The stars correspond to the position where H40« is detected (Section
34.2)
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ble 3.1)*. For ALMA data, I follow the calibration method conducted by East Asian
ALMA Regional Center. However, I have conducted additional reduction for band-
edge flagging and flux scaling for the specific data (see Section 3.8). The data from
three different projects have been combined to obtain the H40« image without any
weighting for each observations. I subtract the continuum by using the uvcontsub
task in CASA. The data cubes are made with a velocity resolution of 50 km s™' using
tclean task in CASA (version 5.1.2, Briggs weighting, robust = 2.0) with automat-
ically masking loop auto-multithresh (sidelobethreshold=2.0, noisethreshold=2.5,
lownoisethreshold=1.5, minbeamfrac=0.3, growiterations=75, and negativethresh-

01d=0.0). I summarize the achieved angular resolution and sensitivity in Table 3.2.

Figure 3.5 show the (al)-(a2) integrated intensity map, (b) channel map, and
(c1)-(c3) spectrum of H40«. The same figures for H42« are shown in Figure 3.6.
I use H40« line flux to derive physical parameters since the image quality (i.e.,
angular resolution and sensitivity) is better than H42«. In order to identify the HII
region probed by H40« line, I use the imfit task in CASA and fit elliptical Gaussian
components on the integrated intensity map. H40« blobs are detected at northern
nucleus, southern nucleus, and dust lane that has a position offset from two nuclei
with the signal to noise ratio of > 10, > 8, and > 4, respectively. The coordinates,
line flux, and source size (FWHM major and minor axis) of detected blobs are

shown in Table 3.3.

Figure 3.7 shows the spatial distribution of 3CO (1-0) emission and 99 GHz
continuum emission. Spatially extended structure is seen in both *CO (1-0) and
99 GHz continuum. In addition, both show the peak at the northern and southern

nuclei and the arm where H40« emissions are detected.

3ALMA Project ID: 2015.1.00993.S, 2015.1.00412.S, and 2016.1.00965.S
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Table 3.1 ALMA archive data used in this project

[ine date ALMA project ID  configuration
H40« 04 March 2016 2015.1.00993.S C36-12

07 March 2016 2015.1.00993.S C36-1/2

01 May 2016 2015.1.00412.S C36-2/3

28 May 2016 2015.1.00412.S C40-3

29 May 2016 2015.1.00412.S C40-3

29 October 2016  2016.1.00965.S C40-6
H42« 04 March 2016 2015.1.00993.S C36-1/2

07 March 2016 2015.1.00993.S C36-1/2
BCO (1-0) 09 March 2016 2015.1.00993.S C36-1/2

11 March 2016 2015.1.00993.S C36-1/2

Table 3.2 The achieved angular resolution and sensitivity for ALMA data

line weight beam size rms rms rms
(cube) (integrated intensity)  (continuum)
" mJy beam™'  mlJy beam™' km s~ mly

H40« robust=2.0 1.48 x 1.31 0.08 11 -

H42« robust=2.0 2.57 x 2.05 0.18 27 -
BCO (1-0) robust=0.5 1.43 x 1.33 0.24 50 -

99GHz robust=2.0 1.32 x 1.20 — - 0.028

Table 3.3 H40« source identification
component Longitude Latitude Peak major minor PA size
degree degree Jy km s™! beam™! arcsec arcsec ° kpc?

Northern nucleus  10:27:51.248  -43:54:14.318 93 2.240.17 1.9+0.13 169 0.38+0.01
Southern nucleus  10:27:51.221  -43:54:19.220 85 1.7940.15  1.55+£0.11 50 0.2540.01
Arm 10:27:51.826  -43:54:12.445 44 1.63£0.26  1.2740.16 41 0.1940.01
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(al) NGC3256 (contour H40a)
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Figure 3.5 (al) The optical color image of entire NGC 3256. Black contour shows
H40c with 11 x (3,4,5,6,7,8,9) [mJy beam™ km s7']. (a2) The integrated inten-
sity map of H40« image that achieves the angular resolution of ~ 1748x ~ 1731.
H40« lines are detected at the northern nucleus, the southern nucleus, and the arm
that is offset from two nuclei with the signal to noise ratio of 10, 8, and 4, re-
spectively. Contours are same as (al). (b) H40«a channel map. The contour is
0.08 x (3,4,5,6,7) [mJy beam™]. (c) H40cr Spectrum with the photometric beam
size of ~ 1”5 at northern nuclei (red), southern nuclei (green), and arm (blue). The

black dashed line is the result of gaussian fitting.
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(al) NGC3256 (contour H42a)
(r=814um, g=555um, b=435um from HST)
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Figure 3.6 (al) The optical color image of entire NGC 3256. Black contour shows
H42q with 22 x (3,4,5,6) [mJy beam™ km s™']. (a2) The integrated intensity map
of H40«r image that achieves the angular resolution of ~ 2”57x ~ 2”05. T detect
H42« at the northern nucleus and the southern nucleus with the signal to noise ratio
of 5 and 5 respectively. Contours are same as (al). (b) H42a channel map. The
contour is 0.18 x (3,4,5,6,7) [mJy beam™]. (c) H42a Spectrum with the photo-
metric beam size of ~ 2”6 at northern nuclei (red), southern nuclei (green), and arm
(blue). The black dashed line is the result of gaussian fitting. There are other three
emission lines in these spectrums; ¢-CsH; (2 ,—1¢ ;) at 84.547 GHz, CH3;CCH (5x—
4k) at 84.664 GHz, and SO (2,—1,) at 85.295 GHz (sky frequency).
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Figure 3.7 (left) The integrated intensity map of *CO (1-0) emission. (right)
Continuum map at 99 GHz. The contours show the H40« emission.

3.5 Analysis
3.5.1 SFR diagnostic for hydrogen recombination lines

The relation between ionising photon rate Q [s™'] and SFR [M,, yr '] depends on
initial mass function (IMF), mass range of stellar IMF, and time scale (7) over which
star formation needs to remain constant. Assuming Kroupa IMF (Kroupa , 2002),
the mass range of 0.1 -100My, 7 > 6 Myr, and starburst model of STARBURST99

(version 7.0.1), SFR can be calculated using the relation of

SFR

Mg yr! s7!

=7.4x 107> [g} . (3.5)

The coefficient is from Calzetti (2013). Emission measure (EM = n.n,V, where n.,
n, and V are ionized electron density, positive ion density, and volume of ionized

HII region, respectively) is described by using total recombination line coefficient
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(aB)

cm™3 cm3 s

EM _ L%} [ ) (3.6)

Using the specific emissivity (€) of each recombination lines, the recombination line

luminosity can be calculated by

S| £

erg s~ ergs'cm™ | [em™?

Here, the emissivity is given per unit n.n,. From equation (3.5)-(3.7),

SFR - L
RL (74 % 107%) | —* ] e 6
Mg yr- erg s™! cm™3 cm? s |erg s

The luminosity can be converted from the observed total line flux (Solomon &

Vanden Bout , 2005)

Lgy 30 [ S forL AU [ Viest 41| Do 2
—4.0% 10 [ 1+ ] . 3.9
erg s~ . Jy kms~! GHz( 2 Mpc (39)

Finally, the relation between SFR and total recombination line flux (Bendo et al. ,

2015) is
6 2
SERRL _ 5 g6 5 10720 | 2B.SM [ v } D 171 frmdv] 5
Mg yr! cerg | LGHz] [Mpc| |Jy kms™!

The ap terms depend on electron temperature (7;) and electron density (n.) as-
suming case-B recombination. The ap values are listed in Storey & Hummer
(1995). I fixed the n, of 10> cm™ since the dependence is negligible in the range

of 10?-10° cm™ (Storey & Hummer , 1995; Bendo et al. , 2015). I use log linear
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interpolated relation between ap and 7. for hydrogen recombination

-0.8
%—(36x10“0)[ } . 3.11)

The € values are also listed by Storey & Hummer (1995), and I fixed the n. of
10% cm™ to use the log-linearly interpolated relation between € and 7,. For example,

in the case of optical, infrared and sub-mm recombination lines,

(

3.0x 1027 [Z]™  (for H40)
. (1.2x 1072 [Z]™ (for Hay)
erg s em/neny | ) (g 9102 [Z]™* (for H) i
| B4x107%) [%] " (for Brvy).

The free-free (Bremsstrahlung) continuum emission can also be used to probe
the ionized gas EM. Therefore, it is possible to calculate SFR from the 99GHz flux
density (Scoville & Murchikova , 2013; Bendo et al. , 2015)

0.17 05 2
SFRcont =1.09 x 010 |: O;B 1] |: v :| E l fz/cont . (313)
cm3 s71] LGHz K Mpc Jy

From equation 3.10 and 3.13, the ratio of the line flux density integrated over ve-

locity v to the free-free flux density can be written as

" line d J -0.83 ]~e 0.5
g = L fvine 4V Y | =3.68x10% € w | =2 el
focont  |Jy kms™! erg s cm™ GHz K

(3.14)

The 99GHz continuum emission is dominated by free-free emission in most

case. However, there is a possible contribution from non-thermal radio emissions
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and dust emissions. In order to check this contribution, I use the 5.0, 8.3 and 15 GHz
continuum flux density measured by Very Large Array (VLA) from literature (Neff
et al. , 2003) and 200GHz Band6 data from archival ALMA data (Harada et al.
, 2018). Figure 3.8 shows the spectral energy density (SED) of the northern and
southern nucleus. Three power law components can explain ~1-300 GHz SED.
One is the power law from non-thermal emission and I use the slope as a free
parameter. The other is free-free and dust emission with the slope of -0.17 and 4.0.
I find that the contribution of free-free emission at 99GHz continuum flux density
(frac-FF) is ~ 75% and ~ 85% at the northern and southern nucleus, respectively.
I assume frac-FF of 80% to derive the parameters on the arm. Using equation 3.14

and 3.12, the T, can be calculated. Subsequently, oz, € and SFR can be derived.

3.5.2 Molecular gas mass

Assuming optically thin emission and local thermodynamic equilibrium (LTE)
condition, molecular gas mass associated with H40« detected regions is derived
from '3CO. It is assumed that excitation temperature of 10 K (Harada et al. , 2018)
and the '2CO/"3CO ratios (R;» /13) of ~ 100 are constant in every region. These
assumptions may have systematic errors. Henkel et al. (2014) show that the '>C/"*C
abundance ratios vary over the galaxy population; > 100 in high-z U/LIRGs, ~ 100
in local starburst galaxies, ~ 40 in weaker starburst without large scale mergers,
and ~ 25 in the center of Milky Way. The following equation is used to convert
from the '*CO luminosity to molecular gas mass under these assumptions (Battisti
& Heyer , 2014)

My, quco

=041R —
o /13 K km 57! pc?

(3.15)
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Figure 3.8 The spectral energy distribution (SED) at the northern and southern
nucleus within 2”5 and 3”5. 1 use the 5.0, 8.3 and 15 GHz continuum flux den-
sity measured by Very Large Array (VLA) from literature Neff et al. (2003), and
224 GHz data points from archival ALMA data Harada et al. (2018). The gray
lines show the three power law components. I use a synchrotron function with a
power-law index that was allowed to vary, a free-free function with the index of
-0.17, and a modified Rayleigh Jeans function for dust with the index of 4.
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3.5.3 Result

The dust extinction corrected HS map (Figure 3.4c) shows spatially extended
star forming regions. The total SFR based on H3 map is ~ 36 M, yr~!. Table 3.4
shows the SFR and 7; of blobs where H40« detected. A conservative overall pho-
tometric error of 5 % is adapted, which is the technical requirement of ALMA
cycle 3 and 4.. The SFR of three detected regions are 6.4 + 0.4, 5.0 0.4, and
1.340.1 M, yr!, respectively. A notable region is the southern nucleus. The SFR
of southern nucleus is consistent with that of northern one within the error, nev-
ertheless, strong HS emission at the southern nucleus is absent. This means that
MUSE Hp observation missed the HII region associated with the extremely dusty
southern nucleus.

Figure 3.9 shows the traditional empirical star formation (X, — Xsrr) based
on pixel-by-pixel analysis using H3 and '*CO map. Three blobs detected by H40cx
(red, green, and blue markers in Figure 3.9) have surface density of SFR and My, as
high as that of starburst galaxies. It is obvious that optical observations missed the
dusty star burst region at southern nucleus (green diamonds for extinction corrected
Hp map and a green cross for H40a observation). In addition to the intense three
regions, all the other pixels show the higher surface density of SFR and My, than
the similar scale blobs obtained in nearby normal galaxies (i.e., Bigiel et al. , 2008).

These blobs can be direct evidences of the offset starbursts in merging galaxies.
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3.6 Discussion

I calculate the total SFR based on extinction corrected HS3 map of ~ 36 M, yr™!
in Section 3.5.3. However, this value underestimates the total SFR due to the signif-
icant dust extinction. Based on the H40a data, I calculate SFR of the dusty starburst
region at the southern nucleus to be ~ 5.0 M, yr~!. Therefore, I use the sum of both
non-dusty and dusty star formation (~ 41 M, yr') as a total SFR in NGC 3256.
The key questions are (i) whether optical and infrared nebular emission (e.g., Ha,
Hp, and Br) can trace the true SFR or not. (ii) how much nuclear starbursts con-
tribute toward the total SFR from entire the galaxy. (iii) whether star formation rate
(SFR) derived from nebulae recombination lines is consistent with the SFR from

FIR luminosity.
3.6.1 Northern Nucleus

The primary heating source is likely related to starburst activity at the northern
galaxy (Ohyama et al. , 2015). At the northern nucleus, there is the largest (size
= 0.38 £0.01 kpc?) H40«r nebula among identified three (Table 3.3). The derived
T. of 4100+400 K is consistent with the HII regions in NGC 253 and NGC 4945
(3700-6300 K) (Bendo et al. , 2015, 2016) that do not have merging or interact-
ing evidences. The derived SFR is 6.4+0.4 M, yr~!, which is ~ 16% of the total
SFR. The star formation rate surface density (Xgpg) is 34.0£2.3 M, yr™! kpc™ and
molecular gas mass surface density (Xy,,,) is 267070 M, pc2, which is a typical
value for the starburst galaxies (Kennicutt , 1998). I conclude that HII regions at
northern nucleus in NGC 3256 consistent with similar regions in typical starburst
galaxies. At the northern nucleus, the SFR derived from Hj3 is ~ 4.4 M, yr!, this
is ~ 70% of SFR derived from H40« (Table 3.4). The difference is probably due to

imperfect dust extinction correction using Ho and Hf ratio.
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Figure 3.9 (left) Pixel by pixel analysis for a empirical star formation relation (Xy, —
Ysrr)- A pixel is corresponding to 17 ~ 170 pc. The red, green, and blue crosses
correspond to the northern nucleus, southern nucleus, and arm in Tables 3.4 and 3.5.
The red, green, and blue diamonds correspond to the pixel by pixel analysis based
on HS map for the northern nucleus, southern nucleus, and arm. The cyan, orange,
and yellow circles correspond to the pixel with SFE [Gyr']>10, 1 < SFE [Gyr™']
< 10, SFE [Gyr!]<1, respectively. The magenta plus singns are the star burst
galaxies in Kennicutt (1998). (right) The red, green, and blue squares correspond
to the positions for the pixel with SFE [Gyr~!]>10, 1 < SFE [Gyr™!] < 10, SFE
[Gyr']<1, respectively. The red, green, and blue squares correspond to red, green,
and blue circles in left panel.
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3.6.2 Southern Nucleus

The H40a emissions are detected at the southern nucleus where there is no
strong emission in extinction corrected HS map (Figure 3.4c). The SFR derived
from optical observation is about ten times lower than SFR derived from H40«
(SFR=5.0£0.3 M, yr!). This suggests that the optical emission around southern
nucleus is not originally from extremely dust obscured nebulae emission. The SFR
of 0.8 M, yr'! from Hj3 may be contribution from the different components (e.g.,
surface of the dusty star forming region). In terms of the empirical star formation
relation (e.g., Kennicutt , 1998; Daddi et al. , 2010), the star formation activity
at the dusty southern nucleus is consistent with northern less dusty nucleus within

error bars.

The southern nucleus can be detectable at wavelength = 1um (Lipari et al.
, 2000). Piqueras Lopez et al. (2012, 2013) have conducted SINFONI inte-
gral field spectroscopy (IFS) observation with Very Large Telescope (VLT) to-
wards U/LIRGs, and detect Bry emission from the southern nucleus of NGC 3256
(norther nucleus is not in the field of view) (Figure 3.10). I obtain the Bry image
from on-line catalog (Piqueras Lopez et al. , 2016) and measure the Bry flux of
~6.3x 107" erg s! cm™ at the southern nucleus. Assuming Ag,, ~ 1.2 estimated
from Brvy/ Bré ratio (Piqueras Lopez et al. , 2013), I find that SFR estimated from
Bry (SFR@m:y) is ~ 3.3 M, yr™!', which is ~ 60% of the SFR derived from H40c.
This suggests that dust extinction magnitude is underestimated. In order to achieve
the SFR of ~ 5.0 M, yr!, Ag,, is about 1.7, which is corresponding to Ay ~ 17
(Apry = 0.096Ay).

One concern is that the southern nucleus shows the evidence of low-luminosity

AGN based on the IRAC color and silicate absorption feature (Ohyama et al.
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Figure 3.10 The spatial distribution of the Bry emission obtained by SIN-
FONI/VLT.

2015). The recombination lines are expected to be identified in the broad-line region
of obscured AGN. However, Izumi et al. (2016) show that the expected line flux is

too low to be detected even by ALMA.
3.6.3 Extended starburst

The sum of the nuclear starburst in the northern and southern nucleus is 11.4 £+
0.6 M, yr'!, which means that the contribution of nuclear and spatially extended
starburst is ~ 27% and ~ 73%, respectively. Such a disk-wide starburst is expected
based one IR SED fitting (Lira et al. , 2008). They calculated SFR is ~ 15 and
~ 6 M, yr'! at the northern and the southern nuclei, respectively. This means that
the ratio between mid-IR continuum and hydrogen recombination lines is higher
in the northern nucleus than the southern nucleus. The reason is not clear but one

possible explanation is that the excess mid-IR flux is possibly because continuum
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warm dust heated by the starburst itself. The important finding is that both hydrogen
recombination lines and IR-SED fitting show the large contribution of disk-wide
starburst agains nuclear starburst in NGC 3256. In addition, one H40« blob is
detected on the arm at the dust lane that is offset from the two nuclei (Arm in
Figure 3.5(a2)). This blob is also identified in dust extinction corrected HS map
(Figure 3.4c). The SFR in this blob is1.34+0.1 My, yr™! corresponding to Mgrz
is 12.840.9 M, yr! kpc based on H40« observation. This is ~ 3% of the total
SFR. The SFEis 12.5+1.1 Gyr !, 13.941.1 Gyr™!, and 7.6 +-0.7 Gyr! at Northern
Nucleus, Southern Nucleus, and Arm, respectively (Figure 3.9). These are as high
as SFE of local starburst galaxies investigated by (Kennicutt , 1998). Figure 3.9
shows that star forming blobs in NGC 3256 have large scatter in Xy,—>spr. There
are blobs with SFE of > 10 Gyr™! as well as blobs with SFE of < 1 Gyr™! outside
of nuclear region. This means that the SFE is not uniform in NGC 3256. It is
necessary to investigate the mechanism to explain both efficient and in-efficient star

formation activity simultaneously, in the future.

3.6.4  FIR luminosity

My analysis shows that the total SFR is ~ 41 M yr~! in NGC 3256 includ-
ing both HS and H40a. The conversion from recombination line luminosity to
SFR (equation 3.8) is applicable when star formation have remained over timescale
7 > 6 Myr. It does not depend on long timescale, which means that recombina-
tion lines can trace current young (10-100 Myr) starburst activity (Calzetti , 2013).
On the other hand, conversion from total IR luminosity (Ltr) to SFR depends on

longer timescale due to the accumulation over time of long-lived low-mass stars in

86



the stellar SED. For example,

(1.6 x 1074y Lmr (7 =10 Gyr)

erg 57!

(2.8 x 107#) L= (7 =100 Myr) (3.16)

erg s7!

Mg yrt B

(3.7 x 107#) L (7 =10 Myr)

erg s~

assuming Kroupa IMF and the mass range of 0.1 100 My, (Calzetti , 2013). Us-
ing the Lz = 10'°° L® (Sanders et al. , 2003), SFRyr ~22, 39, and 51 M, yr™!
for 7 =10 Gyr, 100 Myr, and 10 Myr, respectively. This means that recombina-
tion lines and FIR observation suggest that star formation has remain ~ 100 Myr
in NGC 3256. This time scale is shorter than the merger age of ~ 500 Myr (Li-
pari et al. , 2000). It can possibly be a evidence to show that starburst activity
in NGC 3256 is triggered by galaxy-galaxy merger. However, it is necessary to
consider the systematical error for the estimation of SFR and AGN contributions

against FIR luminosity in order to investigate the time scale of starburst activity.

3.6.5 Variety of the electron temperature

The electron temperature is derived when the SFR is calculated. I find that elec-
tron temperature around the southern nucleus is a factor of two higher (7.=94004+-800K)
than northern nucleus and HII regions in the other galaxies (e.g., NGC 253 and
NGC 4945) (Bendo et al. , 2015, 2016). This difference is originally from the line
ratio R = f SutinedV/ fucon- The actual flux density from free-free emission (after
correction) ~ 2.7 [mJy] for both northern and southern nucleus. On the other hand,
the H40« line flux is 118 =6 and 61 4= 3 [mJy km s™!]. This means that free-free
emission has a same flux density for the northern and southern nucleus, while the
recombination line flux at the southern nuclei is about half of the northern one. In

order to explain this difference, higher electron density is necessary in the southern
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nucleus than the northern one.

In the case of star forming regions in Milky Way, there is a clear relation be-
tween electron temperature and metallicity (Shaver et al. , 1983), and the rela-
tion is modeled by Pagel (1979). Using the relation for the HII regions in Milky
Way, the T, ~ 9400 K for the southern nucleus corresponds to 12+1og(O/H) ~ 8.4
and T, ~ 4200 K for the nouthern nucleus corresponds to 12 +1og(O/H) ~ 9.2
(Z ~3.5Zy), where 12+1log(O/H). = 8.66 and Z, = 0.014 (Asplund et al. , 2009).
Kewley et al. (2006) show that the central metallicity in the interacting galaxies
tends to be lower than non-interacting systems of equivalent mass, and later Rupke
et al. (2008); Herrera-Camus et al. (2018) find the same trend for U/LIRGs.
Low metallicity in merging galaxies is explained by nuclear inflows of metal poor-
interstellar gas during merger process. Chemical enrichment from star formation,
gas consumption, and AGN and SN feedback (e.g., outflows) can also influence the
nuclear metallicity (Torrey et al. , 2012). The exact origin is under discussion. The
important suggestion from our H40« observations of NGC 3256 is that metallicity
of extremely dusty nucleus (Ay ~ 18) in merging galaxy is lower than the non-
dusty regions where UV or optical emission line can be detected. This suggests that
the merger induced starburst due to a large scale inflow mainly occurs in the dusty
southern nucleus, and star formation history is different from non-dusty regions.
The other possibility is massive outflow (Sakamoto et al. , 2014) that remove gas
and metal. The properties of the molecular gas outflows are investigated in Chapter
4. Finally, I note that the conversion from ionising photon rate Q and SFR (equation
3.5) depends on metallicity. For example, the conversion factor could be 1.5 times
small in the case of the low metallicity galaxy NGC 5253 (Bendo et al. , 2017)
with the metallicity of 12 +1log(O/H) ~ 8.26 (Z ~ 0.0056), and the SFR may be

overestimated at the southern nucleus.
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3.7 Chapter Summary

In order to show the evidences for the large contribution of disk-wide starbursts

against total SFR in a merging galaxy NGC 3256, I investigate spatially resolved

SFR by using optical and mm hydrogen recombination line. At first, I use optical

integral field units (MUSE mounted on VLT) and obtain maps of recombination

lines (i.e., Ho and Hp3). I found many star forming blobs outside of nuclear regions.

However, it is difficult to investigate star formation activities in dusty regions by

using optical observations. I use mm recombination lines to investigate “true” star

formation activity without dust extinction. I observed H40a and H42« by using

ALMA. The total SFR obtained by H3 and H40« line emission is ~ 41 M, yr'.

The main findings are as follow;

)

(2)

3)

I detect H40« emission at the northern and southern nucleus and arm that
offsets from nuclei. However, there are no bright H5 blobs in the souther
nucleus. This means that there is a heavily dust obscured blob at the southern
nucleus that is not detected in optical lines due to the large Ay. The SFR from

the southern dusty region is 5.040.3 M, yr!, which is the 12% of total SFR.

The sum of the nuclear starburst in the northern and southern nucleus is
11.440.5 M, yr'!, which means that the contribution of nuclear and spa-
tially extended starburst is ~ 27% and ~ 73%, respectively. This means that
disk-wide starbursts are more important than dust-enshrouded nuclear star-

bursts.

Recombination line and total FIR luminosity suggest the starburst timescale
of ~ 100 Myr~'. This is shorter than the timescale of merger process (~

500 Myr™!). It likely suggests that the current starbursts are triggered by a
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merger process.

(4) The electron temperature is higher in dusty blob at the southern nucleus
(9400 4= 800K) than the other non-dusty blobs at the northern nucleus (4100 +
400K) and at the arm (3900 4 300K). This suggests the lower metallicity in
the southern nucleus due to metal poor gas inflow or massive outflow of metal

and gas.
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3.8 Chapter Appendix

For ALMA data, I follow the calibration method conducted by East Asian
ALMA Regional Center. However, I have conducted additional analysis for band-
edge flagging and flux scaling for the specific data set*. At first, we flag 8 channels
for band-edge, whereas original analysis flag 15 channels that include the channels
near the H40« emission. For the same data set, there is a problem for the flux scal-
ing. We re-scale the flux, comparing the continuum flux density between nearby
spectral windows obtained by independent observations. The detail of the analysis

in CASA is following scripts.

# [Original]
flagdata(vis = "uid___ A002_Xb00ce7_X47b4.ms.split’,
mode = ’"manual’,
spw = "0:0~14;225~239,
1:0~14;225~239,
2:0~14;225~239,
3:0~14;225~2397,
flagbackup = F)
# [new]
flagdata(vis = "uid___ A002_Xb00ce7_X47b4.ms.split’,
mode = ’'manual’,
spw = "0:0~7;232~239,
1:0~7;232~239,
2:0~7;232~239,
3:0~7;232~2397,

flagbackup = F)

# [Original]

setjy(vis = "uid AQ002_Xb00ce7_X47b4.ms.split.cal’,

+uid___A002_Xb00ce7_X47b4.ms.split’
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#

setjy(vis = "uid AQ02_Xb00ce7_X47b4.ms.split

field = "J1038-4325",

spw = "0/,

standard = ’'manual’,

fluxdensity = [0.20777, 0, 0, 01)
[new]

field = "J1038-4325",

spw = '0’,
standard = ’'manual’,
fluxdensity = [0.20777«1.115, 0, O,

01)

.cal’,

92




93



4 Dense molecular gas outflows in

NGC 3256

4.1 Science Goal

As shown in section 1.3, one of the most important issues of the merger evolu-
tion scenario is to understand the feedback mechanism during the merger process.
The galactic scale outflow works as a feedback mechanism, removing the material
for the star formation (and/or black hole accretion) from the nuclear region and/or
heating the interstellar gas (i.e., negative feedback) (e.g., Di Matteo et al. , 2005;
McNamara & Nulsen , 2007). On the other hand, Maiolino et al. (2017) show
the possible evidence for the star formation in the outflow based on optical spec-
troscopic observations (i.e., positive feedback). Theoretical models predict such
positive feedback near AGN, forming dense gas clumps in the outflow by the in-
teraction between jet and the impinging ISM (e.g., Zubovas & Nayakshin , 2014;
Costa et al. , 2015; Ferrara & Scannapieco , 2016; Zubovas & Bourne , 2017).
Such dense clouds are continuously formed in the outflows (Richings & Faucher-
Giguere , 2018). Therefore, molecular outflows play an important role in terms of
both positive and negative feedback.

In observations, CO lines are used to identify the outflows (e.g., Cicone et al.
, 2014). However, CO does not trace the densest parts of molecular clouds where
star formation occurs. High sensitivity ALMA observations allow us to investigate
the outflows in molecular lines other than CO, which further allows us to reveal

the physical and/or chemical properties of outflows. In this chapter, I use ALMA
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to look for the dense gas outflows in HCN and HCO™" emissions whose critical
densities are roughly three orders of magnitude higher than CO for a given J.

I identify NGC 3256 as an ideal laboratory to investigate the feedback mech-
anisms since high velocity components in CO are already identified to be related
to cold gas outflows from both the northern and southern nuclei (Sakamoto et al. ,
2014). The summary of their findings are as follows.

[Northern outflow]
An uncollimated bipolar outflow is found in the northern nucleus, which has a max-
imum velocity of ~ 750 km s™! and mass of ~ 6 x 10’ M. Comparing the energy
of the outflow and starburst activity in the northern nucleus, it is suggested that the
northern outflow is driven by the starburst activity.
[Southern outflow]
A collimated bipolar CO outflow is found in the southern nucleus, which has a
maximum velocity of ~ 2600 km s™' and mass of ~ 2.5 x 10’ M. The southern
outflow is associated with the jet detected by Very Large Array (Neff et al. , 2003),
which is possibly triggered by a weak or recently dimmed AGN in the southern nu-
cleus. Emonts et al. (2014) identify the broad near infrared (near-IR) H, emission
line associated with southern outflow, which suggests that shocks or X-ray heat the
gas to ~ 2000 K. The shock enhancement in NGC 3256 is suggested by Rich et al.
(2011) based on optical IFU observations and by Harada et al. (2018) based on
ALMA line survey observation.

I investigate the physical and chemical components of the outflow in NGC 3256,
and provide the observational evidence for the feedback mechanism during the
merger process through the comparison between dense gas traced by HCN and
HCO" and diffuse gas traced by CO. Furthermore, I quantify the physical properties

of outflows by using Bayesian likelihood statistical analysis under the assumption
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of non local thermodynamic equilibrium (non-LTE).

Here, the line ratios (in unit of brightness temperature) are defined by the sym-
bol “R" as follows; R»;/10 = CO (2-1) / CO (1-0), R35/10 = CO (3-2) / CO (1-
0), Rucn/co = HCN (1-0) / CO (1-0), Ryco+/co = HCO™ (1-0) / CO (1-0), and
Rucn/ucor = HCN (1-0) / HCO™ (1-0). Part of this chapter is published in the
AP]J, 868, 95, (2018) as ALMA Observations of HCN and HCO+ Outflows in the
Merging Galaxy NGC 3256 by Tomonari Michiyama (Michiyama et al. , 2018).

42 ALMA data

HCN (1-0) and HCO™" (1-0) observations were carried out on 2016 March 7
and 8 using 45 twelve meter antennas (ALMA Project ID: 2015.1.00993.S), and I
used the calibrated visibility data. The continuum is subtracted by using the uvcon-
tsub task in CASA (McMullin et al. , 2007). The image cubes are produced by
using tclean task in CASA (version 4.7.0, Briggs weighting, robust = 0.5) with au-

tomatically masking loop as described in the CASA Guides'

. The image has an
angular resolution of 2”1 x 177 (360 x 460 pc) and the r.m.s noise level is ~ 0.2
mJy beam™! for the velocity resolution of 30 km s™'. Channel maps are shown in
Figures 4.1 and 4.2. North-Nucleus and South-Nucleus (stars in Figures) are de-
fined by the peaks of the radio emission (Neff et al. , 2003). Investigating the line
ratios, beam-matched (2”1 ~ 360 pc) and uv-clipped (> 18 k\) images are used so
that their largest angular scales are consistent with those of the archival CO data.
The absolute flux is calibrated using Ganymede with the nominal calibration error
of 5%. The long term flux variation of the bandpass calibrator is 6 %. Therefore,

10 % error is adopted as a conservative overall photometric error. For CO (2-1)

observation, I use the archival data (ALMA Project ID: 2015.1.00714.S). Beam-

'https://casaguides.nrao.edu/index.php/M100_Band3_Combine_4.3
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matched and uv-clipped images are produced by using clean task in CASA (version
4.7.0, Briggs weighting, robust = 0.5) with automatically masking loop. CO (1-
0) and CO (3-2) observations were conducted during Cycle0 (ALMA Project ID:
2011.0.00525.S), and I used the calibrated archival data. I combined the visibility
data from the compact (15-269 m) and the extended (16-374 m) configurations.

The channel maps for CO lines are in Figure 4.3-4.5

Table 4.1 The coordinates of symbols in figures
region RA. (J2000) DEC. (J2000) symbol

North-OF-Blue 10"27™51502 —43°54’13”12 blue triangle
North-Nucleus  10P27™51523 —43°54/14700 star

OF-Red 10M27™51520 —43°54'15"64 red circle
South-Nucleus  10"27™51522 —43°54'19720 star
South-OF-Blue 10P27™51517 —43°54'21743 blue circle

4.3 Identification and properties of molecular outflows
4.3.1 Outflow Identification

The kinematics of the gas associated with the outflow are distinct from the
systematic disk rotation. Therefore, the emission associated with possible out-
flow can be identified by extracting the emission at the extreme (i.e., largest and
smallest) velocities in the channel as a first order method. I define the emission
in v = [240,360] km stand v= [-360,—-180] km s7! as the red-shifted and blue-
shifted outflow gas, respectively. Figure 4.6 shows moment 0 maps generated using
these velocity ranges. I define “South-OF-Blue" to indicate the location of the blue-
shifted component at the south of South-Nucleus, and “OF-Red" to indicate the red-

shifted component which is located between North- and South-Nucleus. Further-
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HCN( 1_0) 104 10*3Jy/beam 1072

-150 km,

Dec (J2000)

RA (12000)

Figure 4.1 HCN (1-0) channel map. The size of each map is 20 ”(3.4 kpc) square
centered on RA. = 10"27™51518, Dec. =43°54’17”85. The black contours are at no
(n=3,9,27,81 and 0 = 0.2 mJy beam™). The stars, circles, and a triangle are cor-
responding to the coordinates shown in Table 4.1. The stars represent the positions
of the northern and southern nuclei. The blue circle and triangle are the positions
of the blue-shifted components, and the red circle is the positions of red-shifted
components identified in section 4.3.1. We obtain the blue and red wing maps by
integrating the emission in the velocity range [-360,-180] km s™! and [240,360] km
s
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Figure 4.2 HCO" (1-0) channel map. The size of each map is 20 (3.4 kpc) square
centered on RA. = 10"27™51518, Dec. = 43°54’17”85. The black contours are at
no(n=3,9,27,81 and 0 =0.2 mJy beam™). The stars, circles, and a triangle are cor-
responding to the coordinates shown in Table 4.1. The stars represent the positions
of the northern and southern nuclei. The blue circle and triangle are the positions
of the blue-shifted components, and the red circle is the positions of red-shifted
components identified in section 4.3.1. We obtain the blue and red wing maps by
integrating the emission in the velocity range [-360,-180] km s™! and [240,360] km
s
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-15

Dec (j2000)

52.0s  51.5s  51.0510h27m50...
RA (J2000)

Figure 4.3 CO (1-0) channel map. The size of each map is 20 "(3.4 kpc) square
centered on RA. = 10"27™51518, Dec. = 43°54’17”85. The black contours are at
no(n = 3,9,27,81 and o = 3 mJy beam™). The stars, circles, and a triangle are
corresponding to the coordinates shown in Table 4.1.
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Figure 4.4 CO (2-1) channel map. The size of each map is 20 "(3.4 kpc) square
centered on RA. = 10"27™51518, Dec. = 43°54’17”85. The black contours are at
no(n =3,9,27,81 and o =2 mJy beam™). The stars, circles, and a triangle are
corresponding to the coordinates shown in Table 4.1.
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Figure 4.5 CO (3-2) channel map. The size of each map is 20 ”(3.4 kpc) square
centered on RA. = 10"27™51518, Dec. = 43°54’17”85. The black contours are at
no(n = 3,9,27,81 and 0 =9 mlJy beam™). The stars, circles, and a triangle are
corresponding to the coordinates shown in Table 4.1.
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more, I define “North-OF-Blue" as the peak position of the blue-shifted CO (1-0)
emission located ~2”4 north-west of the North-Nucleus. The exact coordinates of
North-OF-Blue, North- Nucleus, OF-Red, South-Nucleus, and South-OF-Blue are
shown in Table 4.1. Figure 4.6 (upper right) shows the schematic view of two bi-
polar outflows originally suggested by Sakamoto et al. (2014). Hereafter, the term
“northern outflow" indicates the outflows from the northern nucleus and “southern
outflow" indicates the outflow from the southern nucleus. The line flux of HCN (1-
0) is 0.16 and 0.12 Jy km s~ whereas HCO" (1-0) is 0.16 and 0.20 Jy km s™! for
the red- and blue-shifted emission, respectively. In addition, I integrate the same
velocity range of the CO (1-0), CO (2-1), and CO (3-2) emission line (Figure 4.6
bottom).
Several differences are found between the distributions of dense gas (i.e. HCN (1-

0) and HCO™ (1-0)) and diffuse gas (i.e., CO) outflows. The dense gas outflows are
identified at OF-Red and South-OF-Blue. They are undetected at North-OF-Blue
(Figure 4.6). I find that the CO (1-0) fluxes in Figure 4.6 are 5.3, 1.9 and 2.2
Jy km s7! for red-shifted emission around OF-Red, blue-shifted emission around
North-OF-Blue, and blue-shifted emission around South-OF-Blue, respectively.?
The CO (1-0) flux at OF-Red is likely the sum of the components from both the
northern and the southern nuclei. I use the flux ratio between the blue-shifted com-

ponents at North-OF-Blue and South-OF-Blue to estimate the fractional contribu-

2We note that the CO (1-0) fluxes in Sakamoto et al. (2014) are 8.9, 3.2, and 1.2 Jy km s~! for
red-shifted emission around OF-Red, blue-shifted emission around North-OF-Blue, and blue-shifted
emission around South-OF-Blue, respectively. These values are different from our measurements.
The difference between our CO (1-0) image and that of Sakamoto et al. (2014) is the uv-coverage,
imaging parameters, and integrated velocity range. For OF-Red and North-OF-Blue, the fluxes
measured in Sakamoto et al. (2014) are larger than our measurements. Since the data set used in
Sakamoto et al. (2014) has compact uv-coverage than ours, these differences are due to spatially
extended northern outflow. For South-OF-Blue, the flux measured in Sakamoto et al. (2014) is
smaller than our measurements. This is due to the integrated velocity range. Using the velocity
range of [-360,-240] for the blue-shifted components, the CO (1-0) flux is ~ 1.1 Jy km s™', and our
measurement is consistent with Sakamoto et al. (2014).
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Figure 4.6 The spatial distribution of the extreme velocity components. The beams
are restored by 2”1. The size of these images are 10" x 20 (1.7 x 3.4 kpc) rectan-
gle centered on RA. = 10"27™51518, Dec. = 43°54’17"85. Blue- and red-shifted gas
are shown by blue and red contour respectively. The stars and circles correspond to
the coordinates shown in Table 4.1. The contours are 0.02 x (3,4,5,6) [Jy beam™
km s7!] for HCN (1-0), 0.02 x (3,4,5,6,8) [Jy beam™ km s™'] for HCO* (1-0),
0.1x(3,6,9,12,15,18,21) [Jy beam™ km s™'] for CO (1-0), 0.07 x (3,9,27,54,81)
[Jy beam™ km s™!] for CO (2-1), and 0.2 x (3,9, 18,27,36,54) [Jy beam™ km s7!]
for CO (3-2). At top right panel, we show the schematic view of the outflows.
These outflows are predicted by Sakamoto et al. (2014) based on CO observations.
There are two bi-polar outflows (northern outflow and southern outflow), and we
assume that red- and blue-shifted extreme velocity components of HCN (1-0) and
HCO" (1-0) is associated with southern outflow.
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tion of the southern outflow at OF-Red. This means that the CO (1-0) line flux

associated with the southern outflow is ~ 5 Jy km s,

4.3.2  Outflow Properties

I estimate the dense gas mass associated with outflow independently from HCN (1—
0) (dense gas mass Mgense) and CO (1-0) ( molecular gas mass My, ) using the

luminosity to mass conversion factor agex and aco [Me (K km s™ pe?)™!];

M gense Lucni-o)

= _— 4.1
Mol HN K km s pc?] “.1)
M o1 Lco(i-0) 4.2)

Mol [Kkm s pe?]

where Lycn-0) and Lcoi-oy are the luminosities of the outflow calculated from the
line flux derived in section 4.3.1. I use large systematic error due to the range
of commonly adopted conversion factors; ayen = [0.24,10.0] and aco =[0.8,4.6]
(Bolatto et al. , 2013b; Barcos-Muiioz et al. , 2018). I subsequently estimate the
age (Age), outflow rate (M), and kinetic energy (Pinor) (Cicone et al. , 2014) as

follows.

A I V. -1
My ™ (E) ( S ) (4.3)
Myr \ pc/ \kms!
1 -1

M — 106 Mdense or Mmol Age (44)
M@ yr_l M@ Myr
Piin oF 35 M Vor \°

— =3 x 10 4.5
erg s~ (3x107) Mo yr! ) \km st (4.5)

where the VoF is the representative velocity of the southern outflow, log is the dis-
tance from the nucleus to the outflow. I use the de-projected outflow velocity of the

1

southern outflow Vor ~ 1600 km s™, which is derived from the central value of the

integrated range of blue-shifted components (Figure 4.1) assuming an inclination of
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80° (Sakamoto et al. , 2014). The de-projected distance of [or=400 pc is estimated
from the coordinates shown in Table 4.1. Table 4.2 shows the derived properties of
southern outflows. Comparing the power of outflows and the kinetic power injected
by supernovae, we can investigate whether southern outflow can be explained by

supernovae explosions or not. The relation

Panse _ o gu _SFR

— - (4.6)
erg s o yr

derived by Veilleux et al.  (2005) is used. The SFR of ~ 6 Mg yr! ? at the
southern nucleus in the ~ 3”0 region is adapted based on infrared SED fitting
(Lira et al. , 2008). The power of the outflows is larger than the kinetic power
from supernovae explosions (Pxin or/PxinsF 1S > 20% and > 100% using Myense and
M1, respectively). This suggests that the energy source such as an AGN is needed
since Pn oF/ Pin sk 1S ~ 1% for pure starburst driven outflow (Cicone et al. , 2014;
Pereira-Santaella et al. , 2018). This supports the CO outflow parameters and ge-
ometry suggested by Sakamoto et al. (2014), in which a weak or recently dimmed

AGN likely to drive the southern outflow.

4.3.3 Line Ratio

The line flux associated with outflows and nuclei are measured in a consistent
manner for all lines. For the two nuclei, all of the channels ([-390,390] km s7!)
with the signal to noise ratio of > 3 are integrated. For the extreme velocity com-
ponents, only the channels defined in Section 4.3.1 (Figure 4.6) are integrated. In
such case, the line flux does not include the entire outflowing gas since excluded

channels closer to the systematic velocity contain the gas in the outflow at lower

3We note that this value is higher than the SFR derived by infrared SED fitting (~2 M, yr™!)
conducted by Sakamoto et al. (2014) based on the method introduced in Murphy et al. (2011).
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Table 4.2 Southern outflow properties derived from HCN (1-0) and CO (1-0) ob-
servations.

Southern Outflow

Properties HCN (1-0) CO (1-0)
aco or apgen [Mp (Kkm s™ pe?)™']  0.24-10 0.8-2.1
M gense OF Miyor [10° Mg ] 2.8-120 100-260
VOF [km S_l] 1600

lor [pc] 400

Age [Myr] 0.25

M Mg yr'] 1-48 40-104
log(Pin.or) [erg s7'] 42.0-43.6 43.5-43.9

velocity. Nonetheless, I mainly investigate the line ratios associated with outflows,
and the absolute value of the line flux associated with outflow does not impact our
conclusion. Three sigma upper limit are used for non-detection. Table 4.3 shows
the measured line fluxes. Table 4.4 shows the line ratios (Rz;/10, R32/10, Rucn/cos
Ruco+/co» and Rycn/uco+)- 1 find that both Ryco+/co (i.e. dense gas fraction) and
the R3,/19 are larger in the southern outflow (0.20£0.04 and 1.3£0.2, respectively)
than in the southern nucleus (0.08£0.01, 0.740.1, respectively). Such trend is not

seen for the northern outflow.

Table 4.3 Measured line flux for each region inner 2.1” beam

region velocity range CO CcO CO HCN HCO"
J=1-0 J=2-1 J=3-2 J=1-0 J=1-0
kms™! Jykms™!
North-OF-Blue [-360,-180] 05£01 T.0X£0.1 <0.6 <0.06 <0.06
North-Nucleus [-390,390] 36 £4 139 + 14 280 + 28 26+03 28+03
OF-Red [240,360] 1.5+£02 53+£05 95+£1 0.08+0.02 0.08=+0.02

South-Nucleus [-390,390] 39+4 142 + 14 250

0
+ 25 1.1 £0.1 1.9+02
South-OF-Blue [-360,-180] 08+008 41£04 99+10 0.0

7+0.02 0.10 £0.02
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Table 4.4 Line ratios in each region

region Ra1/10 R3/10 Rucnyco Rucot/co  Rucnyucor

North-Nucleus  1.0£0.1 09+0.1 0.12£0.02 0.13£0.02 0.94+0.13
North-OF-Blue  0.5+0.1 <0.1 <0.20 <0.20 -

OF-Red 0.9+0.1 0.7+£0.1 0.09+0.02 0.09+0.02 0.99+0.34

South-Nucleus  0.9+0.1 0.7£0.1  0.05£0.01 0.08+0.01 0.60+0.08
South-OF-Blue 1.24+0.2 1.3£0.2 0.13+0.04 0.20£0.04 0.68+0.24

4.4 Radiative Transfer Modeling
4.4.1 RADEX and Bayesian analysis

It is expected that the physical condition (e.g., temperature and density) of the
outflow can be substantially different from the ambient ISM. In order to investigate
the physical conditions, a radiative transfer treatment is necessary. I use RADEX
(van der Tak et al. , 2007) for the modeling of the non local thermodynamic equi-
librium (non-LTE) radiative transfer. The physical conditions are derived based on
CO (1-0), CO (2-1), CO (3-2), HCN (1-0), and HCO*(1-0) for North-Nucleus,
South-Nucleus, and South-OF-Blue. The assumptions are as follows. At first,
background temperature assumed to be T;,, = 2.73 K. The CO and H, abundance
ratio is assumed to be [CO/H,] =1.0 x 10~ since 15 % of C is in the form of CO
with a cosmic value of (C/H)=3 x 10 (Omont , 2007). The typical line width of
150 km s7! (full width half maximum, FWHM) is used since FWHM of CO (2-1)

1

emission at North-Nuclei and South-Nuclei are 160 and 112 km s™', respectively.

The same calculations are conducted using 300 km s™' and 50 km s~

, and we find
that the value of FWHM does not affect the results within one sigma range. These
assumptions and RADEX modeling enable us to estimate line intensities based on ki-
netic temperature (Zyi,), Hy volume density (ny,), CO column density (Nco), beam

filling factor (FF), and the abundance ratio (Ngcn/Nco and Nyco+/Nco). Conversely,

the parameters (Zxin, nn,, Nu,, F'F, Nuen/Neo and Nyco+/Neo) can be estimated from

108



the multi-line intensities using Bayesian likelihood statistical analysis (Kamenetzky
et al. , 2012). The best values of these parameters are searched within a range of
Tiin = 5—6300 K, ny, = 101 =107 cm™, Neo = 10'2-10%%2 cm™, FF =107 - 10°,
Nuen/Neo=10"7 =103, and Nyco+/Nco=10"—-107. In order to avoid the non-
physical condition, I assume that the length of the column does not exceed the
diameter of the photometric beam size (~ 400 pc ~ 2.17”). Similarly, I assume that
the total mass does not exceed the virial mass (Mgy, = 1040 R 0,2; FWHM =2.350,,

R ~200 pc) (Wilson & Scoville , 1990).
4.4.2 Results

Table 4.5 shows the results of the Bayesian likelihood statistical analysis. Fig-
ure 4.7 shows the relative probability function for the free parameters (ny,, Tkin.
Nco, FF, Nacn/Nco and Nyco+/Nco) at South-Nucleus (black) and South-OF-Blue
(blue). Except for the Noo and FF, the one sigma range * (Table 4.5) of the esti-
mated value is large, and the apparent offset between South-OF-Blue and South-
Nucleus in the peaks (Figure 4.7) is mostly insignificant. The critical issue is that
four lines are used for input parameters and five parameters are estimated, which
results in the broad probability functions. The other issue is that assumption of
a single phase ISM, which is not appropriate in the case of multiple phase ISM
(e.g., warm and cold). Sliwa et al. (2014) and Saito et al. (2015) investigated
the spatially resolved physical properties of the merging galaxies (NGC 1614 and
VV 114) with similar analyses. Sliwa et al. (2014) suggest that the cold (< 100
K) molecular gas component is dominant in NGC 1614. On the other hand, in
NGC 3256, estimated one sigma range of Ty;, is warmer than 100 K. In addition,

South-OF-blue in NGC 3256 shows warmer Ty;, and smaller N than every region

4The one sigma range is estimated with the same manner conducted by Kamenetzky et al.
(2012).
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in NGC 1614. For the accurate estimation of physical conditions, it is necessary
to use optically thin lines like '*CO and/or high-J lines (Sliwa et al. , 2014; Saito
et al. , 2015). Even though there are uncertainties, this analysis can be a first step

for quantification of the physical conditions of the extra-galactic molecular outflow.

Table 4.5 The results of RADEX modeling

region Tkin rl].[2 NCO FF NHCN/NCO NHCO* /NCO
K cm™ cm™2

South-Nucleus  17-259  10%¢-10%0 104 - 1014 0.01-0.21 1072 - 10T 1073 -107373
South-OF-Blue  33-254  10*3-10%2  10'¢6-10'77  0.0006 - 0.0055 107*°-1073% 1047 - 10733

4.5 Discussion

I can investigate the overall properties of the gas outflow such as the mass and
velocities based on the diffuse gas observations using CO lines. A multi-line anal-
ysis including the dense gas tracers gives us additional information pertaining to
the physical and chemical properties of the outflow. I assume that HCN and HCO™*
are collisionally excited and the Rycn/co and Ryco+/co trace the dense gas fraction
(e.g., Gao & Solomon , 2004; Bigiel et al. , 2015). In the following, I investigate the
line ratios (Rucn/co, Ruco+/cos Ra1/10, and R3;/10) at the nucleus (i.e. North-Nucleus
and South-Nucleus) and outflow components (i.e. South-OF-Blue, North-OF-Blue,

and OF-Red) for both the northern and southern galaxy (Figure 4.8).
4.5.1 South-OF-Blue

The dense gas outflow is clearly detected in both HCN (1-0) and HCO* (1-0) at
South-OF-Blue (Figure 4.6). I find that ~ 2 times larger dense gas fraction traced in
RHCO*/CO at South-OF-Blue (RHCO+/CO =0.20+ 004) than South-Nucleus (RHCO+/CO

=0.08 £0.01) (Table 4.4 and Figure 4.8). The Rycn/co also shows same trend. In
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Figure 4.7 The results of RADEX modeling. We show the probability functions for
each parameter measured by CO, HCN, and HCO* flux. The black lines show the
relative probability function for each parameter at South-Nucleus. The blue lines
show the relative probability function for each parameter at South-OF-Blue.
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Figure 4.8 (A)-(C) Line ratios for each region. The panels show the (A) Rycn/co,
(B) Ruco+/co, and (C) Rucn/uco+- The dense gas fraction traced by Rucn/co and
Ruco+/co 1s similar or smaller at North-OF-blue and larger at South-OF-blue than
the nucleus. (D)-(F) CO spectral line energy distribution up to J=3 for each re-
gion; (D) North-OF-Blue and North-Nucleus, (E) OF-Red, (F) South-OF-Blue and
South-Nucleus. A decreasing trend is seen at North-OF-Blue, and an increasing
trend is seen at South-OF-Blue. The values are shown in Table 4.4,

addition, I find a factor of two larger Ryj/jo = 1.2+0.2 and R3p/;0 = 1.3£0.2 at
South-OF-Blue than at South-Nucleus (Ry;/10 = 0.9 +0.1 and R3;/10 = 0.740.1).
These results suggest that dense gas fraction is larger and excitation condition is
higher in the South-OF-Blue than in the South-Nucleus, which means that the ISM
is significantly altered due to the energy input from the powerful outflow. The
RADEX modeling also suggest the higher Ty, and ny, (Figure 4.7) in South-OF-Blue
compared to South-Nucleus, while the one sigma range is large.

I further investigate variation in the line ratio as a function of velocity (Figure
4.9 and 4.10), and I show the line ratios against the absolute value of velocity offset
at OF-Red and South-OF-Blue in Figure 4.11. In the case of South-OF-Blue, I

find the increase of the dense gas fraction towards the largest velocity offset (e.g.,
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Rucn/co=0.22+£0.03 at -240 km s~ and 0.32+0.05 at -300 km s~ )(Figure 4.11).
On the other hand, the R3;/19 and R;;/1o decrease towards the largest velocity offset
(e.g., R3/10=2.3+£0.2at-240 km s and 1.4 +£0.2 at -360 km s™" ).

I can not explain such difference when HCN (1-0), HCO*(1-0), CO (2-1) and
CO (3-2) trace the same gas. It is possible that the gas with the largest velocity
offset is efficiently compressed into dense gas clumps while diffuse gas outflow is
outspread. Therefore, one possible explanation is a two-phase gas in the outflow;
i.e., dense clumps are traced by HCN (1-0) and HCO* (1-0) and diffuse gas are
traced by CO lines. Figure 4.12 shows the schematic view of the blue-shifted part of
southern outflow. This also explains the large uncertainty of the Bayessian estima-
tion for the 7y, and ny, due to the assumption of single phase gas. Such multi-phase
outflows can be produced due to the jet and ISM interaction (Zubovas & Nayakshin
,2014; Costa et al. , 2015; Ferrara & Scannapieco , 2016) in numerical simulations.
This formation process is supported by the detection of a collimated structure de-
tected by the VLA (Neff et al. , 2003) whose spatial distribution is consistent with
the outflow detected in CO (Sakamoto et al. , 2014). In addition, the detection of
near-IR H, emission lines suggests the gas heated by X-ray or shock in the southern
outflow (Emonts et al. , 2014).

The similar characteristics with southern outflow are seen in the case of galaxies
hosting the strong radio jet (IC 5063 and M51). IC 5063 is a massive radio loud
elliptical galaxy with a Seyfert 2 nucleus (Morganti et al. , 2013; Tadhunter et al. ,
2014; Dasyra et al. , 2015; Morganti et al. , 2015; Dasyra et al. , 2016). Based on
the observation of near-IR H; lines, Tadhunter et al. (2014) suggest the fast shock
into the ISM due to the radio jet expansion. The higher excitation condition in the
jet driven outflows is suggested from the CO (4-3) / CO (2-1) in IC 5063 (Dasyra

etal. ,2016) in which CO (4-3) / CO (2-1) is over unity (in brightness temperature
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Line ratios for blue-shifted components
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Figure 4.9 Line ratios for blue-shifted components. Symbols are the same as Figure
4.1. The size of each map is 20 (3.4 kpc) square centered on RA. = 10"27™51°18,

Dec. =43°54"17"85.

114



Line ratios for red-shifted components
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5 sigma upper limits. This difference is probably due to two-phase ISM in the
outflow. In addition, Rucn/nco+ increases towards the largest velocity offset, and
one possible explanation is that shock is dominant in the outflow.
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Figure 4.12 A schematic view of expected feature of the blue-shifted components
of southern outflow in NGC 3256 (South-OF-Blue). There are clumpy and diffuse
gas outflow. The gas with the largest velocity offset is efficiently compressed into
dense gas clumps due to a jet-ISM interaction. Such clumps possibly lead future
star formation.

unit) at the gas associated with outflows.

In the case of M51, Matsushita et al. (2015) show large Rycn/co > 1 for
the outflow associated with the AGN jet based on the map obtained at ~ 34 pc
resolution at the Submillimeter Array (SMA), which suggests that HCN is enhanced
in shocks. Assuming that the dense gas is only associated with the shock front of
the jet-ISM interaction in NGC 3256, the beam filling factor of HCN can be smaller
than CO. This means that if the outflows are observed with better resolution (e.g.,
~30 pc), Rucn/co possibly shows > 1 at the edge of the outflow.

On the other hand, the outflow associated with AGN seen in Mrk 231 shows
different characteristics from the southern outflow in NGC 3256. In the case of
Mrk 231, the lower excitation condition in the wings than the core is suggested

(R21/10 ~ 0.8 in the core but < 0.8 in the outflow) (Cicone et al. , 2012). Cicone
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etal. (2012) suggest an acceleration by radiation pressure on the dust in molecular
clouds (Fabian et al. , 2009) without interactions between the jet and ISM of the
host galaxy in order to explain the lower excitation outflow in Mrk 231. In addition,
(Aalto et al. , 2012) shows that Rycn/co in the outflow of Mrk 231 is higher (~ 0.6)
than Rycn/co at South-OF-Blue. The reason for such differences is not clear. A
major difference is that NGC 32568 is not in a QSO phase as in Mrk 231, but it is

a low luminosity AGN.

Summarizing the characteristics of the southern outflow, it has higher excitation
condition and larger dense gas fraction than in the southern nucleus. In addition,
the southern outflow is possibly a two-phases (dense clumps traced by HCN and
HCO™" and diffuse components traced by low-J CO) outflow. The next issue is
the possibility for the star formation in such dense clumps. Dugan et al. (2014);
Wagner et al. (2016) shows that jet-ISM interaction can lead to the formation
of new massive stars in the numerical simulations. I use the empirical relation
between SFR and dense gas mass (SFR [Mg, yr']= 1072 x M%) (Usero et al. ,
2015) in order to estimate the SFR associated with southern outflow. We estimate
SFR = 0.004-0.2 [M, yr'] from dense gas mass associated with outflow (Mense =
(2.8—120) x 10° [M]). Compared to the total SFR of ~ 41 M, yr™!, this estimated
SFR in the outflow is too small to be recognized as a positive feedback. A more

direct observational evidence of positive feedback is necessary, and it requires high

resolution observations that trace the star formation acticvity.

4.5.2 North-OF-Blue

Unlike CO observations, extreme velocity components of HCN (1-0) and HCO* (1-
0) are not detected at North-OF-Blue. It is difficult to compare the dense gas frac-

tion between the northern nucleus and the outflow since our observation sensitivity
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is not sufficient to derive meaningful upper limit. I find that R3y/19 and Ry 19 are
lower (R/10=0.540.1, R3y/19 < 0.1) at North-OF-Blue (dotted blue line in Figure
4.8 (D)) than the North-Nucleus (R;1/10 =1.040.1, R33/10 = 0.9 £0.1) (solid line
in Figure 4.8 (D)). A possible explanation is that the outflow has lower or similar
excitation condition compared to the northern nucleus, assuming that all CO lines
are optically thick at North-Nucleus. This suggests that the gas is expelled from the
nucleus with little interaction between the outflow and the ISM. The similar trend
is seen at the starburst galaxy M82 that has R3;/10 = 1.1 0.2 around the nucleus
and 0.4 £ 0.2 in the outflow (Weil} et al. , 2005). Finally, the note is that the mo-
ment 0 map of the blue-shifted CO (2—-1) component around North-Nucleus and
North-OF-Blue shows the V-like shape in the moment O map. The directions of the
CO (1-0) and CO (3-2) outflow are different and faint CO (3-2) is detected around
North-OF-Blue (Figure 4.6). This suggests that it arises from two different outflows
and such V-like shape outflow is reported at different scales, for example, AGN jet
in Circinus (Marconi et al. , 1994) and outflow cavity from low mass protostars
(Zhang et al. , 2016). A higher resolution and sensitivity are necessary for further

investigation.

4.5.3 OF-Red

Dense gas outflow traced in HCN (1-0) and HCO* (1-0) is detected at OF-Red
(Figures 4.1-4.6). At OF-Red, both the southern and northern outflow can con-
tribute to the red-shifted extreme gas components. For CO observations, I assume
54% and 46% of the red-shifted components arise from the southern and northern
nucleus, respectively (Sakamoto et al. , 2014). On the other hand, since the dense
gas tracers are not detected at North-OF-Blue, it is assumed that 100% of the red-

shifted components arise from the southern nucleus in the case of HCN and HCO™.
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This indicates that the outflow emanating from the southern nucleus is denser than
the northern outflow (Figure 4.6). The dense gas fraction at OF-Red is a factor
of a few smaller than at a South-OF-Blue at given absolute velocity offset (Figure
4.11). If it is assumed that 54% of the CO red-shifted components arise from the
southern outflow, the dense gas fraction increases by a factor of two. In such case,
a symmetric bi-polar southern outflow between red- and blue-shifted components
can be explained in terms of the dense gas fraction. Furthermore, dense gas frac-
tions increase at the largest velocity offset (Figure 4.11). For example, Rycn/co 18
0.08 £0.01 at +240 km s~ and 0.2040.04 at +360 km s~!. This trend is also seen
at South-OF-Blue and suggests that the gas is efficiently compressed into dense

clumps with the largest velocity offset.

4.5.4 Shock in the outflow

It is suggested that the HCN and HCO" outflows detected in South-OF-Blue
can be a multi-phase outflow that is formed due to the jet-ISM interaction. This
possibly means the shock enhancement (Goldsmith & Pittard , 2017), as suggested
by Emonts et al. (2014) showing the possibility for the shock heated outflow from
their near-IR H, observation. In this section, I investigate the chemical properties
of the outflows from HCN (1-0) and HCO™ (1-0) line ratio. The conventional idea
is that shocks reduce the abundance of HCO™ while leaving the HCN abundance
unchanged (Iglesias & Silk , 1978; Elitzur , 1983; Mitchell , 1983; Harada et al. ,
2015). In LIRGs, Papadopoulos (2007) suggest that the HCO"™ abundance could
be reduced in the highly turbulent molecular gas where shocks are expected to be
frequent. Burkhardt et al. (2016) investigate the protostellar outflow with multi-
line and find that HCN and shocked gas tracers (e.g., CH;OH, HNCO) can be seen

at the edge of the outflow but HCO™ is not. In addition, Lindberg et al. (2016)
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show that HCN/HCO" ratio is enhanced in the outflow of Mrk 231 based on PdBI
observations. In the case of the outflow at South-OF-Blue in NGC 3256, Rycn/mco
increases towards the largest velocity offset, i.e., Rucn/uco+ 1s 0.34 £ 0.06 at -240
km s7! and 1.27 £0.20 at -360 km s~ at South-OF-Blue. In contrast to South-
OF-Blue, there is no clear enhancement of Rycn/uco+ toward the largest velocity
offset at OF-Red. The difference can be probably due to the orientation of the two
galaxies. A coexistence of the ISM belonging to the NGC 3256N and NGC 3256S
toward the direction of OF-Red makes it easy to enhance Rycn/Hco+ entire extreme
velocity components (from low to high velocity) at OF-Red. In addition, the red-
shifted HNC wing is also detected at OF-Red (Harada et al. , 2018), which suggests
stronger shock in the red-shifted outflow since HNC emission is expected in shock
and/or dense warm gas (e.g., Aalto et al. , 2002).

The HCN and HCO™ line ratio is insufficient to draw a conclusion for shock
enhancement. For example, the HCO* abundance increase behind a shock front
in a diffuse cloud (~ 3 x 10* cm™) through reaction of C* and O (Ziurys et al. ,
1989; Mitchell , 1983). For additional clues, it is necessary to observe shock gas
tracers (e.g., CH;0OH, SiO, HNCO) in the outflow. In the same data set presented
here, shock gas tracers are simultaneously observed. However, the sensitivity was
not enough to detect the extreme velocity components of these lines since the line
flux is more than 10 times lower than HCN (1-0) and HCO™ (1-0). Based on the
spatial distribution of these shock gas tracers, Harada et al. (2018) suggest the
shock enhancement in the outflow.

The possible solution to identify the enhancement of shocks is to search for
H,O line in the outflow. H,O is the most abundant molecule in the grain mantle
(Yamamoto , 1985) and H,O abundance is enhanced if the grain mantels are pro-

gressively eroded by shock (Flower & Pineau des Foréts , 2010). The brightness of
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H,0 is comparable to high-J CO (Yang et al. , 2013; Falstad et al. , 2015). H,O
lines in LIRGs have already been reported (Konig et al. , 2017), and future high
resolution and sensitivity H,O observations are the keys to investigate the shocks in

extragalactic outflows.

4.6 High Resolution CO (2—-1) image

Finally, Figure 4.13 shows the highest resolution (0.16” ~ 27 pc) image of the
southern outflow in ALMA archive (ALMA Project ID: 2015.1.00714.S). I only use
the data obtained with 12m array in 1st and 7th September 2016 in order to focus
on compact structure in the outflows. The image is made using the tclean task in
CASA (version 5.1.2, Briggs weighting, robust = 2.0) with automatically masking
loop auto-multithresh (sidelobethreshold=2.0, noisethreshold=3.0, lownoisethresh-
0ld=2.0, minbeamfrac=0.3, growiterations=75, and negativethreshold=0.0). The
clumpy structures are detected in both blue- and red-shifted components at similarly
large velocity offsets. In order to identify the clumps, I use two dimensional fitting
tool (2D Fit tool)in CASA. Four clumps (B1-B4) are identified in blue-shifted
components and three (R1-R3) in red-shifted components. The size of clumps are
measured as the half light radius of the components by 2D fitting for ellipticals. The
fitting results are shown in Figure 4.14 and Table 4.6. The fitting shows the size of
clumps is 34-105 pc and the mass is (0.3—6.7) x 107 M. In order to investigate the
velocity dispersion of the clumps in the southern outflow, I check the line profile for
each clump. Double gaussian is fitted to the line profile at B3, B4, R1, R2 and R3.
The fitting results are shown in Figure 4.15. In the case of B1 and B2, it is difficult
to separate outflow components and rotating disk since the peak of second compo-
nents are not clear. Finally, Table 4.6 shows the summary of the clump properties.

The virial masses are calculated by using the equation from Donovan Meyer et al.
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Comparing the clumps in the southern outflow with GMCs in nearby galaxies and
Milky Way using the data presented in Tosaki et al. (2017), clumps in the southern
outflow of NGC 3256 show higher velocity dispersion than the same size clumps in
the normal galaxies (Figure 4.16). In addition, all the clumps have the M.,;, /My, ra-
tio of > 1. These results suggest that the clumps in the outflows are not gravitation-
ally bound due to high turbulence. This can be an indirect evidence of shocked gas
clumpy outflow, which is suggested by line ratios in previous sections. I note that
the effective radius shown in Table 4.6 and Figure 4.16 possibly miss the extended
structure. However, in order to explain the velocity dispersion of > 50 km s™! by
Larson’s law (Larson , 1981), the effective radius should be > 1 pc. In addition, the
difference of the clump find algorithm and resolution there are possibly systematic

offset between my work and Tosaki et al. (2017).
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Figure 4.13 The high resolution (0.17 x 0.16”) image of CO (2-1) outflow from
ALMA archive. We identify the clumps (B1-B4 for blue-shifted components, R1-
R3 for red-shifted components).
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Figure 4.14 The results of two dimensional fitting for the clumps in the outflow.
Figure 4.15 shows the spectrums for each clump. Table 4.6 shows the properties of
each clump.
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Figure 4.15 The results of double gaussian fitting at the outflow positions. Black is
the original spectrum, and the green is the main component associated with rotating
disk, and the blue and red is the blue- and red-shifted second components. We
assume these blue and red components as outflow. We do not conduct gaussian
fitting when the peak of second components are not clear (B1 and B2).
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4.7 Chapter Summary

I present the detections of dense gas outflows in NGC 3256 based on ALMA

HCN (1-0) and HCO"(1-0) observations. Investigating the line ratios (Rucn/co.

RHCO*/CO, RHCN/HCO+, R21/10, and R32/10) for outflows and nuclei in NGC 3256, 1

characterize the physical and chemical properties in the outflows. My findings are

as follows.

)

2)

3)

“4)

The extreme velocity components of HCN (1-0) and HCO™ (1-0) are not de-
tected at North-OF-Blue, which means that there is no signature of dense gas
outflow in the starburst driven northern outflow. The Ry, and R3;/¢ ratios
are comparable between the northern outflow and the northern nucleus. This
suggests that the gas is expelled from the starburst region without experienc-

ing large physical or chemical changes.

I clearly identify the dense gas in the southern outflow emanating from the
low-luminosity AGN in the southern nucleus. Investigating line ratios, I find
that both the dense gas fraction and Rj3; /¢ ratios are larger in the outflow than
in the nucleus. This suggests that warm and dense gas in the southern outflow,

and non-LTE modeling also supports this idea.

For the southern outflow, I additionally find that the dense gas fraction in-
creases and Rj; /1o decreases towards the largest velocity offset. One possible
situation is the existence of a two-phase (diffuse and clumpy) outflow. Such a
two-phase outflow can be produced by a jet-ISM interaction, which possibly
triggers the shock and/or star formation in the outflow. However, it is difficult

to investigate star formation activity in the southern outflow.

The increase of Rycn/nco+ suggests the shock enhancement in the southern
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Figure 4.16 Comparison between clumps in nearby galaxies, Milky Way, and
clumps in the southern outflow of NGC 3256. The GMCs in this diagram are from
Tosaki et al. (2017). We find that the clumps show higher velocity dispersion than
the same size clumps in the normal galaxies. This might suggests that the clumps
are not gravitationally bounded due to high turbulence.
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®)

outflow due to a jet-ISM interaction. However, it is necessary to detect addi-
tional multi-molecule in the outflow in order to investigate chemical proper-

ties inside the outflow.

Finally, I find clumps in the southern outflow by using the highest resolution
(~0.16”) CO (2-1) imaging data. I conclude that the clumps in the southern
outflow are not gravitationally bounded. This result also supports the idea of

shocked gas clumpy outflow suggested by the line ratio analysis.
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5

Conclusion

5.1  Summary

In this thesis, I have conducted millimeter/submillimeter observations toward

merging galaxies. In chapter 2, I presented a survey observation of merging galaxies

using ASTE and AKARI. In chapter 3 and 4, I showed the ALMA observations of

one merging galaxy NGC 3256 as a case study. Through these observations, I will

answer the key questions introduced in section 1.5.

o Is star formation relation universal between normal galaxies and merg-

ers?

No. I found that normal isolated spiral galaxies and merging galaxies have
different slopes («) in the logLco —logLpr plane: a ~ 0.8 for disk galaxies
and ~ 1.1 for merging galaxies. This means that merging galaxies fill the
gap between disk- and starburst-sequence. This supports the model based on
Teyssier et al. (2010); Bournaud (2011). In their model, they predicted that
the spatially extended starburst (due to fragmentation of high-dispersion gas
outer the nuclear region) is equally important especially in the early phase as

well as nuclear starburst (due to massive inflow) in the late phase.

Where and how much is the starburst triggered during the merger pro-

cess?

My conclusion is that the contribution of the disk-wide starbursts is larger
than dusty nuclear starbursts. While the importance of disk-wide starbursts

was recognized in previous literature, dust-enshrouded nuclear starbursts were
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possibly missed. The key in my project is that I use both VLT IFU (i.e., Ho
and HpP) and ALMA (i.e., H40« and H4273) observation. The synergy be-
tween VLT and ALMA enables us to directly quantify the SFR at diffuse

disk-wide star forming region and dusty nuclear starbursts.

As a case study, I observed merging galaxy NGC 3256. At first, from optical
observations, I found many star forming blobs outside of nuclear regions, and
these regions are categorized as starburst in terms of surface density of SFR
and My,. However, it is difficult to investigate star formation activities in
dusty regions by using optical observations. From ALMA sub-mm recombi-
nation line mapping, I found that there is a star forming region at the southern
nucleus where optical recombination lines are undetected due to strong dust
extinction (Ay ~ 18). This means that ~ 12% of star formation activity is
missed using optical lines as indicators of star formation activity in a dusty
merging galaxy. Combining two observations, the global SFR in NGC 3256
is ~ 41 M, yr''. The SFR in the northern and southern nuclei is 6.440.9 and
5.040.7 M, yr™!, respectively. This means that the contribution of extended
star formation (~ 72%) is larger than dusty nuclear starbursts (~ 28%) in
NGC 3256. For comprehensive approach, it is necessary to investigate more
advanced merging galaxies (like merging ULIRGs) than NGC 3256. It is
predicted that contribution of nuclear starburst is larger than disk-wide star-
burst in advanced late stage merger. My method using mm recombination
line is ideal to investigate star formation activity in extremely dusty region in

ULIRGs.

What kind of structure and properties do molecular outflows have?
I found clumpy structure at the AGN triggered outflow in NGC 3256. In ad-
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dition, CO, HCN and HCO™" observations showed the higher excitation and
the larger dense gas fraction at the AGN triggered outflow than the nucleus.
It is difficult to explain these results if we assume simple mass translation due
to inflow and outflow. The complex physical mechanisms are necessary. For
example, clumpy outflows are not basically included in the typical merger
scenario, whereas such outflows are predicted in strong AGN feedback mod-
els. One possible scenario to produce clumpy structure in the outflow is a jet
and ISM interaction. Such clumps in the outflows can possibly become the
sites of future star formation (“positive feedback™), affecting the long-term
evolution of the host galaxy. However, the expected SFR derived from total
dense gas mass in the outflow is not as high as the SFR of host galaxy. The
conclusion from this study is that while the degree of star formation is likely
small, the existence of “positive feedback™ is possible and it is not completely
ruled out. As a next step, it is necessary to investigate how outflows affect
the star formation activity not only for high-velocity gas but also for the gas
in the disk. On the other hand, in the case of starburst triggered outflow in
NGC 3256, clumps are not seen inside the outflow. In addition, observations
showed the lower excitation and the smaller or similar dense gas fraction seen
at the northern starburst triggered outflow than the northern nucleus. This
suggests that the gas is simply expelled without any action from the nucleus,

which can be explained by a standard process of "negative feedback".

The observational data presented in this thesis provides evidences of previously
expected “disk-wide starbursts” and the new idea of “clumpy dense outflows” in
merging galaxies, particularly in NGC 3256. However, this is just a case study

only for one merging galaxy NGC 3256. The important next step is to expand our
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observation from individual case studies to a statistically significant sample that

includes a wide range of merger stages, star formation rates, and nuclear properties.

5.2 Future Works

Once ALMA started operation, merging galaxies have been observed with high
resolution and sensitivity. Such observations enable us to precisely investigate phys-
ical, kinematic, and chemical properties of merging galaxies. However, most of the
observational studies focus on each galaxy (i.e., chapter 3 and 4). It is necessary to
find general characteristics by summarizing each case study. In order to improve the
statistical studies by using single dish telescopes (i.e., chapter 2), it is possible to use
ALMA archive. As a first step, I check how many galaxies have been observed up to
now (October 2018). I cross match the IRAS Bright Galaxy Sample (Sanders et al.
, 2003) and ALMA archive. I find that 197 of 629 sources have already observed
by ALMA. In the case of VV catalog (Vorontsov-Velyaminov , 1959; Vorontsov-
Velyaminov et al. , 2001), I find that 79 of 2014 sources have already observed by
ALMA. Establishing ALMA merging galaxy catalog, I will investigate the general
properties of the merging galaxies. The key questions are, for example, “How many
merging galaxies have a massive molecular gas outflow?", “What is the difference
between gas poor and rich mergers?", “Does a galaxy merger affect the chemical

properties of the galaxy?", and etc.

One of the ultimate goals of astronomy is understanding the galaxy evolution
during the history of the Universe, and redshift ~ 2 is the peak epoch of the star
formation in the Universe. U/LIRGs are the principal galaxy population at this
epoch, which produce ~ 90% of the IR luminosity density associated with star for-
mation (e.g., Murphy et al. , 2011). Galaxy-galaxy mergers are the key mechanism

to enhance the IR-luminosity in the Universe. It is necessary to directly compare

135



between galaxies at the peak epoch and local merging U/LIRGs. In terms of the
molecular gas properties, a great number of observational studies are conducted to-
wards the local U/LIRGs by using low-J CO lines (see chapter 2). On the other
hand, for high redshift sources, it is difficult to observe low-J CO lines due to lim-
ited observable frequency. Therefore, molecular gas properties are investigated by
high-J CO lines and/or atomic carbon lines (e.g., Bothwell et al. , 2016). Recently
high frequency receivers have rapidly been developing; e.g., CO (4-3) to CO (7-6),
CI(1-0), CI(2-1) from ALMA Band 8 to 10 receivers. I have just started ALMA
ACA CI (2-1) and CO (4-3) observations towards 40 U/LIRGs (ALMA project ID:
2018.1.00994.S). I will directly compare the molecular gas properties between high
redshift sources and local active galaxies.

In the future, I will continually observe merging galaxies with multi-wavelength
and multi-line. I will give noteworthy phenomena during merger process which

current theoretical models do not consider.
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