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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 happens during a galaxy-galaxy

merger"”. Astronomers have been studying a merger process theoretically and observationally. [t
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

galactic nucleus (AGN) activities. However, it remains unknown hew such activities are enhanced

by a galaxy-galaxy merger and subsequently affect galaxy evelution (feedback process}). |

approach these issues by using sub/millimeter telescopes; Atacama Submillimeter Telescope
Experiment (ASTE} and Atacama Large Millimeter/submillimeter Array (ALMA). 1 performed a

series of separate projects as follows.

[1*' 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 relation 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 effic-iency (SFE=SFR/My3) 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
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, f cenducted ASTE CO (3-2) survey observations

for merging galaxies (total observation time 120 hours). 1 increase the number of early stage

merging galaxies without intense starburst activities. | investigated the relation between the CO

{(3-2) luminosities (Lco % Muz) and the far-infrared luminosity (Lpr 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. I found that normal isolated spiral
galaxies and merging galaxies have different slopes (a) in the logLco — logLpg plane: o ~ 0.8 for
disk galaxies and ~ 1.1 for merging galaxies. This means that merging galaxies fill the gap between
disk- and starburst-sequence. In addition, I found that the star formation efficiency (SFE o<
Lrir/Lco) gradually increases from isolated galaxies, merging galaxies, and to high-z active

galaxies.

2" project] Second, I investigated details of star formation activity in a merging galaxy. As
shown in the first project, 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 galaxies?”. In this project, I use both optical integral field units (MUSE

mounted on Very Large Telescope) to obtain He and HP image which can trace diffuse disk-wide
starbursts and ALMA to obtain H40a and H42a image 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. Optical observations show many star forming blobs outside of nuclear
regions, and these regions are categorized as starbursts. In addition, ALMA shows 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 forniing region is
~12% of total SFR expected from extinction corrected HB map. Including both optical and sub-mm

recombination 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.

[3" project] Finally, I describe the feedback process. Starburst and AGN feedback occur 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 f 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. Two different types
of outflow can be simultaneously investigated. 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



outflowing gas has a higher density and temperature compared to the nucleus. It is difficull 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 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 phenomena 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 starbursts (> 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 nuclear starbursts are investigated in a consistent manner by using hydrogen
recombination 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 starbursts.

(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.

jFuture prospects] 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. The important next step is to expand our observation
from individual case studies to a statistically significant sample that includes a wide range of

N

merger stages, star formation rates, and nuclear properties.
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