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Abstract

We reveal the distribution and kinematics of molecular gas in colliding galaxy systems near
the late-stage of their coalescence, called merger remnants. We statistically analyze their properties
utilizing the largest-to-date survey of cold molecular gas. This is the first step in our series of studies

which put emphasis on molecular gas in merger remnants.

It has been long predicted from numerical simulations that a major merger of two disk galaxies
results in the formation of a spheroid-dominated early-type galaxy. Contrary to this classical scenario
of galaxy merger evolution, recent simulations that include more realistic gas physics have shown
that not all of the major mergers will become early-type galaxies, but some will re-emerge as a disk-
dominated late-type galaxy. However there has been no observational confirmation of this theoretical
prediction. In order to verify this scenario and to investigate the evolution of galaxy after a merging
event, we have conducted a '2CO imaging survey of optically-selected merger remnants in the local
Universe using millimeter/submillimeter interferometers including ALMA, SMA, and CARMA, and
the NRO 45 m single-dish telescope.

We find that 65 % (24/37) of the sample show kinematical signatures of a rotating molecular gas
disk. We reveal a high occurrence of molecular gas disks including rings in the merger remnants, and
the sizes of these disks vary significantly from 1.1 kpc to 9.3 kpc. We estimate the size ratio (Ryatio)
of the gas disk to the stellar spheroidal component for 24 merger remnants with gas disks in order to
investigate whether cold molecular gas disks are in extended form, as predicted from recent numerical
simulations. The size ratios Ryatio for 54 % (13/24) of the merger remnants are less than unity.
Six merger remnants which are bright at infrared wavelengths have compact molecular gas disks,
which may have formed by past gas inflow that was triggered by dynamical instability following the
merging. On the other hand, 46 % (11/24) of the merger remnants have gas disks which are extended

relative to the stellar components. We also discover a possible positive correlation between Ryatio



and the total far-infrared luminosity. This suggests that the physical activities that are responsible for
increasing luminosity, namely starburst/AGN, are related to the formation of the extended molecular
gas disks. The molecular gas disks in the merger remnants show various properties, and we conclude
that our sample includes merger remnants at different stages of their evolution, whose progenitors
have different characteristics or which have different initial conditions.

From comparisons of the merger remnants with early-type galaxies and late-type galaxies regard-
ing their molecular gas and stellar components, overall, our conclusion is that 65 % of the merger
remnants evolve into early-type galaxies, 5 % into late-type galaxies, 14 % into either early-type/late-
type galaxies, and 16 % into galaxies which cannot be classified into early-type/late-type galaxies.
Among the sources with observational signatures of a rotating molecular gas disk, we find that sources
with compact molecular gas disks will become early-type galaxies regardless of the gas mass fraction,
mainly because of the short depletion time of the molecular gas (<10® yr) and high gas concentration
in the nuclear region. On the other hand, we find that sources with extended molecular gas disks
and large gas mass fractions are likely to become late-type galaxies, unless there are further mech-
anisms which transport the molecular gas toward the central regions thereby decreasing the sizes of
the gas disks. Confirming the evolution path of the sources with extended molecular gas disks and
low gas mass fractions requires further studies to investigate whether a large amount of cold gas will
settle on the extended gas disks by the returning of the ejected cold gas via tidal tails and cold gas
stream/accretion. For six merger remnants whose velocity fields cannot be modeled with circular
motion, their clumpy morphology and complex gas structure are different from the morphology and
structure of both early-type/late-type galaxies, therefore their evolution path is not clear. The seven
merger remnants which were not detected in the CO line will evolve into early-type galaxies earlier
than the merger remnants with compact molecular gas disks.

This study confirms, observationally, a new scenario that merging events are the crossroads of

galaxy evolution, reprocessing them into a mixture of types including early-type/late-type galaxies.
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1.1 Extragalactic Astronomy through Observations

There are more than 100 billion galaxies in the Universe, though we can see only four galaxies
with our naked eyes. Galaxies are gravitationally bound systems composed of stars, star clusters,
interstellar medium of gas and dust, and dark matter. The majority of galaxies are parts of larger
associations known as groups, clusters, and superclusters of galaxies. Each individual galaxies have
different size, mass, stellar population, and structure, which tell us about its evolutionary history.

Galaxies usually emit light at all wavelengths from X-rays to radio (Figure 1.1). We provide a

brief summary about observations towards galaxies at different wavelengths.

e Optical observations: Initial observations towards galaxies were carried out using visible
light, which traces mainly stars because the peak wavelength of most stars lies in the opti-
cal. Optical imaging reveals the stellar populations and the distribution of dusty regions via
extinction. In addition, imaging with a narrow-band filter shows ionized HII regions in galax-

ies, which are usually coincident with star forming regions.

o Infrared observations: Infrared radiation can pass through dusty regions. Therefore infrared
observations are useful for investigating objects obscured at visible wavelength by gas and
dust. The infrared is divided into three spectral regions, near-, mid- and far-infrared. The near-
infrared light is dominated by stars, but mainly tracing red giant stars and red dwarfs. The mid-
and far-infrared light is produced by radiation from dust, which is heated by stars formed in

molecular clouds. Far-infrared imaging is also used to discover high-z galaxies.

e Radio observations: The continuum observations are used for examining activity in galactic
nuclei, in particular active galactic nuclei (AGNs), and for investigating star forming activities.
The atomic and molecular line observations, such as the neutral hydrogen line (HI line) at
21 cm and the CO (1-0) line at 115 GHz, are used for investigating the properties of gaseous
components, such as chemical evolution and physical state. In addition, the HI line is useful

for the kinematic measurements in galaxies (e.g., galactic rotation curve).

e Ultraviolet and X-ray observations: Ultraviolet (UV) and X-ray telescopes can detect high
energy astrophysical phenomena. UV spectroscopy is used to discern the temperature, density
and chemical composition of the interstellar medium. The X-ray spectrum is a powerful tool

for identifying AGNs, because their luminosities are considerably higher than those of other
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Figure 1.1: An example of multi-wavelength observations: optical (upper-left), infrared (upper-
right), radio (bottom-left), and, X-ray (bottom-right). The object is the Antennae galaxies. The radio
image is a multi CO line image overlaid on the optical image.

Image credit—Optical: NASA/STScl, Infrared: NASA/JPL-Caltech, Radio: B. Saxton,
(NRAO/AUI/NSF), ALMA (ESO/NAOJ/NRAO) (Background optical image: the NASA/ESA
Hubble Space Telescope), X-ray: NASA/CXC/SAO/J.DePasquale.
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galactic X-ray sources. In addition, diffuse X-ray emission traces the galactic feedback from

AGNs as well as from stars in the form of stellar winds and supernovae.

Galaxies are fundamental components of the Universe, and thus investigating galaxies leads to
understanding the Universe itself. Technical improvements of observational instruments enable us to
observe galaxies at redshifts up to z ~ 7.5 (Finkelstein et al., 2013). Sensitivity and spatial resolution
of observations have been limited, however, so that we cannot directly investigate the evolutionary
history of distant galaxies. Thus, as a first step, it is important to study nearby galaxies in detail,

which might provide clues to an understanding of distant galaxies in the early Universe.

1.2 Galaxy Classification

The classification of galaxies is a fundamental tool in astronomy. A classification scheme usually
provides new insight into extragalactic astronomy and allows us to build a deep understanding of how

galaxies form and evolve. Thus classification schemes have been developed for specific purposes.

1.2.1 Morphological Classification

Galaxies have been historically classified according to their apparent morphology. The most fa-
mous morphological classification is the Hubble’s “tuning fork” scheme (Hubble, 1958, Figure 1.2).
Galaxies with different morphologies have evolved in different ways. Therefore morphological clas-
sification usually turns out to correlate with a difference in physical properties of galaxies. We provide

a brief introduction about four main types of galaxies.

o Elliptical galaxies (En) have nearly elliptical isophotes without any clearly defined structure.
The surface brightness profiles of elliptical galaxies are well fit by Sérsic profile (see § 2.1).
They are subdivided according to their ellipticity e = (1 — b/a) (0< € <0.7), where a and b are
the semimajor and semiminor axes, respectively. The notation En is used to classify ellipticals
with respect to the ellipticity (n = 10e (integer value)). They are composed of old, low-mass
stars and little interstellar matter, which results in low rates of star formation. The motion of
stars is predominantly random motion. Elliptical galaxies are preferentially found close to the
centers of galaxy clusters. Elliptical galaxies are called “early-type” galaxies. This name does

not imply any interpretation but exists only for historical reasons.
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Figure 1.2: Hubble’s tuning fork for galaxy classification.
Image credit—Kormendy & Bender (1996) (reproduced by permission of the AAS.)

e S0 galaxies (lenticular galaxies) (SO) are intermediates between ellipticals and spirals in the
classification scheme. They consist of a bulge and a large enveloping region, which appears
like a disk without spiral arms. They are subdivided into SO and SBO, depending on whether
or not they show a bar. SO galaxies have used up or lost most of the interstellar matter and thus
have little ongoing star formation. SO galaxies and elliptical galaxies share common properties

such as spectral features and scaling relations, and they are referred to as early-type galaxies.

e Spiral galaxies (Sx) contain a rotating disk with spiral arms and a central bulge. These struc-
tures are surrounded by a much fainter halo of stars, many of which are part of globular clusters.
They are divided into two subclasses: ordinary spirals (Sx) and barred spirals (SBx). In each
of these subclasses, they are further divided according to the bulge-to-disk brightness ratio, and
the notation Sx presents the brightness ratio (x = a/b/c). Spiral arms are sites of ongoing star
formation and young, hot OB stars inhabit them. The motion of stars is dominated by rota-
tion in a disk, while it is predominantly random motion in a bulge. Spiral galaxies are mostly
found in low-density regions and are rare in the centers of galaxy clusters. They are also called

“late-type” galaxies. This name is only historical as well as early-type galaxies.

e Irregular galaxies (Irr) are galaxies with only weak (Irr I) or no (Irr II) regular structure.
Irregular galaxies usually contain abundant amounts of gas and dust. Some of them were once
spiral or elliptical galaxies, but they were deformed by gravitational interaction with neighbors.
The classification between two subtypes (Irr I and Irr II) is often refined. In particular, the

sequence of spirals is extended to the classes of irregular galaxies (e.g., Sdm, Sm, Im, IBm).
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1.2.2 Starburst Galaxies

The light from “normal” galaxies (ellipticals and spirals) is emitted mainly by stars. Therefore,
in principle, the spectral energy distribution of normal galaxies is a composite of the spectra of their
stellar population. In contrast, another type of galaxy, the so-called starburst galaxy, has a spec-
tral energy distribution dominated by thermal dust emission at far-infrared (FIR) and submillimeter
wavelengths or by radiation from young massive stars in the blue (optical) and UV regions. Starburst
galaxies are characterized by strongly enhanced star formation. The star formation rate (SFR) can be
larger than normal galaxies by a factor of 102~3 (SFR > 100 Mg yr~!; see also Kennicutt, 1998),
whereas the Milky Way, which is a typical normal galaxy, forms star with rate of a few My yr—t
(e.g., Murray & Rahman, 2010). The SFR in starburst galaxies is so large that these galaxies will
consume their gas reservoir, from which stars are newly forming, on a short timescale after which
the SFR will decrease. Thus, starburst phase is a brief period of galaxy evolution. The primary cause
of starbursts is gravitational interaction between galaxies. The majority of starburst galaxies appears
to be in the midst of a merger or a close encounter with other galaxies. An impressive example of

starburst galaxies is an intermediate-stage merger known as the Antennae galaxies (see Figure 1.1).

1.2.3 Ultra/Luminous Infrared Galaxies

Luminous infrared galaxies (LIRGs) are galaxies with FIR luminosities Lyir above 10! Lo,
and galaxies with Lpig > 1012 L, are especially called ultraluminous infrared galaxies (ULIRGsS)
(Sanders & Mirabel, 1996). Many LIRGs and ULIRGs were discovered in 1984 by the I RAS satel-
lite (Neugebauer et al., 1984). The bulk of the IR luminosity for U/LIRGs comes from dust heating
due to intense starbursts within giant molecular clouds. If star formation takes place in the inte-
rior of dense molecular clouds, which contain large amounts of dust, strong radiation from young
luminous stars heats the surrounding dust and the dust reemits it at infrared wavelengths. In some
cases, the IR luminosity of U/LIRGs comes from an active galactic nucleus (AGN), which shows
significant emission in all wavelengths from a compact region at the centre of a galaxy. The majority
of U/LIRGs appears to be during a process of a merger and shows strongly disrupted morphology.
Therefore, U/LIRGs are closely related to gravitational interactions between galaxies (e.g., Arp 220
and NGC 6240). In addition, ULIRGs may represent an important stage in the formation of quasars

and powerful radio galaxies (see also Sanders & Mirabel, 1996).
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1.3 Galaxy Mergers

1.3.1 Overview

Galaxy Mergers are galaxies in the process of colliding or merging with other galaxies. Mergers
are also called interacting galaxies or merging galaxies. Galaxy interactions and mergers play an
important role in the formation and evolution of galaxies, as illustrated by the increasing galaxy
merger rate as one goes to higher redshift (Figure 1.3; Bundy et al., 2009; Bridge et al., 2010).
Gravitational interactions between galaxies have powerful effects on their morphology and physical
states. The degree of the effect depends on a wide variety of parameters such as collision orbit,
collision speed, and relative size. Galaxy mergers are also known to enhance star formation activities
as seen in the increasing fraction of tidally distorted morphologies. Therefore, galaxy mergers are
closely related to galaxy formation and evolution.

Hubble (1936) noticed the existence of galaxies whose morphologies were quite unusual and later
classified them as “highly peculiar objects” (Hubble, 1958). Arp (1966) compiled a catalog of 338
peculiar galaxies from the Palomar all sky survey (Minkowski & Abell, 1963). Similar cataloging
projects were carried out by Vorontsov-Velyaminov (1959, 1977) and Arp & Madore (1987). Larson
& Tinsley (1978) found early observational evidence that galaxies in the Arp catalog showed a higher
level of star formation activity than the control sample of normal galaxies obtained from the Hubble
atlas. This was confirmed by the TRAS satellite (Neugebauer et al., 1984). It discovered a new
population of galaxies with high IR luminosities (U/LIRGs, see § 1.2.3), many of which showed
highly disturbed morphology, indicating recent or past galaxy interactions.

Numerical simulations have provided new insights into studies of galaxy mergers. The first analog
n-body simulation of galaxy interaction was carried out by Holmberg (1941). He demonstrated that
the degree of tidal disturbance depended on collision orbits. Toomre & Toomre (1972) proved using
the restricted three-body approximation that tidal interaction could profoundly alter the distribution
and dynamics of stars in a relatively short time. In addition, they predicted that major mergers would
result in elliptical galaxies and that star formation activity was enhanced by galaxy interaction, fueling
gas to nuclear regions. These predictions were later confirmed by large scale numerical simulations
(e.g., Barnes & Hernquist, 1992; Mihos & Hernquist, 1996; Springel et al., 2005).

There are a number of excellent reviews and papers on galaxy mergers: Schweizer (1983, 1986,

1990), Barnes & Hernquist (1992), Struck (1999), and Hopkins et al. (2009, § 1).
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1.3.2 Merger Classification
Galaxy mergers are classified into distinct groups according to their properties.

e Major/Minor mergers: Mergers are classified into two types by the mass ratio of their pro-
genitors. One type is major mergers with mass ratios in the range 1:1-3:1 (or 1:1-4:1), and
the other is minor mergers with mass ratios below 3:1 (or 4:1). Major mergers, which can
lead to significant dynamical and morphological disturbances, are strongly linked to starbursts
and AGNs (e.g., Sanders & Mirabel, 1996). Minor mergers including small satellite-galaxy

interactions are thought to occur more frequently than major mergers (e.g., Jogee et al., 2009).

o Wet/Dry mergers: Mergers are classified into two types by their gas richness. Wet mergers are
gas-rich mergers which may produce a larger amount of star formation and trigger starburst,
AGN and quasar activities (e.g., Hopkins et al., 2006). On the other hand, dry mergers are
gas-poor mergers, most of which are formed by mergers between gas-poor early-type galaxies.
These mergers may not involve dramatic changes in the star formation rate but can play an

important role in the stellar mass growth (e.g., Naab et al., 2006; Lin et al., 2008).
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Figure 1.4: Merger sequence and timescale. A merger sequence of major mergers is divided into
three stages: early-, intermediate-, and late-stage. A typical timescale of galaxy merge from the first
encounter to the final coalescence is 1 Gyr, and a timescale of returning of tidally ejected material
after the coalescence is estimated to extend over many Gyr.

Image credit—NASA, ESA, the Hubble Heritage (STScI/AURA)-ESA/Hubble Collaboration,
and A. Evans (University of Virginia, Charlottesville/NRAO/Stony Brook University)

1.3.3 Merger Sequence and Timescale

Toomre (1977) first demonstrated that major mergers can be sequenced the so-called “Toomre
Sequence”. He compiled a set of 11 apparently interacting and merging galaxies from available
optical images, and roughly ordered them according to the completeness of the interaction based
purely on their optical morphology. The sequence of major mergers is usually divided into three
stages: early-stage, intermediate-stage, and late-stage (Figure 1.4), but there is no strict definition to
each stage. The typical timescale of galaxy merging from the first encounter to the final coalescence
is 1 Gyr (Springel & Hernquist, 2005; Chien & Barnes, 2010), and the timescale of the returning of
tidally ejected material after the coalescence is estimated to extend over many Gyr (Hibbard & Mihos,
1995), which is longer compared to the timescale from the first encounter to the final coalescence.

General characteristics observed and expected from numerical simulations in each stage are below.

o Early-stage mergers (before the first encounter): Galaxies approach each other but are still

distinct. The morphology starts to be distorted, and an optical bridge connects the galaxies.
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o Intermediate-stage mergers (after the first encounter): The apparent morphology is strongly

distorted, and tidal tails are formed. Gas inflows into the nuclei, triggering starbursts.

o Late-stage mergers (during merger and after merging): AGN and quasar activities are often
observed in late-stage mergers, where a growth of a supermassive black hole is also expected.

After merging, the system represents a single stellar body and will relax to a normal galaxy.

1.4 Galaxy Formation and Evolution

1.4.1 Galaxy Formation in the A-CDM model

The Cosmic Microwave Background (CMB) was discovered by Penzias & Wilson (1965), which
was confirmed as the first observational evidence of the Big Bang by Dicke et al. (1965). Since the
discovery of the CMB, a number of ground-based observations have been carried out to search for
small anisotropies in the CMB, which are seeds of structures in the present Universe. The structures
evolved out of very small density fluctuations in the early Universe. Thus these density fluctuations
should be visible as small temperature fluctuations in the CMB. The NASA Cosmic Background
Explorer (COBE) satellite finally confirmed temperature fluctuations in the CMB map (Smoot et al.,
1992), and the A-CDM cosmological model came under consideration.

The A-CDM model is a cosmological model with the cosmological constant (A) and cold dark
matter (CDM). A is the energy density in a vacuum that explains the accelerating expansion of the
Universe. It is currently thought to be associated with dark energy, which constitutes about 70% of
the energy density of the present Universe. CDM is necessary to account for gravitational effects
observed in large-scale structures, including the rotation of galaxies and the gravitational lensing of
light by galaxy clusters. These gravitational effects cannot be explained by the quantity of observable
matter. The dark matter component is estimated to constitute about 25% of the mass energy density of
the Universe. The remaining 5% is comprised of all baryonic matter observed as atoms and chemical
elements. The A-CDM model is today referred to as the standard cosmological model, which is able
to account for nearly all the large-scale features of the observable Universe, including the accelerating
expansion of the Universe and the large-scale structure in the distribution of galaxies.

In the A-CDM cosmological model, structure formation in the Universe basically proceeds hi-

erarchically. Small gravitationally bound structures such as stars and stellar clusters form first, and
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Figure 1.5: Time evolution of the formation of the most massive dark-matter halo in the Millennium-
II Simulation (Boylan-Kolchin et al., 2009). The halo is shown at three comoving scales (from left
to right: 100, 40 and 1 Mpc™!) and at four different cosmological epochs (from top to bottom: z =
6.2,2.07,0.99 and 0).

Image credit—Boylan-Kolchin et al. (2009) (reproduced by permission of the AAS.)
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subsequently they merge to form massive gravitationally bound systems such as galaxies, followed
by groups, clusters, and superclusters of galaxies. In other words, low-mass dark matter halos form
first and subsequently more massive halos form by merging of lower-mass halos (Figure 1.5; Boylan-
Kolchin et al., 2009). Gas in a halo cools efficiently and then it is converted into stars. Gas initially
accumulates in a disk and subsequently will form stellar disk when the density of the gas in the disk
reaches a threshold for star formation. It is now understood that disk galaxies are formed in this way.
However, disk galaxies can lose angular momentum during the process of galaxy collision. It is not
understood whether disk galaxies will survive after galaxy collision. In contrast, it has been long pre-
dicted that the primary mechanism of the formation of early-type galaxies is major mergers (Toomre
& Toomre, 1972; Barnes & Hernquist, 1992). Early-type galaxies are often found in the centers of
galaxy clusters, where merging is expected to be frequent due to a high galaxy-density. In addition,
observations using absorption-line indicate that a significant fraction of early-type galaxies in galaxy
clusters has undergone recent star formation (Barger et al., 1996). This bottom-up formation sce-
nario of early-type galaxies is naturally expected for structure formation processes in the A-CDM

cosmological model.

1.4.2 Galaxy Evolution through Galaxy Mergers

In the A-CDM cosmological model, galaxy interactions and mergers are related to the formation
and evolution of galaxies. Galaxies undergo several interactions and mergers during their lifetime,
thus galaxies evolve by repeated galaxy merger events. Since the 1970’s, it has been long predicted
from numerical simulations that a major merger of two disk galaxies results in a formation of a
spheroid-dominated early-type galaxy (e.g., Toomre, 1977; Barnes & Hernquist, 1992; Naab & Burk-
ert, 2003). This classical scenario is supported by observations, revealing stellar structures of merger
remnants (e.g., Schweizer, 1982; Rothberg & Joseph, 2006a) and signatures of mergers such as shells
and tidal features around elliptical galaxies (e.g., Schweizer & Seitzer, 1992; Schweizer, 1996).

Contrary to the classical scenario of merger evolution, recent high-resolution simulations that
include more realistic gas physics have shown that not all of the major mergers will become an early-
type galaxy, but some will reemerge as a disk-dominated late-type galaxy (Barnes, 2002; Robertson &
Bullock, 2008; Hopkins et al., 2009). Gas in mergers that do not lose significant angular momentum

through stellar torque will survive the collision, reforming a gaseous (and subsequently a stellar) disk

12
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(Figure 1.6; Springel & Hernquist, 2005), while gas that falls to the galaxy center will contribute to a
nuclear starburst and subsequent formation of the spheroidal component. This merging process is a
candidate for a formation scenario of cold molecular gas disks, that is otherwise not well understood.
Another possibility is cosmological accretion (Keres et al., 2005; Dekel et al., 2009) of low-angular
momentum cold gas that eventually settles onto the galactic disk, but this scenario is predicted to
be likely more relevant in the outskirts of the galaxies in the local Universe. In galaxy mergers,
the chance of disk survival during the merging event depends on orbital parameters, mass ratio, and
gas mass ratio of the progenitors (Hopkins et al., 2009), and the same simulations also suggest that
increasing the gas mass fraction to the stellar mass leads to a more efficient disk survival (Figure 1.7)
as there are fewer stars to lose angular momentum to. In case of pre-mergers with the gas mass
fraction of 10 %, which is a typical value for late-type galaxies in the local Universe, the surviving
disk fraction after merging is expected to be a few % as shown in Figure 1.7 (Hopkins et al., 2009).
The new scenario of merger evolution might resolve a problem that the number of elliptical galaxies
in the local Universe is much less than the theoretical value based on the classical scenario (Bournaud
et al., 2007).

Minor mergers are thought to occur more frequently than major mergers. Numerical simulations
have shown that minor mergers form late-type galaxies (Quinn et al., 1993; Walker et al., 1996) and
hybrid systems with spiral-like morphology but elliptical-like kinematics (Bournaud et al., 2004).
Such systems were observed by Jog & Chitre (2002). However other numerical simulations predict
that late-type galaxies cannot have survived due to multiple minor mergers because repeated minor
mergers destroy disks into spheroids (Bournaud et al., 2007), and compact high-redshift spheroids
can evolve into local early-type galaxies in the process of minor mergers (Naab et al., 2009). The

evolution of minor mergers is still under discussion as well as the evolution of major mergers.

1.5 Merger Remnants

Merger remnants are completely merged galaxies with a single nucleus, and still have tidal tails,
shells, and loops, indicating dynamical interactions (e.g., Figure 1.4). Merger remnants are classified
as late-stage mergers (see § 1.3.3), and will relax to normal galaxies over time (a few Gyr; Hibbard

& Mihos, 1995), returning of tidally ejected material.
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Figure 1.6: Result of a simulation of reformed extended gas disk (Springel & Hernquist, 2005),
showing the diistribution of stars (left) and gas (right) in a merger remnant in 1.96 Gyr from the first
encounter. The top panels show a face-on view, and the bottom panels show a edge-on view.

Image credit—Springel & Hernquist (2005) (reproduced by permission of the AAS.)
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Figure 1.7: The surviving disk fraction as a fraction of gas mass fractions just before the final
coalescence (pre-merger gas fraction), for 1:1 major mass-ratio mergers (Hopkins et al., 2009). The
disk fraction increases with the gas mass fraction.

Image credit—Hopkins et al. (2009) (reproduced by permission of the AAS.)
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1.5.1 Previous Studies on Merger Remnants

Most previous studies on merger remnants (e.g., Lake & Dressler, 1986; Shier & Fischer, 1998;
James et al., 1999; Genzel et al., 2001; Dasyra et al., 2006; Rothberg & Joseph, 2004, 2006a,b)
focused on the stellar properties. This is because the classical scenario, in which a major merger
between two disk galaxies forms a new elliptical galaxy (see § 1.4.2), received higher attention.
These studies show that the kinematic and photometric properties of the stellar components in merger
remnants, including velocity dispersions, stellar masses and light profiles, are consistent with typical

elliptical galaxies and have supported the classical hypothesis for the evolution of major mergers.

A large-scale observational study of the large sample of merger remnants in the local Universe
was carried out by Rothberg & Joseph. They present K -band photometry for 51 candidate of merger
remnants (Rothberg & Joseph, 2004). Using both the de Vaucouleurs profile and the Sérsic profile,
they find that the stellar components in a majority of the sample sources have undergone violent
relaxation, though seven sources show evidence for incomplete phase mixing. Their analysis also
indicates the presence of “excess light” in the surface brightness profiles of nearly one-third of the
sample, suggesting the effect of starbursts induced by the dissipative collapse of the gas. Two years
later, they conducted a spectroscopic study for a subsample of 38 merger remnants (Rothberg &
Joseph, 2006a,b) to investigate whether the merger remnants have the same stellar properties as el-
liptical galaxies, such as stellar luminosity and distribution, central stellar velocity dispersion, and
metallicity. As a result, the merger remnants show a strong correlation among the parameters of
the fundamental plane, which is embedded in a three-dimensional space comprised of the central
velocity dispersion, the effective radius, and the surface brightness within the effective radius (Djor-
govski & Davis, 1987). Bulges in spiral galaxies and elliptical galaxies share the fundamental plane
(e.g., Bender et al., 1992). In addition, their analysis shows that 11 % of the subsample is boxy
and anisotropically supported, while 47 % is disky and rotationally supported. The merger remnants
show variation in shape and rotation. This may provide an observational diagnostic for discriminating

among evolution scenario of merger remnants.

Observational studies of molecular gas in merger remnants have been conducted (e.g., Downes
& Solomon, 1998; Wilson et al., 2008), but most of the previous samples are mergers with high FIR
luminosities (U/LIRGs). In addition, these studies focused on the the physical state of molecular gas.

There are few studies focusing on the morphology of molecular gas.
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1.5.2 The Evolution of Merger Remnants

Although the main bodies of merger remnants become devoid of distinct structure, they show
plumes and shells in the outer regions after merging (e.g., Rothberg & Joseph, 2004). These features
are smoothed out over time. However, returning of tidal material can lengthen the completion of
the phase-mixing process. The most tightly bound gaseous material returns to the main body rather
quickly and can resettle into a warped disk (Mihos & Hernquist, 1996; Naab & Burkert, 2001; Barnes,
2002). Such a warped gaseous disk has been observed in the nearby merger remnant Centaurus A
(Nicholson et al., 1992). In contrast, the loosely bound, high-angular momentum gas falls back to
ever-increasing radii over longer time scales, forming a more extended disk outside several effective
radii in the merger remnant. The timescale of returning of tidally ejected material is estimated to
extend over many Gyr (Hibbard & Mihos, 1995), which is longer compared to the timescale from the
first encounter to the final coalescence (103~ yr; Hibbard & Mihos, 1995; Chien & Barnes, 2010).
Therefore, the process of phase mixing takes much longer to complete than violent relaxation.

As mentioned in the previous section (§ 1.4.2), early numerical simulations of galaxy mergers
(e.g., Barnes & Hernquist, 1992) demonstrated that a major merger of two disk galaxies can produce

an object with an r'/4

stellar distribution like typical elliptical galaxies. However, in recent simula-
tions with a gaseous component, disky and rotationally supported merger remnants also form from

major mergers (e.g., Springel & Hernquist, 2005). This raises several questions: Do merger remnants

with an extended gas disk really exist? and will they evolve into elliptical galaxies with properties

similar to those in present-day elliptical galaxies, or into a different type of galaxy? In order to

answer these questions, observational studies focusing on a gaseous component in merger remnants

are required along with further advanced numerical simulations.

1.6 Radio Astronomy and Interferometry

Radio astronomy is the study of objects in the Universe by analyzing the radio waves emitted from
the objects. The very first observations go back to Karl Jansky’s discovery in the 1930°s. He observed
radiation from the Milky Way using a rotating radio antenna. Tow decades later, in 1951, Ewen and
Purcell discovered the 21 cm hydrogen line from the Milky Way using a horn antenna. Subsequent
observations have provided a whole new outlook on already known objects such as stars and galaxies,

while revealing new types of objects, such as radio galaxies, quasars, pulsars, and masers.
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1.6.1 Radio Observations in the CO line

The most abundant molecule in the Universe is molecular hydrogen (Hs), which is a symmetric
homo-nuclear molecule with no permanent electric dipole moment, hence we cannot observe the Hy
line at radio wavelengths because it does not have a permitted transition. The second most abundant
molecule is carbon monoxide (*2CO; hereafter CO), which has been used extensively as an indirect
tracer of Ha despite its low relative abundance (Nco/Ng, = 10~% — 1075; Tielens, 2005). Collisions
between CO and H» excite the CO to higher rotational states (to J = 2, 3,...), which subsequently
returns to the lower energy level by radiating the excess energy away. Because CO has a low dipole
moment, it is easily excited to higher .J levels at a low critical density (nerj; = 1.1 x 103 cm™3 for
CO (1-0); Tielens, 2005) and an upper energy level (£, = 5.5 K for CO (1-0); Tielens, 2005).

The lowest J transition of CO, CO (1-0) line, is the best tracer of the diffuse extended disk and
of the kinematics of the cold molecular gas. On the other hand, a high J transition of CO is a good
tracers of denser and warmer molecular gas related directly to star formation, because the critical
density and the upper energy level are higher than those of the CO (1-0).

In general, the CO (1-0) line is optically thick, which satisfies the optical depth 7,, > 1. An
optically thick line is one in which the average photon of frequency v cannot traverse the entire
medium without being absorbed. Thus we observe radiation emitted from the surface of molecular
clouds rather than from the core of molecular clouds. In contrast, an optically thin line is less affected

by absorption and thus we can investigate the core of molecular clouds using optically thin lines.

1.6.2 Radio Interferometer

Radio astronomy is conducted using radio antennas (telescopes), that are either used singularly
or used with multiple linked antennas utilizing the techniques of radio interferometry and aperture
synthesis. The former is a single-dish telescope and the latter is a radio interferometer. Radio interfer-
ometers achieve higher angular resolution than single-dish telescopes because the angular resolution
0 is determined by approximately \/D, where \ is the wavelength observed and D is the diameter
of the single-dish telescope or the longest baseline length. Though early interferometers were used
as a single baseline between two antennas for measurement, later interferometers, such as the Very
Large Array (VLA), form arrays of telescopes arranged in a pattern on the ground. A limited number

of baselines will result in insufficient uv-plane coverage and low-quality imaging.
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There are currently-operated millimeter/submillimeter interferometers in the world (Figure 1.8):

e Atacama Large Millimeter/submillimeter Array (ALMA)
ALMA is the most powerful millimeter/submillineter interferometer, which consists of up to 64
12-m antennas and a compact array (ACA; 12x7-m antennas + 4x 12-m antennas). The pro-
posed maximum baseline is 18.5 km, which provides 0’03 angular resolution at 115 GHz. It is
built in the Atacama Desert of northern Chile at an altitude of approximately 5000 m. Incoming
radio waves are less susceptible to absorption by terrestrial water vapor in the ALMA site and

thus we can observe radio waves at relatively shorter wavelengths (at higher frequencies).

e Combined Array for Research in Millimeter-wave Astronomy (CARMA)
The CARMA is a millimeter-wave interferometer, which combines the previously independent
Owens Valley Millimeter Observatory (OVRO) array and Berkeley-Illinois-Maryland Associa-
tion (BIMA) array. The number of antennas is increased to 23 (6 10.4 m antennas + 9x6.1 m
antennas + 8x3.5 m antennas), providing a substantial improvement in uv coverage. It is
located at a high-altitude site (~2200 m) in the Inyo Mountains of California, USA. The max-

imum baseline is approximately 2 km, which provides ~0”3 angular resolution at 115 GHz.

o Plateau de Bure Interferometer (PdBI)
The PdBI is one of the most sensitive millimeter interferometers, operated by the Institut de
radioastronomie millimétrique (IRAM). It is situated on the Plateau de Bure at altitude of
2550 m in the French Alps. During its history, the PdBI underwent several track extensions
and received additional antennas and technical upgrades. The interferometer now consists of
six 15 m antennas with powerful dual-polarisation receivers for the 3mm and 1mm observing

bands. The maximum baseline is 760 m, which provides 0”7 angular resolution at 115 GHz.

e Submillimeter Array (SMA)
The SMA is the only submillimeter-wave interferometer in the north hemisphere, operated at
wide-range frequencies from 180 GHz to 700 GHz. It consists of eight 6 m antennas located
at an altitude of 4100 m on Mauna Kea in Hawaii, USA. The digital correlators allows flexible
allocation of thousands of spectral channels. The maximum baseline is 509 m, which provides
~0/'4 angular resolution at 345 GHz. It can be operated together with the James Clerk Maxwell
Telescope (JCMT) and the Caltech Submillimeter Observatory (CSO) as eSMA.
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Figure 1.8: Existing millimeter/submillimeter interferometers: ALMA (upper-left), CARMA (upper-
right; ©CARMA), PdBI (bottom-left; ©IRAM), and SMA (bottom-right)
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1.7 Scientific Goals and Thesis Structure

In this thesis, I statically reveal the distribution and kinematics of the molecular gas in
late-stage mergers, using our own and archival observational data, which is the largest inter-
ferometric CO survey on merging galaxies to date. This is the first step in our series of studies
which emphasize the cold molecular gas in merger remnants, instead of the stellar component
which has been the focus of previous studies. From this new compilation of high quality CO
data, I give new insights into the evolution of galaxies via galaxy mergers. This thesis opens
up the possibility of additional future studies, for example comparative studies with numerical
simulations, observations of the diffuse gas traced in HI, and dense gas traced in HCO*/HCN.
Initial preparation is already underway and understanding the evolution of a major merger is

our ultimate scientific goal.

The key scientific goal of this thesis involves understanding the properties of molecular gas in

merger remnants. We have conducted a CO survey toward 27 optically-selected merger remnants

in the local Universe using millimeter/submillimeter interferometers (ALMA, SMA, and CARMA).
Combined with archival data, we analyze the molecular gas in 37 optically-selected merger remnants

in order to investigate the following main questions.

¢ What is the distribution and kinematics of cold molecular gas in merger remnants?
(Chapter 2, and Chapter 3)
Chapter 2 presents the CO images of 37 optically-selected merger remnants obtained at ALMA,
SMA, CARMA and PdBI. Our study is the first systematic CO imaging survey of merger
remnants. The distribution and kinematics of molecular gas are presented for each source to

investigate the properties of the molecular gas in merger remnants in Chapter 3 and Chapter 4.

¢ Do extended cold molecular gas disks form in merger remnants, as predicted from recent
numerical simulations? (Chapter 2 and Chapter 3)
Recent numerical simulations with realistic gas physics have shown that some gas-rich major-
mergers will reemerge as a disk dominated late-type galaxy, by reforming an extended cold
molecular gas disk (and subsequently a stellar disk) or via survival of the progenitor disks. In

order to verify this scenario and look for observational evidence of an extended molecular disk
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forming in merger remnants, the presence of the molecular gas disk is confirmed using fitting

and modeling programs in Chapter 3. Chapter 4 focuses on the size of the gas disk.

o Are the properties of the molecular gas in merger remnants different from early-type and
late-type galaxies? (Chapter 4)
Comparing the properties of the molecular gas in early-type galaxies and late-type galaxies,
leads to better understanding of the nature of merger remnants. Combining with IR images, we
investigate whether the global properties such as gas mass fraction and star formation activity

in merger remnants are different from those of early- or late-type galaxies or not.

o What type of galaxies will merger remnants evolve into? (Chapter 4)
It has been long predicted from numerical simulations that a major merger of two disk galaxies
results in a formation of the spheroid-dominated early-type galaxy. In the final section of
Chapter 5, the evolution of merger remnants is discussed observationally by comparing the
sizes of the molecular gas disks and gas mass fractions to early-type and late-type galaxies in

the field. Finally, the observational implications are compared with theoretical predictions.

e What’s next? (Chapter 5)
Chapter 6 begins with a summary of this thesis including answers to the questions addressed
here. It is then followed by further implication and plans to better understand galaxy merging

and the evolution and formation of galaxies in the local Universe through galaxy mergers.
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Chapter 5

Summary and Future Prospects

5.1 Summary

Galaxies is one of the primary components of our observable Universe, and thus revealing the
evolution and formation of galaxies is one of the biggest frontiers in understanding our Universe.
Since Edwin Hubble discovered LTGs in the first half of the 19th century, the formation mechanism
of LTGs, which comprise more than half of all galaxies, has been studied in detail. After half a
century of Hubble’s discovery, recent numerical simulations have shown that LTGs can form through
galaxy mergers. The observational confirmation of this scenario had yet to come.

We have conducted a CO imaging survey of merger remnants (MRs) in the local Universe using
millimeter/submillimeter interferometers including ALMA, SMA, and CARMA, and the NRO 45 m
single-dish telescope in order to understand the properties of molecular gas and to investigate the
evolution of MRs. This study is based on the largest systematic CO imaging survey of MRs to date,
enabling, for the first time, a statistical analysis of molecular gas at their final stage of coalescence.

We have revealed, observationally, that merging events in the local Universe are indeed the cross-
roads of galaxy evolution, reprocessing the otherwise slowly evolving galaxies into a mixture of types
including ETGs and LTGs. This result has enormous significance in understanding the evolution of
galaxies via galaxy mergers. Furthermore, this study opens up the door to additional studies, for
example comparative studies with numerical simulations, and observations of the diffuse gas to con-
firm the returning of the ejected cold gas via tidal tails and cold gas stream/accretion. Future studies

should also be targeted toward high-z galaxies to understand the history of galaxy formation.
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This thesis started out by addressing five main questions, each of which were investigated in de-

tail in Chapters 2 — 4. Main conclusions are as follows:

e What is the distribution and kinematics of cold molecular gas in merger remnants?
We investigate interferometric CO maps of 37 optically-selected MRs, including seven sources
which were undetected in the CO line. Twenty seven of these galaxies were newly obtained,
and 10 are archival data. By fitting the CO velocity field with circular motion, we find that
65 % (24/37) of the sample show kinematical signatures of a rotating molecular gas disk. The
sizes of these disks vary significantly from 1.1 kpc to 9.3 kpc. We also find that the emission
peaks are clearly shifted from the galactic centers in 75 % (18/24) of the sources with gas disks,
suggesting the presence of a ring and/or a bar. We were unable to fit the CO velocity field of
other six sources with circular motion. These sources show clumpy distribution and complex
velocity fields, indicating that the molecular gas is still strongly disturbed and has not settled.

in the galactic plane.

e Are extended cold molecular gas disks formed in merger remnants, as predicted from
recent numerical simulations?
We compare the size of the molecular gas disk to the stellar spheroidal component for 24 MRs
with CO detection. The size ratios (Reg) of the gas disk to the stellar component for 54 %
(13/24) of the MRs are less than unity. Six MRs which are bright at infrared wavelengths
have compact molecular gas disks, which may have formed by past gas inflow that was trig-
gered by dynamical instability following the merging. On the other hand, 46 % (11/24) of
the MRs have gas disks which are extended relative to the stellar component. We also
discover a possible positive correlation between R,.i, and the total far-infrared luminosity.
This suggests that the physical activities that are responsible for increasing luminosity, namely
starburst/AGN, are related to the formation of the extended molecular gas disks. The molecular
gas disks in the MRs show various properties, and we conclude that our sample includes MRs
at different stages of their evolution, progenitors of galaxies with different characteristics, or

different initial conditions.

104



Chapter 5 5.1 Summary

e Are the properties of the molecular gas in merger remnants different from early-type and
late-type galaxies?
The size of the molecular gas disks in MRs is similar to those in the ETGs rather than LTGs.
The ratio of molecular gas mass to stellar mass, the gas mass fraction, is found to be in the range
1-10 % for MRs. The gas mass fractions of the LTGs are distributed around 10 %, whereas the
gas mass fractions of the ETGs are distributed over a wide range between 0.1 % and 10 %. A
Kolmogorov-Smirnov test suggests that the distribution of the gas mass fractions are different
among the three samples. When the gas mass fractions of ETG/LTGs are combined, however,
the MRs are not significantly different. These statistics are not inconsistent with the possibility
that the MRs include progenitors of both ETGs and LTGs. In a diagram plotting R,,ti, versus
the gas mass fraction, the distribution of MRs does not overlap with either the ETG or the LTG
population. In short, the molecular gas in MRs is on average similar to ETGs in terms of
its disk size, but the MRs are in fact a distinct population with respect to their relation

between size and mass relative to the stellar component.

o What type of galaxies do merger remnants evolve into?
From comparisons of the MRs with ETGs and LTGs regarding their molecular gas and stellar
components, overall, our conclusion is that 65 % of the MRs evolve into ETGs, 5 % into
LTGs, 14 % into either ETG/LTGs, and 16 % into galaxies which cannot be classified
into ETG/LTGs. Among the sources with observational signatures of molecular gas disks, we
conclude that sources with a compact molecular gas disk will become ETGs regardless of the
gas mass fraction, mainly because of the short depletion time of the molecular gas (~10% yr),
and high gas concentration in the nuclear region. On the other hand, we find that sources with
an extended molecular gas disk and a large gas mass fraction are likely to result in LTGs, unless
there are further mechanisms which transport the molecular gas toward the central region (e.g.,
nuclear bar) thereby decreasing the disk size. Confirming the evolution path of the sources with
an extended molecular gas disk and a low gas mass fraction requires further studies to investi-
gate whether a large amount of cold gas will settle on the extended gas disks by the returning
of the ejected cold gas via tidal tails and cold gas accretion. For six MRs whose velocity fields

cannot be modeled with circular rotation, their clumpy morphology and complex gas structure
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are not seen in either ETG/LTGs. The seven MRs which were not detected in CO will evolve
into ETGs earlier than the MRs with the molecular gas disks. This study confirms, observation-
ally, a new scenario that merging events are the crossroads of galaxy evolution, reprocessing

them into a mixture of types including ETGs and LTGs.

Finally, we suggest two possibilities. One possibility is that returning the ejected cold gas via
tidal tail might be a key to determine the evolution of MRs. The other is that large scale gas inflow
is not the only scenario for the triggering of AGN/starburst activity, revealed by the presence of a

population of MR with an extended molecular gas disk and AGN/starburst existing together.

5.2 Future Prospects: What’s next?

This study is the first step in our series of studies which emphasize the cold molecular gas in MRs,
instead of the stellar component which has been the focus of previous studies. We find new insights
into the evolution of galaxies via galaxy mergers. There are remaining questions, and additional

studies are necessary to completely understand the indications of this thesis study.

o Where is the location of the star forming region in the extended molecular gas disk?
We find clearly extended molecular gas disks in the MRs, while the reformation of an extended
disk is a prediction of recent merger simulations. However, we do not know whether the stellar
disks will be are formed subsequently from the gas disks. In order to answer this question,
we need to know where the star forming regions are located. Are the star forming regions
located in the nucleus, throughout the extended disk, or both? To investigate this, we need to
image the MRs in dense gas, using HCN/HCO™ or a higher J transition of CO to compare to
the low J emission, i.e., the CO (1-0) line. We will identify where warm and dense gas is
distributed in the molecular disk, in other words, regions directly related to star formation. It
is important to obtain both the diffuse gas and dense gas for investigating the spatial variation
in the excitation or physical conditions as was demonstrated by us using the SMA data of the
intermediate-stage merger Antennae galaxies (Ueda et al., 2012). Alternatively, we need new

data of star forming tracers in optical/NIR. High-quality optical/NIR imaging can provide the
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information of star forming region. Identifying star forming regions in extended molecular gas
disk and revealing disk-dominated star formation can strengthen the scenario that mergers will

evolve into disk-dominated disk galaxies.

o Is it possible to expand the sizes of the gas disks by returning ejected cold gas?
We find five MRs (Type A2) with extended molecular gas disks and low gas mass fractions.
These galaxies either need to acquire gas mass in order to become comparable to LTGs, or de-
crease the size of its molecular disk to become comparable to ETGs. Confirming the evolution
of these MRs, therefore, requires further studies to investigate whether a large amount of cold
gas will settle on the extended gas disks by the returning of the ejected diffuse gas via tidal tails

and cold gas stream/accretion. The neutral hydrogen (HI) gas is a good tracer of such gas.

The optically thin HI gas is one of the major components of the ISM in gas-rich galaxies. In our
Galaxy, it constitutes about a half of the total gas mass of the ISM. The HI gas traces the loosely
bound diffuse extended gas (n ~ 1 cm ~2) and is mainly distributed in the outskirts of the disk.
Therefore the HI data allows us to examine the global structure of galaxies, including the
properties at the outer regions where the density of the medium is too diffuse for molecular gas
to exist. In addition, it is known that tidal interaction can strongly influence the HI distribution
and kinematics (Yun et al., 1994), more so than the CO gas which is usually more centrally

concentrated (Iono et al., 2004), and traces the higher density (> 10 cm™3) regions.

Extended gas disks may form by the return of the tidally ejected material (Davis et al., 2011).
We will search for kinematic signatures of large-scale infall of the tidally ejected HI gas and
examine whether the HI and CO velocity fields share similar structures. If the MRs have
HI disks, we will investigate whether the kinematical axis between the HI and CO disks are
consistent. If the two alignments are consistent, this suggests the internal origin of the HI disk.
On the other hand, if the kinematical axis are misaligned, the HI gas can be of external origin,
i.e., infalling gas. We will also estimate the gas mass fraction including the atomic gas for the
merger remnants. If kinematic signatures of infall are found, we will additionally investigate
whether the infalling HI is massive enough to turn the galaxy into a typical LTG. If the gas
mass fraction including the prospective HI is comparable to the gas mass fraction of LTGs, the

MR may evolve into LTGs.
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