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Diverse chemical compositions of UV-irradiated interstellar molecular
gas investigated with emission and absorption line observations
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Abstract

Observational study of interstellar molecular gas provides us a lot of information about the nature of
galaxies, and especially diffuse and dense molecular gas components are of great interest. In this thesis, we
investigate the physics and chemistry of diffuse and dense molecular gas in two contrastive ways; absorption and
emission line observations. Making the best use of the power of Atacama Large Millimeter/submillimeter Array -
(ALMA), we conduct (1) the search for molecular absorption lines of diffuse gas on the line-of-sight toward
ALMA calibrator sources and (2) the multi-transition analyses of molecular absorption lines in Galactic diffuse
media, while we also look into dense molecular gas by (3) the molecular-cloud-scale observation of emission lines
from various molecules in the heart of the nearby starburst galaxy NGC 253.

In (1), we search the spectra of the bandpass and complex gain calibrators of ALMA for new molecular
absorption systems, in which molecular absorption occurs along the line-of-sight toward a radio-loud-quasar. Out
of the 36 calibrator sources we analyze, we successfully detect absorption lines originated from Galactic diffuse
molecular gas toward four sources, three of which are newly-detected molecular absorption systems. In addition,
we find the absorption lines of HCO and the elevated HCO to H'*CO* column density ratios toward two objects,
. suggesting that the observed diffuse media are in photodissociation regions (PDRs), which observationally
illustrates the chemistry of diffuse gas driven by ultraviolet (GV) radiation.

In (2), we conduct the follow-up observations of three newly-detected molecular absorption systems in
the search above, which result in non-detection of any absorption line. Combining the upper-limit of higher
transitions (4 = 1.2 mm) and the data in lower transitions (1 = 3 mm), we constrain the excitation temperatures of
multiple molecules in Galactic diffuse medium to below 10 K, in spite of their PDR-like chemical states. From
above, we confirm the validity of widely-accepted assumption that such diffuse molecular gas is in equilibrium
with the cosmic microwave background. The molecular abundance patterns seem to be similar in Galactic diffuse
gas and nearby active galaxies observed with a kpc-scale beam, suggesting that such a large-scale view of external
galaxies would be smeared out by the diffuse molecular gas component therein.

In (3), we present an 8 pc X 5 pc resolution view of the central ~ 200 pc region of the nearby starburst
galaxy NGC 253, based on ALMA 1 = 0.85 mm band observations. We resolve its nuclear starburst into cight
dusty star-forming clumps, 10 pe in scale, for the first time. Despite the similarities in sizes and dust masses of
these clumps, their line spectra vary drasticaily from clump to clump although they are separated by only ~ 10 pc.
Specifically, one of the clumps exhibits line confusion-limited spectra with at least 36 emission lines from 19
molecules and a hydrogen recombination line, while much fewer kinds of molecular lines are detected in some
other clumps where fragile species completely disappear from their spectra. We demonstrate the existence of hot
molecular gas in the former clump, which suggests that the hot and chemically rich environments are localized
within a 10-pc scale star-forming clump. -

In addition to the physical and chemical states of diffuse and dense molecular gas we reveal in the
absorption and emission studies above, we claim the significance of the observations of external galaxies with a
molecular-cloud-scale resolution, namely pc-scale beam. Considering the similarity of molecular properties in
Galactic diffuse gas and nearby active galaxies observed with a kpc-scale, and the drastically diverse star-forming
activities among the 10-pc-scale clumps in the heart of NGC 253, observations of external galaxies have to be
performed with a pe-scale resolution, which can resolve an individual molecular cloud, if we are to look into the
detailed nature of molecular gas therein.
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Gravitational Instability of a Dust Layer
Composed of Porous Silicate Dust Aggregates
in a Protoplanetary Disk
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Planetesimal formation is one of the most important unsolved problems in
planet formation theory. In particular, rocky planetesimal formation is difficult
because silicate dust grains are easily disrupted when they collide. Recently, it
has been proposed that they can grow as porous aggregates when their monomer
radius is smaller than ~ 10 nmn, which can also avoid the radial drift toward the
central star. However, the stability of a layer composed of such porous silicate
dust aggregates has not been investigated. Therefore, we investigate the gravita-
tional instability of this dust layer. To evaluate the disk stability, we calculate
Toomre’s stability parameter @, for which we need to evaluate the equilibrium
random velocity of dust aggregates. We calculate the equilibrium random velocity
considering gravitational scattering and collisions between dust aggregates, drag
by mean flow of gas, stirring by gas turbulence, and gravitational scattering by gas
density fluctuation due to turbulence. We derive the condition of the gravitational
instability using the disk mass, dust-to-gas ratio, turbulent strength, orbital ra-
dius, and dust monomer radius. We find that, for the minimum mass solar nebula
model at 1 au, the dust layer becomes gravitationally unstable when the turbulent
strength o < 107, If the dust-to-gas ratio is increased twice, the gravitational
instability occurs for a < 1074, We also find that the dust layer is more unstable
in disks with larger mass, higher dust-to-gas ratio, and weaker turbulent strength,

at larger orbital radius, and with a larger monomer radius.
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Development of a new method to search for proto-clusters
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Observational study of the dust species in a massive star—forming

region based on infrared spectroscopy
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Abstract

. In this thesis, we investigate the propertieé of dust species in a Young Stellar Object (YSO) candidates and
a star-forming region based on infrared spectroscopic observations and discuss the interstellar environments
of the objects. First we present a study of near- to mid-infrared (2.5-13 pm) spectra of two Galactic YSO
candidates, which he;vc been identified in serendipitous spectroscopy in the Galactic plane using the slit-less
mode of the InfraRed Camera (IRC) on board AKARI.

Absorption bands of molecular species, including solid phase HyO, COq, CO, and possibly gas phase warm
CO at 150 X are seen in the spectra towards both sources. In addition, organic ices and quite large column
density of XCN (2.1 x10~7cm~?) are detected toward one object. These results from spectral analysis suggest
that the objects are unlikely to be background stars, but likely to be YSOs. However, their SEDs are peculiar
as YSOs since their peaks are located at around 4 um, while usual YSOs show a peak at a much longer
wavelength. Their spectral energy distributions (SED) are quite blue as YSOs and no FIR.emission has been
detected. Present SED models of YSOs cannot account for them.

Next, we present the results of the Subaru/COMICS observations of the central area of a Galactic massive
star-forming region S106, where a single O type massive star IRS 4 is illuminating the bipolar-shaped HII
region and PDR. We have obtained the images with the N-, Q- and narrow-band filters (N8.8, N11.7, Q18.8,
Q20.5, Q24.5, UIR8.6 ,UIR11.2, and [Ne II]} and Spﬁtially resolved spectra in the N-band (7.5-13 pm) of the
infrared sources of IRS 2, 3, 4, 5, 6, 7, and FIR located within the 30 ” from IRS 4. In the N-band spectra, the
major emission features are the UIR7.7, URIB.6, UIR11.2 pm bands and [Ar III] 8.99 pum, [S IV] 10.51 pm,
[Ne II] 12.81 pm pm lines. Since we carried out 2 x 40” long slit spectroscopy, we can extract the spéctra
every a few pixels along the slit direction and examine the spatial variation of those band profiles within the slit
places. It is suggested that the difference of the SED between sources is dominated by the influence from the
central IRS 4. In IRS 5, closest to IRS 4, very faint UIR bands are detected compared to other sources probably
because the strong hard UV radiation and stellar wind destroys PAHs. In other sources, the exposure to IRS
4 is the dominant factor of the change of UIR bands and atomic lines. O the other hand, the variation within
a source is dominated by the local UV environment. The decrease of the UIR band emission and increase of
Flamm / Flivery at the center of IRS 3 and IRS 6 implies the UV emitter like YSOs are being formed there. The

UIR bands can be used as a star-formation tracer.
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Galaxy Formation and Unsolved Problems in Cosmology:
the Cosmological Constant and Very High Energy Neutrinos
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In this thesis two topics of astrophysics and cosmology are studied, utilizing a cosmological model
of galaxy formation and evolution. The first topic is the origin of the cosmological constant (A). The
anthropic principle is one of the possible explanations for the A problem. In this work, the probability
of finding the observed small cosmological constant, P(<A,ps), is calculated for the first time by using
a realistic galaxy formation model. Assumption the standard flat distribution of prior probability per
unit A, and proporticnality between the number of observers and stellar mass, P(<Aqs) is found to
be 6.7%. The effect of metallicity is also investigated; P(<Agus) = 9.0% is found if life exists only in
galaxies whose metallicity is higher than the solar abundance, and P(<Aqs) = 9.7% if the number of
observers is proportional to metallicity. These probabilities are not extremely small, which indicates
that the anthropic argument is a viable explanation. The second topic is gamma-ray and neutrino
~ emission from star-forming galaxies by cosmic-ray interactions. In this work a new theoretical modelling
of gamma-ray aﬁd neutrino emission from a star-forming galaxy is presented, in which physics of cosmic-
ray production and propagation is taken into account, and the observed gamma-ray luminosities of nearby °
galaxies are reproduced well for a wide range of various galaxy types. Then this model is combined with
the cosmological galaxy formation model to predict the cosmic background flux of high-energy gamma-
ray and neutrinos. It is shown that star-forming galaxies produce about 20% of isotropic gamma-ray
background unresolved by Fermi, and only 0.5% of high-energy neutrinos detected by IceCube. Even
with extreme model parameters, at most 22% of the IceCube neutrinos can be explained. These results

indicate that star-forming galaxies are disfavoured as the source of the IceCube neutrinos.
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Quantum Mechanical Constraint on Carbon Fusion Reaction

and Its Impact on Type Ia Supernovae .
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Abstract

Type Ia supernovae (SNe Ia) are a thermonuclear explosion of a
carbon-oxygen white dwarf (CO WD). They play important roles as a
standard candle in cosmology and a major source of iron group elements
(IGEs) in the history of the Universe. In spite of their importance, the nature
of progenitors of SNe Ia is still unclear. The most popular models of the
progenitors are the single-degenerate (SD} and the double-degenerate (DD)
scenarios. In the SD scenario, the progenitor is a binary system which
consists of a CO WD and a non-degenerate companion. On the other hand,
the DD scenario attributes the progenitors to WD-WD binary mergers.

Among the nuclear reactions which occur in CO WDs, carbon fusion
is one of the most important reaction because of its lowest ignition
temperature. However, cross sections in astrophysical energy of this reaction
have not been measured. If there is an unknown resonance in the low-energy
region, reaction rates will be enhanced.

, In order to constrain an upper limit of the resonance, we adopt the
Wigner limit, which is a fundamental limit on partial widths of the
resonances. It is found that some of resonances which were introduced in
previous works are too strong in terms of the Wigner limit. The largest
resonant reaction rate the Wigner limit permits is ~10° times larger than a
standard rate. :

We adopt the enhanced reaction rate to the WD-WD mergers.
Because the enhancement of the reaction rate leads to lower ignition
temperature, off-center ignition of carbon fusion in merger remnants occurs
more easily. Therefore, more CO WDs are converted into oxygen-neon-
magnesium WD due to carbon burning, and accretion induced collapse
(AIC) becomes more likely to happen. We estimate the event rate of AIC
and SNe Ja that come from WD-WD mergers.
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Abstract

While the Kepler space mission was responsible for most of planet discoveries, the
majority of the ~-523 planets with masses > 0.5 M | were discovered by ground-based
surveys that are optimized to find giant planets in short-period orhits such as hot
Jupiters. Follow-up observations of several hot Jupiters are required to better
characterize the system and search for broad atmospheric features. Hot Jupiters remain
prime targets for atmospheric studies thanks to their relatively large scale heights.

For this study, we used OAO/MuSCAT to conduct simultaneous multiband
observations of several transiting systems with known low-density Hot Jupiters including
HAT-P-12b, HAT-P-14b, and WASP-21b. Our goals are (1) to improve the transit
parameters of these systems and (2) to search for broad spectral features such as
Rayleigh scattering signature in the optical wavelengths. Our homogeneous analysis of
transit light curves uses Bayesian modeling to determine the best estimates and Bayesian
credible regions of the transit and systematics model parameters, taking into account the
presence of correlated noise in the light curves.

The results of transit modeling are in general agreement with previous results,
Careful analysis of transit depth variation in each band show a marked increase in the
planetary radius from the red toward the blue ends of the visible wavelength range. In
addition, to compare the observed data with a theoretical atmospheric model, we
calculate a model spectrum for the first time for each planet considering two cases: (case
1) 1x Solar; and (case 2) 100x Solar metallicity clear atmospheres, assuming
thermochemical equilibrium compositions and isothermal structures. Comparing the
measured transit depths with the spectrum model for HAT-P-12b and HAT-P-44b help
rule out stellar activity and site-specific systematics as the source of this variation. In
addition, we obtained a broadband transmission spectrum in agreement with the
atmospheric model of Sing et al. (2016) for HAT-P-12b, thus confirming the validity of our
transit modeling approach.

To test the significance of (non-)detection of Rayleigh slope, a Monte Carlo fitting
routine was performed to compute slopes directly from the marginalized transit depth
distributions for each band. Results show that Rayleigh slope detection is marginal
(1.50) for HAT-P-12b and (1.8¢0) HAT-P-44b implying that the achieved photometric
precision is not encugh to robustly distinguish between the two atmospheric models.
However, our modeling is useful to categorically rule out the possibility that the
observed trend in WASP-21b spectrum is not atmospheric in origin within 2.8 ¢. Instead,
the observed trend can be explained by unocculted spots on the surface of WASP-21 with
a spot coverage of 0.5%.



