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Prospects of detecting TeV gamma-ray emissions
from nearby star-forming galaxies by the
Cherenkov Telescope Array
(Cherenkov Telescope Array (Z & & U5 2 ik
ST S 0 TeV 4 > < MU O et 48)
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Star-forming galaxies (SFGs) are GeV-TeV gamma-ray emitters, and study-
ing gamma-ray emissions from SFGs lead to understanding the production and
propagation of cosmic ray (CR) and study the high-energy background radia-
tions. Then increasing the number of gamma-ray detectd SFGs is important.

In this study, we investigate the detection prospects of TeV gamma-ray emis-
sions from nearby SFGs by the Chrenkov Telescope Array (CTA), a newly being
constructed telescope. In the previous work, we constructed a model to calculate
luminosity and energy spectrum of pion-decay gamma-ray emission produced by
cosmic-ray interaction with the interstellar medium (ISM), from four physical
quantities of galaxies [star formation rate (SFR), gas mass, stellar mass, and
effective radius]. The model is in good agreement with the observed GeV-TeV
emission of several nearby galaxies. Applying this model to nearby galaxies
that are not yet detected in TeV (mainly from the KINGFISH catalog), their
hadronic gamma-ray luminosities and spectra are predicted.

We identify galaxies of the highest chance of detection by CTA, including
NGC 5236, M33, NGC 6946, and IC 342. Concerning gamma-ray spectra, NGC
1482 is particularly interesting because our model predicts that this galaxy is
close to the calorimetric limit and its gamma-ray spectral index in GeV-TeV
is close to that of cosmic-ray protons injected into ISM. Therefore this galaxy
may be detectable by CTA even though its GeV flux is below the Fermi Large
Area Telescope sensitivity limit. In the TeV regime, most galaxies are not in
the calorimetric limit, and the predicted TeV flux is lower than that assuming
a simple relation between the TeV luminosity and SFR of M82 and NGC 253,
typically by a factor of 15. This means that a more sophisticated model beyond
the calorimetric limit assumption is necessary to study TeV emission from star-
forming galaxies.



Cosmological-Scale HI Distribution Around Galaxies
and AGN Probed with Massive Spectroscopic Data
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We investigate the neutral hydrogen (Hr) distributions around galaxies and AGN with
the sources and spectroscopic data obtained by the Hobby Eberly Telescope Dark Energy
eXperiment (HETDEX) survey and the Sloan Digital Sky Survey (SDSS) in a 99 deg? area
of the Fall field (our study field). We use massive spectroscopic data of 2228 Ly« forests
in the background quasars spectra selected from SDSS data with no signatures of damped
Lya system, metal absorption, and broad absorption line contamination to probe the HI
distributions at z = 2 — 3 in the field of our study. We conduct HI tomography mapping,
a powerful technique to reconstruct the large scale structure of H1 gas, to reveal the HI
gas distribution of our study field. We estimate the average 2-dimensional (2D), which
corresponds to the line-of-sight (LoS) and transverse to line-of-sight (Trans) directions,
and radial Hr distributions around the galaxies and AGN at z = 2 — 3 from the HETDEX
and SDSS surveys in this study field. We check the validation for the extracted average
2D and radial H1 distributions. We find that for the average 2D H1 distributions of all the
selected sources, the extension of the H1 absorption at large scale in the Trans direction
is longer than the one in the LoS direction, which agrees with the previous studies. The
average radial H1 absorption around all these sources decreases to the cosmic average
toward the large scale, which is also in agreement with the previous studies. We compute
the Hr1 distributions as a function of distance for the HETDEX and SDSS type-1 AGN
with the same rest-frame 1350A luminosity (L3hsg) distributions. The Hr distribution
of the HETDEX type-1 AGN agrees with that of the SDSS type-1 AGN. This agreement
indicates that the systematic uncertainty between the SDSS and HETDEX surveys is little.
After the validation checking, we investigate the luminosity and AGN type dependence on
the Hr1 distribution around AGN. This is the first time that the dependence of AGN type for
the distribution of HI gas around the AGN in large scale has been discussed. We separate
the SDSS type-1 AGN into bright and faint groups and derive the average H1 distributions
around the bright and faint type-1 AGN and find that the average HI absorption near the
faint type-1 AGN shows a larger value than the one of the bright type-1 AGN. This result
suggests that if the mean HI gas density around the bright type-1 AGN is larger than (or
similar to) those around the faint type-1 AGN, the ionization fraction of the Hr gas around
the bright type-1 AGN is higher than that around the faint type-1 AGN. We calculate
the Hi distributions around the type-1 and type-2 AGN, whose L5 distributions are the
same. We find that the values of the HI absorption around the type-2 AGN is larger than
those of the type-1 AGN on average. This trend suggests that because type-1 AGN tend to
have a wide opening angle for the dusty torus, more ionizing photons of the accretion disk
can escape from the dusty torus of type-1 AGN than those of type-2 AGN. We also present
the comparison between the HI distributions of galaxies and type-1 AGN. The average
H1 absorption values around galaxies is smaller than the one of type-1 AGN. This result
suggests that, on average, the mass of dark matter halo for type-1 AGN is more massive
than the one of galaxies. We compare the LoS HI distribution of our SDSS AGN sample
with the model cross-correlation function of the previous study and find that the weak Hr
absorption region in the LoS HI distribution at the large scale, > 20 h~'cMpc, may be
explained by the combination of the radiation effect and the velocity gradient due to the
infall of matter.



Multi-emission-line study on Ha emitters at z ~ 2.3 from
broad-band excesses
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Abstract

In this thesis, we present the selection and physical properties of Ha emission line galaxies
(Ho emitters, HAEs) at 2.05 < z < 2.5, aiming at studying a population of SFGs at the
epoch of Cosmic Noon.

We introduce a more modern selection method for finding emitters, in which the HAEs are
selected from the excess in the observed K broad-band flux relative to the best-fit stellar
continuum model flux by SED fitting. The photometric data in this thesis is mainly based
on the multi-band filters catalog from the ZFOURGE survey, which contains a very-deep
K data and five unique and deep medium-bandwidth data (Jy,J2,J3,Hs,H;). Besides, we
add two unique medium-bandwidth data K7 and K5, taken by a near-IR camera SWIMS
to the ZFOURGE-COSMOS catalog. Then, we applied SED fitting with emission line
templates performed by CIGALE. A total number of 1780 HAEs at z,.q = 2.25 are
selected with flux excesses of > 2¢. In virtue of the J and H-band medium-bandwidth
data, fluxes of the [O11] or [O111] emission lines could be simultaneously measured. Finally,
762 HAEs have the both detection of [O111] and [O11] with flux excesses of > 1o. The line
fluxes derived by our method are compared with the newly published MOSDEF Emission-
Line Catalogs, and we find a very good agreement with our results that more than 90%
Ha, [O111] and [O11] line fluxes have consistent spectroscopic fluxes within a factor of 3.
We further run SED fitting simulations by adding random flux errors on model flux from
several model emission line templates iteratively. The output line fluxes have a difference
within 10% comparing to the model flux, indicating a good stability of the SED fitting.
Both the observations and simulations prove that the He, [O111] and [O11] line fluxes
derived by our method are robust and show no significant systematic errors.

We research on the physical properties of these HAEs based on their multiple emission
line fluxes and SED-derived parameters. The star formation rate (SFR) versus stellar
mass (M) relation (i.e., star formation main sequence) shows that our sample has a good
correlation with a slope of 0.70 £ 0.03 at M, > 10%2M,, which is the mass completeness.
Meanwhile, we find a large number of low-mass HAEs distributed above the SFMS by
AMS ~ 0.9dex, suggesting bursty star formation activities in these systems. Thus, our
HAEs are separated into two populations, the main sequence HAEs and the low-mass
starburst HAEs. We further explore the oxygen abundance of these HAEs based on the
empirical calibration of the 032 index. For the main sequence HAEs, the mass-metallicity
relation (MZR) have a power law slope of O/H oc M?25 similar to local galaxies, with an
evolving rate of dlog(O/H)/dz ~ —0.11dex. On the other hand, as the O32-metallicity
relation is scattered at low-metallicity range, we have reservations about the existence of
MZR in low-mass regime. The photoionization models, based on the combination of the
032 and Ro3 indices, are also applied to evaluate the ionization parameters of HAEs. The
models reveal that our low-mass starburst HAEs have ionization parameters ~ 0.5 dex
lower than those of LAEs at similar redshift. It is also found that our low-mass starburst
HAEs have a higher specific star formation rate than LAEs. We speculate that our low-
mass starburst HAEs are not an analogous population of LAEs and may have a very low
Lya photon escape fractions.
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Predicting the expansion of supernova shell
using deep learning

toward high-resolution galaxy simulations

M
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Abstract

Small integration timesteps for a small fraction of short-timescale regions become a
bottleneck for future galaxy simulations with a higher resolution, especially for using
massively parallel computing. To increase the resolution of galaxy simulations, we need
to resolve smaller scale structures, which often require smaller timesteps, while the total
integration time is fixed as the universe age. The small timesteps for a small fraction of
short-timescale regions worsen the scalability. The regions affected by supernovae (SN)
have the smallest timestep in galaxy simulations. A Hamiltonian splitting method recently
has applied to galaxy simulations using smoothed-particle hydrodynamics (SPH). This
method enables us to integrate the SN regions with smaller timesteps and the entire
galaxy with a fixed timestep. We can assign about one thousand CPU cores for the
SN regions and more than 10* CPU cores for the entire galaxy for massively parallel
supercomputers. This scheme helps to improve the scalability of parallel computing. This
approach needs to pick up particles in regions affected by SN (the target particles) by the
subsequent global step (the integration timestep for the entire galaxy) in advance. In this
work, I developed the deep learning model to predict the region where the shell due to a
SN explosion expands during one global step. In addition, I developed the algorithm to
identify the target particles using image processing of the density distribution predicted
by our deep learning model. Our algorithm can identify the target particles better than
the method based on the analytic solution. This particle selection method using deep
learning and the Hamiltonian splitting method will improve the performance of galaxy

simulations with extremely high resolution.
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The mid-infrared observations of the episodic dust formation
by WR137 with Subaru/COMICS and
The development of cold chopper for TAO/MIMIZUKU
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Abstract

Understanding lifecycle of dust is very important to reveal the chemical evolution of the universe, and the
mid-infrared is one of the key wavelengths for the observational study of dust. I carry out two studies
related to the mid-infrared observations in this thesis.

In Part-I of this thesis, I present the results of mid-infrared observations of the episodic dust-forming
Wolf-Rayet (WR) star WR137. WR stars are objects in the final stage of massive main sequence stars. Recently
they have attracted growing interests of astronomers as a dust budget in the early universe. I analyze imaging
and spectroscopic data of WR137 obtained with Subaru/COMICS at two different epochs (1st August 2009
and 3rd November 2009). Dust formation by a WR binary is synchronized with its orbital phase, and these
two observation epochs are expected to be one year before the periastron. Our N-band images do not show
any apparent extended dusty structures, but photometric data shows a slight increase of the flux at 11.7 um
between these two epochs. It indicates that the dust formation is becoming more active as this binary moves
toward the periastron. Moreover, our NL spectroscopic data shows some emission lines from WR137 such
as Hel and Hell, some of which has not been recognized in the spectrum taken at one year after the previous
periastron event in 1997, which indicates that there are chemical environment changes. I have carried out
the SED analysis of dust emission, taking account of the dust formation scenario of WR binaries. From
this analysis, the observed SED can be explained by the cone-like dust distribution model with using the
temporal evolution of dust formation rate for the previous periastron event in 1997. This result supports the
periodicity of the dust formation of WR137 during the periastron event. The result constrains the cumulative
dust mass formed during one dust formation episode and the condensation temperature of dust grains are to
be 0.4x 107" My < My < 7% 107 M, and T, = 900K, respectively. For further studies, high spatial-resolution
imaging and long-term monitoring observations with next-generation telescopes (e.g., TMT/MICHI and
TAO/MIMIZUKU) are expected to be effective and promising.

In Part-II of this thesis, I describe the development of the cold chopper. The cold chopper is a key device
for the mid-infrared observations with the next-generation telescopes. I develop an opto-mechanical device
called cold chopper for TAO/MIMIZUKU in cooperation with the MIMIZUKU development team and the
cold chopper development team. The cold chopper system consists of a tilting mirror, flex pivots, coils,
magnets, gap sensors, and controllers. The required movement of the tilting mirror is represented by a
square wave with a sufficient amplitude (> +4.2deg), a good stability (< 6 x 10~*deg), a high frequency
(> 2Hz), and a short transition time (< 50ms). Also the heat dissipation from the cold chopper should be
< 0.1 W. I carry out the performance tests at room and cryogenic temperatures. Our all requirements are
satisfied at room temperature, while at cryogenic temperature, the requirements except for the stability are
achieved. The stability at cryogenic temperature is approximately twice higher than the requirement because
of the vibration of the cryocooler used in our experiments. I also confirm that the heat dissipation from the
cold chopper is approximately 5mW, and that one thermal cycle and a 1-hour continuous operation do not
affect the performance of the cold chopper. I completed the unit test of the cold chopper and now preparing
to install inside the MIMIZUKU cold optics.
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A Subaru Hyper Suprime-Cam Survey of

Lyman Alpha Emitters at z ~ 6.8
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Internal Structure of 70 ym Dark High-mass Clumps:

Dense Cores, Hub-filament Systems, and Massive Cores
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The formation mechanism of high-mass stars is one of the unsolved problems in astronomy. Especially,
the initial condition or the very early phase has a clue to reveal how high-mass stars form. I have
conducted high-angular resolution and high-sensitivity observations mosaicked by Atacama Large
Millimeter/submillimeter Array (ALMA) toward the massive dense parts of thirty-nine infrared dark
clouds (IRDCs). An IRDC, seen in silhouette against the bright galactic plane emission, is a cold,
dense region of a molecular cloud. That is thought to be in an early evolutionary stage, prior to to be
disrupted by high-mass stars. My targets are thirty-nine 70 yum—dark massive (220 M —4500 M),
dense (> 10* cm™), and cold (T ~ 10—20K) clumps at distances of 2—6 kpc.

In this thesis, I study the physical properties of cores in this IRDC sample. I identified 833
dense cores with masses of 0.06—78 M. This large number of cores allows the discussion of core
properties in IRDCs with solid statistics for the first time. To understand the early phase of high-
mass star formation and cluster formation, I focus on the core physical properties, core distribution,
fragmentation process, and the relationship between core mass and the (hub-)filament structures.
About 60% of the cores are low-mass (Mc¢ore < 1 M), whereas ~1% have Mcore > 20M. The
core mass and the spatial separation are comparable to those estimated from the thermal Jeans
fragmentation. Using the minimum-spanning-tree (MST) method, I revealed most projected cores
are uniformly distributed, and there was no significant mass segregation within the targets. Although
prominent filaments are detected in some clumps, most (> 60%) have no filamentary structure and
instead show a clumpy structure. I found only 1% of cores at the hub-filament systems.

I also conducted a case study toward one of the objects in the sample, G023.477+0.114, using the
emission from several molecular lines. I detected molecular outflows and line emission characteristics
from hot regions. These star formation signatures define the evolutionary stage of the detected cores.
I revealed at least four cores host the protostars for the first time in this region. Outflow properties
suggest that the episodic mass accretion has already started at the early phase of protostellar evolution.
Virial analysis using one of the dense gas tracers implies most cores are gravitationally bound.

Finally, I discussed the possible high-mass star formation scenarios. The cores that succeeded in
accumulating enough mass at the early stage or cores initially low-mass but succeeded in growing in
mass can form a high-mass star. Filaments or the hub-filament system may help cores to acquire mass

efficiently.



Deuterium Chemistry in Planet-forming Regions
Probed by Radio Interferometric Observations
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Investigating the molecular evolution during star and planet formation is essential to the search for the origin of solar
system materials. Deuterium enrichment, or an increase in molecular D/H ratios, is a common phenomenon observed
in both the interstellar medium and solar system materials. Since it is highly sensitive to the physical and chemical
environment, deuterium enrichment can be used to probe the formation location and thermal history of molecules.
On the scale of molecular clouds and molecular cloud cores, observational studies of deuterium chemistry have been
extensively carried out with single-dish radio telescopes. On the other hand, deuterium chemistry at smaller scales, such
as protoplanetary disks and protostellar cores, is not well understood since observations with high spatial resolution and
sensitivity are required. This thesis presents two observational studies of deuterium chemistry at planet-forming scales
with Atacama Large Millimeter/submillimeter Array (ALMA) and Karl G. Jansky Very Large Array (VLA).

Using the high spatial resolution data of the Molecules with ALMA at Planet-forming Scales (MAPS) ALMA Large
Program, we have revealed the ring-like distributions of N,D* molecules in five protoplanetary disks. The additional
archival data of N;H* molecular line allows for measuring the radial distributions of the NoD*/N,H* column density ratio
for the first time. The N;D*/N,H* column density ratio reaches ~ 0.01-1, which is higher than the elemental abundance
ratio (D/H ~ 107>). This suggests that efficient in situ deuterium enrichment occurs in the cold midplane outside the CO
snowline. We have also found a rich deuterium chemistry in the outer disk. The radial emission profiles of deuterated
molecules present ring- or shoulder-like structures at the outer edge of the millimeter dust disks. These features indicate
the non-thermal desorption of precursor volatiles caused by deeper UV penetration, or thermal desorption prompted by
thermal inversion. Furthermore, by comparing the column densities of NoD* and NoH* with the disk chemical models,
the ionization rate in the midplane of the disks was constrained. The ionization rate in the midplane could be different
from disk to disk.

We also present the first measurement of the deuteration of NH3 ices in the protostellar cores using high spatial
resolution observations of NH3 and NH,D molecular lines with VLA. We detect high excitation transitions of NH3 and
NH;,D and capture the sublimation of NH3 and NH,D ices in the vicinity of the protostars. The derived NH,D/NH3
column density ratios are as high as ~ 0.1-1, reflecting the deuteration of NH3 ices. Based on the astrochemical
simulations, the high NH,D/NHj3 ratios suggest that the primary nitrogen reservoir in star-forming clouds is the atomic
nitrogen rather than nitrogen-bearing molecules such as N, and NH3, and that NH3 ice formation starts in the prestellar
core stage.

These observational studies have demonstrated that high spatial resolution observations with radio interferometers
such as ALMA and VLA can provide fruitful insights into the chemistry and molecular evolution at planet-forming
scales. Further observational studies in combination with theoretical models will provide a more detailed picture of the

chemistry of star and planet formation.
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Abstract

After recombination, in the dark ages, when there were no stars and galaxies, the Universe was
filled with neutral hydrogen. The radiation from first galaxies formed in the early Universe
ionized the surrounding neutral hydrogen, and this is the onset of a process called reioniza-
tion. Reionization started from the neighbour of the ionizing sources, and soon the ionized
regions gradually expanded until the whole area of the Universe was ionized. Therefore, the
ionization is highly dependent on the distribution of the ionizing sources, and is considered
to have proceeded spatially inhomegeneously. The spatial inhomogeneity is one of the im-
portant features for understanding the reionization process; however, it has not yet been fully
quantified.

The Ly« fraction, the fraction of Lyman break galaxies (LBGs) that show Lya emission line,
is used as a probe of reionization. While previous studies successfully detected the evidence
of reionization by using this method, it is difficult to enlarge the sample and to depict the
inhomogeneous nature of reionization because the conventional Lya fraction measurement
requires expansive spectroscopic confirmation. To map the inhomogeneous distribution of
reionization, we simultaneously detect Lya emitters (LAEs) and LBGs at z ~ 6.6 from the
Subaru/Hyper Suprime-Cam (HSC) large-area (~ 1.5deg® = 34,000 cMpc?) deep survey. We
install a new intermediate band filter, IB945, to detect LAEs and LBGs at almost the same
redshift. We estimate the neutral fraction, xpy, from the observed number density ratio of
LAEs to LBGs, n(LAE)/n(LBG), based on numerical radiative transfer simulations, in which
model galaxies are selected to satisfy the observed selection function.

The observed n(LAE)/n(LBG) is 0.847035. We estimate the average xyy; within the field of
view of xp1 < 0.4, which is consistent with previous studies. We also find that the variation
of n(LAE) /n(LBG) within the field of view for each 140 pMpc? area is found to be as large as
a factor of three. This may suggest a spatially inhomogeneous topology of reionization, but it
also leaves open the possibility that the variation is based on the inherent large-scale structure
of the galaxy distribution. Based on the simulations, it may be difficult to distinguish between
the two from the current survey. We also find that LAEs in the high LAE density region are
more populate high EW,, supporting the fact that the observed n(LAE)/n(LBG) is more or
less driven by the neutral fraction, though the statistical significance is not high.



