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3-5 pm dust reverberation mapping of active

galactic nuclei in the North Ecliptic Pole field
AL E MR A B 2 TEEERAAZD 3 — 5 um XA MNRE< v VT

35-196121

Shoichi Tsunetsugu
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An active galactic nucleus (AGN) emits intense electromagnetic radiation from a very compact
region in the center of the galaxy, whose huge energy comes from the mass accretion onto the
supermassive black hole (SMBH). A dust torus located around the SMBH is a potential mass reservoir
to the SMBH, but most of the mass is fed back to the host galaxy by outflow with energy, which
will influence the star-formation activity. Therefore, investigating the properties and structure of
the dust torus is important to understand the co-evolution of the SMBH and the host galaxy.

Near-infrared (NIR) emission of AGNs is dominated by thermal radiation of hot dust in the
innermost region of the dust torus, which is the junction of the outer dust torus and the broad line
region surrounding the accretion disk. Since direct imaging of the innermost region of the dust torus
is challenging due to its compactness, dust reverberation mapping, which measures the lag between
the optical and NIR flux variations as an indicator of the radius of the hot dust region in the dust
torus, has a unique importance in investigating it and has been widely used for AGNs based on NIR
monitoring programs by using ground-based telescopes at wavelengths of 1 —2.2 um. Recently, some
studies performed dust reverberation mapping at 3 — 5 um wavelength using the WISFE satellite:
however, their targets are limited only to luminous AGNs with long delays because of the cadence
problem due to the satellite’s orbit. Therefore, no study directly compares dust torus size at 2—5 um
with AGNs with the same luminosity.

In this study, we focused on the North Ecliptic Pole (NEP) region, where the WISE satellite
provides continuous and high-cadence monitoring data to apply dust reverberation mapping to less
luminous AGNs at 3 — 5 um. First, we examined the W1- and W2-band light curves of 553 AGNs
taken from the catalog of the ROSAT Raster survey in the NEP field and selected 5 AGNs based on
their variability, which is suitable for the dust reverberation mapping analysis. Then, we conducted
dust reverberation mapping analysis using gaussian process regression (JAVELIN; Zu et al. 2011).
We measured with high accuracy about 100 days as a time lag between 3 — 5 um and 477 nm
light curves. After that, we estimated their AGN optical luminosities with composite SED of SDSS
AGNs. Finally, we successfully compared low-luminous AGNs with at 2 — 4 yum wavelengths in the
rest frame for the first time using the WISFE data. The result shows that the region of the hot dust
emission is almost identical at 2 — 4 ym. This result is consistent with the simulation of the infrared
reverberation response of the dust torus (Almeyda et al. 2017; 2020), which suggests that hot dust

in the innermost region of the dust torus has a clumpy structure.
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The time resolution of conventional optical imaging of variable objects

have been limited to a minute timescale by CCD readout time, but

recently, new instruments such as the Tomo-e Gozen camera on the 1.05-m
Schmidt telescope at the Kiso Observatory (Institute of Astronomy,

Graduate School of Science, the University of Tokyo) and TriCCS

(TriColor CMOS Camera and Spectrograph) on the Seimei 3.8-m telescope at
the Okayama Observatory (Kyoto University), have achieved high time
resolution by using CMOS sensors, which enable optical imaging
observations of variability on a timescale of one second or less.

In this study, | search the optical counterpart of a pulsar using

TriCCS. The pulsar | studied was PSR J1836+5925 which is a nearby pulsar
found with y-ray observations. A script to perform a phase-folding

analysis, which is a method to fold the observed data with a period, was
developed and used for the extremely bright known pulsar, Crab pulsar,

to confirm the method. Then PSR J1836+5925 was analyzed, but no optical
periodicity was visually found among objects near PSR J1836+5925. The 3
o limiting magnitude for detection was 21.81 mag (r band).
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Mid-Infrared Observatory MIMIZUKU of 30 micron band-pass filter and Evaluation Si:Sb detector
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The mid-infrared is a very important wavelength band for observing circumstellar dust, but has not been studied
extensively because most of it is absorbed by water vapor in the atmosphere. Our developing mid-infrared instrument
MIMIZUKU has a MIR-L channel which covers 24-38 um (so called 30 x m-band). In this study, I realized a 30 um
bandpass filter and prepared for the detector drive.

Observations in the 30 um band require short-wavelength leakage to be adequately suppressed. Considering
observations of high-temperature objects, I define the leakage quantitatively and set its acceptable value of less than 2%.
To achieve this, I found that four of metal mesh filters need to be stacked. A jig for stacking 4 filters was fabricated. Using
the jig, I measured the transmittance of the four stacked filters and found that the short-wavelength leakage was about
10 times larger than expected. The cause is not completely clear, a possible explanation is due to multiple reflections
between the filters. If this is the case, this leakage is not a matter when it is mounted on the MIMIZUKU optics.

The MIR-L channel equips a Si:Sb detector manufactured by DRS. This was used in the previous instrument, but the
clock and bias have been newly adjusted for installation in MIMIZUKU. I carried out the adjustments and conducted a
room temperature drive test with the readout circuit ROIC alone and alow temperature drive test with the Si:Sb detector.
A simple analysis confirmed that the images were obtained correctly. In addition, a temperature model of the detector
box was established, and its validity was confirmed by a heat generation test using a heater. By applying this model to
actual temperature data from a Si:Sb detector driven at low temperatures, a detector heat generation of 4 mW was
obtained.
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Abstract

Fast Radio Bursts (FRBs), which were detected in 2007 for the first time, are astronomical phenomena
that emit short-time radio pulses. The duration time is typically ~ milliseconds. We have not obtained
a whole understanding of progenitors and emission mechanisms of FRBs yet although a lot of research
has been carried out since its discovery. Multi-frequency observation is important to constrain emission
mechanisms.

Therefore we carried out observations at various frequencies by using Japanese radio telescopes in
this work. The frequencies we observed were higher than those where many FRBs have been detected.
The lowest frequency was ~ 2 GHz, and the highest was ~ 22 GHz. Japanese radio telescopes are less
sensitive and have a narrower field of view than overseas, so we aimed to nearby and bright repeating
FRBs, from which multiple FRBs have been detected. The FRB sources we observed in this research
were SGR 193542154 and FRB 20201124A. We performed ~193 hours of observations in total, and I
analyzed all of them.

As a consequence, we detected an FRB at S-band (~2 GHz) on February 18th, 2022 from FRB
20201124A by using the 64 m radio dish of Usuda Deep Space Center (UDSC)/JAXA. This is the first
FRB observed by using a Japanese facility. This FRB was so bright that the digital system was saturated
and a dent occurred around the FRB. This phenomenon is called digitization artifact. The detected FRB
was also affected by this phenomenon, so we could not measure a correct flux/fluence. We obtained a
lower limit the flux of > 114 Jy, and the fluence of > 189 Jy ms. We placed an upper limit on the
spectral index a = —2.14 from the detection of the S-band and non-detection of the X-band at the same
time. For a while, I estimated rough sensitivities of VERA 20 m at 2 GHz and 22 GHz, Hitachi 32 m at
6 GHz, Takahagi 32 m telescope at 22 GHz from other observation results.

I compared the FRB detected in this work with the previous FRBs. I compared the event rate of the
FRB with those from previous research by correcting differences in frequency and sensitivity between
different telescopes. I propose that the power law of the luminosity function might be broken at lower
fluence (< a few Jy ms) and the fluences of bright FRBs might be distributed up to over 2 GHz with the
power law against frequency as a result. In addition, we represent that the energy density of the FRB
is comparable to the bright population of one-off FRBs, from which only one FRB has been detected in
contrast to repeating FRBs. This result suggests the possibility that repeating FRBs are capable to emit
as bright FRBs as one-off FRBs; that is, some FRBs classified as one-off FRBs might be repeating FRBs
intrinsically. To investigate this possibility, further observations of both repeating and one-off FRBs are

needed.



The detailed chemical abundance analysis of RR Lyrae
variables with high-resolution near-IR spectroscopy
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RR Lyrae variables, the target of this thesis, are old (> 10 Gyr), low-mass (0.5 — 0.8 M)
variable stars located on the horizontal branch in the Hertzsprung-Russel diagram, with a typ-
ical pulsation periods around 0.2-1 days. They are distance indicators thanks to their period-
luminosity-metallicity relationship but also good tracers of old Galactic components. There
have been many studies measuring the chemical abundances of RR Lyrae by high-resolution
spectroscopy, but these works are dominated by optical spectroscopy. Near-infrared spec-
troscopy would enable us to investigate wider areas of the Galaxy, because it is less affected
by interstellar absorption.

In this study, we observed four RR Lyrae stars (RR Lyr, TT Lyn, TU UMa and SU
Dra) multiple times with the near-infrared high-resolution spectrograph named WINERED,
A/AN around 28,000 covering 0.9-1.35 um. With the help of spectrum synthesis, we made
up the near-infrared zY J-band line list for RR Lyrae stars, and established the method of
deriving chemical abundances using this line list. This method includes the calibration of the
systematics of line-by-line abundances, mainly because the correct oscillator strength values

(log gf) of near-infrared range are yet to be established.

As the result, we found lines of 10 kinds of species (C 1, Mg 1, Mg 11, Si 1, S 1, Ca 1, Ca 11,
Fe 1, Fe 11 and Sr 11), among which silicon lines are the largest in number, 22. We succeeded
in deriving these abundances with the error about 0.05-0.1 dex, except for a few elements
with a limited number of lines. The measurements with multi-phase spectra of each target
give consistent abundances within the error except for a few species, which might be affected
by systematics caused by phase-dependent stellar parameters. Our results agree more-or-
less with previous works based on optical spectra, whereas there were comparable scatters,
2 0.2dex, among the measurements in those previous works. This is the first work which
derived the abundances of RR Lyrae stars in the 2Y J band, and it paves a way for measuring
chemical abundances of obscured RR Lyrae, like the one in the Bulge. As metallicities of
our targets are concentrated to [Fe/H]~ —1.5, the follow-up observations of RR Lyrae with
a wider range of metallicity are required for broader applications of RR Lyrae.



Extremely high-resolution simulations of dwarf galaxies
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Abstract

The core-cusp problem is a problem that dark matter halos of dwarf galaxies have a cuspy core (p oc 7~1) in the
dark matter only simulations, but ones in observations have flat cores (p = Const.). This problem can be solved
by considering baryonic feedback. Recent simulations of dwarf galaxies suggest a diversity of the halo density
profiles from cusp to core, but the results still depend on baryon models adopted in the simulations. Therefore,
recent numerical studies have focused on smaller dwarf galaxies, which are more dominated by dark matter
and where the baryonic effect is smaller. For small dwarf galaxies, the cores can be at or below the numerical
convergence radii, which depends on the mass resolution (Power et al. 2003). However, it is not easy to reduce
the convergence radius beyond its current value, because the Simple Stellar Population (SSP) approximation
(treating a single particle as a group of stars with a certain mass distribution) is used in conventional galaxy
formation simulations, and it limits the resolution. In this study, I developed a new method based on the Star-
by-Star method (Hirai et al. 2021), in which stars are modeled as individual particles. T implemented the new
scheme in an N-body/smoothed-particle hydrodynamics code ASURA+BRIDGE. Using this code, I carried out
three types of dwarf galaxy formation simulations with a halo mass of My, ~ 10° M. The mass resolution
of the particles reached ~ 100 Mg and ~ 20 My for dark matter and gas, respectively. In my simulated dwarf
galaxy, there were no obvious cores in the dark matter density distributions, and the difference between the
dark-matter-only (DMO) and hydrodynamical (Hydro) models was small. The power-law fit (p o< r®) to the
dark matter density profiles within 1 — 2% of the virial radius gave aPM© = —1.504 for the DMO model and
afydro — 1561 4 0.004 for the Hydro model, which are cuspy. Although the difference between the DMO
model and the Hydro model is small, I found that baryon made the power-law slope of the central region of
the halo steeper in my simulation. The dark matter density profiles were well fitted by the NFW and Einasto
profiles, but I found that the fitting method can affect the decision between core and cusp. I also compared
the M, /Mpa1o — « relation to those of observations and other numerical studies and confirmed that my result is

consistent with previous simulations of dwarf galaxy formation and not significantly different from observations.
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A cryogenic detector is a thermal detector that operates at sub-Kelvin temperatures. With its high sensitivity, there are
many plans to adopt it in astronomical instruments. In order to achieve optimal performance, stable and low noise levels
are required. One of the major noise risks is electromagnetic interference (EMI) from other equipment, which has caused
performance degradation in previous astronomical instruments. However, the methodology for EMI control design has not
yet been consolidated in contrast to other satellite design methods such as in thermal and structural design.

The X-ray imaging spectroscopy satellite mission (XRISM), scheduled for launch in 2023, will be equipped with an X-
ray microcalorimetry-based cryogenic spectrometer, Resolve. The Resolve detector operates at 50 mK and has an almost
identical design to the soft X-ray spectrometer (SXS) on the short-lived X-ray astronomy satellite ASTRO-H. Resolve is
highly promising to open up new frontiers in science by inheriting the innovative spectroscopic capability in the X-ray band
(AEpwnm ~ 5 eVQ6 keV on orbit) achieved by SXS.

SXS suffered from EMI originating from the satellite bus system. The exact coupling mechanism could not be fully
determined during ground testing, and part of the evaluation was left to be performed in-orbit. This paper addresses this
problem passed down to the successor Resolve. Specifically, we evaluated the impact of the following three EMI risks.

1. Low-frequency magnetic EMI from the attitude orbit control system of the satellite
2. Radio-frequency EMI from the satellite communication system
3. Conductive EMI from the satellite power supply system

For each, defining the electromagnetic interface between the satellite bus part (the interferer) and the mission equipment
part (Resolve), we conducted ground tests at the subsystem level (with the mission part) and system level (with the satellite
bus + the mission part). In addition, we took advantage of electromagnetic simulations to achieve an end-to-end quantitative
evaluation as well as illustrate the physical interpretation of the phenomena. Overall, the risk of performance degradation
of the Resolve detector due to satellite EMI was sufficiently reduced prior to launch. Summaries of the results obtained for
each are as follows.

(1) Low-frequency magnetic EMI: Magnetic torquers (MTQs), one of the satellite attitude actuators, are driven with
127 Hz pulse-width modulation. In SXS, the line noises detected at the driving frequency and its harmonics caused the
degradation of spectral resolution, though the coupling nature was not well understood. Therefore, under the assumption
that the magnetic field created by the MTQs caused this degradation, we tested the possible coupling between the MTQs
and Resolve. In the subsystem level test, we drove a spare MTQ from ASTRO-H under different configurations and examined
the detector response. The line noise was observed at 127 Hz and its harmonics similar to SXS. Furthermore, by changing
the distance between the MT(Q and the detector, we found that the magnetic field from the MTQ accounts for a large part of
the line noises. The magnetic field simulation calculations also support this result. In the system level test, we measured the
noise contribution in all three MT(Q axes and found the results are qualitatively consistent with what was observed in SXS.
Based on the results obtained, we speculated the coupling mechanism. Moreover, we executed test runs of in-orbit operations
and confirmed the degradation of energy resolution was less than that of SXS. We also developed a tool to calculate the
degradation at a given MTQ operating condition as a preparation for the unexpected aggravation in orbit.

(2) Radio-frequency (RF) EMI: There is a metal lid called a gate valve on the top of the vacuum chamber (dewar)
in which the Resolve detector is housed. The gate valve remains closed on the ground to maintain vacuum and the dewar
works as a Faraday cage. However, once it is opened for scientific observation in orbit and the cage is broken, RF signals
from the satellite communication system can potentially jeopardize the Resolve detector. This RF EMI has not yet been
investigated in SXS, so we arranged and executed a new evaluation test. The potential optical coupling path from the
communication antennas to the detector was divided into two parts with the interface at the gate valve: the first half was
evaluated by electromagnetic simulation whereas the second half by measurement. In the simulation, we solved the Maxwell
equations numerically to calculate the worst-case electric field strength at the interface due to the communication antennas.
The simulation model includes satellite structures taken from a detailed satellite CAD model and the results were calculated
using the supercomputer Fugaku. In the measurement, radio signals sufficiently stronger than the simulated value were
injected from the interface into the interior of the dewar. No significant response was observed at the detector, and we
concluded that the performance degradation due to RF EMI from the satellite communication system can be negligible.

(3) Conductive EMI from the power supply system: XRISM satellite has various power-consuming devices that
share a single bus power supply. Thus, the electromagnetic noise generated by each device can propagate to one another
through the bus power supply. We investigated this conductive EMI with Resolve. The interface for conductive EMI testing
and the requirement noise level there were set accordingly to the mission criteria. In the subsystem level test, we injected
artificial sinusoidal fluctuations of the bus voltage from the interface and obtained the detector response. In the system
level test, we measured the noise level at the interface and detector outputs under various satellite operating conditions.
End-to-end evaluations based on the tests conclude that there is no change in the observation performance due to conductive
EMI under nominal operation conditions.
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abstract

Binary white dwarf mergers are theoretically predicted to cause diverse phenomena such as
Type Ia supernova explosions, collapse into neutron stars through accretion-induced collapse, and
the formation of massive white dwarfs. These phenomena are thought to be highly dependent on
the composition and mass of the binary white dwarf system, but the details are under debate. A
massive white dwarf, J005311, with properties similar to those predicted by theoretical studies of
binary white dwarf mergers to form massive white dwarfs, has recently been observed. This
object was subsequently observed at multiple wavelength bands from infrared to X-rays and was
found to be multi-layered. The location of the object and the expansion velocity of the nebula
surrounding it make it a leading candidate for the remnant of a historical supernova SN 1181,
whose corresponding object was undiscovered.

In this study, we assume that the nebula IRAS 00500+6713, which contains the white dwarf
JO05311, was the remnant of SN 1181, and investigate the structure of IRAS 00500+6713 in
detail and compare it with observations at multiple wavelengths to determine the mass and
explosion energy of ejecta. We also found that fast winds from the surface of the white dwarfs
started blowing nearly 1000 years after the merger, and we also made restrictions on when they
started blowing. Therefore, this study is the first quantitative evaluation of the evolution of a
remnant containing a massive white dwarf after a binary white dwarf merger. In addition, this
study strongly supports that IRAS 00500+6713 is a remnant of SN 1181 from our self-consistent
dynamical model that explains the multi-wavelength observations.

In addition, we construct axisymmetric self-similar solutions of transonic outflows
emanating from a point source including the effect of its rotation. The solutions are constructed
exclusively on the equatorial plane. The features of solutions are determined by three parameters;
the adiabatic index y, the dimensionless coordinate of the transonic point, and the dimensionless
azimuthal velocity at the transonic point. We classify the solutions into five groups according to
the asymptotic behaviors. We find that the behaviors of the self-similar solutions differ depending
on whether the value of y exceeds 11/9 or not. In addition, some solutions show double-power-
law density profiles, which are usually seen in ejecta from a binary merger or nova-like
explosion. Thus, our self-similar solutions can be applied not only to the outflow blowing from
the central spinning objects, but also to the ejecta erupted from the binary merger or nova-like

explosion.
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Diversity of Type Ia Supernova Optical Light Curves Among
Different Spectral Classes
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Type Ia supernovae (SNe Ia) are explosions of a white dwarf that approaches the Chandrasekhar
mass (~ 1.4Mg) in a binary system. They are worth studying because they give us insight into stellar
evolution, they contribute to the chemical enrichment of the universe, they work as standardizable candles
to estimate cosmological distances, and for many other reasons.

The progenitor of SNe Ia is unknown, although several hypotheses have been proposed, such as the
single-degenerate scenario and the double-degenerate scenario. However, SNe Ia are known to have some
unique observational properties. One famous characteristic is that the shapes of their light curves are
relatively homogeneous, especially after applying correction using the Phillips relation (Phillips 1993),
which states that brighter SNe Ia have wider light curves. Nonetheless, diversity still remains after
the correction, and finding an explanation for this diversity is an issue in order to establish a better
understanding of these objects and improve their accuracy as standard candles.

The goal of this work is to study the diversities of SNe Ia light curves in terms of spectral subclassi-
fication. We adopted the Branch scheme (Branch et al. 2006), which classifies SNe Ia into 4 subgroups
according to the pseudo-equivalent widths of SiIl absorption lines near maximum light at around 6100A
and 5750A. The subgroups are core normal (CN), broad line (BL), cool (CL), and shallow silicon (SS).

We used public optical light curve data of 99 SNe Ia (~20-35 SNe for each subgroup) to make average
UBVRI light curves (light curve templates) for each subgroup. Cross-filter K-correction was done to
process light curves observed in different filters together, and light curves were fitted to a common
template with the least-square method. Taking the average of the fitted light curves, we made template
light curves for each Branch subgroup. We also made color curves based on the template light curves.

The light curve templates were mostly similar in the U, B, and V bands, but showed diversity in the
R and I bands, especially in the second peak of the I band. To explain the diversity, we investigated
spectra of some of the samples used in this research at 20-30 days after maximum, where the dispersion
was greatest. As a result, we found that BL and CL SNe tend to have a strong calcium feature in the
I-band, which indicates that these SNe have lower ionization temperatures in that epoch. Together with
the color curve, we conclude that BL SNe may have lower temperatures than CN SNe, especially from
~10 days after peak luminosity. There were also a few SNe with extremely strong calcium features in
the BL subgroup. These samples had red colors at peak luminosity, which suggests that there may be a

group of SNe with low temperatures and/or dusty stellar environments within the BL regime.



Direct Imaging around a Young Stellar Object:
Orbital Evolution of CI Tau b
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Giant planets around young stars provide a clue to understanding their formation history and
planetary orbital evolution. Recently, some close-in giant planets (hot Jupiters) around young stellar
objects (YSOs) whose ages are < 10Myr have been reported by indirect method. The standard
formation scenario of a hot Jupiter predicts that planets formed further out from a star and migrated
inward. There are several mechanisms that cause planetary migration. A gap-opening planet migrates
inward by planet-disk interactions (Type II migration). This mechanism predicts small eccentricities
of hot Jupiter since the disk gas can damp the eccentricity. Gravitational perturbations from other
outer companions could also cause orbital migration, such as Kozai-Lidov oscillations. In this mech-
anism, hot Jupiter should have high eccentricity. In general, this high-e migration occurs in ~ 0.1 -1
Gyr after disk dispersal. Therefore, it is essential to study young planetary systems around YSOs to
obtain information of their evolution including orbital evolution. CI Tau is a 2 Myr-classical T-Tauri
star, which is known as one of the YSOs having hot Jupiter CI Tau b. Previous research of radial
velocity method shows that predicted eccentricity of CI Tau b is e = 0.28 £0.16. A high eccentricity
of a hot Jupiter around YSOs is a challenging to the two migration scenarios. We would like to know
how massive outer companions exist around this system in order to unveil orbital evolution of CI
Tau b. In addition to this, the Atacama Large Millimeter / submillimeter Array (ALMA) continuum
observations show that CI Tau disk has three annular gaps at ~13, 39 and 100 au, which indicates the
existence of additional unseen outer companions. For these reasons, we present high-contrast imaging
around CI Tau taken from Keck/NIRC2 L’-band filter and vector vortex coronagraph to confirm the
existence of an outer companion around this unique YSO. High-contrast imaging allows us to study
around host star suppressing the light of this. We got two imaging data sets and used ADI (angular
differential imaging) reduction with pyKLIP package, which is python library to remove the stellar
halo and speckles. As a result, we did not detect any other companion. We can derive the detection
limits from ADI-reduced images and ruled out the existence of an outer companion beyond ~ 30 au
that can cause the Kozai-Lidov migration of CI Tau b. Regarding three annular gaps at ~13, 39 and
100 au, the innermost annular gap at 13 au is located inside the inner working angle. For two outer
gaps, we confirmed that there is no outer companion with > 2 Mj,, at 100au and with > 4 Mj,,
at 39au. We reconsider the possibility of Type II migration scenario by calculating a timescale of
migration rate of CI Tau b, assuming CI Tau’s disk model. Our results suggest that Type II mi-
gration from position of snowline still could explain the current orbit of CI Tau b. The eccentricity
damping of a migrating planet, however, occurs more quickly than the orbital decay in this scenario.
Therefore, a high eccentricity of CI Tau b may not be compatible with a Type II migration scenario
unless the eccentricity of CI Tau b may be overestimated. Further follow-up observations are required
to determine the eccentricity of CI Tau b more accurately and observe the inner region with deep

high-contrast imaging.
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Abstract

Protoclusters are high-density regions at high-z that are expected to evolve into clusters by z = 0.
Frequent galaxy collisions and mergers and cold gas inflows are expected to accelerate the evolution
of galaxies in protoclusters. They are suitable targets for understanding the environmental effects
on galaxy evolution. However, the number of identified protoclusters beyond z > 3 is small so far
and has not been sufficient for a systematic study. In particular, it has been difficult to detect
relatively lower-mass protoclusters because a sufficiently large surface number density is required for
a conventional detection method using only photometric data, which inevitably have large redshift
erTors.

In this study, we develop a new point-based deep learning model, PCFNet, to detect protocluster
member candidates from the spatial distribution of g-dropout galaxies at z ~ 4. We use the sky
distribution, i-band magnitude, (g — ) color, and the redshift probability density function of galaxies
surrounding a target galaxy in the sky. The PCFNet is trained and evaluated using PCcone, a
semi-analytic model. The PCFNet achieves a recall of 7.5 = 0.2% and a precision of 44 + 1%
when using a detection threshold of 2.50, while a conventional model based only on the surface
number density of g-dropout galaxies has a recall of 1.5 & 0.1% and a precision of 38 & 2%. The
PCFNet is found to be able to detect five times more protocluster member candidates with higher
accuracy. The protocluster candidates are detected by the peak of the sky distribution of protocluster
member candidates. The detection performance of the PCFNet is 13.5 + 0.8% for completeness,
which is defined as the number of detected protocluster candidates relative to the number of true
protoclusters in the data for evaluation, and 71 + 4% for purity, which is defined as the number of
correctly detected protoclusters relative to the number of detected protocluster candidates, while the
conventional method is 2.6 £0.7% and 65 4 9% for completeness and purity. This higher performance
of the PCFNet allows more protoclusters to be detected. In addition, the PCFNet can detect lower-
mass (log M,—o halo = 14.0-14.5) protocluster candidates, providing a wider dynamic range of halo
mass to allow us to achieve a more general picture of protoclusters.

We apply the PCFNet to the observational data of the HSC-SSP Deep/UltraDeep layer, 112 pro-
tocluster candidates are detected from an effective survey area of about 13deg?. They show the
bright-end excess in the luminosity distribution, which is consistent with previous observations. We
are proposing the spectroscopic observation and plan to apply the PCFNet to larger regions such as
the HSC-SSP Wide layer. The PCFnet is applicable not only to g-dropout galaxies but also to other
dropout galaxies, and this study is expected to be extended to a wide redshift over z = 2-6.



Physical characterization of submillimeter-selected
dusty galaxies at z=2-6 with strong gravitational lensing
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Dusty star-forming galaxies play an important role in the evolution of massive galaxies in the

universe. Although ALMA has made a breakthrough in our understanding of these submillimeter-
selected galaxies, there are still many things that remain unknown about DSFGs, even with the
ALMA-era, including detection of dust-obscured AGN in the early universe and physical
characterization of mm-faint NIR dark sources. We investigated gravitationally lensed DSFGs to
tackle the above problems with the help of lens magnification.
We first present the detection of the CO(12-11) line emission toward G09-83808, a strongly-
lensed submillimeter galaxy at z = 6.02, with ALMA observations. A source-plane reconstruction
reveals that the region of the CO(12-11) emission is compact (Re ~ 0.5 kpc) and roughly coincides
with that of the dust continuum. Non-local thermodynamic equilibrium radiative transfer modeling
of CO spectral-line energy distribution reveals that most of the CO(12-11) emission comes from
a warm (kinetic temperature of Tkin = 320+170 K) and dense (log(nt2/cm~3) = 5.4 + 0.6) gas,
indicating that the warm and dense molecular gas is concentrated in the central 0.5-kpc region.
The luminosity ratio in G09-83808 is estimated to be Lco@z-11y/Lcoe-5 = 1.1 = 0.2. The high ratio
is consistent with those in local active galactic
nuclei (AGNs) and 6 < z < 7 quasars, the fact of which implies that G09-83808 would be a
good target to explore dust-obscured AGNs in the epoch of reionization.

Next we present ALMA band 3/4 follow-up line scan observations toward three mm-faint
NIR-dark sources in two massive clusters which are detected by ALMA Lensing Cluster Survey,
a 1.2 mm survey in the 33-lensing cluster regions. We successfully detected CO emission lines
and confirmed their spectroscopic redshifts to be z=3.652, 2.391, and 2.985.
We constrained their physical parameters such as stellar mass, star formation rate, gas depletion
time, and size of dust-emitting region utilizing rich archival data from HST, Spitzer, and Herschel.
One of the sources has a compact dust-emitting region (Re~0.8 kpc) and exhibits high star
formation efficiency and far-infrared surface brightness, similar to classical SMGs and previously
reported (mm-bright) NIR-dark sources with spectroscopic redshifts, which can be interpreted to
be in a merger phase. In contrast, the other one has an extended dust emitting region (Re~2.0
kpc) and exhibits modest star formation efficiency and far-infrared surface brightness, as well as
an elongated projected axis ratio. These results suggest that normal dusty star-forming galaxies
with edge-on disks can be NIR-dark and may have been missed in previous observations. This is

also consistent with recent findings from early JWST observations (Nelson et al. 2022)..
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Weakened magnetic braking mechanism through latitudinal
differential rotation on spin-down of solar-type star

by Takato Tokuno (35-216127)

Abstract

The solar-type stars spin down as a consequence of the removal of the angular mo-
mentum (AM) transport by magnetised stellar wind. Such a magnetic braking mechanism
has been widely studied by theoretical modelling for wind torque. Although the previous
model assuming rigid-body rotation can explain observed basic trends, the two major un-
solved problems remained: the wind torque inferred from stellar observations yields about
twice as large as the directly measured one in the solar wind; the modelled spin-down rate
is overestimated for stars rotating slower than the sun (‘“weakened magnetic braking”).

In order to solve these problems, we investigate the role of latitudinal differential rotation
(DR) in the spin evolution of solar-type stars. Recent asteroseismic observation detected
the strong equator-fast DR in some solar-type stars. Numerical simulations show that the
strong equator-fast DR is a typical feature of young fast-rotating stars and that this tendency
is gradually reduced with stellar age. Incorporating these properties, we develop a model for
the long-term evolution of stellar rotation. The magnetic braking is assumed to be regulated
dominantly by the rotation rate in the low-latitude region. Therefore, in our model, stars with
the equator-fast DR spin down more efficiently than those with the rigid-body rotation. We
calculate the evolution of stellar rotation in ranges of stellar mass, 0.9 Mg < M < 1.2 Mg,
and metallicity, 0.5Zy < Z < 27, where Mg and Z, are the solar mass and metallicity,
respectively.

Our model, using the observed torque in the present solar wind, nicely explains both the
current solar rotation and the average trend of the rotation of solar-type stars, including the
dependence on metallicity. In addition, our model naturally reproduces the observed trend
of the weakened magnetic braking in old slowly rotating solar-type stars because strong
equator-fast DR becomes reduced. Our results indicate that latitudinal DR and its transition
are essential factors that control the stellar spin down.
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The primordial gravitational waves predicted by inflation theory are expected to have
produced a unique polarization pattern, called B-modes, in the polarization component of the
Cosmic Microwave Background (CMB) radiation. In order to observe these weak signals with
high precision, we need a telescope with high throughput and a large diffraction-limited field-
of-view. Such a telescope also requires a low-noise detector array at its focal plane that is
operated at cryogenic temperatures. A crossed-Dragone telescope is an advantageous optical
system for wide field-of-view telescopes, but can be prone to stray light systematics, which
can contaminate the CMB signal with radiation from the Galactic plane. Such stray light
systematics appear as far-sidelobes of the telescope antenna pattern, and therefore we need
to accurately characterize the telescope's sidelobe patterns.

LiteBIRD is a satellite mission to investigate the CMB polarization, and the Low Frequency
Telescope (LFT; 34-161 GHz) is one of telescopes. The LFT is a crossed- Dragone telescope
with 400 mm aperture diameter and the FoVis 18° X 9° . The LFT has 1080 transition edge
sensors on the focal plane. The required far sidelobes knowledge is —56 dB.

The antenna patterns of the LFT have been characterized with a 1/4-scaled antenna of the
LFT and a heterodyne receiver using vector near-field measurement, which directly measure
the complex electric fields near the aperture by a millimeter-wave vector network analyzer.

In this study, we present a holographic phase-retrieval method that enables near-field
measurements using telescope-equipped bolometric detector array as it is. We place a
reference emitter at a fixed position and scan a signal emitter at the telescope aperture. These
two emitters are phase-locked and generates interference patterns (holograms) on the focal
plane, from which the amplitude and phase of the aperture field can be retrieved. We
measured antenna patterns of LFT 1/4-scaled antenna for the three different focal positions
at 180 GHz (corresponding to 45 GHz in the real-scale). Antenna patterns derived from the
phase retrieval measurements are consistent with those from the vector near field
measurements at the sidelobe level of -60 dB for the center and edges of the focal plane. We
also measured the cross polarization pattern for the center of the focal plane, and confirmed

that it is also consistent at the sidelobe level of -60 dB.
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In laser interferometric gravitational wave detectors, quantum radiation pressure noise will be
the ultimate limit of its sensitivity at low frequencies, which is a back action of the
measurement of the mirror position. Speed meters are one of the solutions to reduce quantum
radiation pressure noises, which has never been employed in the large-scale gravitational
detectors due to its difficulties for practical implementation. The Polarization Circulation
Speed Meter (PCSM) is a most promising candidate for the next upgrade, since it requires a
small modification only in the anti-symmetric port. This paper is about a new control scheme
of the PCSM, which is critical for the practical implementation but has never been
investigated so far. Our new scheme, Dual-Retardation Control, will enable a stable control
of the PCSM, and bring us closer to its realization in the future gravitational detectors.¥¥ ¥¥
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The Earth’s turbulent atmosphere is an obstacle to obtain high-resolution solar images with a ground
based telescope. The degradation of images is called seeing. One possible solution to remove the
seeing is Adaptive Optics (AO), but it is usually difficult to correct high-order aberrations. In a case
of solar observation, especially, AO can correct only the limited Field of View (FOV) although objects
have a spreading structure. Another method is post-processing image restoration such as Multi-Frame
Blind Deconvolution (MFBD) and Speckle Masking Method, but these methods are insufficient for bad
seeing because structures seen in an image are highly diluted. Furthermore, it requires a huge com-
putational cost and is not possible to analyze the images in real-time during an observation. Several
studies to use a deep neural network have been proposed in recent years for real-time image restora-
tion. It is important to demonstrate reliability in terms of how close the restored images represent the
true solar images in order to use the method based on deep neural networks for actual observations
although quantitative evaluation of the reliability is still insufficient in the past studies. In this study,
we develop a method to restore images from seeing-degraded images using a deep neural network and
evaluate its performance. For quantitative evaluation of the accuracy of the image restoration, solar
images obtained by a numerical MHD simulation are degraded by artificial seeing involving simulated
wavefront errors. This allows us to compare restored images by the deep neural network with true im-
ages before degradation, i.e., the diffraction-limited ideal images without seeing. We demonstrate that
the network can achieve the required performance in which errors of the restored images are smaller
than the typical noise in imaging observations when the seeing condition is good. We investigate
the relationship between various observation conditions and the accuracy of the image restoration by
changing telescope apertures, seeing conditions represented by a Fried parameter, observing objects
such as granules and sunspots, and observation wavelengths. As a result, although the deep neural
network improves the resolution of the restored images, the accuracy of the image restoration is not
enough yet and it is more difficult in observations with a large aperture telescope, short observation
wavelengths, and bad seeing. The accuracy could be improved by changing how to learn the deep

neural network and using the more number of input images.



Development of detector system for
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Abstract

Since the first discovery in 1995, exoplanets have been searched for using various methods: such
as radial velocity, transits, astrometry, gravitational microlensing, direct imaging, and pulsar tim-
ing. The radial velocity method uses a spectrograph with high spectral resolution to measure the
Doppler shift of stellar lines caused by the motion of orbiting planets. Despite increasing number
of exoplanet candidates found with the transit method over the past several years, radial velocity
measurements are an indispensable method for revealing their nature. Exoplanet exploration has
been conducted mainly around sun-like stars, however, in recent years, exploration around M-type
stars, which are more abundant in the solar system’s vicinity, has been gaining momentum. M-
type stars are faint in the visible light due to their low temperature, thus infrared observations are
essential.

TARAYS (The Tao Aiuc high Resolution (d) Y band Spectrograph) is a near-infrared high-resolution
spectrograph being developed mainly to measure the radial velocity of M-type stars. In this study,
we have developed a detector system for TARAYS that drives and reads out the detector and
processes its images and evaluated its detector and readout system. For the detector system, an
InGaAs photodiode array detector of large format (1.3k x 1.3k) and a data acquisition software
MESSIAG6 developed at NAOJ are used. MESSIA6 has two sampling modes: Fowler Sampling and
Up-the-Ramp Sampling. The detector system can generate final images from unprocessed images
sampled by these modes. It is also possible to correct for detector non-linearity on a pixel-by-pixel
basis during the generation of the final images.

We then evaluated the performances of the detector and the readout system, that are non-linearity,
conversion factor, readout noise, detector glow, dark current, and persistence. The non-linearity is
found to be 5% at 1.51 x 105[e™] (66% of full-well), the conversion factor 3.9~ /ADU], the readout
noise 3.4[e~] with Fowler-16 sampling, the median detector glow 0.12 [e~ /read], the dark current
1.5 x 1073[e~ /s/pix] at 120[K], and the persistence fraction 0.7% of the exposure level. In addi-
tion, our evaluation revealed that as the number of readouts increases, the readout noise initially
decreases but then increases due to the detector glow.

We also evaluated detectors of SWIMS (Simultaneous-color Wide-field Multi-object Spectrograph).
SWIMS is one of the first generation instrument of TAO 6.5m telescope capable of simultane-
ous two-color imaging, multi-object spectroscopy, and integral field spectroscopy, and is equipped
with four HAWAII-2RGs, two each for the shorter wavelength and longer wavelength foci. The
detectors at the shorter wavelength focal plane are named Bl and B2, and those at the longer
wavelength focal plane are named R1 and R2. Evaluation was conducted concerning non-linearity,
conversion factor, readout noise, etc. The non-linearity of B1, B2, R1, and R2 detectors is
found to be 10% at 1.10 x 10%,1.03 x 105,1.00 x 103, and 1.05 x 10°[e~], the conversion factor
2.08,3.13,2.28,2.19[e~ /ADU]J, and the readout noise 21.0,29.3,22.1,21.6[e~ ], respectively. Further-
more, our analysis indicated that B2 has lower quantum efficiency compared to the other detectors.
With the development of the TARAYS detector system in this study, it is now ready to be handed
over to the Universidad Catdlica de Chile for integration with the optical system. Moreover, the
findings obtained in this study will contribute to the development and evaluation of other instru-
ments that utilize near-infrared detectors of similar types.



The Dynamics of the Planetesimal Ring
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Recently, ALMA observation shows that protoplanetary disks around the young
stars commonly have ring-like structures in their dust disk. In the standard sce-
nario of planet formation , dust grows into planetesimals Thus it is expected that
planetesimal rings are common in the planet formation. Moreover, there are some
studies that predict such planetesimal ring stage in the planet formation. Therefore,
the theoretical studies on planet formation from planetesimal rings are attracting
attention. However, most of such studies focus on the growth from protoplanets that
are formed from planetesimal rings and skip the pranetesimal growth in the plan-
etesimal ring. It is necessary to study the evolution of planetesimal rings, because
the planetesimal rings assumed in the previous works do not necessarily evolve into
their initial condition of N-body simulation. As the first step to study the evolution
of planetesimal rings, I investigated the orbital evolution of such rings, which is the
basis of planetesimal accretion.

To study this, I developed an N-body simulation code based on the fourth order
Hermite scheme. Hermite scheme is one of predictor-corrector integrators. This
scheme is high precision and autostart method, which allows the code to be concise.
In order to reduce the computation time, the block timestep method was used. In
this method, each particles are given a discretized timestep which is in the form
of 2 to the power of n. This allows particle timesteps to be equal in an period.
The gas drag effect on the planetesimals was included in the code. Moreover, GPU
was used to accelerate calculation on the gravitational interaction. In the GPU
calculations specialized in gravitational force is done. Model parameters were mass
of a planetesimal m,the eccentricity e and the inclination ¢ of planetesimal orbit.
Calculation was done for 1500 years to observe their orbital evolution. The mean
value and dispersion of semimajor axis a and the range of semimajor axis Aa was used
to see the ring spreading and the ring migration. The eccentricity and the inclination
of orbits were observed to see how much ring initial conditions are maintained. Then,
these results with different value of m were compared to reveal the dependence of
the ring orbital evolution on m.



Time evolution of accretion gas and circumstellar
structure due to core mergers

35-216134
Yuta Yano
RE BER

Abstract

A star forms from a dense molecular cloud core. In the classical model,
the effects of the surroundings are neglected in course of the gravitational
contraction of a star-forming core. In other words, all the physical proper-
ties of stars formed are determined by the physical condition of a parental
core. Recently, there is growing observational evidence that the surround-
ing environments significantly influence the evolution of star-forming cores
and the properties of stars formed (e.g., Shimajiri et al. 2019; Takemura
et al. 2021). Also, the non-axisymmetric cloud structures around protostel-
lar systems, which are called the streamers, are discovered by observations
and numerical simulations (e.g., Pineda et al. 2020). Here, we consider core
merger as an example of such environmental effects. In molecular clouds, fil-
aments are common structures and cores are distributed along the filaments.
Therefore, core merging along the filaments is expected to occur frequently.

We study the interaction of two dense cores with 3D numerical simula-
tions with adaptive mesh refinement (AMR) and Sink Particle. Our simula-
tion shows that after a protostar (a sink particle) is created, the secondary
core merges to form a rotationally-supported disk with a length of ~ 103 AU
which appears to be gravitationally unstable, exciting the spiral structure
which accelerates the gas accretion toward the central star, causing the time
variability of the mass accretion rate. We observe a time variability of at least
10% at intervals of 0.005 Myr. Besides, the angular momentum of the disk is
appeared to be injected from the external secondary core. At the same time of
the core merger, the secondary core creates a compressed layer with a length
of ~ 10* AU, which has a non-axisymmetric structure that is reminiscent of
the streamer around protostars. Moreover, the streamers have been suggested
to be chemically young by observations (e.g., Tokuda et al. 2018; Pineda et
al. 2020), assuming that the secondary core is chemically young, the chemi-
cal characteristics of the streamers in our simulation could be consistent with
that of the observations.
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AGN is one of the brightest objects in the universe due to mass accretion into a central
supermassive black hole. From studies of AGN’s infrared SED, it is believed that there is a
structure called a dust torus that emits thermal radiation from the dust. The dust torus is
considered to be a source of accreting material to the central black hole. Detailed investigation
of their properties is expected to provide important information not only on the properties of
AGNs but also on understanding the co-evolution of SMBHs and their parent galaxies, one of
the most important issues in astronomy.

A method to examine the dust torus in detail is called dust reverberation mapping. This
technique uses flux variability radiation from AGN to obtain information on structures that
cannot be directly imaged by compacts. Since infrared radiation from the dust torus is emitted
from the gas and dust that received accretion disk radiation, its flux variability is observed
after the flux variability of the visible radiation from the accretion disk. This time difference
is proportional to the distance from the accretion disk to the dust torus, and the inner radius
of the dust torus can be estimated.

Since the high-temperature dust is heated from the center, it is expected that the tem-
perature is lower in the outer part of the dust torus and a radial temperature structure
appears. So wavelength dependency of dust emission lag reflects temperature structure
of the innermost dust torus. However, the wavelength dependence of the delay in the
J(1.25 pm), H(1.65 pm), K(2.2 pm) bands has not been statistically investigated.

In this study, we first developed a multiwavelength reverberation mapping analysis algorithm
for more than three bands as an extension of the JAVELIN method, which uses Gaussian
processes, has been used recently. This method simultaneously fits the infrared radiation
component from the accretion disk, which changes with the optical flux without delay. The
dependence of delay detection accuracy on the number of observed bands is investigated by
simulation using mock light curves. As a result, the delay measurement accuracy was improved
by increasing the number of simultaneous analysis bands.

Next, we performed a simultaneous multi-wavelength dust reverberation mapping analysis of
the J(1.25 pm), H(1.65 um), and K (2.2 um) bands for 17 Seyfert galaxies from the MAGNUM
project to estimate the systematic inter-wavelength delay differences. As a result, the delay
difference between the H and K bands is 7 /7x ~ 0.82315:09%%, that between the J and K
bands is 77 /7x ~ 0.69570 5%, and that between the J and H bands is 0.8471511%. The results
of this analysis are consistent within error with the predicted inter-wavelength delay ratio of
0.84 - 1.12 calculated for Almeyda et al. (2020), suggesting that the dust torus structure is a

clumpy dust torus structure.
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