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Thesis Summary (approx.2000 Japanese Characters )

Disk substructures in protoplanetary disks (PPDs), such as rings, gaps, and spiral arms,
are considered as a possible signpost of forming planets. Recent high-resolution
(sub-)millimeter observations done by Atacama Large Millimeter and Sub-millimeter Array
(ALMA) have revealed that these disk substructures are very common in PPDs. To
understand the origins of these disk substructures, especially focusing on the axisymmetric
dust gap-ring structures, | study the dust and gas properties using ALMA data.

First, | detect the axisymmetric dust gap-ring structure around a T Tauri star CR Cha by the
recent high-resolution ALMA observation at Band 6. It is the first time resolving the disk
substructure in the CR Cha disk with the beam size of ~0.09" (~16 au in physical scale at
the distance of ~187.5 pc). The CO isotopologue (12C0O, 13CO, and C180) lines are also
observed with ~0.2" resolution for obtaining gas properties. There is a bump-like structure in
the peak brightness temperature radial profile of the 13CO line at the location of the dust
ring. To explain these observed features in the CR Cha disk, | suggested two possible
mechanisms.

The first scenario is the gap opening by a planet. By adopting an empirical relation
between the planet mass and the gap structure, a Jupiter mass planet is required to
reproduce the observed gap structure. Once the dust gap is opened by a planet, the stellar
radiations easily reach the outer wall of the gap directly making a temperature bump beyond
the dust gap.

Another possible scenario is dust trapping at a gas pressure bump. When the dust disk
becomes more compact than the gas disk due to radial drifts of dust grains, the gas
temperature bump is formed at the outer edge of the dust disk. Due to the rapid drop of the
optical depth at the disk outer edge, the radiation of the hot disk surface layer penetrates the
disk vertically to the midplane. The radiative transfer calculation reproduces the observed
bump structure of gas temperature at the outside of the dense dust disk. This temperature
bump creates the gas pressure bump at the same location. Then, the dust grains are
trapped at the gas pressure bump during their radial drifts from the outer disk, eventually
making a dust ring structure.

For examining the reliability of two scenarios | suggested, | need more constraints on the
physical properties of dust grains like dust temperature and size distribution. The
multiwavelength analysis of the observational data is one of the powerful tools to constrain
the dust properties more accurately than the single wavelength. With this motivation, | study
the synthetic ALMA multiband analysis to find the best combination of three ALMA bands for
deriving the accurate dust temperature Td, dust optical depth Tv, and dust opacity power-law
index B (B is the power-law index of dust opacity, kv « vp). By this analysis, | can directly
derive the three unknowns (Td, Tv, B) without any assumptions on dust temperature and
optical depth.

The TW Hya disk is the best object to examine the synthetic ALMA multiband analysis
because its proximity (d ~ 59.5 pc) gives a chance to resolve very small-scale disk
substructures and it has nearly all ALMA band observations in the archive. The synthetic
multiband analysis results show that the Band [10,6,3] set is the best combination for
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  Disk substructures in protoplanetary disks (PPDs), such as rings, gaps, and spiral arms, are considered as a possible signpost of forming planets. Recent high-resolution (sub-)millimeter observations done by Atacama Large Millimeter and Sub-millimeter Array (ALMA) have revealed that these disk substructures are very common in PPDs. To understand the origins of these disk substructures, especially focusing on the axisymmetric dust gap-ring structures, I study the dust and gas properties using ALMA data. 
  First, I detect the axisymmetric dust gap-ring structure around a T Tauri star CR Cha by the recent high-resolution ALMA observation at Band 6. It is the first time resolving the disk substructure in the CR Cha disk with the beam size of ∼0.09" (∼16 au in physical scale at the distance of ∼187.5 pc). The CO isotopologue (12CO, 13CO, and C18O) lines are also observed with ∼0.2" resolution for obtaining gas properties. There is a bump-like structure in the peak brightness temperature radial profile of the 13CO line at the location of the dust ring. To explain these observed features in the CR Cha disk, I suggested two possible mechanisms.
  The first scenario is the gap opening by a planet. By adopting an empirical relation between the planet mass and the gap structure, a Jupiter mass planet is required to reproduce the observed gap structure. Once the dust gap is opened by a planet, the stellar radiations easily reach the outer wall of the gap directly making a temperature bump beyond the dust gap. 
  Another possible scenario is dust trapping at a gas pressure bump. When the dust disk becomes more compact than the gas disk due to radial drifts of dust grains, the gas temperature bump is formed at the outer edge of the dust disk. Due to the rapid drop of the optical depth at the disk outer edge, the radiation of the hot disk surface layer penetrates the disk vertically to the midplane. The radiative transfer calculation reproduces the observed bump structure of gas temperature at the outside of the dense dust disk. This temperature bump creates the gas pressure bump at the same location. Then, the dust grains are trapped at the gas pressure bump during their radial drifts from the outer disk, eventually making a dust ring structure. 
  For examining the reliability of two scenarios I suggested, I need more constraints on the physical properties of dust grains like dust temperature and size distribution. The multiwavelength analysis of the observational data is one of the powerful tools to constrain the dust properties more accurately than the single wavelength. With this motivation, I study the synthetic ALMA multiband analysis to find the best combination of three ALMA bands for deriving the accurate dust temperature Td, dust optical depth τν, and dust opacity power-law index β (β is the power-law index of dust opacity, κν ∝ νβ). By this analysis, I can directly derive the three unknowns (Td, τν, β) without any assumptions on dust temperature and optical depth. 
  The TW Hya disk is the best object to examine the synthetic ALMA multiband analysis because its proximity (d ∼ 59.5 pc) gives a chance to resolve very small-scale disk substructures and it has nearly all ALMA band observations in the archive. The synthetic multiband analysis results show that the Band [10,6,3] set is the best combination for 


minimizing the constraint ranges of the dust properties in the TW Hya disk corresponding to
the observational uncertainties. The band combinations with Band 9 or 10 and with the large
frequency intervals between the bands in the set give us narrow constraint ranges, that is,
the better constraints of the dust properties. These are related to the conditions which give
accurate constraint ranges on the dust properties: the combination of optically thick and thin
bands, large 8, and low dust temperature.

To examine the consistency of the synthetic analysis results, | apply the multiband analysis
to ALMA archival data of the TW Hya disk at Band 4, 6, 7, and 9. Band [9,6,4] set provides
the dust properties close to the model profile, while Band [7,6,4] set gives the dust properties
deviating from the model at all radii with very broad constraint ranges to specify the accurate
values of dust temperature, optical depth, and dust opacity power-law index . These
features are well consistent with the synthetic ALMA multiband analysis results.

Also, the synthetic ALMA multiband analysis model shows that | can constrain the accurate
dust properties by applying this multiband analysis to a proper combination of observational
data for various protoplanetary disks having different disk conditions. It indicates that this
multiband analysis can be widely applied to many protoplanetary disks for deriving their dust
properties and establishing the statistical studies in the future.
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minimizing the constraint ranges of the dust properties in the TW Hya disk corresponding to the observational uncertainties. The band combinations with Band 9 or 10 and with the large frequency intervals between the bands in the set give us narrow constraint ranges, that is, the better constraints of the dust properties. These are related to the conditions which give accurate constraint ranges on the dust properties: the combination of optically thick and thin bands, large β, and low dust temperature. 
  To examine the consistency of the synthetic analysis results, I apply the multiband analysis to ALMA archival data of the TW Hya disk at Band 4, 6, 7, and 9. Band [9,6,4] set provides the dust properties close to the model profile, while Band [7,6,4] set gives the dust properties deviating from the model at all radii with very broad constraint ranges to specify the accurate values of dust temperature, optical depth, and dust opacity power-law index β. These features are well consistent with the synthetic ALMA multiband analysis results. 
  Also, the synthetic ALMA multiband analysis model shows that I can constrain the accurate dust properties by applying this multiband analysis to a proper combination of observational data for various protoplanetary disks having different disk conditions. It indicates that this multiband analysis can be widely applied to many protoplanetary disks for deriving their dust properties and establishing the statistical studies in the future.  


