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Constraining Physical Properties of Protoplanetary Disks

from Spatial Distributions of Dust Millimeter Continuum
Observations
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Constraining Physical Properties of Protoplanetary Disks from Spatial Distributions

of Dust Millimeter Continuum Observations

The process of planet formation is considered to be the growth process from micron-
sized dust particles to thousand-kilometer-sized planets. The discovery of more than
5000 exoplanets with various sizes and orbits, alongside the diversity of rocky, icy, and
gaseous planets within our solar system, shows that planet formation occurs commonly
with diverse outcomes. In the standard core accretion scenario, dust grains grow by
coagulation through collisions to form planetesimals, and then they grow into planets
by gravitational accumulation.

However, there are several problems in the formation theory, especially in the initial
dust growth process. One is the radial drift problem, in which the dust grains migrate
and fall onto the central star before reaching meter size. Another one is the
fragmentation/bouncing problem, in which the dust grains are fragmented or bounce
at high-velocity collisions. Thus, we need to reveal how the dust grains overcome these
problems and grow larger to form planetesimals.

Observations of protoplanetary disks, which are the ongoing site of dust growth, can
provide clues to reveal the planet formation process. In particular, recent high-
resolution radio observations with ALMA have enabled us to spatially resolve
protoplanetary disks. These observations have revealed many substructures in the dust
emission and improved our understanding of the dust distribution in the disks, but the
physical properties of the disks and the mechanisms that form these substructures are
not well understood yet.

In this thesis, from the perspective of the spatial distribution of the dust emission, we
aim to reveal the physical properties of protoplanetary disks and planet-disk
interaction. Since the dust spatial distribution is determined by the growth,
accumulation, and diffusion, we can estimate these physical properties of the disks
from the spatial distribution of the dust emission. By revealing the physical properties
of the disks, we can understand the environment and the pathway of the dust growth
and accumulation.

First, we propose novel methods to reveal the physical properties of protoplanetary
disks from observed images. We demonstrate that the dust scale height can be

estimated from azimuthal variations of the dust continuum intensity. We also propose



a new method to constrain the dust size distribution, including both the maximum dust
size and the exponent of the grain size distribution, from the wavelength dependence
of the spatial distribution of the dust emission. Then, we apply these methods to the
HD 163296 disk and show that the dust scale height and the dust size distribution are
different between the two dust rings of the disk: the millimeter sized dust grains are
vertically puffed-up in the inner ring, while the centimeter-sized or larger dust grains
are settled near the midplane in the outer ring. Also, the exponent of the dust size
distribution is estimated to be ~ —3.5, which 1s consistent with the theoretical
prediction when the dust growth is limited by collisional fragmentation. From the
estimated dust properties, we further estimate the physical properties of the HD
163296 disk, including the gas turbulence strength. We reveal that the dust grains
grow to larger than millimeter size and then stop growing due to collisional
fragmentation under relatively strong turbulence (aturb > 1073).

Then, we investigate the planet-disk interaction in the PDS 70 system. Although
previous Band 7 observations showed an almost axisymmetric dust ring outside the
planets, our Band 3 observations show a clear asymmetry with a peak in the northwest
direction. The observations reveal that the dust grains are accumulated both radially
and azimuthally outside the planet and form the optically thick peak. We also measure
the disk eccentricity from the position of the central free-free emission and the outer
ring, and estimate the mass of the exoplanet in the PDS 70 system to be less than 6.7
Jupiter masses if the turbulence strength aturb = 10°3. We clarified the process of dust
grain accumulation influenced by the exoplanet within the disk.

In this thesis, we successfully reveal the dust growth and accumulation in the proto-
planetary disks, providing snapshots of the planet formation process, from the
perspective of the spatial distribution of the dust emission. Our proposed methods
provide new constraints on the physical properties of the disks, and we can further
apply these methods to more disks at different evolutionary stages to reveal the

pathway of the planet formation process.
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