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Summary of thesis contents

Dust coagulation is the first step of planet formation. However, several theoretical
problems still remain in dust coagulation models. One of the main problems is the
radial drift barrier, which is a problem that dust grains with a size of 1 m quickly fall
onto the central star and no planetesimal can form. In addition, laboratory experiments
and numerical simulations found other problems: the fragmentation and the bouncing
problems. The former is that dust grains experience high-speed collisions resulting in
collisional disruption, and the latter is that dust grains collide but sometimes bounce
and do not form larger bodies. By contrast, astronomical observations have evidenced
the grain growth in protoplanetary disks, which are the birthplace of extra-solar
planets. It has been shown that protoplanetary disks possess millimeter-sized dust
grains. Thus, we have to construct the dust coagulation theory overcoming the
theoretical problems to explain the formation of planetary systems being consistent
with the disk observations.

This thesis aims to elucidate the dust coagulation process by introducing porosity
evolution of dust aggregates. In protoplanetary disks, dust grains stick to each other to
form porous structure. These clusters are called dust aggregates. Dust grains are
thought to form extremely porous aggregates in protoplanetary disks. However,
compression mechanisms to form compact planetesimals are still uncertain. For
example, it has been shown that collisional compression is inefficient to compress
highly porous aggregates. Therefore, compression mechanisms other than collisions are
required to explain planetesimal formation.

In this thesis, we introduce static compression of porous dust aggregates. First, we
perform numerical simulations of dust aggregates and derive the compressive strength
of porous dust aggregates. The derived compressive strength has a form of
P=(E,, /)¢, where E
the filling factor of dust aggregates. We also analytically derive the formula and confirm
the results of the numerical simulations. In addition, the derived formula smoothly
connects to the results of laboratory experiments of relatively compact silicate
aggregates.

is the rolling energy, r, is the monomer radius, and ¢ is

roll roll

Next, in order to introduce the static compression to dust coagulation in protoplanetary
disks, we consider two origins of static compression, which are due to gas drag and
self-gravity. As a result, we show the overall porosity evolution of dust aggregates in
protoplanetary disks: dust grains coagulate to form fluffy aggregates, and then they are
compressed by the gas-drag pressure and by their self-gravity to form planetesimals.
The size and mass of the planetesimals are consistent with comets in the solar system,
which are believed to be the remnants of planetesimals. Moreover, we found that icy
aggregates are free from the three problems of planetesimal formation, which are the
radial drift, fragmentation, and bouncing problems. In this way, the proposed scenario
1s the first coherent theory of dust coagulation from grains to planetesimals.
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Finally, to investigate the observational properties of porous dust aggregates, we
calculate the opacities of porous dust aggregates. We find that the opacities of porous
dust aggregates are characterized by the product of the aggregate radius and the filling
factor, except for the case where the aggregate radius is similar to the wavelength. The
results suggest that the aggregate radius and the filling factor mostly degenerate in
observations. They also suggest that the millimeter-wave emission of protoplanetary
disks, which has been interpreted as the emission from compact millimeter-sized grains,
can be interpreted as the emission from the extremely porous dust aggregates. In
addition, we also derive the analytical expressions of the absorption and scattering
opacities of porous dust aggregates, which will greatly reduce the computational costs
to calculate the opacity. Moreover, we find a difference in absorption opacity between
compact and highly porous aggregates caused by the interference, which occurs when
aggregate radius is similar to observation wavelengths. Using the difference, we
propose a way to distinguish between compact grains and fluffy dust aggregates in
expected future observations.
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