
Chapter 5
Dust Coagulation with Porosity Evolution

Akimasa Kataoka

Abstract Theoretical studies, laboratory experiments, and numerical simulations
have shown several barriers in planetesimal formation, including radial drift,
fragmentation, and bouncing problems. Also, observations of protoplanetary disks
have shown the radial drift problems of millimeter-sized bodies at the outer orbital
radius. The key to solving these problems is understanding porosity evolution. Dust
grains become fluffy by coagulation in protoplanetary disks and this alters both the
dynamic and optical properties of dust aggregates. First, we revealed the overall
porosity evolution from micron-sized dust grains to kilometer-sized planetesimals;
dust grains form extremely porous dust aggregates, where the filling factor is �10�4,
and then they are compressed by their collisions, the disk gas, and their self-gravity.
In the coagulation process, they circumvent all the barriers if the monomers are
0.1-�m icy bodies. The mass and porosity of the final product are consistent with
those of the comets, which are believed to be the remnants of planetesimals. We
further performed coagulation simulations including porosity evolution. We found
that planetesimals can form inside 10AU, avoiding the radial drift barrier. Further-
more, we calculated the opacity evolution of porous dust aggregates and found that
the observed radio emission could be explained either by compact dust grains or by
fluffy dust aggregates.

5.1 Introduction

Dust coagulation is the first step in planet formation. Dust grains are solid materials
in molecular cloud cores composed of silicates, water ice, carbonaceous materials
and others. These solid bodies measure�0.1–1 �m(e.g.,Mathis et al. 1977). During
the star formation process via gravitational collapse of a molecular cloud core, the
tiny solid bodies are dragged by gas and accrete to the circumstellar disk around
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the young star. In the gas disk, dust grains stick to each other to form larger
bodies, owing to their frequent collisions due to high solid density. This hit-and-
stick process ultimately causes planets to form (e.g., Weidenschilling 1977; Hayashi
1981). We aim to reveal that this dust coagulation process forms planets using
astronomical observations, theoretical studies, and laboratory experiments.

There are an enormous number of problems during dust coagulation depending
on size. The size of the solid bodies ranges from 0:1 �m to 1000 km, which is
13 orders of magnitude in size and thus 39 orders of magnitude in mass. The
dynamics of the solid bodies is determined by the friction between gas and dust,
which depends of course on the size of the solid bodies. Thus, there are different
problems corresponding to each grain size range.

The first problem is the charge barrier, where negatively charged particles cannot
collide with other particles because the electrostatic repulsive force is high enough
to avoid the collisions (Okuzumi 2009; Okuzumi et al. 2011a,b). The radial drift
problem appears when dust grains range from millimeters to meters in size. These
dust grains are decoupled from the gas, which results in facing the gas drag in an
azimuthal direction. This reduces the angular momentum of the grains and they
migrate to the central star, prohibiting further growth because the time scale of radial
migration is shorter than the growth time scale (Adachi et al. 1976; Weidenschilling
1977). There are also problems due to microphysics of dust collisions, which are
fragmentation and bouncing. If the collisional energy of dust grains is high enough
to disrupt the grains, dust grains cannot grow further. The threshold velocity of
fragmentation is a few meters per second for silicate-like aggregates, much smaller
than the typical highest collision velocity of �50ms�1 in disks (Blum and Münch
1993; Blum and Wurm 2008; Wada et al. 2007, 2009, 2013). Dust grains of some
size ranges do not stick, but rather bounce (Güttler et al. 2010; Zsom et al. 2010).
Even if these problems are solved and kilometer-size planetesimals are successfully
formed, there are problems with the migration of protoplanets and others, which are
beyond the scope of this chapter.

There have been many attempts to solve these problems: streaming instability
(e.g., Johansen et al. 2007), direct coagulation with high dust-to-gas ratio (e.g.,
Brauer et al. 2008), pressure trapping (e.g., Whipple 1972; Pinilla et al. 2012), vor-
tex trapping (e.g., Lyra et al. 2009), dead zone edge (Dra̧żkowska et al. 2013), lucky
particle approach (Windmark et al. 2012), growth by condensation close to snow-
lines (Ros and Johansen 2013), direct formation of planets through gravitational
instability (Boss 2000), etc. We do not exclude any of these possibilities, but we
discuss another topic in this chapter: porosity evolution.

Dust grains have usually been assumed to have a constant internal density during
dust coagulation for simplicity. Readers can picture this by thinking about the
evolution of water droplets. Two spherical water droplets stick to each other to form
larger spherical water droplets with the same density. However, dust grains are not
liquid but solid. The dust grains are mainly composed of water ice, which has a
sublimation temperature of �150K at the pressure in the disk, which corresponds
to a location at �1AU from the central star. Even inside the snowline, the dust
grains are composed of silicates, which have a sublimation temperature of �1700K.
Therefore, when dust grains stick to each other, they naturally form pores inside.
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The aggregates of dust grains have lower internal density, which equates to a lower
volume filling factor. We note that the internal density �int is written as �int D �0f ,
where �0 is the material density and f is the filling factor, and the porosity is given
as p D 1� f . This has a great effect on dust coagulation because the enhanced cross-
section causes the frequent collisions to reduce the growth timescale and increase
the friction against the disk gas to change the dynamics. Furthermore, it also changes
the optical properties, which may change the interpretations of observations.

In this chapter, we discuss porosity evolution during dust coagulation in pro-
toplanetary disks based on the recent progress in numerical studies. As a result,
we argue that treating porosity evolution naturally solves many severe problems
in planetesimal formation. In addition, we also discuss how it affects planetesimal
formation and observations of protoplanetary disks. Finally, we also mention future
directions of the study of porosity evolution.

5.2 Porosity Evolution

First, we describe our assumptions regarding dust grains. The first dust grains are
assumed to be spherical dust grains with the same radius, called monomers. The
monomers are assumed to be 0.1�m in size and composed of water ice.

Porosity evolution is divided into four stages, as shown in Fig. 5.1. The first
stage is the hit-and-stick. The relative velocity between two small dust grains is
dominated by their thermal Brownian motion, which results in collisions with
a velocity of �mm/s. This collisional energy is not sufficient to restructure the
aggregates because of the collisions. Therefore, one of the two colliding dust
aggregates stays at the point where it first hits the colliding aggregate. Thus, at this
stage, the porosity evolution is understood to be geometric growth. The filling factor
evolution of sequential collisional growth can be understood as a function of the
mass ratio of the two colliding aggregates. If the mass ratio of colliding aggregates
is always unity, which corresponds to hitting the copy of the same aggregates from
a random direction, this yields dust aggregates with the fractal dimension of �1.9
(e.g., Mukai et al. 1992). If the mass ratio approaches 0, at the other extreme, which
corresponds to a monomer always hitting an aggregate, the fractal dimension yields
�3. The former case is called ballistic cluster-cluster aggregation (BCCA) whereas
the latter is called ballistic particle-cluster aggregation (BPCA). The nature of dust
coagulation in planet formation is between these two types of aggregation and the
question is which case describes the initial growth of dust grains well. Ormel et al.
(2007) have performed a pioneeringwork on porosity evolution. In terms of porosity
evolution, dust aggregates form porous dust aggregates, which have a filling factor
of �1%, due to the simple interpolation for collisions in the intermediate aggregates
between BCCA and BPCA. This was investigated later by numerical simulations
of dust collisions (Okuzumi et al. 2009, 2012), which shows that similar-mass
collisions lead to many more fluffy aggregates with fractal dimensions close to �2.
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(a) Hit-and-stick

(b) Collisional compression

(c) Gas compression

(d) Self-gravitational compression

gas flow

gravitational force

Fig. 5.1 Schematic illustration of each stage of porosity evolution. (a) The dust aggregate hits
another aggregate to coagulate. This reduces the dust density, and occurs in the early stage of dust
growth. (b) When the collisional velocity is high enough to disrupt the dust aggregates, they are
compressed. (c) The dust aggregate has a relative velocity with respect to the gas, and they feel the
ram pressure of the gas. The ram pressure statically compresses the dust aggregates. (d) When the
dust aggregates becomes so massive that they do not support their structures, they are compressed
by their self-gravity. This figure is published as Fig. 2 in Kataoka et al. (2013a)

As long as the dust coagulation occurs with similar-sized collisions, therefore, the
dust aggregates become more and more porous because of hit-and-stick growth.

The second stage is collisional compression. Once the collisional compression
energy exceeds a critical energy to move one connection of monomers, the first
restructuring occurs. The critical energy is that used to roll the monomers in
contact, which is defined as rolling energy Eroll (Dominik and Tielens 1997). This
corresponds to the onset of collisional compressions. The mass and filling factor of
the dust aggregates in typical protoplanetary disks are derived to be m � 10�4 g
and f � 10�5. However, even when collisional compression occurs, dust aggregates
are not compactified as much: the filling factor remains constant or continues to
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decrease (Suyama et al. 2008, 2012; Okuzumi et al. 2012). This can be understood
as follows. When two dust aggregates collide, they create a new void region, which
severely reduces the filling factor. Most of the collisional energy is consumed to
compress this newly created void region. As a result, the pre-existing void regions
are not very compactified. Even the collisional velocity increases with increasing
Stokes number. This effect is not effective enough to compress the aggregates
(Okuzumi et al. 2012); therefore, there must be other mechanisms to compress the
porous dust aggregates.

The third and fourth stages are quasi-static compression processes. Dust aggre-
gates always feel ram pressure from the disk gas. This ram pressure causes the
aggregates to compress. For small filling factors, the compressive strength has been
obtained by numerical simulations and is derived to be

�eq D
�

r3
0

Eroll
P

�1=3

�0; (5.1)

where �eq is the internal mass density of the aggregate, r0 the monomer radius, Eroll

the rolling energy, P the compressive strength, and �0 the material density of the
dust grains (Kataoka et al. 2013b). The ram pressure can be written as

Pgas D mv

 r2

1

ts
; (5.2)

where Pgas is the ram pressure of the disk gas, m the mass of the aggregate, v the
relative velocity between the gas and the aggregate, r the radius of the aggregate, and
ts the stopping time. Equalizing these two equations, we can obtain the equilibrium
filling factor (or internal density), which represents the lower limit of the filling
factor. In the same manner, the fourth stage of the self-gravitational compression
can be understood. When dust aggregates become sufficiently massive, they are
compressed by their own gravity. The pressure of the self-gravity of the

Pgrav D Gm2

 r4
; (5.3)

where Pgrav is the pressure due to self-gravity, G is the gravitational constant.
Combining these stages, we finally reveal the overall filling factor evolution in

protoplanetary disks, as shown in Fig. 5.2 (Kataoka et al. 2013a). The 0.1-�m-
sized dust grains become extremely fluffy dust aggregates with a filling factor
of �10�5. The dust aggregates coagulate to form larger bodies maintaining the
equilibrium filling factor at the ram pressure of the gas, which results in the
filling factor of �10�4. Finally, when the dust aggregates become as massive
as 1012 g, dust aggregates are compressed to form relatively compact bodies
with f D 0:1. Note that we stop the calculation at f D 0:1 because the
static compressive strength formula is applicable where f . 0:1, whereas the
pathway of the filling factor is expected to approach the filling factor of unity.
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Fig. 5.2 The overall porosity evolution from 0.1 �m-sized dust grains to 10-km-sized planetesi-
mals. The orbital radius is at 5AU. The black, blue, and red solid lines correspond to hit-and-stick,
gas compression, and self-gravitational compression of dust aggregates. The red shaded region
represents where the growth time scale is shorter than the drift time scale. This figure is published
as a part of Fig. 3 in Kataoka et al. (2013a)

Interestingly, the mass and filling factor of the resultant aggregates are in relatively
good agreement with those of comets, which are believed to be the remnants of
planetesimals (A’Hearn 2011). In this way, the overall filling factor evolution has
been revealed, with the intermediate stage of extremely fluffy dust aggregates. We
discuss how they avoid the radial drift barrier indicated in Fig. 5.2 in the next
section.

5.3 Growth Barriers in Dust Coagulation

We have revealed the overall filling factor evolution from dust grains to planetes-
imals. Here, we discuss how this fluffy growth is beneficial to avoiding growth
barriers in planetesimal formation.

5.3.1 Radial Drift Barrier

The radial drift problem is that the dust growth time scale is larger than the
migration time scale of dust grains, especially when the Stokes number becomes
unity. The growth time scale is strongly affected by the gas drag law. The gas
drag law is in the Epstein regime if the aggregate radius is less than the mean
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free path of the gas, whereas it is in the Stokes regime if the radius is larger
than the mean free path of the gas. As long as the gas drag is in the Epstein
regime, both growth and drift time scales depend on the mass-to-area ratio of dust
aggregates. Therefore, even if the filling factor changes, the growth time scale is
always larger than the drift time scale: the radial drift barrier is not avoidable.
However, if the radius of dust aggregates exceeds the mean free path of the gas,
then the gas drag law changes to the Stokes regime. In this regime, the growth
time scale becomes shorter. On the pathway of the filling factor evolution, when
the dust aggregates have a Stokes number of unity, the radius of the aggregates
is �100m, which is much larger than the mean free path of the gas, �1m. More
details can be found in Okuzumi et al. (2012). The region where the growth time
scale is shorter than the drift time scale is shown in Fig. 5.2. The revealed pathway of
filling factor evolution clearly avoids the radial drift barrier. Whether the radial drift
problem is avoided depends on the location of the protoplanetary disks. Roughly
speaking, rapid coagulation to avoid the radial drift barrier occurs within �10–
20AU but outside of the water snow line (see Okuzumi et al. 2012; Kataoka et al.
2013a).

5.3.2 Fragmentation Barrier

When two dust aggregates collide with a sufficiently high velocity, they are
disrupted and lose their mass during the collision, which causes a problem with
regard to grain growth. Theoretically, the minimum amount of energy required
for catastrophic disruption of dust aggregates is calculated by assuming that the
collision energy is equal to the energy needed to cut all the connections between the
monomers in the aggregates, which is

Eimp � 10nkEbreak; (5.4)

where Eimp is the collision energy, nk is the number of all connections of the
monomers, and Ebreak is the energy required to cut one connection amongmonomers
that are in contact (Chokshi et al. 1993; Dominik and Tielens 1997; Wada et al.
2007). As Eimp is proportional to the mass, which is proportional to a number of
monomers, and nk should be proportional to a number of monomers, the breaking-
up velocity does not depend on mass. Therefore, for the catastrophic disruption, the
threshold velocity has been intensively studied. Although the threshold velocity of
fragmentation does not depend on the aggregate mass, it depends on materials and
the size of the monomers.

Enormous efforts have been made with laboratory experiments that show that
the threshold velocity of silicate grains is a few m s�1 (e.g., Blum and Münch
1993) and a few tens of m s�1 for ice (Gundlach and Blum 2015). In the
series of numerical simulations (Wada et al. 2007, 2008, 2011), on the other
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hand, the final form of the threshold velocity for the net growth is revealed
to be

vcol, crit D
(

80 .r0=0:1 �m/�5=6 Œms�1� for ice;

8 .r0=0:1 �m/�5=6 Œms�1� for silicate;
(5.5)

where r0 is the monomer radius (Wada et al. 2013). This is in excellent agreement
with the laboratory experiments.

We turn now from microphysics to astrophysical applications. The typical max-
imum collision velocity between dust aggregates depends on the disk models. The
collisional velocity becomes maximal when the Stokes number of dust aggregates
becomes unity. The maximum collisional velocity is mainly determined by the
gas turbulent velocity at the midplane of the disk. The midplane temperature is
significantly lower than the surface that is irradiated by stellar radiation (e.g., Chiang
and Goldreich 1997). Considering this cold midplane, the typical maximum colli-
sional velocity is around 30ms�1. This indicates that the fragmentation problem
is significant for silicate dust grains because the fragmentation threshold velocity
is �1–8m s�1 if we assume the monomer radius to be between 0.1 and 1�m.
However, the fragmentation problem can be avoided if we assume icy particles to
have a small monomer size, because the fragmentation threshold velocity ranges
from �10 to 80m s�1 if we assume the monomer size to be between 0.1 and 1�m.
Therefore, as long as we assume 0.1-�m-sized icy particles, the fragmentation is
not a problem for planetesimal formation.

Here, we should note how this could be consistent with the observations of
protoplanetary disks, which suggest that they might be full of small grains (e.g,
Dullemond and Dominik 2005). If we assume that the fragmentation is completely
inefficient, this is not consistent with the observations. One way of solving this
problem is to introduce partial fragmentations. The fragmentation threshold velocity
in the series of numerical simulations (e.g., Wada et al. 2013) is defined by whether
the target aggregates gain mass from the projectile, called net growth. Therefore,
even if the collision velocity is lower than the fragmentation velocity, the dust
aggregates still produce small fragments, and this may explain the observations.
Another possibility is to introduce high mass ratio fragmentation, which could
lead to many fragments being produced (Seizinger et al. 2013; Krijt et al. 2015).
However, we should also mention that Wada et al. (2013) argue that the growth
efficiency via fragmentation does not depend on the mass ratio of the colliding
aggregates.

5.3.3 Bouncing Barrier

Bouncing behavior has been reported in laboratory experiments: when two dust
aggregates collide, they do not stick, but rebound, which causes a problem with dust
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growth (Güttler et al. 2010; Zsom et al. 2010). On the other hand, bouncing behavior
has not been observed in numerical simulations. However, Wada et al. (2011) found
that extremely highly packed compact aggregates can bounce, even in numerical
simulations. The transition between sticking and bouncing is determined by an
average coordination number of dust aggregates; this is equivalent to how many
monomers are connected to a single monomer. The critical coordination number for
bouncing is 6 (Wada et al. 2011), which is realized only when dust aggregates are
compact. The corresponding filling factor is uncertain, but is around f D 0:3–0.6
(Wada et al. 2011; Seizinger and Kley 2013; Kothe et al. 2013). Therefore, as long as
the filling factor is less than �0.3–0.6, bouncing does not occur. This is always valid
if the filling factor evolution is as described in the previous section. Thus, bouncing
is not a barrier to growth if we include porosity evolution in dust coagulation.

5.3.4 Short Summary and Discussion

We have discussed the notion that planetesimal formation via direct coagulation
is possible if we include porosity evolution. The conditions are such that the
monomer size is �0.1�m, the monomers are composed of ice to avoid the
fragmentation barrier, and the location of planetesimal formation should be within
10–20AU in protoplanetary disks to avoid the radial drift barrier. Of course,
this does not fully solve the planetesimal formation problems, but this certainly
gives us a theory that planetesimals form under certain conditions. Furthermore,
this asks us another question: what are we looking at through radio observa-
tions? If porosity evolution is correct, it is applicable even for the outer radius,
which means that the emission may be coming not from compact spheres, which
has usually been assumed, but from fluffy aggregates. This also gives us an
opportunity to test the fluffy growth scenario. We discuss this point in the next
section.

Also, we discuss the assumptions and limitations of the numerical and theoretical
modeling that we used in this work. First of all, the monomers are always assumed
to have a single size in the numerical simulations. In reality, however, the monomers
also have a size distribution and whether the behavior is characterized by a
representative size is uncertain. Furthermore, owing to the limitation of the number
of monomers that we can treat in numerical simulations, the parameter space of
mass and filling factor has not been completely studied. Moreover, the mass ratio
of the projectile and the target and off-center collisions has been studied, but is
still under discussion. Readers should also see the papers that we did not discuss
in this chapter (Paszun and Dominik 2009; Seizinger et al. 2013; Ringl et al.
2012), and should be cautious about the assumptions that we and other authors have
made.
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5.4 Opacity Evolution

Observations of protoplanetary disks have revealed the dust and gas structure. To
measure grain size in particular, the spectral index at millimeter wavelengths is key.
The opacity of dust grains at millimeter wavelengths becomes flatter with increasing
grain size (Miyake and Nakagawa 1993). The opacity index ˇ has been shown
to be �0–1 for protoplanetary disks (Beckwith and Sargent 1991) if the disk is
optically thin. This indicates a significant dust growth to millimeters in size from
the interstellar medium where the grain size is in microns (Pollack et al. 1994).
These results are supported by later interferometric observations with high spatial
resolution (e.g., Andrews andWilliams 2007; Isella et al. 2009; Ricci et al. 2010a,b;
Guilloteau et al. 2011). However, if the dust grains are not compact, are they really
millimetric? To answer the question, in this section, we describe the dependence of
the absorption opacity of dust aggregates on their filling factor.

To calculate the opacity of dust aggregates precisely, we need to use special
calculations such as discrete dipole approximation (DDA; Draine 1988) and the
T-matrix method (TMM; Mackowski and Mishchenko 1996). There are many
applications of calculations of dust grains in the context of dust grains in disks
(e.g., Mukai et al. 1992; Min et al. 2005, 2007). Here, we want to investigate
at least the millimeter-sized grains, which are composed of 1012 of 0.1�m-sized
monomers. However, the calculations are limited by computer power and it is
impossible to calculate the opacity of dust aggregates composed of such a large
number of monomers. We therefore use a simpler method, which is the effective
medium theory (EMT).

The EMT method is a mixing rule to compute the effective refractive index of
the aggregates. The EMT approximation should be valid as long as the substructure
(i.e., monomer scale) is much smaller than the wavelengths. In addition, especially
for the absorption opacity, the EMT has good agreement with DDA and TMM
(Kozasa et al. 1992). Here, we consider the absorption opacity of dust aggregates
that are composed of micron-sized monomers at millimeter wavelengths. Therefore,
the EMT approximation should be valid.

Figure 5.3 represents the absorption opacity of dust aggregates where the
aggregate radius a and the filling factor f have values of .a; f / D .1mm; 1:0/,
.1 cm; 10�1/, .10 cm; 10�2/, .1m; 10�3/, .10m; 10�4/. The absorption opacities are
a good match for the five lines except for the compact grains at �1mm. This
indicates that as long as the product of af is constant, the absorption opacity is
degenerated even if the filling factor is changed. We have also derived a semi-
analytical formula and confirm the fact that the absorption opacity is characterized
by af except for the compact grains at the wavelengths of � D 2�a (see Kataoka
et al. 2014). We also note that Cuzzi et al. (2014) obtained similar conclusions on
the opacity of porous dust aggregates.

This tells us that we could possibly distinguish between compact spherical grains
and porous dust aggregates with the filling factor of .0.1. Figure 5.4 shows an
opacity index profile as a function of amax f . The opacity index ˇ is �1.7 for
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both compact grains and porous dust aggregates. In the case of compact grains,
as dust size increases, the opacity index ˇ is enhanced to be �2.7 at the size of
amax f � 0:7 mm, and then decreases with increasing size. In the case of porous dust
aggregates, however, the opacity index ˇ monotonically decreases with increasing
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size. Therefore, if the opacity index of an intermediate size such as amax f � 0:7 mm
is constrained, we can distinguish between spherical compact bodies and porous
dust aggregates f . 0:1. This could be possible by measuring the radial dependence
of ˇ in protoplanetary disks. The growth timescale is shorter at inner radii, and
longer for outer radii. Therefore, the radial profile of ˇ roughly corresponds to the ˇ

as a function of different grain sizes. There have been some observational constraints
on the radial profile by using interferometric observations at radio wavelengths,
which shows that ˇ is small inside the disk and large outside the disk (e.g., Isella
et al. 2010; Guilloteau et al. 2011; Pérez et al. 2012, 2015; Tazzari et al. 2016).
The results are still consistent with both compact and porous dust models. Future
observations with higher angular resolution and greater sensitivity would reveal
whether grains are compact or not.

5.5 Future Directions

Based on numerical and theoretical modeling, we argue that dust grains coagulate
to form extremely fluffy aggregates in protoplanetary disks. These fluffy aggregates
account for the observed radio emission, but the porosity and mass are highly
degenerated in emission and it is hard to distinguish between compact grains and
fluffy aggregates from continuum emission.

First, we must determine the size of the monomers. The fragmentation barrier is
avoided if the monomer size is as small as 0.1�m. However, the barrier is still severe
if the monomer size is as large as 1�m. Therefore, it is important to determine
the monomer size in protoplanetary disks. There have been some studies aimed at
constraining the micron-sized particles. For instance, infrared emission of dense
molecular cores is well explained by intensity scattered by micron-sized dust grains
(e.g., coreshine effect; Pagani et al. 2010). For another example, infrared-scattered
emission of protoplanetary disks is significantly fainter than expected, which is
explained well by the backward scattering of a few micron-sized particles (Mulders
et al. 2013). However, this analysis is based on the assumption that dust grains are
compact. If they are aggregates, the infrared scattering opacity could be enhanced
by the aggregated structure (Köhler et al. 2012) and the scattering properties are
determined by the monomer size (Min et al. 2016; Tazaki et al. 2016).

Second, the porosity of dust aggregates should be measured in observations of
protoplanetary disks. The radial profile of the opacity index ˇ could distinguish
between spherical bodies and porous aggregates. However, once the filling factor
becomes less than �0.1, it is impossible distinguish. To measure the porosity,
we have to know information on both the absorption and the scattering opacity:
the absorption opacity tells us the mass-to-area ratio (equivalent to af ) of dust
aggregates (Kataoka et al. 2014), whereas the scattering opacity tells us the size of
the aggregates (Tazaki et al. 2016). Although there had been no way of constraining
the scattering opacity of large grains or aggregates, we recently proposed that
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millimeter-wave polarization of protoplanetary disks could be due to dust scattering
(Kataoka et al. 2015).

Finally, it is also important to compare the porous planetesimals as a result
of porosity evolution with comets in the solar system. Comets are believed to
be remnants of planetesimals. We have already compared the mass and filling
factor relation, which shows a filling factor of 10–50% (see A’Hearn 2011, and
references therein). Nowadays, thanks to the Rosetta mission, an enormous amount
of information on the comet 67P/Churyumov-Gerasimenko has been successfully
obtained, which could constrain the formation history of comets (e.g., Thomas et al.
2015).
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Dra̧żkowska, J., Windmark, F., Dullemond, C.P.: Planetesimal formation via sweep-up growth
at the inner edge of dead zones. Astron. Astrophys. 556, A37 (2013). doi:10.1051/0004-
6361/201321566, 1306.3412

0708.4185
0711.2192
astro-ph/9706042
1312.1798
1306.3412


156 A. Kataoka

Dullemond, C.P., Dominik, C.: Dust coagulation in protoplanetary disks: a rapid depletion of small
grains. Astron. Astrophys. 434, 971–986 (2005). doi:10.1051/0004-6361:20042080, astro-ph/
0412117

Guilloteau, S., Dutrey, A., Piétu, V., Boehler, Y.: A dual-frequency sub-arcsecond study of proto-
planetary disks at mm wavelengths: first evidence for radial variations of the dust properties.
Astron. Astrophys. 529, A105 (2011). doi:10.1051/0004-6361/201015209, 1103.1296

Gundlach, B., Blum, J.: The stickiness of micrometer-sized water-ice particles. Astrophys. J.
798(1) (2015). http://iopscience.iop.org/article/10.1088/0004-637X/798/1/34/meta

Güttler, C., Blum, J., Zsom, A., Ormel, C.W., Dullemond, C.P.: The outcome of protoplanetary
dust growth: pebbles, boulders, or planetesimals? I. Mapping the zoo of laboratory collision
experiments. Astron. Astrophys. 513, A56 (2010). doi:10.1051/0004-6361/200912852, 0910.
4251

Hayashi, C.: Structure of the solar nebula, growth and decay of magnetic fields and effects of
magnetic and turbulent viscosities on the nebula. Prog. Theor. Phys. Suppl. 70, 35–53 (1981).
doi:10.1143/PTPS.70.35

Isella, A., Carpenter, J.M., Sargent, A.I.: Structure and evolution of pre-main-sequence circumstel-
lar disks. Astrophys. J. 701, 260–282 (2009). doi:10.1088/0004-637X/701/1/260, 0906.2227

Isella, A., Carpenter, J.M., Sargent, A.I.: Investigating planet formation in circumstellar disks:
CARMA observations of Ry Tau and Dg Tau. Astrophys. J. 714, 1746–1761 (2010).
doi:10.1088/0004-637X/714/2/1746, 1003.4318

Johansen, A., Oishi, J.S., Mac Low, M.M., Klahr, H., Henning, T., Youdin, A.: Rapid
planetesimal formation in turbulent circumstellar disks. Nature 448, 1022–1025 (2007).
doi:10.1038/nature06086, 0708.3890

Kataoka, A., Tanaka, H., Okuzumi, S., Wada, K.: Fluffy dust forms icy planetesimals by static
compression. Astron. Astrophys. 557, L4 (2013a). doi:10.1051/0004-6361/201322151, 1307.
7984

Kataoka, A., Tanaka, H., Okuzumi, S., Wada, K.: Static compression of porous dust aggregates.
Astron. Astrophys. 554, A4 (2013b). doi:10.1051/0004-6361/201321325, 1303.3351

Kataoka, A., Okuzumi, S., Tanaka, H., Nomura, H.: Opacity of fluffy dust aggregates. Astron.
Astrophys. 568, A42 (2014). doi:10.1051/0004-6361/201323199, 1312.1459

Kataoka, A., Muto, T., Momose, M., Tsukagoshi, T., Fukagawa, M., Shibai, H., Hanawa, T.,
Murakawa, K., Dullemond, C.P.: Millimeter-wave polarization of protoplanetary disks due to
dust scattering. Astrophys. J. 809, 78 (2015). doi:10.1088/0004-637X/809/1/78, 1504.04812

Köhler, M., Stepnik, B., Jones, A.P., Guillet, V., Abergel, A., Ristorcelli, I., Bernard, J.P.: Dust
coagulation processes as constrained by far-infrared observations. Astron. Astrophys. 548, A61
(2012). doi:10.1051/0004-6361/201218975

Kothe, S., Blum, J., Weidling, R., Güttler, C.: Free collisions in a microgravity many-particle
experiment. III. The collision behavior of sub-millimeter-sized dust aggregates. Icarus 225,
75–85 (2013). doi:10.1016/j.icarus.2013.02.034, 1302.5532

Kozasa, T., Blum, J., Mukai, T.: Optical properties of dust aggregates. I - Wavelength dependence.
Astron. Astrophys. 263, 423–432 (1992)

Krijt, S., Ormel, C.W., Dominik, C., Tielens, A.G.G.M.: Erosion and the limits to planetesimal
growth. Astron. Astrophys. 574, A83 (2015). doi:10.1051/0004-6361/201425222, 1412.3593

Lyra, W., Johansen, A., Zsom, A., Klahr, H., Piskunov, N.: Planet formation bursts at the borders
of the dead zone in 2D numerical simulations of circumstellar disks. Astron. Astrophys. 497,
869–888 (2009). doi:10.1051/0004-6361/200811265, 0901.1638

Mackowski, D.W., Mishchenko, M.I.: Calculation of the T matrix and the scattering matrix
for ensembles of spheres. J. Opt. Soc. Am. A 13, 2266–2278 (1996). doi:10.1364/JOSAA.
13.002266

Mathis, J.S., Rumpl, W., Nordsieck, K.H.: The size distribution of interstellar grains. Astrophys. J.
217, 425–433 (1977). doi:10.1086/155591

Min, M., Hovenier, J.W., de Koter, A.: Modeling optical properties of cosmic dust grains using
a distribution of hollow spheres. Astron. Astrophys. 432, 909–920 (2005). doi:10.1051/0004-
6361:20041920, astro-ph/0503068

astro-ph/0412117
astro-ph/0412117
1103.1296
http://iopscience.iop.org/article/10.1088/0004-637X/798/1/34/meta
0910.4251
0910.4251
0906.2227
1003.4318
0708.3890
1307.7984
1307.7984
1303.3351
1312.1459
1504.04812
1302.5532
1412.3593
0901.1638
astro-ph/0503068


5 Dust Coagulation with Porosity Evolution 157

Min, M., Waters, L.B.F.M., de Koter, A., Hovenier, J.W., Keller, L.P., Markwick-Kemper, F.: The
shape and composition of interstellar silicate grains. Astron. Astrophys. 462, 667–676 (2007).
doi:10.1051/0004-6361:20065436, astro-ph/0611329

Min, M., Rab, C., Woitke, P., Dominik, C., Ménard, F.: Multiwavelength optical properties
of compact dust aggregates in protoplanetary disks. Astron. Astrophys. 585, A13 (2016).
doi:10.1051/0004-6361/201526048, 1510.05426

Miyake, K., Nakagawa, Y.: Effects of particle size distribution on opacity curves of protoplanetary
disks around T Tauri stars. Icarus 106, 20 (1993). doi:10.1006/icar.1993.1156

Mukai, T., Ishimoto, H., Kozasa, T., Blum, J., Greenberg, J.M.: Radiation pressure forces of fluffy
porous grains. Astron. Astrophys. 262, 315–320 (1992)

Mulders, G.D., Min, M., Dominik, C., Debes, J.H., Schneider, G.: Why circumstellar disks are
so faint in scattered light: the case of HD 100546. Astron. Astrophys. 549, A112 (2013).
doi:10.1051/0004-6361/201219522, 1210.4132

Okuzumi, S.: Electric charging of dust aggregates and its effect on dust coagulation in protoplan-
etary disks. Astrophys. J. 698, 1122–1135 (2009). doi:10.1088/0004-637X/698/2/1122, 0901.
2886

Okuzumi, S., Tanaka, H., Sakagami, M.: Numerical modeling of the coagulation and porosity
evolution of dust aggregates. Astrophys. J. 707, 1247–1263 (2009). doi:10.1088/0004-
637X/707/2/1247, 0911.0239

Okuzumi, S., Tanaka, H., Takeuchi, T., Sakagami, M.: Electrostatic barrier against dust growth
in protoplanetary disks. I. Classifying the evolution of size distribution. Astrophys. J. 731, 95
(2011a). doi:10.1088/0004-637X/731/2/95, 1009.3199

Okuzumi, S., Tanaka, H., Takeuchi, T., Sakagami, M.: Electrostatic barrier against dust growth in
protoplanetary disks. II. Measuring the size of the “frozen” zone. Astrophys. J. 731, 96 (2011b).
doi:10.1088/0004-637X/731/2/96, 1009.3101

Okuzumi, S., Tanaka, H., Kobayashi, H., Wada, K.: Rapid coagulation of porous dust aggregates
outside the snow line: a pathway to successful icy planetesimal formation. Astrophys. J. 752,
106 (2012). doi:10.1088/0004-637X/752/2/106, 1204.5035

Ormel, C.W., Spaans, M., Tielens, A.G.G.M.: Dust coagulation in protoplanetary disks: porosity
matters. Astron. Astrophys. 461, 215–232 (2007). doi:10.1051/0004-6361:20065949, astro-ph/
0610030

Pagani, L., Steinacker, J., Bacmann, A., Stutz, A., Henning, T.: The ubiquity of micrometer-
sized dust grains in the dense interstellar medium. Science 329, 1622 (2010). doi:10.1126/
science.1193211, 1110.4180

Paszun, D., Dominik, C.: Collisional evolution of dust aggregates. From compaction to catastrophic
destruction. Astron. Astrophys. 507, 1023–1040 (2009). doi:10.1051/0004-6361/200810682,
0909.3168

Pérez, L.M., Carpenter, J.M., Chandler, C.J., Isella, A., Andrews, S.M., Ricci, L., Calvet, N.,
Corder, S.A., Deller, A.T., Dullemond, C.P., Greaves, J.S., Harris, R.J., Henning, T., Kwon, W.,
Lazio, J., Linz, H., Mundy, L.G., Sargent, A.I., Storm, S., Testi, L., Wilner, D.J.: Constraints
on the radial variation of grain growth in the AS 209 circumstellar disk. Astrophys. J. 760, L17
(2012). doi:10.1088/2041-8205/760/1/L17, 1210.5252

Pérez, L.M., Chandler, C.J., Isella, A., Carpenter, J.M., Andrews, S.M., Calvet, N., Corder, S.A.,
Deller, A.T., Dullemond, C.P., Greaves, J.S., Harris, R.J., Henning, T., Kwon, W., Lazio, J.,
Linz, H., Mundy, L.G., Ricci, L., Sargent, A.I., Storm, S., Tazzari, M., Testi, L., Wilner, D.J.:
Grain growth in the circumstellar disks of the young stars CY Tau and DoAr 25. Astrophys. J.
813(1) (2015)

Pinilla, P., Birnstiel, T., Ricci, L., Dullemond, C.P., Uribe, A.L., Testi, L., Natta, A.: Trapping dust
particles in the outer regions of protoplanetary disks. Astron. Astrophys. 538, A114 (2012).
doi:10.1051/0004-6361/201118204, 1112.2349

Pollack, J.B., Hollenbach, D., Beckwith, S., Simonelli, D.P., Roush, T., Fong, W.: Composition
and radiative properties of grains in molecular clouds and accretion disks. Astrophys. J. 421,
615–639 (1994). doi:10.1086/173677

astro-ph/0611329
1510.05426
1210.4132
0901.2886
0901.2886
0911.0239
1009.3199
1009.3101
1204.5035
astro-ph/0610030
astro-ph/0610030
1110.4180
0909.3168
1210.5252
1112.2349


158 A. Kataoka

Ricci, L., Testi, L., Natta, A., Brooks, K.J.: Dust grain growth in �-Ophiuchi protoplanetary disks.
Astron. Astrophys. 521, A66 (2010a). doi:10.1051/0004-6361/201015039, 1008.1144

Ricci, L., Testi, L., Natta, A., Neri, R., Cabrit, S., Herczeg, G.J.: Dust properties of protoplanetary
disks in the Taurus-Auriga star forming region from millimeter wavelengths. Astron. Astro-
phys. 512, A15 (2010b). doi:10.1051/0004-6361/200913403, 0912.3356

Ringl, C., Bringa, E.M., Bertoldi, D.S., Urbassek, H.M.: Collisions of porous clusters: a
granular-mechanics study of compaction and fragmentation. Astrophys. J. 752, 151 (2012).
doi:10.1088/0004-637X/752/2/151

Ros, K., Johansen, A.: Ice condensation as a planet formation mechanism. Astron. Astrophys. 552,
A137 (2013). doi:10.1051/0004-6361/201220536, 1302.3755

Seizinger, A., Kley, W.: Bouncing behavior of microscopic dust aggregates. Astron. Astrophys.
551, A65 (2013). doi:10.1051/0004-6361/201220946, 1301.3629

Seizinger, A., Krijt, S., Kley, W.: Erosion of dust aggregates. Astron. Astrophys. 560, A45 (2013).
doi:10.1051/0004-6361/201322773, 1310.4311

Suyama, T., Wada, K., Tanaka, H.: Numerical simulation of density evolution of dust aggre-
gates in protoplanetary disks. I. Head-on collisions. Astrophys. J. 684, 1310–1322 (2008).
doi:10.1086/590143

Suyama, T., Wada, K., Tanaka, H., Okuzumi, S.: Geometric cross sections of dust aggregates and a
compression model for aggregate collisions. Astrophys. J. 753, 115 (2012). doi:10.1088/0004-
637X/753/2/115, 1205.1894

Tazaki, R., Tanaka, H., Okuzumi, S., Kataoka, A., Nomura, H.: Light scattering by fractal dust
aggregates. I. Angular dependence of scattering. Astrophys. J. 823, 70 (2016). doi:10.3847/
0004-637X/823/2/70, 1603.07492

Tazzari, M., Testi, L., Ercolano, B., Natta, A., Isella, A., Chandler, C.J., Pérez, L.M., Andrews,
S., Wilner, D.J., Ricci, L., Henning, T., Linz, H., Kwon, W., Corder, S.A., Dullemond, C.P.,
Carpenter, J.M., Sargent, A.I., Mundy, L., Storm, S., Calvet, N., Greaves, J.A., Lazio, J., Deller,
A.T.: Multiwavelength analysis for interferometric (sub-)mm observations of protoplanetary
disks. Radial constraints on the dust properties and the disk structure. Astron. Astrophys. 588,
A53 (2016). doi:10.1051/0004-6361/201527423, 1512.05679

Thomas, N., Sierks, H., Barbieri, C., Lamy, P.L., Rodrigo, R., Rickman, H., Koschny, D., Keller,
H.U., Agarwal, J., A’Hearn, M.F., Angrilli, F., Auger, A.T., Barucci, M.A., Bertaux, J.L.,
Bertini, I., Besse, S., Bodewits, D., Cremonese, G., Da Deppo, V., Davidsson, B., De Cecco,
M., Debei, S., El-Maarry, M.R., Ferri, F., Fornasier, S., Fulle, M., Giacomini, L., Groussin, O.,
Gutierrez, P.J., Güttler, C., Hviid, S.F., Ip, W.H., Jorda, L., Knollenberg, J., Kramm, J.R., Kührt,
E., Küppers, M., La Forgia, F., Lara, L.M., Lazzarin, M., Moreno, J.J.L., Magrin, S., Marchi, S.,
Marzari, F., Massironi, M., Michalik, H., Moissl, R., Mottola, S., Naletto, G., Oklay, N., Pajola,
M., Pommerol, A., Preusker, F., Sabau, L., Scholten, F., Snodgrass, C., Tubiana, C., Vincent,
J.B., Wenzel, K.P.: The morphological diversity of comet 67P/Churyumov-Gerasimenko.
Science 347(1), aaa0440 (2015). doi:10.1126/science.aaa0440

Wada, K., Tanaka, H., Suyama, T., Kimura, H., Yamamoto, T.: Numerical simulation of dust
aggregate collisions. I. Compression and disruption of two-dimensional aggregates. Astrophys.
J. 661, 320–333 (2007). doi:10.1086/514332

Wada, K., Tanaka, H., Suyama, T., Kimura, H., Yamamoto, T.: Numerical simulation of dust
aggregate collisions. II. Compression and disruption of three-dimensional aggregates in head-
on collisions. Astrophys. J. 677, 1296–1308 (2008). doi:10.1086/529511

Wada, K., Tanaka, H., Suyama, T., Kimura, H., Yamamoto, T.: Collisional growth conditions for
dust aggregates. Astrophys. J. 702, 1490–1501 (2009). doi:10.1088/0004-637X/702/2/1490

Wada, K., Tanaka, H., Suyama, T., Kimura, H., Yamamoto, T.: The rebound condition of dust
aggregates revealed by numerical simulation of their collisions. Astrophys. J. 737(1) (2011).
http://iopscience.iop.org/article/10.1088/0004-637X/737/1/36/meta

Wada, K., Tanaka, H., Okuzumi, S., Kobayashi, H., Suyama, T., Kimura, H., Yamamoto, T.:
Growth efficiency of dust aggregates through collisions with high mass ratios. Astron. Astro-
phys. 559, A62 (2013). https://www.aanda.org/articles/aa/abs/2013/11/aa22259-13/aa22259-
13.html

1008.1144
0912.3356
1302.3755
1301.3629
1310.4311
1205.1894
1603.07492
1512.05679
http://iopscience.iop.org/article/10.1088/0004-637X/737/1/36/meta
https://www.aanda.org/articles/aa/abs/2013/11/aa22259-13/aa22259-13.html
https://www.aanda.org/articles/aa/abs/2013/11/aa22259-13/aa22259-13.html


5 Dust Coagulation with Porosity Evolution 159

Weidenschilling, S.J.: Aerodynamics of solid bodies in the solar nebula. Mon. Not. R. Astron. Soc.
180, 57–70 (1977). doi:10.1093/mnras/180.1.57. http://adsabs.harvard.edu/abs/1977MNRAS.
180...57W

Whipple, F.L.: On certain aerodynamic processes for asteroids and comets. In: Elvius, A. (ed.)
From Plasma to Planet, p. 211. Wiley, New York (1972)

Windmark, F., Birnstiel, T., Güttler, C., Blum, J., Dullemond, C.P., Henning, T.: Planetesimal
formation by sweep-up: how the bouncing barrier can be beneficial to growth. Astron.
Astrophys. 540, A73 (2012). doi:10.1051/0004-6361/201118475, 1201.4282

Zsom, A., Ormel, C.W., Güttler, C., Blum, J., Dullemond, C.P.: The outcome of protoplanetary
dust growth: pebbles, boulders, or planetesimals? II. Introducing the bouncing barrier. Astron.
Astrophys. 513, A57 (2010). doi:10.1051/0004-6361/200912976, 1001.0488

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

http://adsabs.harvard.edu/abs/1977MNRAS.180...57W
http://adsabs.harvard.edu/abs/1977MNRAS.180...57W
1201.4282
1001.0488
http://creativecommons.org/licenses/by/4.0/

	5 Dust Coagulation with Porosity Evolution
	5.1 Introduction
	5.2 Porosity Evolution
	5.3 Growth Barriers in Dust Coagulation
	5.3.1 Radial Drift Barrier
	5.3.2 Fragmentation Barrier
	5.3.3 Bouncing Barrier
	5.3.4 Short Summary and Discussion

	5.4 Opacity Evolution
	5.5 Future Directions
	References


