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• Wi-Fi: 
• SSID: naoj-open 
• Password: Please check the posted notice. 

• Talks: 
• Keynote: 45 min. = transition time + talk (≈ 35 min.) + discussion (< 10 min.) 
• Contributed: 15 min. = transition time + talk (≈ 12 min.) + discussion (< 3 min.) 
• Presenters should share their screens directly via Zoom. 

(The shared screen will also be displayed on the big screen in the seminar room.) 
• On-site attendees should not connect to Zoom. 
• If you have a question, please line up at the microphone. 

• Lunch: Please pay in cash at the registration desk.
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• Sponsor: 
• RIKEN Interdisciplinary Theoretical and Mathematical Sciences Program (iTHEMS) 
• The program facilitates close collaborations among researchers  

from different disciplines in theoretical, mathematical, and computational sciences. 

• Organizers: 
Misako Tatsuuma (RIKEN iTHEMS), Akimasa Kataoka (NAOJ), Yuhito Shibaike (NAOJ), 
Tomomi Omura (Osaka Sangyo Univ.), Ryosuke Tominaga (Institute of Science Tokyo), 
Kiyoaki Doi (MIPA), Naoya Kitade (NAOJ) 

• Participants: 63 in-person, 70 online
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Sponsor & Organizers
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• Take a look at the webpage:
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Code of conduct & Health guidelines

• Code of conduct 
• Contact points: Misako Tatsuuma (she/her), Akimasa Kataoka (he/him), 

Tomomi Omura (she/her), Ryosuke Tominaga (he/him) 

• Health guidelines 
• If you feel unwell, please consider attending online instead of in person. 
• Oral presenters may switch to remote presentations via Zoom.
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• Slack 
• Join Slack to upload your slides and engage in discussions with online participants. 

• Excursion (Tomorrow) 
1. Mount Takao Course 
2. Tokyo City Course (Tokyo Skytree) 

• How to Join 
• Join the Slack channel for your chosen course. 
• All updates and communication will be on Slack.

5

Slack & Excursion



Motivation: What do we discuss? 
Understanding grain growth  

in the context of planet formation
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Dust grains Planetesimals Planets

0.1 µm 106 km 104 km 102 km 1 km 

©NASA ©ESA ©NASA

1 mm 1 m 

Grain growth in the context of planet formation

Collisional growth

→ However, there are barriers to overcome...
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Barriers against grain growth
Radial drift barrier Fragmentation barrier Bouncing barrier

Weidling et al. (2012)

©NAOJ 4D2U Wada et al. (2018)gas rotation
gas disk 
(face-on)

dust rotation 
w/ gas drag

Stmax ~ 0.1 for compact dust 
(e.g., Okuzumi et al. 2012) 

- St = tfricΩK: Stokes number 
- tfric: friction time for a dust grain 
- ΩK: Keplerian angular velocity

→ The keys to overcoming these barriers 
are dust porosity and instabilities.

+ Charge barrier (e.g., Okuzumi 2009), 
    Rotational disruption (e.g., Tatsuuma & Kataoka 2021), etc.
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Dust grains Planetesimals Planets

0.1 µm 106 km 104 km 102 km 1 km 

©NASA ©ESA ©NASA

1 mm 1 m 

Formation process of planetesimals and planets

Collisional growth

- Planetesimal accretion 
- Pebble accretion 

(e.g., Ormel & Klahr 2010) 
- Gas accretion

- Streaming instability 
(e.g., Youdin & Goodman 2005) 
+ Gravitational collapse 
    of dust clumps 
    (e.g., Johansen et al. 2007) 
etc.

Suyama et al. (2008)

Porous dust aggregates

?

→ “Pebbles”?
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Pebbles? How do we define them?

Radial drift barrier

gas rotation
gas disk 
(face-on)

dust rotation 
w/ gas drag

St ~ 0.1?

essential. The wavelength dependence of the polarization
fraction is not strong in the case of the grain alignment,
while it is strong in the case of the self-scattering because
the scattering-induced polarization is efficient only when the
maximum grain size is around l p2 where λ is the
wavelengths (Kataoka et al. 2015).

To obtain the wavelength-dependent polarimetric images, we
observe the HL Tau disk with the Atacama Large Millimeter/
submillimeter Array (ALMA) using Band 3. HL Tau is a young
star in the Taurus molecular cloud with a distance of 140pc
(Rebull et al. 2004). The circumstellar disk is around in
∼100 au scale (Kwon et al. 2011). The disk has several ring
and gap structures with tens of au scales (ALMA Partnership
et al. 2015). The observed band corresponds to wavelengths of
3.1 mm, which is sufficiently longer than the previous CARMA
polarimetric observations at 1.3 mm (Stephens et al. 2014).

2. Observations

HL Tau was observed by ALMA on 2016 October 12,
during its Cycle 4 operation (2016.1.00115.S, PI: A. Kataoka).
The antenna configuration was C40-6, and 41 antennas were
operating. The correlator processed four spectral windows
centered at 90.5, 92.5, 102.5, and 104.5 GHz with a bandwidth
of 1.75 GHz each. The bandpass, amplitude, and phase were
calibrated by observations of J0510+1800, J0423-0120, and
J0431+1731, respectively, and the polarization calibration was
performed by observations of J0510+1800. The raw data were
reduced by the EA-ARC staff.

We further perform the iterative CLEAN deconvolution
imaging with self-calibration to improve the image quality. We
employ the briggs weighting with the robust parameter of 0.5
and the multiscale option with scale parameters of 0, 0.3, and
0.9 arcsec. The beam size of the final product is  ´ 0. 45 0. 29,
corresponding to ~ ´63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 9.6, 6.9, and 6.9 μJy,
respectively.

3. Results

The top panel of Figure 1 shows the polarized intensity in
colorscale overlaid with polarization vectors,9 and the contour
represents the continuum emission. The bottom panel of
Figure 1 shows the polarization fraction in colorscale, and the
others are the same as the top panel. Due to the lower spatial
resolution than the long baseline campaign (ALMA Partnership
et al. 2015), the multiple-ring and multiple-gap structure of the
continuum is not resolved. The total flux density is 75.1 mJy,
which is consistent with the previous ALMA observations with
Band 3 (74.3 mJy; ALMA Partnership et al. 2015).

We successfully detect the ring-like polarized emission at
3.1 mm. The polarized intensity has a peak of 145 μJy/beam,
which corresponds to a 21σ detection with the rms of 6.9μJy.
The peak of the polarized intensity is not located at the central
star but on the ring. We see three blobs on the ring, but this
may be due to the interferometric effects. The polarized
intensity at the location of the central star is lower than the
other regions. We interpret this structure as a beam dilution of
the central region where polarization is expected to be

azimuthal and thus cancels out each other. The polarization
fraction is around 1.8% on the ring.
The flux densities of the entire disk are −39.7 μJy for Stokes

Q and −40.6 μJy for Stokes U. Therefore, the integrated
polarized intensity is s= + - =Q UPI 56.42 2

PI
2 μJy.

Dividing the total polarized intensity by the total Stokes I,
we obtain 0.08% for the total polarization fraction. The
instrumental polarization contamination of the ALMA inter-
ferometers is the polarization fraction of 0.1% for a point
source in the center of the field or 0.3% within up to the inner
1/3 of the FWHM (see the technical handbook of ALMA;
further discussion is found in Nagai et al. 2016). The derived
polarization fraction of the integrated flux corresponds to the
case of the point source. Therefore, the upper limit of the
integrated polarization fraction of the HL Tau disk at 3.1 mm
by our observations is 0.1%. The low total polarization fraction
means that we could not have detected polarization if we had
not resolved the target.

Figure 1. ALMA Band 3 observations of the HL Tau disk. The wavelength is
3.1 mm. The top panel shows the polarized intensity in colorscale, the
polarization direction as red vectors, and the continuum intensity as the solid
contour. The vectors are shown where the polarized intensity is larger than
s5 PI. The contours correspond to ´( )10, 20, 40, 80, 160, 320, 640, 1280 the
rms of 9.6 μJy. The bottom panel shows that the polarization fraction in
colorscale, polarization vectors in blue, and the same continuum intensity
contours as the top.

9 We plot the polarization vectors not scaling with the polarization fraction
but written with the same length because this allows for the polarization
morphology to be more obvious. However, the reliability does not depend on
the polarization fraction, but rather on the polarized intensity.

2

The Astrophysical Journal Letters, 844:L5 (5pp), 2017 July 20 Kataoka et al.

Protoplanetary disk 
observations

~ 100 µm—mm? 
(e.g., Kataoka et al. 2017)

Small solar system body 
explorations & observations

~ mm—cm? 
(e.g., Okada et al. 2020)

→ Talk by Takahiro Ueda → Talks by Carsten Güttler 
and Ryota Fukai
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Size of pebbles with St of 0.1

Radial drift barrier

gas rotation
gas disk 
(face-on)

dust rotation 
w/ gas drag

St ~ 0.1?

Stokes number in the Epstein drag regime 

- ρint: internal density of pebbles, a: pebble radius, 
- ρgas: gas density, Σgas: gas surface density, 
- vth: thermal velocity, cs: sound velocity 

For Σgas = 54 g cm–2 (MMSN model @ 10 au) and ρint = φ×1 g cm–3, 

volume filling factor and size of pebbles with St = 0.1: 
• φ = 1 → a = 3.4 cm (compact) 
• φ = 0.1 → a = 34 cm (moderate porous) 
• φ = 0.01 → a = 3.4 m (extremely porous) 

 (porosity = 1 – volume filling factor)

St ≡ ΩKtfric = ΩK
ρinta

ρgasvth
= ΩK

ρinta 2πcs

ΣgasΩK 8/πcs

=
πρinta
2Σgas
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Size and porosity of pebbles observed in disks
Size 
• Dust continuum spectral index: ~ mm 

(e.g., Pérez et al. 2012, 2015; Testi et al. 2014; Tazzari et al. 2016; Carrasco-González et al. 2019) 
• Linear polarization observations of mm wavelengths: ~ 100 µm (for compact pebbles) 

(e.g., Kataoka et al. 2016a,b, 2017; Bacciotti et al. 2018; Liu 2019; Miotello et al. 2023; Drążkowska et al. 2023) 

Volume filling factor (= 1 – porosity) 
• Linear polarization observations of mm wavelengths: φ ≈ 0.03–0.3 

(e.g., Kirchschlager et al. 2019; Tazaki et al. 2019; Zhang et al. 2023; Ueda et al. 2024) 

→ mm-sized and moderately porous (φ ≈ 0.03–0.3)? 
→ Talk by Takahiro Ueda

and/or lower volume filling factor ( f0.1) in disks because
these particles are just invisible in millimeter-wave scattering.
Mixed populations of fluffy aggregates and compact aggregates
might be another solution to explain observations. However, in
this case, increasing the mass abundance of fluffy aggregates
with respect to compact aggregates will reduce the polarization
fraction because fluffy aggregates only contribute to the total
flux via thermal emission. Hence, a large mass abundance of
fluffy dust aggregates might not be favored.

We present a rule-of-thumb estimate of the upper limit of the
mass abundance of fluffy dust aggregates. Suppose a disk
consists of two dust populations, solid spheres and fluffy dust
aggregates, and denote Ms and Mf by the total mass of the solid
spheres and fluffy dust aggregates in the disk. If their
absorption opacities are similar and the disk is optically thin,
the polarized intensity is proportional to Ms, while the total
intensity is proportional to Mf+Ms. The polarization fraction
of the disk, Pdisk, may be approximated by
Pdisk≈P0Ms/(Ms+Mf), where P0 is the polarization fraction

of the disk consisting of solid spheres only. In our simulation,
P0;2.4% (Figure 6). Because observed polarization fraction
is about 1%, the mass abundance of fluffy aggregates should be
Mf/(Mf+Ms)0.6. Although this upper limit depends on the
disk model used, such as temperature structure and optical
depth, more detailed analysis is necessary. However, this is
beyond the scope of this paper. In any case, we at least need a
population of dust particles with relatively compact structure to
explain polarized-scattered waves.
The presence of fluffy aggregates could be tested by

investigating polarized thermal emission from aligned grains
in disks. In disks, in addition to the scattering polarization
studied in this paper, polarized thermal emission due to grain
alignment has also been proposed (Cho & Lazarian 2007;
Bertrang et al. 2017; Tazaki et al. 2017; Kataoka et al. 2019;

Figure 6. Polarized intensity (mJy/beam) at λ=1 mm for solid spheres ( f = 1) and compact dust aggregates ( f=0.1, 0.01) with amax f=160 μm. From left to
right, the volume filling factor is decreased. Red bars and their length represent polarization orientations and the polarization fraction, where the reference length for
1% polarization fraction is shown in the bottom right of each panel. Total intensity contours in each panel are shown for [3, 12, 25, 35, 50, 100, 200, 300]×0.03
[mJy/beam]. The FWHM of the beam size is 0 1 as shown in the bottom-left circle. The inclination angle of the disk is 45°, and the distance between the observer
and the disk is assumed to be 100 pc. The bottom of each image corresponds to the near side of the disk.

Figure 7. Disk polarization fraction á ñPdisk vs. amax for f=1 (red), 0.1 (blue),
and 0.01 (green). The square, triangle, and circle symbols show the values of
á ñPdisk directly obtained from radiative transfer simulations, while the solid and
dotted–dashed lines show the estimates wá ñ =P CPdisk

eff and wá ñ =P CPdisk ,
respectively.

Figure 8. Same as Figure 6, but for fluffy dust aggregates with ac=160 μm.
The polarized intensity is much fainter than that of solid sphere and compact
aggregate models.
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(Tazaki et al. 2019)

φ = 0.1, amax = 1.6 mm
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Key questions about pebbles

• How, when, and where do pebbles form? 
• Radial drift, fragmentation, bouncing, or other processes? 

• Are pebbles sufficient for forming planets?

Weidling et al. (2012)
©NAOJ 4D2U Wada et al. (2018)

gas rotation
gas disk 
(face-on)

dust rotation 
w/ gas drag
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Questions about protoplanetary disk observations

• What are the properties of pebbles in protoplanetary disks? 
• Size, porosity, spatial distribution, etc. 

• Which physical processes determine these properties? 
• Radial drift, fragmentation, bouncing, or others? 

• Is the mass of pebbles sufficient for planetesimal formation? 
• Can the instabilities form planetesimals from those pebbles?

→ Talk by Takahiro Ueda

→ Talk by Min-Kai Lin
essential. The wavelength dependence of the polarization
fraction is not strong in the case of the grain alignment,
while it is strong in the case of the self-scattering because
the scattering-induced polarization is efficient only when the
maximum grain size is around l p2 where λ is the
wavelengths (Kataoka et al. 2015).

To obtain the wavelength-dependent polarimetric images, we
observe the HL Tau disk with the Atacama Large Millimeter/
submillimeter Array (ALMA) using Band 3. HL Tau is a young
star in the Taurus molecular cloud with a distance of 140pc
(Rebull et al. 2004). The circumstellar disk is around in
∼100 au scale (Kwon et al. 2011). The disk has several ring
and gap structures with tens of au scales (ALMA Partnership
et al. 2015). The observed band corresponds to wavelengths of
3.1 mm, which is sufficiently longer than the previous CARMA
polarimetric observations at 1.3 mm (Stephens et al. 2014).

2. Observations

HL Tau was observed by ALMA on 2016 October 12,
during its Cycle 4 operation (2016.1.00115.S, PI: A. Kataoka).
The antenna configuration was C40-6, and 41 antennas were
operating. The correlator processed four spectral windows
centered at 90.5, 92.5, 102.5, and 104.5 GHz with a bandwidth
of 1.75 GHz each. The bandpass, amplitude, and phase were
calibrated by observations of J0510+1800, J0423-0120, and
J0431+1731, respectively, and the polarization calibration was
performed by observations of J0510+1800. The raw data were
reduced by the EA-ARC staff.

We further perform the iterative CLEAN deconvolution
imaging with self-calibration to improve the image quality. We
employ the briggs weighting with the robust parameter of 0.5
and the multiscale option with scale parameters of 0, 0.3, and
0.9 arcsec. The beam size of the final product is  ´ 0. 45 0. 29,
corresponding to ~ ´63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 9.6, 6.9, and 6.9 μJy,
respectively.

3. Results

The top panel of Figure 1 shows the polarized intensity in
colorscale overlaid with polarization vectors,9 and the contour
represents the continuum emission. The bottom panel of
Figure 1 shows the polarization fraction in colorscale, and the
others are the same as the top panel. Due to the lower spatial
resolution than the long baseline campaign (ALMA Partnership
et al. 2015), the multiple-ring and multiple-gap structure of the
continuum is not resolved. The total flux density is 75.1 mJy,
which is consistent with the previous ALMA observations with
Band 3 (74.3 mJy; ALMA Partnership et al. 2015).

We successfully detect the ring-like polarized emission at
3.1 mm. The polarized intensity has a peak of 145 μJy/beam,
which corresponds to a 21σ detection with the rms of 6.9μJy.
The peak of the polarized intensity is not located at the central
star but on the ring. We see three blobs on the ring, but this
may be due to the interferometric effects. The polarized
intensity at the location of the central star is lower than the
other regions. We interpret this structure as a beam dilution of
the central region where polarization is expected to be

azimuthal and thus cancels out each other. The polarization
fraction is around 1.8% on the ring.
The flux densities of the entire disk are −39.7 μJy for Stokes

Q and −40.6 μJy for Stokes U. Therefore, the integrated
polarized intensity is s= + - =Q UPI 56.42 2

PI
2 μJy.

Dividing the total polarized intensity by the total Stokes I,
we obtain 0.08% for the total polarization fraction. The
instrumental polarization contamination of the ALMA inter-
ferometers is the polarization fraction of 0.1% for a point
source in the center of the field or 0.3% within up to the inner
1/3 of the FWHM (see the technical handbook of ALMA;
further discussion is found in Nagai et al. 2016). The derived
polarization fraction of the integrated flux corresponds to the
case of the point source. Therefore, the upper limit of the
integrated polarization fraction of the HL Tau disk at 3.1 mm
by our observations is 0.1%. The low total polarization fraction
means that we could not have detected polarization if we had
not resolved the target.

Figure 1. ALMA Band 3 observations of the HL Tau disk. The wavelength is
3.1 mm. The top panel shows the polarized intensity in colorscale, the
polarization direction as red vectors, and the continuum intensity as the solid
contour. The vectors are shown where the polarized intensity is larger than
s5 PI. The contours correspond to ´( )10, 20, 40, 80, 160, 320, 640, 1280 the
rms of 9.6 μJy. The bottom panel shows that the polarization fraction in
colorscale, polarization vectors in blue, and the same continuum intensity
contours as the top.

9 We plot the polarization vectors not scaling with the polarization fraction
but written with the same length because this allows for the polarization
morphology to be more obvious. However, the reliability does not depend on
the polarization fraction, but rather on the polarized intensity.
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(e.g., Kataoka et al. 2017)
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Figure 1. Results of 1283 sedimentation simulations for various values of the pebble abundance Zp (different columns). The upper row of images shows the particle
density averaged over the azimuthal direction at the end of each simulation. The wave-like pattern in the particle density is a consequence of coherent radial drift and
vertical oscillations. The lower row shows particle density averaged over both y- and z-directions, as a function of radial coordinate x and time t. At roughly solar
metallicity (left column), the particle surface density is uniform. Super-solar metallicities (middle and right columns) produce significant clumps that merge over time
because weaker clumps drift faster.

This pebble abundance turns out to be the crucial parameter for
triggering particle clumping. The total abundance of condens-
able materials beyond the ice line was estimated by Hayashi
(1981) to be Zc ≈ 0.018, while more up-to-date models give a
somewhat lower value of Zc ≈ 0.015 at temperatures less than
41 K (Lodders 2003; Allende Prieto et al. 2001). For our mod-
els, a greater uncertainty is the efficiency of conversion from
dust grains to pebbles. Assuming that a majority (≈ 2/3) of
the condensable solids are bound in pebbles, Zp = 0.01 cor-
responds to solar metallicity. We also experiment with higher
values of Zp = 0.02 and Zp = 0.03, which are motivated both
by stars with super-solar metallicities and by mechanisms that
enrich the particle-to-gas density ratio in disks (see Section 6).
A given pebble abundance would correspond to higher values
of the metallicity if pebbles make up a smaller fraction of the
condensable material.

We use a box size of Lx = Ly = Lz = 0.2Hg and resolu-
tions of 643 zones with 125,000 particles, and 1283 zones with
1,000,000 particles. This relatively small box size is chosen to
capture typical wavelengths of streaming and Kelvin–Helmholtz
instabilities. The gas density is in vertical hydrostatic equilib-
rium. Particle positions are initialized to give a Gaussian den-
sity distribution around the mid-plane with scale height Hp =
0.02Hg, while gas and particle velocities are initially set to match
the drag force equilibrium solution of Nakagawa et al. (1986).

3. PARTICLE CLUMPING

Since the disk is initially laminar, particles settle to the disk
mid-plane. As particles collect in the mid-plane, they accelerate
gas there toward the Keplerian orbital speed. This generates
vertical shear that can drive Kelvin–Helmholtz instabilities.
The velocity difference between gas and solids also triggers
streaming instabilities. The resulting turbulence halts particle
sedimentation and can lead to clumping.

In Figure 1, we show results for pebble abundances Zp =
0.01 (roughly solar), Zp = 0.02 (super-solar), and Zp =
0.03 (strongly super-solar). The Zp = 0.01 simulation shows
minimal clumping, but reveals instead a surprising interaction
between settling and stirring. The particle layer is not centered
uniformly on the mid-plane, as usually assumed. Instead the
solids organize in a wave-like pattern (the top left panel of
Figure 1) produced by coherent vertical oscillations combined
with radial drift. We note that the streaming instability is
known to drive coherent vertical motions in clumps of boulders
(Johansen & Youdin 2007). The characteristic particle density
ρ̃p ≡ ⟨ρ2

p⟩/⟨ρp⟩ ≈ 0.9ρg is high enough to exert feedback on
the gas. However, the average mid-plane density ρ(mid)

p = 0.6ρg
is diluted by the voids in the wave-like pattern, and is too small
to trigger strong radial clumping.

Increasing the pebble abundance to Zp = 0.02 and Zp = 0.03
triggers strong overdensities in the particle layer (see Figure 1).
Initially, streaming instabilities produce many azimuthally ex-
tended clumps in the simulation box. Since the denser clumps
drift inward more slowly, mergers result in a single domi-
nant clump. The characteristic particle density increases due
to the strong clumping, with ρ̃p/ρg ≈ 0.9, 18, and 73 for
Zp = 0.01, 0.02, and 0.03, respectively. The maximum density
in the box increases from less than 10 to more than 2000 times
the gas density when the pebble abundance is increased from
Zp = 0.01 to 0.02.

So why does the clumping increase so sharply for order
unity changes to the pebble abundance Zp? Figure 1 (top pan-
els) shows that the vertical extent of the wave-shaped parti-
cle layer decreases with Zp, because less kinetic energy is re-
leased in particle-dominated flows (Johansen & Youdin 2007).
Consequently, the average mid-plane particle density increases,
with ρ(mid)

p /ρg = 0.6, 2.0, and 9.0 for Zp = 0.01, 0.02, and
0.03. Strong clumping is thus expected for the higher
metallicity cases, because the streaming instability is more
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Figure 1. Results of 1283 sedimentation simulations for various values of the pebble abundance Zp (different columns). The upper row of images shows the particle
density averaged over the azimuthal direction at the end of each simulation. The wave-like pattern in the particle density is a consequence of coherent radial drift and
vertical oscillations. The lower row shows particle density averaged over both y- and z-directions, as a function of radial coordinate x and time t. At roughly solar
metallicity (left column), the particle surface density is uniform. Super-solar metallicities (middle and right columns) produce significant clumps that merge over time
because weaker clumps drift faster.

This pebble abundance turns out to be the crucial parameter for
triggering particle clumping. The total abundance of condens-
able materials beyond the ice line was estimated by Hayashi
(1981) to be Zc ≈ 0.018, while more up-to-date models give a
somewhat lower value of Zc ≈ 0.015 at temperatures less than
41 K (Lodders 2003; Allende Prieto et al. 2001). For our mod-
els, a greater uncertainty is the efficiency of conversion from
dust grains to pebbles. Assuming that a majority (≈ 2/3) of
the condensable solids are bound in pebbles, Zp = 0.01 cor-
responds to solar metallicity. We also experiment with higher
values of Zp = 0.02 and Zp = 0.03, which are motivated both
by stars with super-solar metallicities and by mechanisms that
enrich the particle-to-gas density ratio in disks (see Section 6).
A given pebble abundance would correspond to higher values
of the metallicity if pebbles make up a smaller fraction of the
condensable material.

We use a box size of Lx = Ly = Lz = 0.2Hg and resolu-
tions of 643 zones with 125,000 particles, and 1283 zones with
1,000,000 particles. This relatively small box size is chosen to
capture typical wavelengths of streaming and Kelvin–Helmholtz
instabilities. The gas density is in vertical hydrostatic equilib-
rium. Particle positions are initialized to give a Gaussian den-
sity distribution around the mid-plane with scale height Hp =
0.02Hg, while gas and particle velocities are initially set to match
the drag force equilibrium solution of Nakagawa et al. (1986).

3. PARTICLE CLUMPING

Since the disk is initially laminar, particles settle to the disk
mid-plane. As particles collect in the mid-plane, they accelerate
gas there toward the Keplerian orbital speed. This generates
vertical shear that can drive Kelvin–Helmholtz instabilities.
The velocity difference between gas and solids also triggers
streaming instabilities. The resulting turbulence halts particle
sedimentation and can lead to clumping.

In Figure 1, we show results for pebble abundances Zp =
0.01 (roughly solar), Zp = 0.02 (super-solar), and Zp =
0.03 (strongly super-solar). The Zp = 0.01 simulation shows
minimal clumping, but reveals instead a surprising interaction
between settling and stirring. The particle layer is not centered
uniformly on the mid-plane, as usually assumed. Instead the
solids organize in a wave-like pattern (the top left panel of
Figure 1) produced by coherent vertical oscillations combined
with radial drift. We note that the streaming instability is
known to drive coherent vertical motions in clumps of boulders
(Johansen & Youdin 2007). The characteristic particle density
ρ̃p ≡ ⟨ρ2

p⟩/⟨ρp⟩ ≈ 0.9ρg is high enough to exert feedback on
the gas. However, the average mid-plane density ρ(mid)

p = 0.6ρg
is diluted by the voids in the wave-like pattern, and is too small
to trigger strong radial clumping.

Increasing the pebble abundance to Zp = 0.02 and Zp = 0.03
triggers strong overdensities in the particle layer (see Figure 1).
Initially, streaming instabilities produce many azimuthally ex-
tended clumps in the simulation box. Since the denser clumps
drift inward more slowly, mergers result in a single domi-
nant clump. The characteristic particle density increases due
to the strong clumping, with ρ̃p/ρg ≈ 0.9, 18, and 73 for
Zp = 0.01, 0.02, and 0.03, respectively. The maximum density
in the box increases from less than 10 to more than 2000 times
the gas density when the pebble abundance is increased from
Zp = 0.01 to 0.02.

So why does the clumping increase so sharply for order
unity changes to the pebble abundance Zp? Figure 1 (top pan-
els) shows that the vertical extent of the wave-shaped parti-
cle layer decreases with Zp, because less kinetic energy is re-
leased in particle-dominated flows (Johansen & Youdin 2007).
Consequently, the average mid-plane particle density increases,
with ρ(mid)

p /ρg = 0.6, 2.0, and 9.0 for Zp = 0.01, 0.02, and
0.03. Strong clumping is thus expected for the higher
metallicity cases, because the streaming instability is more

(e.g., Johansen et al. 2009)
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Questions about solar system studies

• What are the properties of pebbles in the solar system? 
• Size, porosity, formation time, etc. 

• Can we regard them as the same as pebbles in protoplanetary disks? 

• Are small bodies the same as planetesimals formed via the instabilities?
→ Talk by Min-Kai Lin

→ Talks by Carsten Güttler 
and Ryota Fukai
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essential. The wavelength dependence of the polarization
fraction is not strong in the case of the grain alignment,
while it is strong in the case of the self-scattering because
the scattering-induced polarization is efficient only when the
maximum grain size is around l p2 where λ is the
wavelengths (Kataoka et al. 2015).

To obtain the wavelength-dependent polarimetric images, we
observe the HL Tau disk with the Atacama Large Millimeter/
submillimeter Array (ALMA) using Band 3. HL Tau is a young
star in the Taurus molecular cloud with a distance of 140pc
(Rebull et al. 2004). The circumstellar disk is around in
∼100 au scale (Kwon et al. 2011). The disk has several ring
and gap structures with tens of au scales (ALMA Partnership
et al. 2015). The observed band corresponds to wavelengths of
3.1 mm, which is sufficiently longer than the previous CARMA
polarimetric observations at 1.3 mm (Stephens et al. 2014).

2. Observations

HL Tau was observed by ALMA on 2016 October 12,
during its Cycle 4 operation (2016.1.00115.S, PI: A. Kataoka).
The antenna configuration was C40-6, and 41 antennas were
operating. The correlator processed four spectral windows
centered at 90.5, 92.5, 102.5, and 104.5 GHz with a bandwidth
of 1.75 GHz each. The bandpass, amplitude, and phase were
calibrated by observations of J0510+1800, J0423-0120, and
J0431+1731, respectively, and the polarization calibration was
performed by observations of J0510+1800. The raw data were
reduced by the EA-ARC staff.

We further perform the iterative CLEAN deconvolution
imaging with self-calibration to improve the image quality. We
employ the briggs weighting with the robust parameter of 0.5
and the multiscale option with scale parameters of 0, 0.3, and
0.9 arcsec. The beam size of the final product is  ´ 0. 45 0. 29,
corresponding to ~ ´63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 9.6, 6.9, and 6.9 μJy,
respectively.

3. Results

The top panel of Figure 1 shows the polarized intensity in
colorscale overlaid with polarization vectors,9 and the contour
represents the continuum emission. The bottom panel of
Figure 1 shows the polarization fraction in colorscale, and the
others are the same as the top panel. Due to the lower spatial
resolution than the long baseline campaign (ALMA Partnership
et al. 2015), the multiple-ring and multiple-gap structure of the
continuum is not resolved. The total flux density is 75.1 mJy,
which is consistent with the previous ALMA observations with
Band 3 (74.3 mJy; ALMA Partnership et al. 2015).

We successfully detect the ring-like polarized emission at
3.1 mm. The polarized intensity has a peak of 145 μJy/beam,
which corresponds to a 21σ detection with the rms of 6.9μJy.
The peak of the polarized intensity is not located at the central
star but on the ring. We see three blobs on the ring, but this
may be due to the interferometric effects. The polarized
intensity at the location of the central star is lower than the
other regions. We interpret this structure as a beam dilution of
the central region where polarization is expected to be

azimuthal and thus cancels out each other. The polarization
fraction is around 1.8% on the ring.
The flux densities of the entire disk are −39.7 μJy for Stokes

Q and −40.6 μJy for Stokes U. Therefore, the integrated
polarized intensity is s= + - =Q UPI 56.42 2

PI
2 μJy.

Dividing the total polarized intensity by the total Stokes I,
we obtain 0.08% for the total polarization fraction. The
instrumental polarization contamination of the ALMA inter-
ferometers is the polarization fraction of 0.1% for a point
source in the center of the field or 0.3% within up to the inner
1/3 of the FWHM (see the technical handbook of ALMA;
further discussion is found in Nagai et al. 2016). The derived
polarization fraction of the integrated flux corresponds to the
case of the point source. Therefore, the upper limit of the
integrated polarization fraction of the HL Tau disk at 3.1 mm
by our observations is 0.1%. The low total polarization fraction
means that we could not have detected polarization if we had
not resolved the target.

Figure 1. ALMA Band 3 observations of the HL Tau disk. The wavelength is
3.1 mm. The top panel shows the polarized intensity in colorscale, the
polarization direction as red vectors, and the continuum intensity as the solid
contour. The vectors are shown where the polarized intensity is larger than
s5 PI. The contours correspond to ´( )10, 20, 40, 80, 160, 320, 640, 1280 the
rms of 9.6 μJy. The bottom panel shows that the polarization fraction in
colorscale, polarization vectors in blue, and the same continuum intensity
contours as the top.

9 We plot the polarization vectors not scaling with the polarization fraction
but written with the same length because this allows for the polarization
morphology to be more obvious. However, the reliability does not depend on
the polarization fraction, but rather on the polarized intensity.
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Figure 1. Results of 1283 sedimentation simulations for various values of the pebble abundance Zp (different columns). The upper row of images shows the particle
density averaged over the azimuthal direction at the end of each simulation. The wave-like pattern in the particle density is a consequence of coherent radial drift and
vertical oscillations. The lower row shows particle density averaged over both y- and z-directions, as a function of radial coordinate x and time t. At roughly solar
metallicity (left column), the particle surface density is uniform. Super-solar metallicities (middle and right columns) produce significant clumps that merge over time
because weaker clumps drift faster.

This pebble abundance turns out to be the crucial parameter for
triggering particle clumping. The total abundance of condens-
able materials beyond the ice line was estimated by Hayashi
(1981) to be Zc ≈ 0.018, while more up-to-date models give a
somewhat lower value of Zc ≈ 0.015 at temperatures less than
41 K (Lodders 2003; Allende Prieto et al. 2001). For our mod-
els, a greater uncertainty is the efficiency of conversion from
dust grains to pebbles. Assuming that a majority (≈ 2/3) of
the condensable solids are bound in pebbles, Zp = 0.01 cor-
responds to solar metallicity. We also experiment with higher
values of Zp = 0.02 and Zp = 0.03, which are motivated both
by stars with super-solar metallicities and by mechanisms that
enrich the particle-to-gas density ratio in disks (see Section 6).
A given pebble abundance would correspond to higher values
of the metallicity if pebbles make up a smaller fraction of the
condensable material.

We use a box size of Lx = Ly = Lz = 0.2Hg and resolu-
tions of 643 zones with 125,000 particles, and 1283 zones with
1,000,000 particles. This relatively small box size is chosen to
capture typical wavelengths of streaming and Kelvin–Helmholtz
instabilities. The gas density is in vertical hydrostatic equilib-
rium. Particle positions are initialized to give a Gaussian den-
sity distribution around the mid-plane with scale height Hp =
0.02Hg, while gas and particle velocities are initially set to match
the drag force equilibrium solution of Nakagawa et al. (1986).

3. PARTICLE CLUMPING

Since the disk is initially laminar, particles settle to the disk
mid-plane. As particles collect in the mid-plane, they accelerate
gas there toward the Keplerian orbital speed. This generates
vertical shear that can drive Kelvin–Helmholtz instabilities.
The velocity difference between gas and solids also triggers
streaming instabilities. The resulting turbulence halts particle
sedimentation and can lead to clumping.

In Figure 1, we show results for pebble abundances Zp =
0.01 (roughly solar), Zp = 0.02 (super-solar), and Zp =
0.03 (strongly super-solar). The Zp = 0.01 simulation shows
minimal clumping, but reveals instead a surprising interaction
between settling and stirring. The particle layer is not centered
uniformly on the mid-plane, as usually assumed. Instead the
solids organize in a wave-like pattern (the top left panel of
Figure 1) produced by coherent vertical oscillations combined
with radial drift. We note that the streaming instability is
known to drive coherent vertical motions in clumps of boulders
(Johansen & Youdin 2007). The characteristic particle density
ρ̃p ≡ ⟨ρ2

p⟩/⟨ρp⟩ ≈ 0.9ρg is high enough to exert feedback on
the gas. However, the average mid-plane density ρ(mid)

p = 0.6ρg
is diluted by the voids in the wave-like pattern, and is too small
to trigger strong radial clumping.

Increasing the pebble abundance to Zp = 0.02 and Zp = 0.03
triggers strong overdensities in the particle layer (see Figure 1).
Initially, streaming instabilities produce many azimuthally ex-
tended clumps in the simulation box. Since the denser clumps
drift inward more slowly, mergers result in a single domi-
nant clump. The characteristic particle density increases due
to the strong clumping, with ρ̃p/ρg ≈ 0.9, 18, and 73 for
Zp = 0.01, 0.02, and 0.03, respectively. The maximum density
in the box increases from less than 10 to more than 2000 times
the gas density when the pebble abundance is increased from
Zp = 0.01 to 0.02.

So why does the clumping increase so sharply for order
unity changes to the pebble abundance Zp? Figure 1 (top pan-
els) shows that the vertical extent of the wave-shaped parti-
cle layer decreases with Zp, because less kinetic energy is re-
leased in particle-dominated flows (Johansen & Youdin 2007).
Consequently, the average mid-plane particle density increases,
with ρ(mid)

p /ρg = 0.6, 2.0, and 9.0 for Zp = 0.01, 0.02, and
0.03. Strong clumping is thus expected for the higher
metallicity cases, because the streaming instability is more
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Figure 1. Results of 1283 sedimentation simulations for various values of the pebble abundance Zp (different columns). The upper row of images shows the particle
density averaged over the azimuthal direction at the end of each simulation. The wave-like pattern in the particle density is a consequence of coherent radial drift and
vertical oscillations. The lower row shows particle density averaged over both y- and z-directions, as a function of radial coordinate x and time t. At roughly solar
metallicity (left column), the particle surface density is uniform. Super-solar metallicities (middle and right columns) produce significant clumps that merge over time
because weaker clumps drift faster.

This pebble abundance turns out to be the crucial parameter for
triggering particle clumping. The total abundance of condens-
able materials beyond the ice line was estimated by Hayashi
(1981) to be Zc ≈ 0.018, while more up-to-date models give a
somewhat lower value of Zc ≈ 0.015 at temperatures less than
41 K (Lodders 2003; Allende Prieto et al. 2001). For our mod-
els, a greater uncertainty is the efficiency of conversion from
dust grains to pebbles. Assuming that a majority (≈ 2/3) of
the condensable solids are bound in pebbles, Zp = 0.01 cor-
responds to solar metallicity. We also experiment with higher
values of Zp = 0.02 and Zp = 0.03, which are motivated both
by stars with super-solar metallicities and by mechanisms that
enrich the particle-to-gas density ratio in disks (see Section 6).
A given pebble abundance would correspond to higher values
of the metallicity if pebbles make up a smaller fraction of the
condensable material.

We use a box size of Lx = Ly = Lz = 0.2Hg and resolu-
tions of 643 zones with 125,000 particles, and 1283 zones with
1,000,000 particles. This relatively small box size is chosen to
capture typical wavelengths of streaming and Kelvin–Helmholtz
instabilities. The gas density is in vertical hydrostatic equilib-
rium. Particle positions are initialized to give a Gaussian den-
sity distribution around the mid-plane with scale height Hp =
0.02Hg, while gas and particle velocities are initially set to match
the drag force equilibrium solution of Nakagawa et al. (1986).

3. PARTICLE CLUMPING

Since the disk is initially laminar, particles settle to the disk
mid-plane. As particles collect in the mid-plane, they accelerate
gas there toward the Keplerian orbital speed. This generates
vertical shear that can drive Kelvin–Helmholtz instabilities.
The velocity difference between gas and solids also triggers
streaming instabilities. The resulting turbulence halts particle
sedimentation and can lead to clumping.

In Figure 1, we show results for pebble abundances Zp =
0.01 (roughly solar), Zp = 0.02 (super-solar), and Zp =
0.03 (strongly super-solar). The Zp = 0.01 simulation shows
minimal clumping, but reveals instead a surprising interaction
between settling and stirring. The particle layer is not centered
uniformly on the mid-plane, as usually assumed. Instead the
solids organize in a wave-like pattern (the top left panel of
Figure 1) produced by coherent vertical oscillations combined
with radial drift. We note that the streaming instability is
known to drive coherent vertical motions in clumps of boulders
(Johansen & Youdin 2007). The characteristic particle density
ρ̃p ≡ ⟨ρ2

p⟩/⟨ρp⟩ ≈ 0.9ρg is high enough to exert feedback on
the gas. However, the average mid-plane density ρ(mid)

p = 0.6ρg
is diluted by the voids in the wave-like pattern, and is too small
to trigger strong radial clumping.

Increasing the pebble abundance to Zp = 0.02 and Zp = 0.03
triggers strong overdensities in the particle layer (see Figure 1).
Initially, streaming instabilities produce many azimuthally ex-
tended clumps in the simulation box. Since the denser clumps
drift inward more slowly, mergers result in a single domi-
nant clump. The characteristic particle density increases due
to the strong clumping, with ρ̃p/ρg ≈ 0.9, 18, and 73 for
Zp = 0.01, 0.02, and 0.03, respectively. The maximum density
in the box increases from less than 10 to more than 2000 times
the gas density when the pebble abundance is increased from
Zp = 0.01 to 0.02.

So why does the clumping increase so sharply for order
unity changes to the pebble abundance Zp? Figure 1 (top pan-
els) shows that the vertical extent of the wave-shaped parti-
cle layer decreases with Zp, because less kinetic energy is re-
leased in particle-dominated flows (Johansen & Youdin 2007).
Consequently, the average mid-plane particle density increases,
with ρ(mid)

p /ρg = 0.6, 2.0, and 9.0 for Zp = 0.01, 0.02, and
0.03. Strong clumping is thus expected for the higher
metallicity cases, because the streaming instability is more

(e.g., Johansen et al. 2009)
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Questions about dust growth

• Are laboratory experiments consistent with dust N-body simulations?  
• Can we test the dust growth theory through protoplanetary disk observations and 

solar system studies?

Suyama et al. (2008)Weidling et al. (2012)

essential. The wavelength dependence of the polarization
fraction is not strong in the case of the grain alignment,
while it is strong in the case of the self-scattering because
the scattering-induced polarization is efficient only when the
maximum grain size is around l p2 where λ is the
wavelengths (Kataoka et al. 2015).

To obtain the wavelength-dependent polarimetric images, we
observe the HL Tau disk with the Atacama Large Millimeter/
submillimeter Array (ALMA) using Band 3. HL Tau is a young
star in the Taurus molecular cloud with a distance of 140pc
(Rebull et al. 2004). The circumstellar disk is around in
∼100 au scale (Kwon et al. 2011). The disk has several ring
and gap structures with tens of au scales (ALMA Partnership
et al. 2015). The observed band corresponds to wavelengths of
3.1 mm, which is sufficiently longer than the previous CARMA
polarimetric observations at 1.3 mm (Stephens et al. 2014).

2. Observations

HL Tau was observed by ALMA on 2016 October 12,
during its Cycle 4 operation (2016.1.00115.S, PI: A. Kataoka).
The antenna configuration was C40-6, and 41 antennas were
operating. The correlator processed four spectral windows
centered at 90.5, 92.5, 102.5, and 104.5 GHz with a bandwidth
of 1.75 GHz each. The bandpass, amplitude, and phase were
calibrated by observations of J0510+1800, J0423-0120, and
J0431+1731, respectively, and the polarization calibration was
performed by observations of J0510+1800. The raw data were
reduced by the EA-ARC staff.

We further perform the iterative CLEAN deconvolution
imaging with self-calibration to improve the image quality. We
employ the briggs weighting with the robust parameter of 0.5
and the multiscale option with scale parameters of 0, 0.3, and
0.9 arcsec. The beam size of the final product is  ´ 0. 45 0. 29,
corresponding to ~ ´63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 9.6, 6.9, and 6.9 μJy,
respectively.

3. Results

The top panel of Figure 1 shows the polarized intensity in
colorscale overlaid with polarization vectors,9 and the contour
represents the continuum emission. The bottom panel of
Figure 1 shows the polarization fraction in colorscale, and the
others are the same as the top panel. Due to the lower spatial
resolution than the long baseline campaign (ALMA Partnership
et al. 2015), the multiple-ring and multiple-gap structure of the
continuum is not resolved. The total flux density is 75.1 mJy,
which is consistent with the previous ALMA observations with
Band 3 (74.3 mJy; ALMA Partnership et al. 2015).

We successfully detect the ring-like polarized emission at
3.1 mm. The polarized intensity has a peak of 145 μJy/beam,
which corresponds to a 21σ detection with the rms of 6.9μJy.
The peak of the polarized intensity is not located at the central
star but on the ring. We see three blobs on the ring, but this
may be due to the interferometric effects. The polarized
intensity at the location of the central star is lower than the
other regions. We interpret this structure as a beam dilution of
the central region where polarization is expected to be

azimuthal and thus cancels out each other. The polarization
fraction is around 1.8% on the ring.
The flux densities of the entire disk are −39.7 μJy for Stokes

Q and −40.6 μJy for Stokes U. Therefore, the integrated
polarized intensity is s= + - =Q UPI 56.42 2

PI
2 μJy.

Dividing the total polarized intensity by the total Stokes I,
we obtain 0.08% for the total polarization fraction. The
instrumental polarization contamination of the ALMA inter-
ferometers is the polarization fraction of 0.1% for a point
source in the center of the field or 0.3% within up to the inner
1/3 of the FWHM (see the technical handbook of ALMA;
further discussion is found in Nagai et al. 2016). The derived
polarization fraction of the integrated flux corresponds to the
case of the point source. Therefore, the upper limit of the
integrated polarization fraction of the HL Tau disk at 3.1 mm
by our observations is 0.1%. The low total polarization fraction
means that we could not have detected polarization if we had
not resolved the target.

Figure 1. ALMA Band 3 observations of the HL Tau disk. The wavelength is
3.1 mm. The top panel shows the polarized intensity in colorscale, the
polarization direction as red vectors, and the continuum intensity as the solid
contour. The vectors are shown where the polarized intensity is larger than
s5 PI. The contours correspond to ´( )10, 20, 40, 80, 160, 320, 640, 1280 the
rms of 9.6 μJy. The bottom panel shows that the polarization fraction in
colorscale, polarization vectors in blue, and the same continuum intensity
contours as the top.

9 We plot the polarization vectors not scaling with the polarization fraction
but written with the same length because this allows for the polarization
morphology to be more obvious. However, the reliability does not depend on
the polarization fraction, but rather on the polarized intensity.
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Questions about planetesimal formation

• Have all barriers to planetesimal formation been solved? 
• What are the necessary conditions for planetesimal formation via the instabilities?  
• Is the planetesimal formation process consistent with 

protoplanetary disk observations and solar system studies?

©ESA

(e.g., Kataoka et al. 2017)
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Figure 1. Results of 1283 sedimentation simulations for various values of the pebble abundance Zp (different columns). The upper row of images shows the particle
density averaged over the azimuthal direction at the end of each simulation. The wave-like pattern in the particle density is a consequence of coherent radial drift and
vertical oscillations. The lower row shows particle density averaged over both y- and z-directions, as a function of radial coordinate x and time t. At roughly solar
metallicity (left column), the particle surface density is uniform. Super-solar metallicities (middle and right columns) produce significant clumps that merge over time
because weaker clumps drift faster.

This pebble abundance turns out to be the crucial parameter for
triggering particle clumping. The total abundance of condens-
able materials beyond the ice line was estimated by Hayashi
(1981) to be Zc ≈ 0.018, while more up-to-date models give a
somewhat lower value of Zc ≈ 0.015 at temperatures less than
41 K (Lodders 2003; Allende Prieto et al. 2001). For our mod-
els, a greater uncertainty is the efficiency of conversion from
dust grains to pebbles. Assuming that a majority (≈ 2/3) of
the condensable solids are bound in pebbles, Zp = 0.01 cor-
responds to solar metallicity. We also experiment with higher
values of Zp = 0.02 and Zp = 0.03, which are motivated both
by stars with super-solar metallicities and by mechanisms that
enrich the particle-to-gas density ratio in disks (see Section 6).
A given pebble abundance would correspond to higher values
of the metallicity if pebbles make up a smaller fraction of the
condensable material.

We use a box size of Lx = Ly = Lz = 0.2Hg and resolu-
tions of 643 zones with 125,000 particles, and 1283 zones with
1,000,000 particles. This relatively small box size is chosen to
capture typical wavelengths of streaming and Kelvin–Helmholtz
instabilities. The gas density is in vertical hydrostatic equilib-
rium. Particle positions are initialized to give a Gaussian den-
sity distribution around the mid-plane with scale height Hp =
0.02Hg, while gas and particle velocities are initially set to match
the drag force equilibrium solution of Nakagawa et al. (1986).

3. PARTICLE CLUMPING

Since the disk is initially laminar, particles settle to the disk
mid-plane. As particles collect in the mid-plane, they accelerate
gas there toward the Keplerian orbital speed. This generates
vertical shear that can drive Kelvin–Helmholtz instabilities.
The velocity difference between gas and solids also triggers
streaming instabilities. The resulting turbulence halts particle
sedimentation and can lead to clumping.

In Figure 1, we show results for pebble abundances Zp =
0.01 (roughly solar), Zp = 0.02 (super-solar), and Zp =
0.03 (strongly super-solar). The Zp = 0.01 simulation shows
minimal clumping, but reveals instead a surprising interaction
between settling and stirring. The particle layer is not centered
uniformly on the mid-plane, as usually assumed. Instead the
solids organize in a wave-like pattern (the top left panel of
Figure 1) produced by coherent vertical oscillations combined
with radial drift. We note that the streaming instability is
known to drive coherent vertical motions in clumps of boulders
(Johansen & Youdin 2007). The characteristic particle density
ρ̃p ≡ ⟨ρ2

p⟩/⟨ρp⟩ ≈ 0.9ρg is high enough to exert feedback on
the gas. However, the average mid-plane density ρ(mid)

p = 0.6ρg
is diluted by the voids in the wave-like pattern, and is too small
to trigger strong radial clumping.

Increasing the pebble abundance to Zp = 0.02 and Zp = 0.03
triggers strong overdensities in the particle layer (see Figure 1).
Initially, streaming instabilities produce many azimuthally ex-
tended clumps in the simulation box. Since the denser clumps
drift inward more slowly, mergers result in a single domi-
nant clump. The characteristic particle density increases due
to the strong clumping, with ρ̃p/ρg ≈ 0.9, 18, and 73 for
Zp = 0.01, 0.02, and 0.03, respectively. The maximum density
in the box increases from less than 10 to more than 2000 times
the gas density when the pebble abundance is increased from
Zp = 0.01 to 0.02.

So why does the clumping increase so sharply for order
unity changes to the pebble abundance Zp? Figure 1 (top pan-
els) shows that the vertical extent of the wave-shaped parti-
cle layer decreases with Zp, because less kinetic energy is re-
leased in particle-dominated flows (Johansen & Youdin 2007).
Consequently, the average mid-plane particle density increases,
with ρ(mid)

p /ρg = 0.6, 2.0, and 9.0 for Zp = 0.01, 0.02, and
0.03. Strong clumping is thus expected for the higher
metallicity cases, because the streaming instability is more
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Figure 1. Results of 1283 sedimentation simulations for various values of the pebble abundance Zp (different columns). The upper row of images shows the particle
density averaged over the azimuthal direction at the end of each simulation. The wave-like pattern in the particle density is a consequence of coherent radial drift and
vertical oscillations. The lower row shows particle density averaged over both y- and z-directions, as a function of radial coordinate x and time t. At roughly solar
metallicity (left column), the particle surface density is uniform. Super-solar metallicities (middle and right columns) produce significant clumps that merge over time
because weaker clumps drift faster.

This pebble abundance turns out to be the crucial parameter for
triggering particle clumping. The total abundance of condens-
able materials beyond the ice line was estimated by Hayashi
(1981) to be Zc ≈ 0.018, while more up-to-date models give a
somewhat lower value of Zc ≈ 0.015 at temperatures less than
41 K (Lodders 2003; Allende Prieto et al. 2001). For our mod-
els, a greater uncertainty is the efficiency of conversion from
dust grains to pebbles. Assuming that a majority (≈ 2/3) of
the condensable solids are bound in pebbles, Zp = 0.01 cor-
responds to solar metallicity. We also experiment with higher
values of Zp = 0.02 and Zp = 0.03, which are motivated both
by stars with super-solar metallicities and by mechanisms that
enrich the particle-to-gas density ratio in disks (see Section 6).
A given pebble abundance would correspond to higher values
of the metallicity if pebbles make up a smaller fraction of the
condensable material.

We use a box size of Lx = Ly = Lz = 0.2Hg and resolu-
tions of 643 zones with 125,000 particles, and 1283 zones with
1,000,000 particles. This relatively small box size is chosen to
capture typical wavelengths of streaming and Kelvin–Helmholtz
instabilities. The gas density is in vertical hydrostatic equilib-
rium. Particle positions are initialized to give a Gaussian den-
sity distribution around the mid-plane with scale height Hp =
0.02Hg, while gas and particle velocities are initially set to match
the drag force equilibrium solution of Nakagawa et al. (1986).

3. PARTICLE CLUMPING

Since the disk is initially laminar, particles settle to the disk
mid-plane. As particles collect in the mid-plane, they accelerate
gas there toward the Keplerian orbital speed. This generates
vertical shear that can drive Kelvin–Helmholtz instabilities.
The velocity difference between gas and solids also triggers
streaming instabilities. The resulting turbulence halts particle
sedimentation and can lead to clumping.

In Figure 1, we show results for pebble abundances Zp =
0.01 (roughly solar), Zp = 0.02 (super-solar), and Zp =
0.03 (strongly super-solar). The Zp = 0.01 simulation shows
minimal clumping, but reveals instead a surprising interaction
between settling and stirring. The particle layer is not centered
uniformly on the mid-plane, as usually assumed. Instead the
solids organize in a wave-like pattern (the top left panel of
Figure 1) produced by coherent vertical oscillations combined
with radial drift. We note that the streaming instability is
known to drive coherent vertical motions in clumps of boulders
(Johansen & Youdin 2007). The characteristic particle density
ρ̃p ≡ ⟨ρ2

p⟩/⟨ρp⟩ ≈ 0.9ρg is high enough to exert feedback on
the gas. However, the average mid-plane density ρ(mid)

p = 0.6ρg
is diluted by the voids in the wave-like pattern, and is too small
to trigger strong radial clumping.

Increasing the pebble abundance to Zp = 0.02 and Zp = 0.03
triggers strong overdensities in the particle layer (see Figure 1).
Initially, streaming instabilities produce many azimuthally ex-
tended clumps in the simulation box. Since the denser clumps
drift inward more slowly, mergers result in a single domi-
nant clump. The characteristic particle density increases due
to the strong clumping, with ρ̃p/ρg ≈ 0.9, 18, and 73 for
Zp = 0.01, 0.02, and 0.03, respectively. The maximum density
in the box increases from less than 10 to more than 2000 times
the gas density when the pebble abundance is increased from
Zp = 0.01 to 0.02.

So why does the clumping increase so sharply for order
unity changes to the pebble abundance Zp? Figure 1 (top pan-
els) shows that the vertical extent of the wave-shaped parti-
cle layer decreases with Zp, because less kinetic energy is re-
leased in particle-dominated flows (Johansen & Youdin 2007).
Consequently, the average mid-plane particle density increases,
with ρ(mid)

p /ρg = 0.6, 2.0, and 9.0 for Zp = 0.01, 0.02, and
0.03. Strong clumping is thus expected for the higher
metallicity cases, because the streaming instability is more

(e.g., Johansen et al. 2009)

essential. The wavelength dependence of the polarization
fraction is not strong in the case of the grain alignment,
while it is strong in the case of the self-scattering because
the scattering-induced polarization is efficient only when the
maximum grain size is around l p2 where λ is the
wavelengths (Kataoka et al. 2015).

To obtain the wavelength-dependent polarimetric images, we
observe the HL Tau disk with the Atacama Large Millimeter/
submillimeter Array (ALMA) using Band 3. HL Tau is a young
star in the Taurus molecular cloud with a distance of 140pc
(Rebull et al. 2004). The circumstellar disk is around in
∼100 au scale (Kwon et al. 2011). The disk has several ring
and gap structures with tens of au scales (ALMA Partnership
et al. 2015). The observed band corresponds to wavelengths of
3.1 mm, which is sufficiently longer than the previous CARMA
polarimetric observations at 1.3 mm (Stephens et al. 2014).

2. Observations

HL Tau was observed by ALMA on 2016 October 12,
during its Cycle 4 operation (2016.1.00115.S, PI: A. Kataoka).
The antenna configuration was C40-6, and 41 antennas were
operating. The correlator processed four spectral windows
centered at 90.5, 92.5, 102.5, and 104.5 GHz with a bandwidth
of 1.75 GHz each. The bandpass, amplitude, and phase were
calibrated by observations of J0510+1800, J0423-0120, and
J0431+1731, respectively, and the polarization calibration was
performed by observations of J0510+1800. The raw data were
reduced by the EA-ARC staff.

We further perform the iterative CLEAN deconvolution
imaging with self-calibration to improve the image quality. We
employ the briggs weighting with the robust parameter of 0.5
and the multiscale option with scale parameters of 0, 0.3, and
0.9 arcsec. The beam size of the final product is  ´ 0. 45 0. 29,
corresponding to ~ ´63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 9.6, 6.9, and 6.9 μJy,
respectively.

3. Results

The top panel of Figure 1 shows the polarized intensity in
colorscale overlaid with polarization vectors,9 and the contour
represents the continuum emission. The bottom panel of
Figure 1 shows the polarization fraction in colorscale, and the
others are the same as the top panel. Due to the lower spatial
resolution than the long baseline campaign (ALMA Partnership
et al. 2015), the multiple-ring and multiple-gap structure of the
continuum is not resolved. The total flux density is 75.1 mJy,
which is consistent with the previous ALMA observations with
Band 3 (74.3 mJy; ALMA Partnership et al. 2015).

We successfully detect the ring-like polarized emission at
3.1 mm. The polarized intensity has a peak of 145 μJy/beam,
which corresponds to a 21σ detection with the rms of 6.9μJy.
The peak of the polarized intensity is not located at the central
star but on the ring. We see three blobs on the ring, but this
may be due to the interferometric effects. The polarized
intensity at the location of the central star is lower than the
other regions. We interpret this structure as a beam dilution of
the central region where polarization is expected to be

azimuthal and thus cancels out each other. The polarization
fraction is around 1.8% on the ring.
The flux densities of the entire disk are −39.7 μJy for Stokes

Q and −40.6 μJy for Stokes U. Therefore, the integrated
polarized intensity is s= + - =Q UPI 56.42 2

PI
2 μJy.

Dividing the total polarized intensity by the total Stokes I,
we obtain 0.08% for the total polarization fraction. The
instrumental polarization contamination of the ALMA inter-
ferometers is the polarization fraction of 0.1% for a point
source in the center of the field or 0.3% within up to the inner
1/3 of the FWHM (see the technical handbook of ALMA;
further discussion is found in Nagai et al. 2016). The derived
polarization fraction of the integrated flux corresponds to the
case of the point source. Therefore, the upper limit of the
integrated polarization fraction of the HL Tau disk at 3.1 mm
by our observations is 0.1%. The low total polarization fraction
means that we could not have detected polarization if we had
not resolved the target.

Figure 1. ALMA Band 3 observations of the HL Tau disk. The wavelength is
3.1 mm. The top panel shows the polarized intensity in colorscale, the
polarization direction as red vectors, and the continuum intensity as the solid
contour. The vectors are shown where the polarized intensity is larger than
s5 PI. The contours correspond to ´( )10, 20, 40, 80, 160, 320, 640, 1280 the
rms of 9.6 μJy. The bottom panel shows that the polarization fraction in
colorscale, polarization vectors in blue, and the same continuum intensity
contours as the top.

9 We plot the polarization vectors not scaling with the polarization fraction
but written with the same length because this allows for the polarization
morphology to be more obvious. However, the reliability does not depend on
the polarization fraction, but rather on the polarized intensity.
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Early stages of dust growth: dust aggregation
BCCA 

(Ballistic Cluster-Cluster Aggregation)
BPCA 

(Ballistic Particle-Cluster Aggregation)

Fractal dimension ≈ 2

ϕ ∝
N
a3

∝ m(D−3)/D = m−1/2

- φ: volume filling factor 
- m: pebble mass 
- N: the number of monomers 
- a: pebble radius

N ∝ aD

m ∝ a3ϕ{

Fractal dimension ≈ 3 
Volume filling factor ≈ 0.126 

(e.g., Okuzumi et al. 2009)
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Porosity evolution of dust aggregates

BCCA and further compression (Kataoka et al. 2013a, b)

A&A 557, L4 (2013)
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Fig. 3. Pathways in the planetesimal formation in the minimum mass solar nebula model. The gray line shows the constant density evolutional
track, which corresponds to the compact growth. The black, green, blue, and red lines are the evolutional track through dust coagulation via fluffy
aggregates. Each line represents different mechanisms of dust coagulation, which are hit-and-stick, collisional compression, gas compression, and
self-gravity compression. The red shaded region represents where the radial drift timescale is less than the growth timescale, which is equivalent to
radial-drift region. The brown squares indicate the properties of comets, and the triangles represent their upper limit. The radii of dust aggregates
for 1 µm, 1 cm, 1 m, 100 m, and 10 km are also written. Top left: for 5 AU in orbital radius. Top right: for 8 AU in orbital radius. The cross point
represents where the dust falls onto the central star. Bottom left: for 5 AU in strong turbulence model where αD = 10−2. Bottom right: for 8 AU in
two times as massive as MMSN model.

growth starts. The dust internal density is still as small as ∼10−2,
which means that the geometrical cross section is larger than the
compact case. This will make the runaway growth faster, but the
whole scenario does not change, as shown in the N-body simu-
lations (Kokubo & Ida 1996).

In conclusion, we revealed the pathway of the porosity evo-
lution of dust aggregates to form planetesimals by introducing
static compression. We also showed that icy dust growth on the
pathway avoids the bouncing, fragmentation, and radial drift bar-
riers. This scenario can provide a planetesimal distribution as a
concrete initial condition of the later stages of planet formation.
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• Dust aggregates can become  
extremely porous (φ ~ 10–4)! 

• The BCCA model represents  
the lower limit of  
the volume filling factor. 

• Collisional and gas compression, 
as well as the radial drift barrier, 
depend on the disk model.

Mass [g]
* Density [g/cm3] = 1 g/cm3 (ice) × φ
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Problems with the extremely porous evolution model

BCCA and further compression (Kataoka et al. 2013a, b)

A&A 557, L4 (2013)
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Fig. 3. Pathways in the planetesimal formation in the minimum mass solar nebula model. The gray line shows the constant density evolutional
track, which corresponds to the compact growth. The black, green, blue, and red lines are the evolutional track through dust coagulation via fluffy
aggregates. Each line represents different mechanisms of dust coagulation, which are hit-and-stick, collisional compression, gas compression, and
self-gravity compression. The red shaded region represents where the radial drift timescale is less than the growth timescale, which is equivalent to
radial-drift region. The brown squares indicate the properties of comets, and the triangles represent their upper limit. The radii of dust aggregates
for 1 µm, 1 cm, 1 m, 100 m, and 10 km are also written. Top left: for 5 AU in orbital radius. Top right: for 8 AU in orbital radius. The cross point
represents where the dust falls onto the central star. Bottom left: for 5 AU in strong turbulence model where αD = 10−2. Bottom right: for 8 AU in
two times as massive as MMSN model.

growth starts. The dust internal density is still as small as ∼10−2,
which means that the geometrical cross section is larger than the
compact case. This will make the runaway growth faster, but the
whole scenario does not change, as shown in the N-body simu-
lations (Kokubo & Ida 1996).

In conclusion, we revealed the pathway of the porosity evo-
lution of dust aggregates to form planetesimals by introducing
static compression. We also showed that icy dust growth on the
pathway avoids the bouncing, fragmentation, and radial drift bar-
riers. This scenario can provide a planetesimal distribution as a
concrete initial condition of the later stages of planet formation.
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• The extremely porous evolution  
model can overcome  
growth barriers! 

• However, it fails to explain 
the volume filling factor of  
pebbles observed in disks  
(φ ≈ 0.03–0.3).
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Fig. 3. Pathways in the planetesimal formation in the minimum mass solar nebula model. The gray line shows the constant density evolutional
track, which corresponds to the compact growth. The black, green, blue, and red lines are the evolutional track through dust coagulation via fluffy
aggregates. Each line represents different mechanisms of dust coagulation, which are hit-and-stick, collisional compression, gas compression, and
self-gravity compression. The red shaded region represents where the radial drift timescale is less than the growth timescale, which is equivalent to
radial-drift region. The brown squares indicate the properties of comets, and the triangles represent their upper limit. The radii of dust aggregates
for 1 µm, 1 cm, 1 m, 100 m, and 10 km are also written. Top left: for 5 AU in orbital radius. Top right: for 8 AU in orbital radius. The cross point
represents where the dust falls onto the central star. Bottom left: for 5 AU in strong turbulence model where αD = 10−2. Bottom right: for 8 AU in
two times as massive as MMSN model.

growth starts. The dust internal density is still as small as ∼10−2,
which means that the geometrical cross section is larger than the
compact case. This will make the runaway growth faster, but the
whole scenario does not change, as shown in the N-body simu-
lations (Kokubo & Ida 1996).

In conclusion, we revealed the pathway of the porosity evo-
lution of dust aggregates to form planetesimals by introducing
static compression. We also showed that icy dust growth on the
pathway avoids the bouncing, fragmentation, and radial drift bar-
riers. This scenario can provide a planetesimal distribution as a
concrete initial condition of the later stages of planet formation.
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• BPCA-like evolution (φ ≈ 0.1) 

• Collisional compression: 
Although aggregate growth is  
dominated by similar-sized  
collisions (Okuzumi et al. 2012), 
high-mass ratio collisions can  
effectively compress aggregates  
(φ ≈ 0.06–0.2). (Tanaka et al. 2023) 

• Self-gravity compression
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Collisional compression of dust aggregates

Sequential head-on collisions with high mass ratios (Tanaka et al. 2023)

4096. In the case of Nimp= 4096, a larger initial target with
Ntar,i= 10, 000 was used. In the case of Nimp= 512, 200
impactors collided with the growing target in turn, while 50
impactors collided with the target in the cases of Nimp= 2048
and 4096.

Figure 6 shows the density evolution paths for these runs,
together with the results in Figure 4. In the additional cases
with different impactor masses, the bulk densities of growing
targets also converged to values dependent on the impact
velocity. It was found that the convergent densities are almost
independent of the impactor masses.

In all runs of sequential collisions shown in Figure 6, 7200
collisions were calculated. Most of them were perfect sticking.
Among all collisions, only two fragments composed of a few
monomers were observed in the cases of vimp= 7.1 m s−1. The
extreme rarity of fragmentation can be related to the restriction
to head-on collisions in this study.

At each collision in Figure 6, energy dissipation is caused
mainly by the rolling friction between monomers. In low-
velocity impacts with vimp= 1.8 m s−1, other dissipation

mechanisms make only negligible contributions to the energy
dissipation, while the twisting friction can contribute 20% for
vimp= 7.1 m s−1.
So far, we have used BPCA aggregates for the initial target.

We performed another set of runs with the initial target being
fluffy BCCA aggregates with Ntar,i= 4096. The impactor mass
was set to 1024m0. The results in the case with BCCA initial
targets are plotted in Figure 7 as well as the case with BPCA
targets in Figure 4. In the case of BCCA initial targets,
evolution paths start from a quite low density but converge to
the same densities as for BPCA initial targets at all impact
velocities. The numerical results in the above parameter survey
are summarized as follows. The bulk densities of growing
targets converge to constant values in all cases. The converged
bulk density depends on the impact velocity, but it is
independent of the impactor mass, the initial target mass, and
the initial density of the target. In our simulations, only head-on
collisions are considered. If oblique collisions are included, the
compression would be less effective and the convergent density
would become smaller.

Figure 2. Examples of initial conditions and outcomes in sequential collisions in the nominal case with Nimp = 1024 and vimp = 1.8 m s−1. Panels a and b show,
respectively, the initial condition and outcome of the first collision. Panel c is the initial condition for the 21st collision, and panel d shows the outcome of the 100th
collision.
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where the factor B(�1) is the energy fraction contributing to
the work for compression. We set B= 0.4 to reproduce our
numerical results (see Section 4.2). The compressive strength P
of an aggregate is a function of the density ρ (=Nm0/V ). We
adopt the compressive strength of Tatsuuma et al. (2023) given
by
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where ρ0 is the density of the monomer and rmax ( pr= 2 60 )
is the maximum density achieved by closely packed monomers,
such as hexagonal close packing and face-centered cubic
lattices. Equation (8) agrees with the strength model of Kataoka
et al. (2013b) when the density is sufficiently low. Because the

deformation of an aggregate proceeds via the rolling motion of
its constituent monomers, the compressive strength is propor-
tional to the friction force for rolling and the rolling energy Eroll

(Kataoka .et al. 2013b).
Integrating the left-hand side of Equation (8) with this

compressive strength, we obtain expressions of the volume and
density of the compressed impactor part, ¢V 2, r¢2, as
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and r¢ = ¢m N V2 0 2 2. The final volume of the merged
aggregate is given by = + ¢V V Vfin 1 2.

Figure 5. Same as Figures 2(c) and (d) but for sequential collisions with an impact velocity of 7.1 m s−1.

Figure 6. Dependence on the impactor mass of the density evolution.

Figure 7. Dependence on the initial target of the density evolution. The results
for the cases with BCCA initial targets are compared with the cases with BPCA
targets.
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Although aggregate growth is dominated by 
similar-sized collisions (Okuzumi et al. 2012), 
high-mass ratio collisions can effectively compress aggregates (φ ≈ 0.06–0.2).
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Pebbles in disks as fragments of planetesimals?
Self-gravity compression of BCCAs based on their compressive strength 

 (Tatsuuma et al. 2023, 2024)
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• Observed pebbles may  
originate from parent bodies  
with diameters of 30–180 km 
and could be fragments of 
these bodies.

Disk obs.
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How to explain pebbles observed in disks?

BCCA and further compression (Kataoka et al. 2013a, b)
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Fig. 3. Pathways in the planetesimal formation in the minimum mass solar nebula model. The gray line shows the constant density evolutional
track, which corresponds to the compact growth. The black, green, blue, and red lines are the evolutional track through dust coagulation via fluffy
aggregates. Each line represents different mechanisms of dust coagulation, which are hit-and-stick, collisional compression, gas compression, and
self-gravity compression. The red shaded region represents where the radial drift timescale is less than the growth timescale, which is equivalent to
radial-drift region. The brown squares indicate the properties of comets, and the triangles represent their upper limit. The radii of dust aggregates
for 1 µm, 1 cm, 1 m, 100 m, and 10 km are also written. Top left: for 5 AU in orbital radius. Top right: for 8 AU in orbital radius. The cross point
represents where the dust falls onto the central star. Bottom left: for 5 AU in strong turbulence model where αD = 10−2. Bottom right: for 8 AU in
two times as massive as MMSN model.

growth starts. The dust internal density is still as small as ∼10−2,
which means that the geometrical cross section is larger than the
compact case. This will make the runaway growth faster, but the
whole scenario does not change, as shown in the N-body simu-
lations (Kokubo & Ida 1996).

In conclusion, we revealed the pathway of the porosity evo-
lution of dust aggregates to form planetesimals by introducing
static compression. We also showed that icy dust growth on the
pathway avoids the bouncing, fragmentation, and radial drift bar-
riers. This scenario can provide a planetesimal distribution as a
concrete initial condition of the later stages of planet formation.
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• Collisional compression 
(Tanaka et al. 2023) 

• Self-gravity compression 
(Tatsuuma et al. 2024)

Disk obs.

In
te

rn
al

 d
en

sit
y 

[g
/c

m
3 ]

Mass [g]
* Density [g/cm3] = 1 g/cm3 (ice) × φ

→ How to stop dust growth? 
• Fragmentation 
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How to stop the dust growth: fragmentation

Fragmentation velocity of BPCAs (Wada et al. 2009)

vfrag ≃ 50 m s−1 ( γ
100 mJ m−2 )

5/6

( rmon

0.1 μm )
−5/6

( Y*

3.7 GPa )
−1/3

( ρmat

1 g cm−3 )
−1/2

Fragmentation velocity of pebbles observed in protoplanetary disks (e.g., Ueda et al. 2024)

vfrag ≲ 1 m s−1

Surface energy Radius of  
individual grains 

(monomer radius)

Young’s modulus Material density

* H2O ice (e.g., Israelachvili 1992) 

• If 
• If

(fragmentation velocity)
γ → 0.1γ

rmon → 10rmon

vfrag → 0.15vfrag
(surface energy)
(monomer radius)

→ Less sticky? Larger individual grains?
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How to stop the dust growth: bouncing

Bouncing barrier in simulations (Arakawa et al. 2023; Oshiro et al. submitted)

Larger, less porous dust aggregates tend to bounce 
at intermediate velocities (≤ 10 m/s).

of Wada et al. (2011) consisted of only 103–104 particles,
whereas the aggregates of Langkowski et al. (2008) are likely
to have contained ∼109 particles assuming that their aggregates
were 1 mm in radius. We hypothesize that the threshold filling
factor for collisional sticking/bouncing depends on aggregate
size. Indeed, some laboratory experiments already indicated
that the sticking probability depends on aggregate size (e.g.,
Langkowski et al. 2008; Kothe et al. 2013).

In this study, we test the hypothesis by numerical
simulations using a soft-sphere discrete element method (e.g.,
Arakawa et al. 2022a, 2022b, 2023). We succeed in
reproducing the dependence of the sticking probability on
aggregate size as indicated by laboratory experiments. Our
findings provide a hint to solve the long-standing problem of
protoplanetary dust growth, that is, the discrepancy between
numerical simulations and laboratory experiments for the
bouncing barrier.

2. Models

We perform three-dimensional simulations of collisions
between two equal-mass dust aggregates. Our numerical code
was originally developed by Wada et al. (2007) and is identical
to that used in our previous studies (Arakawa et al.
2022a, 2022b, 2023). In this study, we consider dust aggregates
composed of spherical ice particles with a radius of
r1= 0.1 μm. The material properties of ice are set to be equal
to those assumed by Wada et al. (2011); Young’s modulus is
7 GPa, Poisson’s ratio is 0.25, the surface energy is
100 mJ m−2, and the material density is 1000 kg m−3. The
critical rolling displacement is set to be 0.8 nm.

We prepare spherical dust aggregates by the close-packing
and particle-extraction (CPE) procedure (e.g., Wada et al.
2011). We numerically produce cubic close-packed aggregates
and randomly extract particles from the aggregates until their
filling factors decrease to fagg= 0.4. The orientation of the
aggregates is randomly chosen. The aggregate radius, Ragg, is
set to Ragg/r1= 30, 40, 50, 60, and 70. The numbers of
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3. The total
number of particles in a simulation is therefore =Ntot

( )f+ =N N R r2tar pro agg agg 1
3.

We focus on head-on collisions. The collision velocity of the
two dust aggregates is set to vcol= 10(0.1i)m s−1, where i= 0,
1, ..., 10. For each parameter set of (Ragg, vcol), we perform four
runs with different aggregates. Thus, 4× 11= 44 runs have to
be performed for each Ragg, and we perform 44× 5= 220 runs
in total. The outcomes of all simulation runs are summarized in
the Appendix (see Tables 1–5).

The computational time for a single collision of two
aggregates is approximately five weeks for Ragg/r1= 70 and
vcol= 1 m s−1, which is approximately proportional to Ragg
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and inversely proportional to vcol.

3. Results

Here, we show the results for Ragg/r1= 50 (i.e.,
Ntot= 100,000) and vcol= 10 m s−1. We find that the colli-
sional outcomes strongly depend on the structure and
orientation of the randomly prepared aggregates. This is
illustrated in Figure 1, where we show snapshots of two
simulation runs (Runs 1 and 2; see Table 3) with the same
Ragg/r1= 50 (i.e., Ntot= 100,000) and vcol= 10 m s−1 but with

different aggregates. Run 1 results in perfect sticking, whereas
Run 2 results in bouncing. This indicates that one must define
the threshold between sticking and bouncing in a statistical
manner, by averaging the collision outcomes over aggregate
structures/orientations.

Figure 1. Snapshots of collisional outcomes. Here, we set Ragg/r1 = 50 (i.e.,
Ntot = 100,000) and vcol = 10 m s−1. The time interval is 0.2 μs from the first
to the seventh snapshots, and the final snapshots were taken at t = 4 μs. (a)
Time series of snapshots for Run 1. The number of constituent particles in the
largest remnant was Nlar = 100,000 and we observed perfect sticking. (b) Time
series of snapshots for Run 2. The number of constituent particles in the largest
remnant was Nlar = 50,256 and we observed bouncing.
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Can we test dust growth through solar system studies?
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Relation between diameter and bulk density of small bodies in the solar system
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Self-gravity compression of BCCAs based on their compressive strength: (Tatsuuma et al. 2024)
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©ESA

Comet 67P

Bulk density = 0.532 kg m-3 
(Jorda et al. 2016) 

→ φ = 0.53 (ice),  
            0.20 (silicate)

H
2O ice

Silicate
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Can we test dust growth through solar system studies?
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100 mJ m−2 ) ( rmon

0.1 μm )
−1
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Comet 67P: ~ 1.5–100 Pa (Basilevsky et al. 2016)
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only partly successful (Biele et al., 2015). Finally,
knowing the strength of the material of cometary
nuclei may be critical if there is a risk of a collision
between the Earth and a sufficiently large comet and a
decision is made to destroy or deflect the comet
(Nechai et al., 1997; Zaitsev, 2010). This knowledge is
extremely important right now to develop protection
(destruction/deflection) systems even if there is no
immediate danger.

In this paper, we consider: (1) the strength of the
consolidated material (the term was introduced by
Thomas et al., 2015), which is, in some places,
exposed to the surface; (2) the strength of the weakly
cohesive surface material, a kind of regolith, which is
observed on the most part of the nucleus surface
(Sierks et al., 2015; Thomas et al., 2015); and (3) the
strength of the material encountered at the final land-
ing site of Philae in the Abydos region (Spohn et al.,
2015). The resulting strength values for the materials of
the nucleus of comet 67P are compared with the avail-
able estimates for the strength of nucleus materials of
other comets and some terrestrial analogues.

STRENGTH OF THE CONSOLIDATED 
MATERIAL

As highlighted above, the strength of the consoli-
dated material was estimated by analyzing the charac-
teristics of the Hathor cliff, where this material comes
out to the surface (Fig. 1). It is a very steep cliff, gen-
erally close to local vertical, with some overhangs
(Thomas et al., 2015; Groussin et al., 2015). Impor-
tantly, the surface areas whose terrain was analyzed in
this study are relatively close (no more than 1 km) to
the comet nucleus rotation axis (Sierks et al., 2015),
and, as follows from simple estimates, the centrifugal

acceleration here is no greater than 10% of the accel-
eration due to gravity. Paetzold et al. (2016) inferred
from the analysis of the perturbations in the spacecraft
speed at distances of 10 to 100 km from the nucleus
that the subsurface material of the nucleus is fairly uni-
form in density, which is important for understanding
the accuracy of the estimates for the gravity field of the
nucleus. The overall accuracy of our strength esti-
mates, given the possible errors in determining the
steepness of slopes (5–20% by Groussin et al., 2015)
and the size of the studied terrain elements (<5%), is
likely to be no worse than a factor of two to three.

The digital model SHAP4s provides knowledge of
the terrain for a large part of the nuclear surface with a
horizontal resolution of about 2 m and a measurement
accuracy for the height above the nucleus’ center of
mass of a few decimeters (Preusker et al., 2015). In our
estimates, we generally use the approach described by
Groussin et al. (2015), who give estimates for the
strength of the consolidated material for some of the
other areas of the comet’s nucleus, and compare them
with our estimates. We (and before us, Groussin et al.
(2015)) have obtained estimates for the tensile, shear,
and compressive strength of the consolidated material.

Tensile Strength

The approach used by Groussin et al. (2015) and,
subsequently, by us, was adopted from (Matsukura,
2001; Mueller et al., 2006; Tokashiki and Aydan,
2010). The idea is to analyze the geometrical charac-
teristics of the overhangs of the steep cliff; a graphic
representation of the approach is given in Fig. 2.

Fig. 1. Image of the nucleus of comet 67Р constructed using the SHAP4s digital model of the surface. The image shows the two
parts of the nucleus, Body and Head, and the connecting part between them. The steep cliff on the surface of Head near the
jumper is called Hathor.
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Tensile strength of dust aggregates (Tatsuuma et al. 2019)
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• The extremely porous evolution model, based on BCCA and further compression,  
can overcome growth barriers, such as radial drift, fragmentation, bouncing.  
However, it fails to explain the porosity of pebbles observed in protoplanetary disks. 

• BPCA-like evolution, collisional compression, and self-gravity compression  
can explain the observed pebbles, but further studies are needed. 

• Once we can explain the porosity of observed pebbles,  
it becomes necessary to address how dust growth is halted. 

• Fragmentation can stop dust growth, but this requires assuming that  
the individual grains are either less sticky, larger, or both. 

• Recent simulations show that larger, less porous dust aggregates tend to bounce  
rather than stick.
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