Pebbles in Planet Formation

Opening Remark
Misako Tatsuuma (RIKEN iTHEMS

(© ALMA (ESO/NAOJ/NRAO)




L ocal information Misako Tatsuuma

o Wi-Fi:

® SS'D nan'Open 2/10 - 2/12 - 2/13

RIKEN

® Password: Please check the posted notice. Lunch box days

e Talks: Banquet attendance

® 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.

® |[f you have a question, please line up at the microphone.

® Lunch: Please pay in cash at the registration desk.
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Sponsor & Organizers

° ° RIKEN Interdisciplinary
I Theoretical and Mathematical
o Spo nsor: o Sciences Program

® 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 (NAQOJ), Yuhito Shibaike (NAQOJ),

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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Code of conduct & Health guidelines

® Take a look at the webpage:

Pebbles in Planet Formation

10-13 Feb 2025

National Astronomical Observatory of Japan (NAQOJ) Q
Asia/Tokyo timezone
S ® Code of conduct
Registration
S — ® Contact points: Misako Tatsuuma (she/her), Akimasa Kataoka (he/him),

Excursion (Feb 11)

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

Direction &
Accommodation

, Code of conduct

® Health guidelines

Health & Safety
. Guidelines

e |f you feel unwell, please consider attending online instead of in person.

— ® Oral presenters may switch to remote presentations via Zoom.

1 ppf2025-contact@ml.rik. ..
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Slack & Excursion

e 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.

It excursion-mt-takao

It excursion-tokyo-city

N
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Motivation: What do we discuss?

Understanding grain growth

in the context of planet formation
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Grain growth in the context of planet formation

1T km 102km  104km 106 km

Planetesimals Planets

— However, there are barriers to overcome...
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Barriers against grain growtn

Radial drift barrier Fragmentation barrier

dust rotation
w/gasdrag ,

gas rotation O©ONAOJ 42U ada et al. (2018)

gas disk
(face-on)

Weidling et al. (2012)

— The keys to overcoming these barriers

Stax ~ 0.7 for compact dust , : o
o " are dust porosity and instabilities.

(e.g., Okuzumi et al. 2012)

- St = t4ic2k: Stokes number + Charge barrier (e.g., Okuzumi 2009),

- tic: friction time t dust grai . . .
fric. THICtiON M ToT a dust grain Rotational disruption (e.g., Tatsuuma & Kataoka 2021), etc.

- Q: Keplerian angular velocity 8 /31



Formation process of planetesimals and planets

1T km 102km  104km 106 km

Planetesimals Planets

- Planetesimal accretion

- Streaming instability
(e.g., Youdin & Goodman 2005)

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

+ Gravitational collapse ,
- Gas accretion

of dust clumps

(e.g., Johansen et al. 2007)

etc.
Suyama et al. (2008) — "Pebbles”?
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Pebbles? How do we detine them?

Radial drift barrier

dust rotation
w/ gasdrag ,

gas rotation |

"I’ 100 AU

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

gas disk
(face-on)

St~ 0.17

Protoplanetary disk

observations

Polarized Intensity

0.09 o

10.07

0.14
0.12

0.10 —

am

[m]y/b

10.06

10.04

0 03

— Talk by Takahiro Ueda
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Small solar system body
explorations & observations

~ mm-—cm?
(e.g., Okada et al. 2020)

— Talks by Carsten Guttler
and Ryota Fukai



Size of pebbles with St of 0.1

Radial drift barrier Stokes number in the Epstein drag regime

. p. A\ 27C TT0;
St = QK tfric _ QK Pint e nt S . Pint

K =
P gasvth ZgaSQKV S/ Cq 22gas

dust rotation

w/gasdrag ,
E - pint: internal density of pebbles, a: pebble radius,

- pgas: gas density, Xsas: gas surface density,

- v thermal velocity, cs: sound velocity

gas rotation
gas disk For Xeas = 54 g cm-2 (MMSN model @ 10 au) and pint = ¢x1 g cm-3,
(face-on)

volume filling factor and size of pebbles with St = 0.1:
St~0.17 ® =1—-a=3.4cm(compact)

® »=0.1 2 a= 34 cm (moderate porous)

® »=0.01 2 a=3.4m(extremely porous)

11/31 (porosity = 1 - volume filling factor)



Size and porosity of pebbles observed in disks

® Dust continuum spectral index: ~ mm
(e.g., Pérez et al. 2012, 2015; Testi et al. 2014; Tazzari et al. 2016; Carrasco-Gonzalez et al. 2019)

® |inear polarization observations of mm wavelengths: ~ 100 um (for compact pebbles)
(e.g., Kataoka et al. 2016a,b, 2017; Bacciotti et al. 2018; Liu 2019; Miotello et al. 2023; Drazkowska et al. 2023)

gb — O.]., amax — 1.6 mim

Volume filling factor (= 1 - porosity) BUSSLr R
® Linear polarization observations of mm wavelengths: ¢ = 0.03-0.3 S

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

— mm-sized and moderately porous (¢ = 0.03-0.3)?
— Talk by Takahiro Ueda

arcsec
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Key questions about pebbles

® How, when, and where do pebbles torm?
® Radial drift, fragmentation, bouncing, or other processes?

® Are pebbles sufticient for forming planets?

dust rotation
w/ gasdrag ,

gas rotation

gas disk

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

Weidling et al. (2012)
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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? — Talk by Takahiro Ueda

® Radial drift, fragmentation, bouncing, or others?

® |sthe mass of pebbles sufficient for planetesimal formation?

® Can the instabilities form planetesimals from those pebbles? — Talk by Min-Kai Lin

lPolall"izedl Intelnsity

0.1

00 T
(W
' —0.1
1 110.04 —0.1 0.0 0.1

100 AU
! ! L0 0 X/Hg

(e.q., lKatlao|l<a et al. 2017) 0 (e.g., Johansen et al. 2009)



Questions about solar system studies

® \What are the properties of pebbles in the solar system? — Talks by Carsten Giittler
® Size, porosity, formation time, etc. and Ryota Fukai

® 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

Polarized Intensity

—0.1 0.0 0.1
L0 03 x/H

(e.g., Kataoka et al. 2017) (e.g., Johansen et al. 2009)

100 AU
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Questions about dust growtn

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

solar system studies?
— Talks by me and Bastian Gundlach

IPolall“izedl Intelnsityl'

o

Weidling et al. (2012) Suyama et al. (2008) (e.g., Kataoka et al. 2017)

1 140.04

100 AU

0 N3
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Questions about planetesimal formation

® Have all barriers to planetesimal formation been solved?
® \What are the necessary conditions for planetesimal tormation via the instabilities?
® |sthe planetesimal formation process consistent with — Talk by Min-Kai Lin

orotoplanetary disk observations and solar system studies?

Polarized Intensity

i " 11 ]0.04
100 AU

=0 03 —0.1 0.0 0.1
x/H ;

(e.g., Kataoka et al. 2017) (e.g., Johansen et al. 2009)
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Early stages of dust growth: dust aggregation

BCCA BPCA
(Ballistic Cluster-Cluster Aggregation) (Ballistic Particle-Cluster Aggregation)
©— «—0 Fractal dimension = 2 o—»;-o Fractal dimension =~ 3
Ovo—m—cP b ﬁg o 1y D-3VD _ =112 Oo—?—o Volume filling factor = 0.126
\ % a’ 1t (e.g., Okuzumi et al. 2009)
P — ofg% (N« aP” QO — +0
v \mxa’p
\/
wFhig — e
v - ¢: volume filling factor

O .‘| LJ
anpan® LIe:
SR

- m: pebble mass
- N:the number of monomers

- a: pebble radius
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Porosity evolution of dust aggregates

dust orain T " I - - - 1 - " T "
1 ust grain L ® Dust aggregates can become
_ dial drift
“'é t . rabz‘rie? planetesimals - extremely pPpOorous (¢ ~ 10'4)|
o |10 F o __
~ a
= , ® The BCCA model represents
= 10_ » ~
% hit-and-stick self-gravity the lower limit of
- 3| 1 - -
= |19 A the volume filling factor.
C 100m 3w
S 104 E - . .
< I Collisional and gas compression,
— strong turbulence, R=5AU. ' ' '
" collisional compression 9 rouience, REsAL as well as the radial drift barrier,
1019 10 10 10° 109 10"  10%° depend on the disk model.
Mass [g]

* Density [g/cm3] = 1 g/ecm3 (ice) x ¢ 20/31



Problems with the extremely porous evolution moadel

® The extremely porous evolution

compact growth radial drift

E % y planetesimals - model can overcome
o [10° F Xtm Disk obs. |
> growth barriers!
% 107 - ?" . . .
8 hit-and-stick self-gravity However, it fails to explain
O 103 k 10 lon - ili
= [ 19 o / = FOIPEERIOT the volume filling factor of
C m
i 1m - . .
2 10% ¢ 0as compression - pebbles observed in disks
o 1cm
- ~strong turbulence, R=5AU (¢ ~ 0.03-0.3).
I(:0111310na|11 compression | | -
10" 10° 10° 100 100 10" 10%

Mass [g]

* Density [g/cm3] = 1 g/cm3 (ice) x ¢ 21/31



How to explain pebbles observed in disks?

1 dustgrain — - | - | ] ® BPCA-like evolution (¢ = 0.1)
iy compact growth radial drift planefesimals ' I .
I : . 1 @ Collisional compression:
§ 107 F N ium Disk obs. 10km P ,
= Although aggregate growth is
21107 F > . o .
§ hit-and-stick self-gravity dominated by similar-sized

3 o - .
5 |10 L / =~ SOHPTERROET collisions (Okuzumi et al. 2012),
- Tm a . . o o
2 110% F 0as compression - high-mass ratio collisions can
o 1cm | :
—> ~ strong turbulence, R=5AU effectively compress aggregates
collisional compression : ( 0.06-0 2) Tanak 2023
P e T = aa—— ~ 0.006-0.2). (Tanaka et al.
10 10° 10° 100 10"° 10" 10% P
Mass [g] o Self-gravity compression

* Density [g/cm3] =1 g/cm3 (ice) x ¢
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Collisional compression ot dust aggregates

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

Target (BPCA, BCCA) Qutcome

O
W

O
=
!

10.06-0.2

T Lemis]
m e

Volume filling factor

Impactor (BCCA)
* |dentical for each sequential collision BCCA target
Nimp=1024
001 © R .
Although aggregate growth is dominated by T 102 105
similar-sized collisions (Okuzumi et al. 2012), 4096 The number of particles of targets

high-mass ratio collisions can effectively compress aggregates (¢ = 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

Bulk density (g cm™3)

10!

: Itokawa

X X
100 : Bennu Ryligll_ iy
67PxA

AL R

Equivalent sphere diameter (km)

24/31

atsuuma et al. 2023, 2024)

® Observed pebbles may

10! {Disk obs. * b D3 i
: / ™~ —
// O
/ . :
/ : - A
/! : &
1009 103 104

originate from parent bodies
with diameters of 30-180 km
and could be fragments of

these bodies.

ice + silicate core
m=0.1 pm

- Tm=1.0 pm

Main-Belt asteroids
Near-Earth asteroids

TNOs
Comets



How to explain pebbles observed in disks?

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

@ T 77T 7] BPCAike evolution (6= 0.1)
— A i CKanacthO“nh t 1
E -1 pane esimals ® e o o
510" X Disk obs. e Collisional compression
R (Tanaka et al. 2023)
"? 10-2 - ~
= hit-and-stick self-gravity | ® Self-gravity compression
© -3 L .
E " - / COTIPIESSION (Tatsuuma et al. 2024)
- 1m 100m
*GE) 107 | gas compression E
= 1cm |  — How to stop dust growth?
L ~strong turbulence, R=5AU .
_, collisional compression  ~ - ® Fragmentation
10" 10° 10° 10° 10 10" 107

Mass [g]
* Density [g/cm3] =1 g/cm3 (ice) x ¢
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How to stop the dust growth: fragmentatlon

Fragmentation velocity of BPCAs (Wada et al. 2009) 42 @ #

, 516, s, ' ~1/3 p —12
Vfrag ~ 50 m S_l - mon * mat ~
100 mJ m 0.1 um 3.7 GPa l g cm

Surface energy Radius of Young's modulus  Material density
individual grains
(monomer radius)

*Hy0O ice (e.g., Israelachvili 1992)

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

Vige S 1 MS -1
o If y = 0.1 f

! ! (surface energy) Virag — 0.15Vfrag (fragmentation velocity)
® |t r —10r,, (monomerradius)

mon

— 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).

— Talk by Haruto Oshiro
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Can we test dust growth through solar system studies?

Relation between diameter and bulk density of small bodies in the solar system

101: | ]
' Near-Earth asteroids -
(NEAS) N
4
T +
T S
g 10% - Bennu yugliﬁ -
> o= 67 . Z
= = Trans-Neptunian |
E T objects (TNOs)
g 1
— -1 _ _
2 10 Comets :
: Main-Belt asteroids
- Near-Earth asteroids
- M TNOs
A Comets
102 . .

101 109 101 102 103 104
Equivalent sphere diameter (km)
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Can we test dust growth through solar system studies?

Self-gravity compression of BCCAs based on their compressive strength: (Tatsuuma et al. 2024)

101 f—— -
Near'EaI\rltgAaS)te"O'dS _ '@ can explain low-density TNOs.
) |
== - .
Itokaw% E‘* - + ® cannot explain comets.
O : 5 -~ 5 -
I | g R | | o « S 1 ‘
R Benn Ryugli$ S ! @ can explain MBA:s.
= - O7F e - Trans-Neptunian | ® cannot explain NEAs.
2 ol . |
7 Comets // A objects (TNOs) |
g i ‘ e e ® Comets and NEAs are
ﬁ 10_1 ) ], l/ @ 8 - ;CﬂeicatZI 1Cate core i
E : é,c// YIRS — ru=0.1pm too dense.
NG N/ . Q° —— I‘mfl.Opm | :
@ @Qi @' Main-Belt asteroids | — They can be fragments or
.\,/ b C-D\ E: Nee(l)r-Earth asteroids
O TNOs ‘ .
&/ SRS F  Comots rubble piles of larger bodies.
10° 10! 103 10*

Equivalent sphere diameter (km)
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Can we test dust growth through solar system studies?

Tensile strength of dust aggregates (Tatsuuma et al. 2019)

y ’ -1 I
=~ 6 X 105 Pa ( ) ( mon ) ¢1'8 —— =100 m] m~2 (ice)

100 mlJ m_2 0.1 um A, —— p=20 m] m~2 (silicate) |
T‘)

Surtace energy Monomer radius e Bulk density = 0.532 kg m-3}

- (Jorda et al. 2016):

J)//, — ¢ = 0.53 (ice),
O@K‘Q 0.20 (silicate)

7 pm 1.3cm |
il l
Comet 6/P

ol - ""‘tﬁ:
E%er

Comet 67P: ~ 1.5-100 Pa (Basilevsky et al. 2016)

J
6 \
5 A ' “
S0 - >‘,.. b i ] ¥
Body T T 5k B L,\ Hathor Head ; '
. A, TRess N R s

PL PG S "N /RS 3
7 il s Iy R . W ;

[ » H“,.' .r ~’.. J\'x" - K ‘- Ao y r Az :,g' " » N
$ s Xy NS 7 e g sapaxpamy; H :
v \! 1 ¥ = 1 : A ” Sy ;
"vr.-]. ; o N J s 4 ; L ] /| ¥

- 4 r{/‘ Ve i

‘q 2 - (v p 2 . Al ' \ 3
W f. 4 J‘;; ' 'tk ] 2
| A A Wil B SNy ; 1
i Pt S g i R ’ <R & ; ;
b o O > v:," Sl [ A TeNT | . . M 1 1
~ e B~ s 4 t“:.- ” .. . l"o. A ¢ t" L ] ;
4 ~ ..-:: - = ) ). 3 iy ‘»"“‘l.:': o ‘ |
NS ¢ = LS W ] 4
1 km a0 | W ! (4
i b
\ g

— Monomer radius should be 7 um-1.3 cm

Tensile strength (Pa)
e
o

101

w'; vk "; N
’ fe e | 2 .9 «,_.l:

].OO | L ' "".'"I LELELLLRL) T L | 1T T TTTTT] T T TTTIT|
— Are monomers the same as pebbles? 10-1 10 10 102 103 10%  10°

Monomer radius (pm)
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Summary

® 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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