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OUTLINE

• Introduction
• Part I: The formation of planetesimals and evidence 

within the Solar System (Blum)
• Part II: Evidence for planetesimal  and planet 

formation beyond the Solar System (Najita)
• Summary of the main points and open questions



INTRODUCTION



Formation of planets in a nutshell
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THE FORMATION OF PLANETESIMALS 
AND EVIDENCE WITHIN THE SOLAR SYSTEM



The two-stage process of planetesimal formation
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I. 
“Pebbles” can form under PPD conditions –

but nothing much bigger than that



Evidence for dust “pebbles”: laboratory and modeling (2010)

Güttler et al. 2010



Evidence for dust “pebbles”: laboratory and modeling (2010)

Zsom et al. 2010
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Evidence for dust “pebbles”: laboratory and modeling (2018)

Kothe & Blum (in prep.)

The biggest foe:
erosion

Weidling
et al. 2011

Kothe et al. 2012

Bukhari Syed
et al. 2017

Kothe et al. 2010

Weidling
et al. 2011



Schräpler et al. 2018

Empirical evidence for erosion

Seizinger et al. 2013
(numerical simulations)

Schräpler & Blum 2011
(extrapolation) Schräpler & Blum 

2011

Wurm et al. 2005

Teiser et al. 2011
Kothe et al. 2010

Teiser & 
Wurm 2009

Deckers & Teiser 2014

Schräpler et al. 
2018

(extrapolation)

Schräpler et al. 
2018



Kothe & Blum (in prep.)

A simple growth-erosion model

1.0 µm SiO2

=2000 g/cm2 (R/au)-1

T=280 K (R/au)-1/2

𝛼 = 10−3

Complex model Simple model

Schräpler et al. 2018



Schräpler et al. 2018

Maximum size 
allowed by 
erosion: ~10 cm

A simple growth-erosion model



Lorek et al. 2018

Can planetesimals form by direct sticking?
I. Monomer size and dust-to-ice ratio

Monomer size: 0.1 µm Monomer size: 1 µm



Lorek et al. 2018

Can planetesimals form by direct sticking?
II. Heliocentric distance



Lorek et al. 2018

 Ice does not help (as long as 
it is not pure water ice with 
0.1 µm monomer size)!
(Kataoka et al. 2013)

 Small monomers result in 
larger aggregates!

 No bouncing helps to 
produce larger “pebbles”
(but we have seen bouncing 
collisions among dust and 
ice aggregates in the lab, 
even for coordination 
number = 2).

Can planetesimals form by direct sticking?
III. Anything else?



Evidence for dust “pebbles”: observations (example)

Tazzari et al. 2016



II. 
Comet 67P consists  of “pebbles”



?

© ESA/Rosetta/MPS for the OSIRIS-Team 
MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA

Has comet 67P formed by the gravitational collapse of a “pebble” cloud?

© Maya Krause



MIRO data 
from
Gulkis et al. 
2015

Thermophysical modeling of the subsurface temperature distri-
bution of comet 67P and comparison to MIRO measurements

Blum et al. 2017

Evidence for dust “pebbles”: MIRO

Diurnal 
changes of 
subsurface 
temperatures 
from Blum et 
al. 2017



Spohn et al. 2015

Evidence for dust “pebbles”: MUPUS-TM

Thermophysical modeling of the surface temperature of comet 
67P and comparison to MUPUS-TM measurements

Blum et al. 2017

Blum et al. 2017



Evidence for dust “pebbles”: dust observations (various instruments)

Measurements of dust-size distributions on the surface and in the 
coma of comet 67P with various Rosetta instruments and from the 
ground

Blum et al. 2017 Blum et al. 2017

Dominating particle sizes

Mass 
domina-
ted by 
largest
particles 

Mass 
domina-
ted by 
smallest
particles 



 𝑇  3 − 15 Pa
 𝑇  10 − 20 Pa
 𝑇  10 − 200 Pa

Groussin et al. 2015
Thomas et al. 2015
Hirabayashi et al. 2016

Evidence for dust “pebbles”: tensile strength

Determination of the tensile strength of the surface material of 
comet 67P and application of the strength model by Skorov & 
Blum 2012

Blum et al. 2017 NEW VALUES: 𝑇  0.1 − 2 Pa Attree et al. 2018



Poulet et al. 2016

Evidence for dust “pebbles”: CIVA

Direct observation of mm- to cm-sized surface granulation by 
the Philae camera CIVA

Blum et al. 2017



III. 
Planetesimal formation by streaming instability and 

gravitational collapse of “pebble” clouds



Dust grains
↓

Formation of cm-sized dust 
“pebbles” by sticking 

collisions1

↓
Bouncing barrier1

↓
No further growth by 

collisional sticking
↓

Spatial pre-concentration 
(e.g., by KHI or MRI)

↓
Further concentration by the 

streaming Instability2

↓
Gravitational collapse3

↓
Fragmentation of collapsing 

cloud ?
↓

Planetesimals

Johansen et al. 2007; 2009

1 cm

1-1000 km

0.1-1 µm

Planetesimal formation by streaming instability and gravitational collapse of “pebble” clouds

References:
1 Zsom et al. 2010
2 Youdin & Goodman 2005
3 Johansen et al. 2007



Yang et al. 2017

~ 1 cm~ 1 mm ~ 10 cm @ 30 AU

Conditions for the streaming instability to work

Onset of streaming instability with minimum 
metallicity (enhancement) for dust “pebbles” 
with 𝑆𝑡 ~ 0.1, i.e., with sizes ~1 cm

Blum et al. 2017



IV. 
Properties of bodies formed by gravitational collapse 

of “pebble” clouds



Blum 2018

How can we distinguish between different formation scenarios of planetesimals?



Collision properties of planetesimals consisting of dust pebbles (experiments)

Targets: Clusters of dust aggregates with 1.0-1.6 mm diameter; dust aggregates consisting of 0.1-10 µm silica grains 
and having a volume filling factor ~0.4.
Projectiles: 1.0-1.6 mm dust aggregates (Whizin et al. 2017); 6 mm glass bead (Katsuragi & Blum, in prep.).

Whizin et al. 2017

Sticking

𝐸im = 3 × 10−9 J

𝑣im = 0.05 m/s

Bouncing

Whizin et al. 2017

𝐸im = 4 × 10−8 J

𝑣im = 0. 2 m/s

Fragmentation

Whizin et al. 2017

𝐸im = 1 × 10−6 J

𝑣im = 1 m/s

Total disruption

Katsuragi & Blum (in prep.)

𝐸im = 9 × 10−5 J

𝑣im = 0.8 m/s



Krivov et al. 2018 Krivov et al. 2018

Collision properties of planetesimals consisting of dust pebbles (simulations)

BUT: ONLY IF PLANETESIMALS WERE BORN SMALL…



…IF PLANETESIMALS WERE BORN BIG: MEMORY EFFECT!

Blum et al. 2014

Average lithostatic stress:

 𝑝 =
4

15
𝜋𝜌2𝐺𝑅2 ≈ 14 Pa

𝑅

1 km

2

𝑅 = 10 km:  𝑝 = 1.4 kPa
  𝑝 < crushing strength of pebbles
 𝜎𝑡 = 40 Pa

𝑅 = 50 km:  𝑝 = 35 kPa
  𝑝 ≫ crushing strength of pebbles
 𝜎𝑡 > 1 kPa

Additionally, the “pebbles” are starting to 
become collisionally destroyed during the 
gravitational collapse for R > 50 km. 
(Wahlberg Jansson et al. 2017)



V. Conclusions of Part I

• Planetesimal formation by sticking collisions is very 
unlikely.

• Best planetesimal formation model: dust forms 
“pebbles” by coagulation, which form planetesimals 
by streaming instability and gravitational collapse.

• Empirical evidence for “pebble-pile” planetesimals: 
comet 67P.

• Small “pebble-pile” planetesimals possess very 
different properties than planetesimals formed by 
sticking collisions (e.g., collisional strength).
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