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The formation of planetesimals in protoplanetary
disks can only be solved if theory and experiments 

closely collaborate…

…and I will (try to) show you why !
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Part I
Experiments



We do 
laboratory experiments –
and mostly with monomer 

grains consisting of 
monodisperse, spherical 
SiO2 particles of radius 

s = 0.75 µm
Blum & Wurm 2008

Blum & Schräpler 2004

Monomer grain size 
seems to matter much 

more than monomer grain 
material

(but there are too few 
experiments to give a 

definitive answer)

A general view on dust-growth experiments



More details on poster by Güttler et al. 

I will now talk about our first recent paper
(submitted to A&A)



This is the zoo of laboratory collision experiments…

Güttler et al., subm. to A&A



…or in graphical form



We need more than two dimensions (mass, velocity) to 
describe the collisional interaction of protoplanetary dust 
aggregates

The mass ratio and the porosity of the 
colliding aggregates do matter

We still (have to) make it (quite) simple…
porosity: 2 values (porous/compact)
mass ratio: 2 values (equal/different)

We get 8 combinations: pp,pP,cc,cC,pC,cP,pc*,cp*

Systemizing the results of these 19 experiments

* pc ≠ cp



Systemizing the results of these 19 experiments

Looking into the details of the collsional physics reveals
4 types of sticking (S1,S2,S3,S4)
2 types of bouncing (B1,B2)
3 types of fragmentation (F1,F2)

Mass gain = sticking

Mass conservation = bouncing

Mass loss = fragmentation

Blum & Wurm 2008



Güttler et al., subm. to A&A

Systemizing the results of these 19 experiments



S1: Hit & Stick

Blum & Wurm 2000

Blum et al. 1998

Blum et al. 2000

Wurm
& Blum 
1998

Wurm & Blum 1998; Blum et al. 1998; Blum et al. 2000; Blum et al. 2002; Blum & Wurm 2000; Blum & Schräpler 2004; Krause & Blum 2004; Blum et al. 2006



S1: Hit & Stick

Krause & Blum 2004

Blum et al. 2000

mono-
disper-

sity

fractality

growth 
timescale

determined by
collision

timescale

hit-and-stick 
collisions

Nature of the hit & stick growth:
• Quasi-monodispersity (narrow mass distribution)
• Fractal aggregates
• Temporal mass growth follows a power law or exponential law

Wurm & Blum 1998; Blum et al. 1998; Blum et al. 2000; Blum et al. 2002; Blum & Wurm 2000; Blum & Schräpler 2004; Krause & Blum 2004; Blum et al. 2006



Physics of the hit & stick growth:
• Impact energy too low for rolling of single contact 

(Dominik & Tielens 1997) → threshold velocity

• Mixing rule for “enlargement parameter” (Ψ = V/Vcompact) following 
Ormel et al. 2007

S1: Hit & Stick

Wurm & Blum 1998; Blum et al. 1998; Blum et al. 2000; Blum et al. 2002; Blum & Wurm 2000; Blum & Schräpler 2004; Krause & Blum 2004; Blum et al. 2006



S2: Sticking by Surface Effects

Physics of the sticking by surface effects:
• Collisions can lead to sticking although 

the hit & stick threshold velocity is 
exceeded

• Explanation: the aggregate is 
compacted, the contact area increases, 
and more contacts support sticking

• Threshold velocity, using a Hertz model 
for the compressibility of the aggregate:

Blum & Wurm 2000; Langowski et al. 2008; Güttler et al. 2009b

small dust aggregate
(e.g. 100 µm)

solid target

sticking
against
gravity

Güttler et al., subm. to A&A



Langkowski et al. 2008

S3: Sticking by Deep Penetration

Physics of the sticking by deep
penetration:
• If the target is porous, even a 

porous projectile can penetrate
• If the penetration depth is greater 

than the projectile radius, the 
projectile cannot rebound

• Threshold velocity:

Langkowski et al. 2008; Blum & Wurm 2008; Güttler et al. 2009a



S4: Mass Transfer

Mass transfer:
• Collision between a porous 

projectile and a solid target 
• The projectile gets destroyed
• Mass is transferred from the 

projectile to the target → growth of 
the target

• Threshold velocity:

• Fragmentation strength:

Güttler et al., subm. to A&A

Wurm et al. 2005b; Teiser & Wurm 2009a; Güttler at al. 2009b



• Collisions between mm-sized aggregates hardly 
lead to sticking

• Bouncing for low velocities (<1m/s)
• Where does the dissipated energy go?

Heißelmann, Blum & Fraser, unpublished

B1: Bouncing with Compaction 

v = 0.4 m/s
∅ = 3-5 mm
ϕ = 0.15
SiO2 (sph.)

v1 = 0.15 m/s
v2 = 0.53 m/s
v3 = 1.07 m/s

∅ = 2 mm
ϕ = 0.26

Blum & Münch 1993

Blum & Münch 1993; Blum & Wurm 2008; Weidling et al. 2009; Güttler et al. 2009b



Weidling et al., 2009

B1: Bouncing with Compaction 

Blum & Münch 1993; Blum & Wurm 2008; Weidling et al. 2009; Güttler et al. 2009b



Weidling et al., 2009

B1: Bouncing with Compaction 

Blum & Münch 1993; Blum & Wurm 2008; Weidling et al. 2009; Güttler et al. 2009b



B1: Bouncing with Compaction 

Weidling et al., 2009

Blum & Münch 1993; Blum & Wurm 2008; Weidling et al. 2009; Güttler et al. 2009b

• 4 fragmentation events in ~20000 collisions @ 20 cm/s impact velocity
• Fragmentation probability (value still highly uncertain, due to poor 

statistics):



• Projectile penetrates porous target
• No sticking, due to shallow 

indentation (cf. S3)
• Projectile bounces off
• Mass transfer from target to 

projectile with average transferred 
mass of

• Negative growth of target

Langkowski et al. 2008

B2: Bouncing with Mass Transfer

Langkowski et al. 2008



• Fragmentation is generally 
observed if the collision 
velocity exceeds a threshold 
velocity of

• Both aggregates fragment
• Fragment masses follow a 

power-law distribution
• Mass of largest fragment

• Higher collision velocities →
smaller fragments

Lammel 2008

F1: Fragmentation

Blum & Münch 1993; Lammel 2008



• Impacts of monomer grains into 
dust-aggregate targets

• Erosion of the target sets in for 
velocities

• Mass transfer from target to 
monomer-grain ensemble

• Erosion causes compaction, leading 
to a shift in threshold velocity for 
erosion of

and a shift in mass transfer to

ver = 60 m/s

Schräpler and Blum, unpublished

F2: Erosion

Schräpler & Blum (in prep.); Wurm et al. 2005a; Paraskov et al. 2007



• Collision between similar-sized 
porous and compact projectiles 
(like F1)

• Fragmentation for v > 1 m/s of 
porous aggregate fragments

• Part of the porous material sticks 
to the compact projectile

• Mass transfer given by

Olliges and Blum, unpublished

F3: Fragmentation with Mass Transfer

Güttler et al. 2009b; Olliges & Blum (unpublished)



• Extrapolations of and interpolations between experiments, using 
collision models (Dominik & Tielens 1997; Wada et al. 2007-2009), 
Hertz model, empirical findings, etc. to cover full parameter space

• We derive:

o Threshold velocities for sticking, bouncing, fragmentation for 
each regime (pp, … ,CC)

o Porosity model for aggregates after collision

o Fragment mass-distribution model

o Mass-transfer model (S4,F3)

The first “complete” collision model for dust aggregates



Güttler et al., subm. to A&A

The first “complete” collision model for dust aggregates -
Material properties



The first “complete”
collision model for 
dust aggregates -

Overview

Güttler et al., subm. to A&A



The first “complete” collision model for dust aggregates -
pp,pP,cc,cC

Güttler et al., subm. to A&A



The first “complete” collision model for dust aggregates -
cp,cP,pc,pC

Güttler et al., subm. to A&A



Now comes the application for PPDs…



Part II
Modeling



More details on poster by Zsom et al. 

I will now talk about our second recent paper
(submitted to A&A)



Characteristics of the Monte-Carlo method:

1. For any time t, calculate collision cross sections and determine collision rates of all 
possible collisions

2. By using random numbers, identify the next collision between a representative and a 
non-representative particle as well as the time t+Δt at which the collision occurs.

3. Identify in which of the eight regimes (pp, ..., cC) the collision takes place.

4. Identify which of the nine collision types is present.

5. Calculate new mass and porosity for representative particles as well as new
mass/porosity distribution at time t+Δt .

6. Go to step 1.

sum kernel product kernel

Numerical simulations of aggregate growth in PPDs using the Monte-Carlo method 
developed by Zsom & Dullemond 2008 (see benchmark tests below)



Three PPD models:

1. The low density model 
(Brauer et al. 2008)

2. The minimum mass solar nebula model 
(Weidenschilling 1977)

3. The high density model 
(Desch 2007)

Numerical simulations of aggregate growth in PPDs using the Monte-Carlo method -
PPD models



Numerical simulations of aggregate growth in PPDs using the Monte-Carlo method -
PPD models

Three sources for grain collisions:

1. Brownian motion

2. Sedimentation

3. Turbulence Zsom et al., subm. to A&A



Concentrate on MMSN model



Numerical simulations of aggregate growth in PPDs using the Monte-Carlo method -
Results for the mass evolution

Zsom et al., 
subm. to A&A



90% porosity

97.5% porosity

85% porosity
(lab experiments)

Numerical simulations of aggregate growth in PPDs using the Monte-Carlo method -
Results for the porosity evolution

Zsom et al., subm. to A&A



Numerical simulations of aggregate growth in PPDs using the Monte-Carlo method -
Which process is important?

Zsom et al., 
subm. to A&A



Numerical simulations of aggregate growth in PPDs using the Monte-Carlo method -
Mass-porosity evolution

Zsom et al., subm. to A&A



Numerical simulations of 
aggregate growth in PPDs using 

the Monte-Carlo method -
The overall picture

Zsom et al., subm. to A&A



Numerical simulations of aggregate growth in PPDs using the Monte-Carlo method -
The overall picture in detail

Zsom et al., subm. to A&A



Zsom et al., subm. to A&A

Numerical simulations of aggregate growth in PPDs using the Monte-Carlo method -
Influence of turbulence and critical mass ratio

α=10-3, rm=100



Part III
Conclusion & Outlook



1. Growth stops due to bouncing → “bouncing barrier”

2. Fragmentation regime is only reached for highest 
turbulence but does not invoke a new growth mode

3. Mass distribution stays narrow

4. Retention of small grains is not possible with current
model

5. Compaction in bouncing collisions is of eminent 
importance; final porosity “only” ~60-70%

Lessons learned



1. At which mass ratio is the boundary between “similar-
sized” and “different-sized”?

2. At which mass ratio is the boundary between “porous”
and “compact”?

3. Sharp transitions vs smooth transitions 
of a) and b) ?

4. Simulations predict m1, m2, φ1, φ2 , v → concentrate with 
new experiments on populated areas and important 
processes in m-v plots !

5. Extent “local” (1AU, midplane) to “global” simulations

Open questions and motivation for future experiments



Example of an unimportant process: 
the transition between S2 and B2



Example of an important process: 
the fragmentation probability within B1



Example of an important process: 
the fragmentation probability within B1

Open questions concerning B1:

1. Exact value of fragmentation 
probability

2. Velocity-dependence of 
fragmentation probability

3. Porosity-dependence of 
fragmentation probability

4. Mass-dependence of 
fragmentation probability

→ New experiment with fixed 
impact velocity under 
construction 



Further experiments under construction



Further experiments under construction – an example
A new setup for low-velocity collisions
1. 1.5-m mini drop-tower
2. Vacuum
3. Stereo high-speed cameras
4. Relative velocities 1-100 cm/s
5. Aggregate sizes 1-100 mm
6. Arbitrary impact parameter (center and 

offset collisions possible)
7. Arbitrary rotation possible (later stage)

v = 1.7 cm/s
∅ = 2 cm
ϕ = 0.48

SiO2 (sph.)



Where are we in terms of completeness ?

Sizes of protoplanetary dust aggregates:

Mass ratios of projectile and target:

Collision velocities of protoplanetary dust aggregates:

Porosities of protoplanetary dust aggregates:

Protoplanetary dust materials and temperatures:

1 µm 1 mm 1 kmx1 m

10-4 m/s 10-2 m/s 100 m/sx1 m/s

oxides/metals 
>1000 K

silicates
~300 K

ices
~100 K

organics
~200 K

no expt’s expt’s

0 1x

compact very porousxporous



Can there be any growth beyond cm?



Can there be any 
growth beyond cm?

With the current 
growth 
physics/model, 
there is only one 
solution for “infinite”
growth:

→ a steady source 
of small porous 
aggregates is 
required !!!

If the relative 
velocities can be 
kept low, other 
growth paths are 
also possible
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