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Introduction:  Notwithstanding the large progress 

we have seen in the last years, the early stage of plane-

tesimal formation is still not fully understood. Starting 

with small grains of about a micrometer in size, we 

believe that all particles in the protoplanetary disk 

perform relative motions due to their interaction with 

the gas and this motion leads to mutual collisions. 

Collisions at small velocities have been shown to lead 

to the sticking of these grains and the formation of 

small, fractal aggregates [1] but it is not initially clear 

to which sizes these aggregates can ultimately grow by 

collisions. 

Laboratory Experiments:  In fact, collisions be-

tween millimeter-sized aggregates with high to rea-

sonable porosities have shown that these aggregates 

bounce off each other and only stick at extremely low 

velocities (mm/s) [2,3,4]. Collisions at velocities larg-

er than approx. 1 m/s generally lead to the fragmenta-

tion of one or both collision partners [2,5]. A large 

body of experimental work is available, including ex-

periments that involve different types of sticking, 

bouncing, fragmentation, and more exotic outcomes, 

e.g., the fragmentation of one collision partner while 

the other aggregate grows in mass [5]. Much of these 

experiments were reviewed in Ref. [6] and compiled 

into a conclusive collision model purely based on this 

laboratory work and extrapolations of these. This 

model predicts the outcome for any arbitrary collision 

in the full range of aggregate masses, aggregate poros-

ities, and collision velocities considered for dust ag-

gregates in a protoplanetary disk. 

Coagulation Models:  The collision model was 

then implemented into a Monte-Carlo coagulation 

code [7] which was the first time to accomplish such 

an extensive experimental theoretical approach in the 

field of protoplanetary dust aggregation. The results 

showed that dust aggregates grow until millimeters to 

centimeters in size before they start bouncing off each 

other without further sticking. This quasi equilibrium 

was referred to as the ‘bouncing barrier’. 

In a further step, to resolve the dust at all sizes and 

to speed up the simulations, we implemented the colli-

sion model into a continuum dust evolution code [8]. 

The model could not be as complex as outlined in Ref. 

[6], so we focused on the processes that in Ref. [7] 

were identified as the most important, and also in-

cluded the latest laboratory results [4,5]. Again, we 

found that we are initially facing the bouncing barrier 

that inhibits further growth. However, when we in-

serted only few 1 cm sized particles at a certain time, 

we found that these can act as seeds for the growth up 

to much larger sizes. This growth relies on the previ-

ously effect of fragmentation with mass transfer [5] 

and we found that the bouncing barrier even aids this 

process as it provides a pool of aggregates in the right 

size range (i.e., millimeters) by which the larger bod-

ies can then grow without being destroyed. 

Outlook:  While earlier coagulation models partly 

relied on unrealistic assumptions like a sticking prob-

ability of unity for all sizes and velocities, we showed 

that the growth of large bodies is possible when taking 

account state-of-the-art laboratory experiments. How-

ever, many details remain unclear and open for future 

work: (1) the latest model does not include porosity 

[8], which might be a key factor, (2) the threshold 

between sticking and bouncing was only studied for 

one aggregate size [4] and the exact size (and porosi-

ty) dependence might not be correct, (3) the accretion 

efficiency and exact fragmentation threshold are also 

measured for a parameter range that is still too small 

[5] and rely on extrapolations, and (4) although it is 

reasonable to assume that cm particles exist we do not 

understand how these initially formed. 

In any case, we are now on a good way to under-

standing the growth of planetesimal from the early 

beginning starting with micrometer sized dust grains. 
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