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Barriers in planet formation

•Planets form in protoplanetary discs around young stars consisting of gas and dust


•Dust and ice grains stick to form pebbles of millimeter-centimeter sizes


•How do pebbles come together to form planetesimals? 

•How do the cores of giant planets form before disc dissipation?
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Pebbles in protoplanetary discs
•I started my PhD with Hubert and Thomas 
in 2004 (with support from Kees also!)


•A handful of papers had begun reporting 
the detection of cm-sized pebbles in discs


•MPIA had the perfect scientific 
environment to use these observations to 
develop new planet formation theory 
based on stalled growth at pebble sizes 
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Stalled pebble growth
• Drift barrier: boulders of Stokes number unity drift 

towards the star at 20 — 30 m/s, corresponding to 
several thousand AU per Myr (Weidenschilling, 1977)


• Fragmentation barrier: Collisions faster than 1-10 m/s 
lead to fragmentation (Blum & Wurm, 2000; Güttler et al., 2010) 


• Approximate expression for fragmentation-limited 
growth (Birnstiel et al., 2011; Jiang et al., 2024; Luo et al., 2026) 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Planetesimal formation in turbulence
•Important aspect of my PhD work was to 
simulate dust and pebble dynamics in 
turbulence and measure concentration


•We found strong concentration of “boulders” 
in MHD turbulence (Johansen, Klahr, & Henning, 2006)


•The concentration was much stronger 
including back-reaction onto the gas — first 
numerical discovery of the streaming instability 

Johansen et al. (2007)5



The streaming instability 

• Dense pebble filaments emerge through the streaming instability 
(Youdin & Goodman, 2005; Johansen et al., 2007; Johansen & Youdin, 2007; Bai & Stone, 2010) 


• Filaments collapse by gravity to form planetesimals with sizes from 10 km to several 100 km 
(Johansen et al., 2015; Simon et al., 2016) 


• Most mass in 100-km-scale planetesimals, similar to asteroids in the asteroid belt 


• Small bodies like comet 67P/Churyumov-Gerasimenko are piles of  primordial pebbles, as observed for the 
comet 67P/Churyumov-Gerasimenko (Blum et al., 2017) 


• Many planetesimals form as binaries, similar to those observed in the Kuiper belt beyond Neptune 
(Noll et al., 2008) 6



The streaming instability as a research area
•Reaching the metallicity and pebble size to trigger the streaming instability 

(Carrera et al., 2015; Drazkowska & Alibert, 2017; Yang et al., 2017; Li & Youdin, 2021; Dominik & Dullemond, 2024)


• Triggering the streaming instability by photoevaporation or streamer infall 
(Carrera et al., 2017; Ercolano et al., 2017; Zhao et al., 2025; Lau et al., 2025; Li & Chiang, 2025; 2026; Ying et al., 2026)


•Collapse from streaming instability filament to planetesimals 
(Nesvorny et al., 2010; Johansen et al., 2015; Nesvorny et al., 2019; Gerbig et al., 2020; Polak & Klahr, 2023)


•Measuring the initial mass function (IMF) of planetesimals 
(Johansen et al., 2015; Simon et al., 2016, 2017; Schäfer et al., 2017; Li et al., 2019; Liu et al., 2020; Schäfer et al., 2024)


• Interaction of streaming instability with other sources of turbulence and pressure bumps 
(Johansen et al., 2007; Yang et al., 2018; Schäfer et al., 2020, 2025; Huang & Bai, 2025; Eriksson et al., 2026)


•How the pebble size distribution affects the growth rate and saturation 
(Krapp et al., 2019; Zhu & Yang, 2021; Yang & Zhu, 2021; Schaffer et al., 2021; Paardekooper et al., 2021, 2022)


•Coagulation in streaming instability filaments (Carrera et al., 2025; Vallucci-Goy et al., 2025; Pierens et al., 2026)


•Observational consequences of the streaming instability (Godines et al., 2026; Lin et al., 2026)


•Coupling the streaming instability to pebble accretion 
(Liu et al., 2019; Lorek & Johansen, 2022; Kaufmann et al., 2025; Johansen & Lyra, 2026)7



Arrokoth “alters theory of planet formation”

• At least 30% of low-inclination cold Kuiper Belt objects are binary (Noll et al., 2008) 


• At least 20% are contact binaries (Sheppard & Jewitt, 2004; Lacerda & Jewitt, 2007)


•  Kuiper belt binary inclinations are very similar to those formed by the streaming instability (Nesvorny et al., 2019)


• New Horizons flew by Arrokoth on 1 January 2019 


• Concluded that the two components of Arrokoth formed as a binary that collapsed at a speed of less than 3 meters per second 
(McKinnon et al., 2020; Grundy et al., 2020; Spencer et al., 2020)


• Support for the “gentle accumulation” model (streaming instability) in contrast to the “violent collisions” (hierarchical growth)

Nesvorny et al. (2019)
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Metallicity threshold 
• The streaming instability makes filaments only above 

threshold metallicity 


• Carrera et al. (2015), Yang et al. (2017), Li & Youdin 
(2021) mapped metallicity threshold as a function of St


• Lowest around a sweetspot at 


• Jumps to high values for 


• The metallicity threshold can be reached at ice lines, 
by photoevaporation or in pressure bumps 
(Drazkowska & Alibert, 2017; Ros et al., 2019; Zhao et al., 2025)


• The characteristic mass of planetesimals formed by 
the streaming instability scales with stellar mass: 
 
 
 
(Liu et al. incl AJ and TH, 2020; Klahr & Schreiber, 2021; Johansen & Lyra, 2026)
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Forming flattened planetesimals

• The angular momentum of the pebble cloud determines 
whether a planetesimal becomes spherical or oblate 
(Lorek & Johansen, 2024)


• The collapse can lead to a range of other shapes 
(Barnes et al., 2025)


• The highest angular momentum budgets lead to the 
formation of pancake-shaped planetesimals akin to 
interstellar comet 1I/‘Oumuamua (Maschenko, 2019)

Barnes et al. (2025)

Lorek & Johansen (2024)

William Hartmann
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Conclusions

• The streaming instability could only be discovered and explored due to observations of 
pebbles in protoplanetary discs and dust collision experiments showing poor sticking of 
pebbles: MPIA was the perfect environment for this


• The streaming instability also led to the development of the pebble accretion theory 
(Ormel & Klahr, 2010; Johansen & Lacerda, 2010; Lambrechts & Johansen, 2012)


•Under what conditions is the streaming instability triggered? What are its consequences 
for planetesimal formation and observations of protoplanetary discs? Those questions 
continue to inspire a large body of publications concerning the streaming instability.
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