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Star: 0.45 𝑀⊙

Disk: 0.007 𝑀⊙

Sharda and Menon (2024)

When did the first planet form?

When did the Universe start getting populated with planets? 

What metallicity do we need to form planets?

Can star-disk systems suitable for planet formation form at cosmic dawn?

• Stellar mass

Low-mass and solar-mass stars can form at all metallicities (e.g. Stacy & Broom 2014, 

      Sharda, Federrath & Krumholtz 2020, Prole et al. 2022). 

      Low mass star formation at zero metallicity (Sharda & Menon 2024).

• Metallicity/Solid-mass

- On average metal enrichment is slow

- Localized regions may have higher metallicity

Examples: A disk with 𝑍 = 0.04𝑍⊙ forms in pair-instability 

SN explosion simulation at redshift 𝑧~20 (Whalen et al. 2025, Vorobyov et al. 2025). 

Slide by L. Eriksson
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Collisional dust growth

• DustPy (Stammler & Birnstiel 2022)

• 1D viscous accretion disk (Lynden-Bell & Pringle 1974)

• 𝜏disk = 3Myr
• Mstar = 0.45 M⊙

• Mdisk = 0.007 M⊙

• 𝛼Shakura−Sunyaev = 5×10−3

Parameter study:

• 𝑍 =
Σsolid

Σgas
= 10−4  −  1.6×10−3

• 𝛼t = 10−5  −  10−3

• 𝑣frag = [1ms−1  −  10ms−1]

StickingBouncing
Particle growth

Fragmentation

Settling

Radial drift

Streaming instability (SI)

Slide by L. Eriksson
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Planetesimal Formation

Streaming Instability: The dust drift is hydrodynamically unstable
(see also Tominaga’s talk)

Youdin & Goodman 2005, Johansen & Youdin 2007, Youdin & Johansen 2007, Kowalik+ 2013, Lyra & Kuchner 2013, 
Schreiber+ 2018, Klahr & Schreiber 2020, Simon+ 2016, 2017, Carrera+ 2015, 2017, 2020, Gole+ 2020, Li+ 2018, 2019, Abod+ 2019 , Nesvorny+ 2019,

Li & Youdin 2021, Carrera & Simon 2022, Canas+Lyra 2024, Lim+ Lyra 2024, 2025, 2026, Godines+Lyra 2026, Baronett+Lyra 2026. 

Nesvorny+’19; model by Rixin Li

animation by A. Johansen

6/24
W. Lyra



Metallicity

Metallicity and Stokes number

dependency for strong clumping

Lyra, Johansen, Youdin & Ida (in prep)
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Metallicity threshold?

Z = Z☉ 10[Fe/H]

[Fe/H]

From exoplanet encyclopedia

Planets

No Planets

Lyra, Johansen, Youdin & Ida (in prep)

see also Stamatellos’s talk
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Dust growth + 

Planetesimal formation

• No planetesimal formation in smooth, low-

metallicity disks

• Can we locally increase the 

solid-to-gas ratio?

This simulation: 𝑍 = 1.6×10−3, 𝛼t = 5×10−5, 𝑣frag = 1ms−1

Slide by L. Eriksson Eriksson et al. (2025)
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How to increase the solids-to-gas ratio locally? 

A vortex!

W. Lyra
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Disk structure

• Vortices are the end state of many hydrodynamical 

instabilities 

• Dust gets concentrated towards the center 

      (Barge & Sommeria 1995, Klahr & Henning 1997)

 ε = ε0 (1+ St/αt)3/2

 

                 

• Easily reaches dust-to-gas ratio 1 even for sub-

solar metallicities

• Prime sites for planet formation 
(Klahr 2006, Lyra et al. 2008, 2009, 2024, Raettig et al. 

2021)

Coriolis

force

Pressure 

force

Vortex streamline

αt =vrms
2/cs

2
(Lyra & Lin 2013)

DSHARP, Andrews et al. (2018)

Dong et al. (2018), Cassasus+Lyra (2019)

Raettig, Lyra, & Klahr (2021) 12/24
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Gravitational Collapse

Lyra et al. (2024)

W. Lyra 14/24



Z (pop II):  10 −4 Z⊙ ≤ Z < 10 −1 Z⊙

Z (pop III) ≈< 10−4 Z⊙

The boost in dust-to-gas ratio might be able 

to get the grains into the strong clumping regime

Z = Z☉ 10[Fe/H]

Vortex “Boost” Z = Z0 (1 + St/αt) 

For Population II and III stars

 

This simulation: 𝑍 = 1.6×10−3, 𝛼t = 5×10−5, 𝑣frag = 1ms−1

• Post-process DustPy 

data to find solid-to-gas 

ratio for all possible 

vortex formation times 

and locations

• Is the solid-to-gas ratio 

high enough for 

planetesimal formation 

inside the vortex? Yes!

Density-weighted 

average Stokes 

number

Solid-to-gas 

midplane density 

ratio

When and where 

planetesimals can 

form

Eriksson et al. (2025)
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• The positive loop (Tominaga et al. 2021, 2022ab, Tominaga & Tanaka 2025, Carrera+Lyra 2025a)

o Higher dust density promotes coagulation tcoag ∝ 1/Z
o Larger grains concentrate better

• Dust loading dampens the turbulence (Lyra et al. 2024)

o also leads to positive loop (Carrera+Lyra 2025b)

• Both Stokes number St (↑) and diffusion parameter αt (↓) are functions of Z (↑)

      

       

Vortex boost + Dynamical Dust Loading + Coagulation

Positive Feeback

Z = Z0 [1+ St(Z) / αt(Z)]

 

Lyra et al. (2024), Carrera et al. (2025)
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Dust growth + Vortices + 

Planetesimal formation

• Post-process DustPy data using the 

new feedback loop

• Planetesimals can form in vortices 

almost everywhere!

This simulation: 𝑍 = 1.6×10−3, 𝛼t = 5×10−5, 𝑣frag = 1ms−1

Slide by L. Eriksson Eriksson et al. (2025)
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What solid-to-gas ratio is required for planetesimal 

formation inside vortices?

• Parameter study

- Turbulence 𝛼t

- Solid-to-gas ratio 𝑍
- Fragmentation velocity 𝑣frag

• Planetesimal formation at 

𝑍 = 4×10−4 if 𝛼t = 10−5

Slide by L. Eriksson Eriksson et al. (2025)
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Metallicity vs Redshift

Madau & Dickinson (2014)Fynbo et al. (2006)
Tanvir et al. (2021)
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Further growth: Pebble Accretion

• Polydisperse pebble accretion (Lyra & Johansen+ 2023)

• If planetesimal immediately leave the vortex:

→ No significant growth

• If planetesimal remains inside the vortex for a while:

       → Vortex-boosted pebble accretion: 

• Very high accretion rates of the trapped pebbles

• Significant growth!

• Most of the final mass attained within one (!) orbit

Slide by L. Eriksson Eriksson et al. (2025)
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Pebble accretion in vortices

30 M⊕/kyr

Pebble Accretion

 

M2D = λ Σd δv 

Cross section (line segment)

Column density

Approach velocity

.

.

.

Lyra & Johansen (et al 2008, 2009)
Cummins, Owen, & Booth (2022)

(Independent of mass)

M = 2π r vr Σd ε

(mass flux scaled by efficiency)

For St=1, vr = ηΩr

M ~ 30 M ⊕ kyr-1  x  ε

Efficiency ε = 1 (!)

The whole pebble flux accreted!

.

Capture-limited

Transport-limited

Lambrechts & Johansen (2012)

Lyra & Johansen (et al 2008, 2009), Cummins, Owen, & Booth (2022)

.

W. Lyra

For Hill accretion, λ=2RH, δv=ΩRΗ

M2D,Hill     = 2ΩRΗ
2 Σd

For a vortex, λ= 4H/3, δv=ΩH

M2D,vortex = 4/3ΩH 2 Σd 



Transport-limited Pebble Accretion

• Parameter study

- Turbulence 𝛼t

- Solid-to-gas ratio 𝑍
- Fragmentation velocity 𝑣frag

• Assume planetesimals stay inside 

the vortex for 10 orbital periods

• Mercury-mass planets at 𝑍 = 0.0004 

• Mars-mass planets at 𝑍 ≳ 0.001

• In general, higher metallicity and 

      low turbulence favor planet growth.

• A threshold seems to exist around 

            Z = 4x10-4 (0.04 Z
⊙

)

Slide by L. Eriksson Eriksson et al. (2025)
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Final Planet Masses vs Distance and Timing

Eriksson et al. (2025)
22/24
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• Significant growth by pebble accretion for early formation

• Growth stalled at 

• Mercury mass for pessimistic conditions

• Earth mass for optimistic conditions

• Planet mass increases with distance

• Opposite as expected for capture-limited pebble accretion

• Due to scaling with vortex volume Mtrapped = (2π)3/2 ρd χ H3 , Mdot ∝ H2



Linn Eriksson

Ringberg, Feb 13, 2026

• Can planets be formed at cosmic dawn? 

• If there are vortices (or traps, in general) in the disk: Yes!

• Planet population is of planetary embryo mass

• Moon to Mars mass objects

• Mercury-mass planets can form at 𝑍 ∼ 4×10−4

• Limitations

• Streaming Instability not resolved

• Coagulation/Fragmentation not modeled

• Semi-analytic model

▪ Growth-Concentration feedback loop in vortices not tested numerically

• How common are vortices in low-metallicity disks?

Conclusions

23/24

Dong et al. (2018)

Andrews et al. (2018)
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  0 . 45    M ⊙


  0 . 007    M ⊙


  Z =   0 . 04 Z ⊙


  z ~ 20


   𝜏  disk = 3 Myr


   M  star = 0 . 45    M ⊙


   M  disk = 0 . 007    M ⊙


   𝛼  Shakura − Sunyaev = 5 ×   10  − 3


  Z =    Σ  solid   Σ  gas =  [    10  − 4   −   1 . 6 ×   10  − 3 ]


   𝛼 t =  [    10  − 5   −       10  − 3 ]


   v  frag = [ 1   ms  − 1   −   10   ms  − 1 ]


  Z = 1 . 6 ×   10  − 3 ,    𝛼 t = 5 ×   10  − 5 ,    v  frag = 1   ms  − 1


  Z = 1 . 6 ×   10  − 3 ,    𝛼 t = 5 ×   10  − 5 ,    v  frag = 1   ms  − 1


  Z = 1 . 6 ×   10  − 3 ,    𝛼 t = 5 ×   10  − 5 ,    v  frag = 1   ms  − 1


   𝛼 t


  Z


   v  frag


  Z = 4 ×   10  − 4


   𝛼 t =   10  − 5


   𝛼 t


  Z


   v  frag


  Z = 0 . 0004


  Z ≳ 0 . 001


  ⊙


  Z ∼ 4 ×   10  − 4

