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Motivation

M dwarfs are the most abundant stars in the Milky Way (~70%).
Close-in, rocky, multi-planetary systems are the most abundant.
Close-in rocky planets are easier to characterize (JWST, ELT, HWO, LIFE).

Planets in the habitable zone are easier to detect.

Giant planet formation remains a challenge...



Profoplane’rary disks around M dwarfs

New sample of class Il disks in Lupus around M and K
dwarfs (high-resolution ALMA data ~4 au)

/0% compact disks (<30 ua)
Masses between 0.3-27 MEarth
More than 50% of them ultra-compact (<5 au)

Guerra-Alvarado+2025
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Objectives

Could compact protoplanetary disks be the birthplace of close-in super-
Earths?

Which are the Initial solid and gas mass budgets required for the formation
of giant planets?

Can a single formation model explain planet formation around M dwarfs?



Planet formation model

N body
simulations

Mercury code
Gravitational External forces
Interactions (Sanchez+2020,
(Chambers 1999) 202282026) Pebble Density, St
Pebble accretion (Lambrechts&Johansen 2014)
(Sanchez+2024) " Accretion efficlencies
l l - (Ormel&Liu, LIu&Ormel 2018) |
Relativistic Star-planet tidal
corrections interactions Mp = Migo
(Anderson+ 1975) (Bolmont+2011 &
Baraffe+2015) | . KH contraction
(lkoma+2000)
. Gas accretion .+ Hill regime (Tanigawa &
Planet-disk interactions (Sanchez+2026) Watanabe 2002)
(lda+ 2016 & Ida+2020) « Disk dominated (Manara+
2012)
. Type | (Paardekooper+
2011)
« Smooth transition
(Kanagawa+2018)
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Planet formation model

Forces acting on g N bo‘.’y
planets « - simulations

Mercury code
| l
Gravitational External forces
Interactions {Sanchez+2020,
1 202282026
(Chambers 1999) ) Pebble Density, St
Pebble accretion (Lambrechts&Johansen 2014)
(Sanchez+2024)  Accretion efficiencles
l l {Ormel&Liu, Liu&Ormel 2018)
Relativistic Star-planet tidal
corrections interactions >  Mp=Mg
(Anderson+ 1975) (Bolmont+2011 &
Barafie+2015) + . KH contraction
(lkoma+2000)
v Gas accretion .+ Hill regime (Tanigawa &
Planet-disk interactions (Sanchez+2026) Watanabe 2002)
(Ida+ 2016 & Ida+2020) + Disk dominated (Manara+
2012)
. Type | (Paardekooper+
2011)
. Smooth transition
+2018
ype llSanche: 2029 | ey Qutward migration !

for Mp > 65 MEarth, Mstar = 0.1 Msun Sanchez+2025



Initial conditions

Initial pebble reservoirin a 30 au compact dust disk (Guerra-Alvarado+2025)

l 30 au

<10 au



Initial conditions

Initial pebble reservoirin a 30 au compact dust disk (Guerra-Alvarado+2025)

Gas-disk turbulent viscosity: at = 0.0001 (Rossotti+2023, Sanchez+2024)
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Initial conditions

Initial pebble reservoirin a 30 au compact dust disk (Guerra-Alvarado+2025)
Gas-disk turbulent viscosity: at=0.0001 (Rossotti+2023, Sanchez+2024)

New prescription for the evolution of the pebble flux: Mg, = Mauxin €Xp (—t/Myr)2
6, 10, 15, 20 & 30 MEarth (Tychoniec+2020, Guerra-Alvarado+2025, Michel+2021)



Initial conditions

Initial pebble reservoirin a 30 au compact dust disk (Guerra-Alvarado+2025)
Gas-disk turbulent viscosity: at = 0.0001 (Rossotti+2023, Sanchez+2024)

New prescription for the evolution of the pebble flux: Mg = Mguxin €Xp (-—t/Myr)2
6, 10, 15, 20 & 30 MEarth (Tychoniec+2020, Guerra-Alvarado+2025, Michel+2021)

Gas mass: 1, 5y 10 Mjup (ag: 0.001, 0.0005, 0.0001)
Planetary embryo distribution: upto 2,5 & 10 au

Stellar mass: 0.1 Msun

Disk lifetime: 10 Myr (e.g. Downes et al 2015, Pfalzner et al. 2022)
Integration time: 100 Myr



Result I: How to form cold

Jupiterse

Sanchez+ 2026




Formation path: mass evolution

Planetary mass (M)

Final mass

102_

1] H :
10 Critical mass Pl

1001 lsolation mass
v
E
1071, :
~
u
a
1072 _ R
103 104 105 o6 s
Time (yr)
Pebble accretion Collisions of embryos Gac aceretion

Gas accretion rates (M 4 yr‘l)

10°

10—2-

10—4_

10—6-

1078

1 Critical mass \_

1 10 100

Planetary mass (Mg)

Sanchez+ 2026



Formation path: semi-major axis evolution

Semi-major axis (au)
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Formation path: semi-major axis evolution

T T F TR | B R
F102 — . .
100 B Outward migration
—_ 0
% 10 . _
o t10l © =
E = S 10
'y s é
) B
[} 10 g a .
: 2 I .
5 © - - - - - ---—-—-—-—~—~——"
9 10-1 w | E
£ o
H 3 0.1
a 1072

Time (yr) 0.02 0.1 | 10

— Semi-maior axis (au)
Type | Transition Type ll

Initial pebble mass = 6 MEarth & Initial gas mass = 10 Mjup !

Sanchez+ 2026



Result Il: Match with

exoplanet d_emogrophic

anchez+ su




Conclusions

&
ongoing work

cold giant formation can take place in compact disk with
planetary cores forming close to the star, ending up at wider
separations (1-5 au) due to outward migration.

Good match with the close-in planet population M < 30 MEarth (in
agreement with the outward migration threshold), in terms of mass,
semi-major axis, and OR.

Dust compact disks (<30 au) and low viscosity gas disks (at=0.0001,
Mgas>1 Miup) could be the origin to the close-in planet population
(0<0.1 au) and cold giants around late M dwairfs.

Potential habitability of planets that retain a thick atmosphere
(=10%Mp) during gas-disk phase.

Overproduction of close-in planets with masses greater than 30
MeEarth. Fragmentation role?

Lack of low-mass planets at wider distances. Formation pathways?

Application of our model to more massive stars.
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