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The Kuiper belt

For objects seen in reflected sunlight, brightness~R4



Neptune’s prediction

Batygin et al (2019)



• 1st discovered Kuiper Belt Object: Pluto (1930) 
• 2nd: Charon (1978) 
• 3rd: 15760 Albion (1992) 
• Currently ~4000 known KBOs (but Vera Rubin…)



The Kuiper belt



Trans-Neptunian Objects



Extreme TNOs
(semimajor axis a > 250 au)



Extreme TNOs
semimajor axis > 170 au
semimajor axis < 170 au

Siraj et al (2025)



Extreme TNOs

Siraj et al (2025)



The Planet 9 hypothesis

The farthest-out comets – their orbits align
A possible sign of a new … Planet Nine!

Its orbit would have to be wide and stretched out
To shepherd those comets and lead them about.



The Planet 9 hypothesis

Batygin et al (2019)



The Planet 9 hypothesis

Batygin et al (2019)



- Best fit: mass ~5 MEarth, orbital distance ~300 au, eccentricity ~0.3, 
inclination ~7 deg (Batygin & Brown, 2016; Siraj et al 2025)

- Can also explain the Solar System obliquity and the population of low-
inclination Neptune-crossing TNOs (e.g.Gomes et al 2016; Batygin et al 2024)

The Planet 9 hypothesis



Is the alignment real?



How TNOs are detected

NASA / JPL-Caltech, NEOWISE



The sky is not smooth



The Galactic disk: confusion



Avoiding the Galactic plane 
introduces bias

Shankman et al (2018)



Avoiding the Galactic plane 
introduces bias

Shankman et al (2018)



The origin of extreme wide-orbit 
planets is puzzling



Planets form in disks

HL Tau’s disk 
(ALMA Partnership et al 

2015)



Disks around young stars: Hubble

• 99% gas, 
1% dust



Planet-forming disks are typically 30-100 au
(e.g., Andrews et al 2018; Guerra-Alvarado et al 2025)

Andrews et al 2018

See also results by  Gemini Planet Imager (GPI) Exoplanet Survey (Esposito et al 2020) and SPHERE (Beuzit et al 2019)



The Sun’s disk was ~80 au
(due to deficit of high-inclination TNOs; Kretke et al 2012)

Boundary

80101

Kretke et al 2012



So, where could Planet 9 
have come from?

internal? external?



Stars form in clusters that dissipate 
in a few to few tens of Myr



Capture of planet 9 from 
another star**

Mustill, Raymond, & Davies (2016)
also Li & Adams (2015) (**Probability << 1%)



The Solar System’s 
dynamical instabilities

1. Accretion of 
the ice giants

2. The giant planet 
dynamical instability

credit: D. Nesvorny
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Disk of Gas
super-Earths

Jupiter

Saturn

5th, Uranus & 
Neptune

Jupiter
Saturn

Instability 1: accretion of the ice giants 
(Jup, Sat fully-formed)Morbidelli et al 2012;


Chau, Reinhardt, Izidoro et al 21

slide courtesy A. Izidoro



Instability 2: the giant planet dynamical 
instability (“Nice model”)

Nesvorny (2011)
also Tsiganis et al (2005), Morbidelli et al (2007), Batygin & Brown (2012), Clement et al (2021)…



Giant planet dynamical instability during stellar cluster phase

Izidoro et al (2025)



Gravitational 
scattering in solar 

system-like systems

Jup. 

kick 1

Jup. 

kick 2

Jup. 

kick 3

External kick separates 
orbit from Jupiter

(Lifts pericenter)



Trapping Efficiency

Type of planetary system
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Star cluster configurations
No-star cluster
Rc= 10 kau
Rc= 20-30 kau

Rc= 40 kau
Rc= 70 kau
Rc= 140 kau

Rc= 270 kau
Rc= 600 kau

Rc= 40 kau; tc=50 Myr
Rc= 140 kau; tc=50 Myr
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Assuming 5 planets ejected from the Solar System, binomial 
statistics imply a ∼40% chance of capturing a wide-orbit planet

Izidoro et al 2025





Batygin says he would still cheer on the discovery: “I would be the 
first person to say, ‘That is not Planet Nine—that is Planet 8.5.’”





Vera Rubin Telescope

(LSST)



Vera Rubin

Best known for discovering 
dark matter using Galactic 

rotation curves



Vera Rubin first light

(June 24 2025)





Probability of directly detecting Planet 9 ~60% (Trilling et al 2018)

But evidence for/against its existence should be clear from the 
distribution of ETNOs and Sednoids (Schwamb et al 2023)



More information
• Very wide-orbit planets from dynamical instabilities during the 

stellar birth cluster phase (Izidoro et al 2025, Nat. Ast.)

• planetplanet.net

http://planetplanet.net

