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Is our solar system unique?

Warm terrestrial planets Cold giant planets 

The solar system is quite coplanar (𝚫𝐈 < 𝟏𝟎∘) 



p Kepler multis 𝚫𝐈< 5°, ultra-short-period systems 𝚫𝐈 > 7°

Are transit systems coplanar?

(Fabrycky et al. 2014) (Dai et al. 2018)



Are planetary systems aligned with their 
binary companions?

(Christian et al. 2022)



p Pi Men: c (3.5M⊕, 6.26d) & b (12.9 MJ, 2088d) ; 49 ~ 131°; Transit + RV+ Hipparcos+Gaia DR2

(Credit: google)
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(Xuan et al. 2020)

Systems with large mutual inclination

(Albrecht et al. 2022)

Stellar obliquity

Mutual inclination



p 14 Her: b (8.5MJ, 1767d) & c (7.1MJ, 52160d); 50~74°; RV+HST+Hipparcos+Gaia DR3

(Credit: google)

4(Benedict et al. 2023)

Systems with large mutual inclination



(Credit: google)
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Limitations in previous studies

qTransit systems inherently favor a coplanar configuration.

qMost previous studies only determine projected/minimum 

misalignment.

qPM anomaly between Hipparcos and single Gaia DR cannot 

uniquely determine inclination.

qFew planetary systems have their absolute mutual inclinations 

accurately measured.



Hipparcos+Gaia DRs+GOST

DR3

DR2



Misaligned systems
p GJ317: b (3MJ, 700d) & c (3MJ, 6340d); 120~128°

p HD111998: b (5MJ, 865d) & c (6MJ, 2893d); 47~142°



2468 systems

653 systems

200 systems

53 systems

23 systems

criterion 1: ΔI < 20°

criterion 2: Δψ < 40°

criterion 4: Pin > 50 d; outer curvature

criterion 3: Mp > 0.3 MJup

Selection of the sample



Doppler Shift

23 planet pairs with mutual inclination uncertainty less than 40 deg

Preliminary results



Preliminary results



Preliminary features
• Aligned orbits are more common than retrograde orbits.

• Retrograde orbits are more common than perpendicular orbits.

• Retrograde orbits commonly occur in planet pairs characterized 

by a large period ratio.

• Misalignment is positively correlated with mass ratio of planet 

pairs for prograde orbits. 

• Outer planets are typically more massive and tend to have more 

circular orbits than inner planets.



Possible mechanism: planet-planet scattering

(Anderson, Lai, Pu, 2020)

Two-planet systems that emerge from three-planets cattering

• PPS cannot produce strongly misaligned 

systems.
• PPS can explain that outer planets tend to have 

lower eccentricity than inner planets. 



Possible mechanisms: stellar flybys

(Rodet & Lai 2022)

• SF can explain high misalignment in special cases. 

• SF cannot explain double-peaked misalignment 

angle distribution. (Rodet, Su, Lai 2021)



Take-home message
• Previous studies of mutual inclination is limited to transit systems 

which intrinsically bias against mutually inclined system.

• Combined analyses of RV and Gaia+Hipparcos astrometry is able to 

detect a large sample of mutually inclined systems. 

• The preliminary analyses of about 20 systems show a double-

peaked distribution of misalignment angle.

• Misalignment is positively correlated with mass ratio and retrograde 

orbits occurs in systems with large period ratio.

• Current mechanisms cannot fully explain the observed features.


