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Many contributing authors and consortia



TESS pipeline’s solution for TOI-178 - TESS sector 2
Identical solution favoured in Leleu (2019+)



Trojan exoplanets?



TOI-178 in Spring 2020



Credit ESO : L. Calcada



CHEOPS - August 2020
11d visit

6.55d 6.55d9.9? 10.3?



CHEOPS - August 2020

• After trial of 25 models, the favoured solution was : 1.9d, 3.2d, 6.5d, 9.9d and 20.7d 
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TESS sector 2
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20.7d
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Chain of Laplace resonances

• Orbital periods of 1.9d, 3.23d, 6.55d, 9.9d and 20.7d


• Laplace relation : 


• 18:9:6:3 resonant chain

(k + q)/Pmid = k/Pin + q/Pout



Additional planet in the resonant chain?

??



BLS on the TESS+NGTS+CHEOPS residuals

BLS shows peaks at ~12.9d and ~15.23d 
With predicted transits uncertainties of ~1 day 

due to a 2 year error propagation

Laplace resonance :  
Yield two possible periods: P = 13.4527 d, or P = 15.2318 d

(k + q)/Pmid = k/P9.9 + q/P20.7

Observation planed the 3rd of October 2020



Confirmation of the 15.23d planet by CHEOPS

• Predicted period of 15.2318 d, confirmed period of 15.231915d +/- 0.0001

1.9d 15.23d



Follow-up effort required to solve the architecture
Co-orbital candidates 

(Leleu+ 2019)

(11 continuous days 
+ 2 x 6h)

6 planets (Leleu+ 2021)

Systems with chain of Laplace resonances



Credit: ESO/L. Calçada 



Using CHEOPS to refine radii
Leleu et al (2021)



Using ESPRESSO to estimate masses
Leleu et al (2021)

only ~40 RV measurements 
but ephemerides constrains 

from transits



Combining the CHEOPS+TESS radii with ESPRESSO masses show 
large density variations

Leleu et al (2021)



Chain of resonances as witness of 
the early stages of planet 
formation.



Formation of long resonant chains

ALMA (ESO/NAOJ/NRAO)

Formation  
of Trappist-1 

(Hang & Ormel 2021)

(k + q)/Pout = k/Pin

Capture in 2-body MMRs



Laplace resonant chain - a fragile configuration  
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Planet f (15.2d) of TOI178

Leleu et al (2021)



TOI178 - A very flat system  

Similar result for Trappist-1 (Agol+ 2021)



Density repartition in the systems
comparaison to other systems in Laplace resonant chain

Theoretical tre
nd



Large density variations 
comparaison to other systems in Laplace resonant chain

Theoretical tre
nd

• Large density variations at odds with the fragile ordered architecture.
Selected for JWST GO Cycle 1 observations of TOI178 b, d and g; PI: Hooton



The resonant architecture of 
TOI-178



Transit Timing Variations - TOI178
transit timing for 

unperturbed planet

shift due to 

planet-planet 
interactions



Kepler-223 (Mills+ 2016)



Laplace angles - Kepler-223 (Mills+ 2016)
λj = λj,0 + t 2π

Pj
Mean Longitude :

(k + q)/Pmid ∼ k /Pin + q/PoutLaplace Relation :

Laplace Angles : Ψi = pλi − (p + q)λi+1 + qλi+2

Ψ1

Ψ2
6 possible equilibria (Delisle 2017)

Ψ1

Ψ2



Capture order - Kepler-223 (Delisle 2017)
Laplace Angles : Ψi = pλi − (p + q)λi+1 + qλi+2
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Equilibrium probability: 4%
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Equilibrium probability: 52%



Formation of long resonant chains - Kepler-80 (MacDonald+ 2016)

DISC PHASE TIDAL PHASE

(k + q)/Pmid = k/Pin + q/Pout

(k + q)/Pout = k/Pin

During tidal phase, the pairs move 
away from 2-body MMRs

But the 3-body MMRs 
(Laplace) hold



Amplitude of resonant angles, eccentricities, and tides

• Trappist-1 (Agol+ 2021)

• All planets in the chain.

• Surprising period ratios (Pc/Pb~8/5).

Ψi = pλi − (p + q)λi+1 + qλi+2
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• Inner planet out of the chain.

• Larger libration of the inner resonance.
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Minute architecture differences constrain the formation and evolution of resonant chains



Many thanks!
TOI-178 - credit : ESA

A. Leleu, Y. Alibert, N. Hara, M. Hooton, T. Wilson et al (2021)

TOI-178 is a golden target for the study of formation and 
evolution of planetary systems.


