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TESS pipeline’s solution for TOI-178 - TESS sector 2

Identical solution favoured in Leleu (2019+)
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Trojan exoplanets?

Parameter Value
Star (TOI-178)

mo (M) 0.643 + 0.075
RO (Rsun) 0.70 £ 0.15

Planet 1 (TOI-178.02)
P, (day) 10.3542 + 0.0032 =
T, (BTID) 1354.5522 + 0.0041
Rl (Re) 3.7+1.5

Planet 2 (TOI-178.03)
P> (day) 90.9559 + 0.0051 4—
7> (BTID) 1362.9533 + 0.0035
R2 (Re) 2.3+2]

Planet 3 (TOI-178.01) Nt ahiy _
P5 (day) 6.5581 + 0.0013 " o Pt
T5 (BTID) 1360.2423 + 0.0024 R T




Close toa 2:1/3:2/1:1/3:2 resonant chain
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Normalised flux

CHEOPS - August 2020
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CHEOPS - August 2020
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o After trial of 25 models, the favoured solution was : 1.9d, 3.2d, 6.5d, 9.9d and 20.7d




TESS sector 2
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Chain of Laplace resonances

GANYMEDE 4:1

 Orbital periods of 1.9d, 3.23d, 6.55d, 9.9d and 20.7d EUROPA 2:1
10 1:1

» Laplace relation : (k + )/ Pmiq = k/ Pin + g/ Poyyt . @ JUPITER

e 18:9:6:3 resonant chain



Additional planet in the resonant chain?
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BLS on the TESS+NGTS+CHEOPS residuals

- removed : 6.56d 3.24d 1.91d 9.96d 20.71d 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 : (k + q)/Pmig = k/Pg g + q/Pog 7
Yield two possible periods: P = 13.4527 d, or P = 15.2318 d

| I |
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P (day)

Observation planed the 3rd of October 2020



Confirmation of the 15.23d planet by CHEOPS
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* Predicted period of 156.2318 d, confirmed period of 15.231915d +/- 0.0001



Follow-up effort required to solve the architecture

6 planets (Leleu+ 2021)

©

Co-orbital candidates
(Leleu+ 2019)
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Credit: ESO/L. Calcada



Using CHEOPS to refine radii

Leleu et al (2021)
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Using ESPRESSO to estimate masses
Leleu et al (2021)

TOI 178 ESPRESSO radial velocities
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Combining the CHEOPS+TESS radii with ESPRESSO masses show

large density variations
Leleu et al (2021)
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Chain of resonances as witness of
the early stages of planet
formation.



Formation of long resonant chains
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Laplace resonant chain - a fragile configuration

@

Stability indicator

Planet f (15.2d) of TOI178
Leleu et al (2021)

Eccentricity planet f




inclination [deqg]

TOI178 - A very flat system
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Similar result for Trappist-1 (Agol+ 2021)
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Planetary density (g/cm?)
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Large density variations

comparaison to other systems in Laplace resonant chain
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The resonant architecture of
TOI-178



Transit Timing Variations - TOI178

transit timing for
unperturbed planet

1 =

B CTR I S Y. Ty —
£ o] i *ﬂ MM | | HHW W Ay 304 7 e
Mriaf . .

0980f | | {1 | | | i? \ / N I

005 H H + - E(BJD) ++ + + g 10 -+ ' ‘ }r\/\ a N}f\/\\;;\ N {J‘ \\\ N,‘N,\\,\ N A}

¢ 1:000- + i H + ' @ P‘ \\\ | ',v"’ Al \ [} .\-’\“' " A Y :'L,‘ “':'4 \ -
go.%s% s ++H | HWWM # S A VDl v . A NAA S A o\ [ XA
Ezzzz: ﬂ Wﬂﬂ#ﬁ% H K A § f,’d | \\ 'er_. ke Y '4 \_ \\/\ /\‘} \“\VN \ \N “ - }NJ ' \ 'f\/\
0.980} i ~10 - \W\ 'N \_ ~ ';\J A N ' \ \\\ \ "f A

i 4.A§rime4}§)~lD) 455 460 465 4 N N W\ / \\j\/}\kl'h.

1.005} i + _ - \J

E 1.000 ++H+H: ﬁ#ﬁ#&t i J#HMHJN ﬁ?# 20

* osss WW il 1500 2000 2500 3000 3500
0'980~7.l75 7.180 7.185 7:.l90 7.195 8.60 8.65 date [BJD-2457000]

o W it W M Wﬁ# W

' 0,995} H + + ﬂ } ++ * .

W + WH shift due to

ol i planet-planet

11f15 11T20 11f2?’im;11(ggo)11f35 11540 11?45 interactions




Kepler-223 (Mills+ 2016)

Table 1 | Kepler-223 system parameters

Parameter name

DEMCMC result

Spectroscopic stellar mass, M, (M)
Stellar radius, R, (R:)

1.12579:993

1.7215%;

Kepler-223 b

Kepler-223 ¢

Kepler-223 d

Kepler-223 e

Orbital period, P (d)

Eccentricity, e

Inclination, |i —90| (°)

Mass, M (M)
Radius, R (Rg)

Density, p (g cm—>)

7.3844910-:09922
0.0783313

O.O+1'8
7.4113
2.99738

1.5419:53

0.150%5057

9.84564 1505022

O.O+1'3
5.1
3.447+3-29

0.71*333

14.7886919:99939
0.037%8:615
2.0679:35
8.0M13
5.247928

0.3179:43

19.72567+3:9995
005133

2.00794}
4.81%
4.60%531

0.28M932
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Laplace angles - Kepler-223 (Mills+ 2016)

Laplace Relation: (k+q)/Pmig ~ k/Pjn + q/Poyt

Laplace Angles: Y, =pl —(p+ @i+ gl
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6 possible equilibria (Delisle 2017)



Capture order - Kepler-223 (Delisle 2017)

Laplace Angles: Y, =pl —-(p+ @i +qgl.,
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Formation of long resonant chains - Kepler-80 (MacDonald+ 2016)

DISC PHASE TIDAL PHASE

observed ratio

P./P,

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

(k + q)/POut — k/Pin

But the 3-body MMRs
(Laplace) hold

(k+ @)/ Pmiq = k/Pin + q/ Pot

15 20 2550 100 150 200 250
t (10° yr)



Amplitude of resonant angles, eccentricities, and tides

Vi=pl— P+ Pl + 940

 Trappist-1 (Agol+ 2021) e TOI-178 (Leleu+ 2021)
* All planets in the chain. * Inner planet out of the chain.
e Surprising period ratios (Pc/Pb~8/5).  Larger libration of the inner resonance.
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Minute architecture differences constrain the formation and evolution of resonant chains



M th k ' TOI-178 is a golden target for the study of formation and
any an S' evolution of planetary systems.
TOI-178 - credit : ESA

CHEOPS REVEALS UNIQUE PLANETARY SYSTEM TOI-178 @esa

Six planets known
to be orbiting host star

Inner two planets
A R have terrestrial

(Earth-like) densities

Outer five planets are locked in
rhythmic dance, with planets
aligning every few orbits
Outer four planets

are gaseous
— (densities like Neptune
Orbital period predicted . and Jupiter]

and confirmed by Cheops

#CHEOPS ESA/CHEOPS Mission Consortium/A. Leleu et al,

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



