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Well characterised planetary systems with more than 5 confirmed planets
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Discovery in 2015 with K2
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~ 70 days of observation
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The system with transits Planet e
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The system with transits PV 5 o consecutive transits
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The system with transits
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Planet ¢

60 days?
F-type star Planet b (.\ /l

R. =13 Rg 19 days |
M,=12Mg

Age = 2.07 Gyr Planet c
31 days

Planet e
(A EVE

2 non-consecutive transits

Planet d

? days Planet f

542 days

2 non-consecutive transits )

[

Long-period planets :
Few transits + require long RV baseline
+ very long transit duration
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What is the orbital period of HIP 41378 d?

Possible TESS observatiogs |T entative observation in CHEOPS non o —
periods ¥l 2019 and 2022 observation
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Masses and periods of the planets with RVs
720 epochs in total (272 ESPRESSO)
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A decade of monitoring the HIP 41378’s
planetary system (Grouffal et al. accepted) Exosystemes 2026




What are the orbital periods of planet d and e?

Classical
periodogram

- no sign of planets
d after removing
planets b, c, g and
candidate h

RV-b,c,f, h

100
Period [days]
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What are the orbital periods of planet d and e?

Classical

periodogram

- no sign of planets

d after removing . ,l_l nA N

planets b, c, g and HIP 41378 MHO_4 £, periodogram
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candidate h ] —— 4 periodogram
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What are the orbital period of planet d and e?
e 4

Planet d 278 days Planet e ~387 days

278.36 days 371.14 days -
‘ posterior from RVs
Excluded periods K2
Excluded periods TESS
Excluded periods CHEOPS
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All the analysis with nested sampling, mcmc, model comparison... in the paper (or PhD thesis)
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The system before RVs

Planet e
4&F ? days
p =7
Planet d
2778 days?
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Planet b Planet f
15 days 542 days
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Q ‘<.~ 60 days?
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The SYStem NOW Planet e

F 392 days?
p=03+01g.cm™3

andidate planet h
2000 days?

Planet d
2778 days

p=091%033 g.cm™3

Planet f
Planet b 542 days
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Planet c
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Architecture of the system

~2000 d
542 d
~390d
278d
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be = 0.6310,0;

ir = 89.948 0.008 °
by = 0.21£0.03
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Architecture of the system
o

~2000d

542 d

Near 1:2:4 mean motion resonance
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Architecture of the system
o

Is the system complete ? ~2000 d
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Analysis of the resonances
L7

0th-3body MMR
—— Pp+2/Pp=2

1st-2body MMR

2nd-2body MMR

b, ¢, g close to 2:1 MMR Work in collaboration with Adrien Leleu
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Analysis of the resonances

o T T Case 1: One additional planet, minimising distance to 2-body
S il MMRs or to 3-body MMRs

1st-2body MMR
2nd-2body MMR
Planets at ~ 188 days or ~148 days
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Pn+1/Pn

b, ¢, g close to 2:1 MMR Work in collaboration with Adrien Leleu
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Analysis of the resonances
L7

YT T Case 1: One additional planet, minimising distance to 2-body
-3bo
— PriaPam2 MMRs or to 3-body MMRs

1st-2body MMR
- 2nd-2body MMR
Planets at ~ 188 days or ~148 days
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Case 2: Two additional planets for a complete chain of
resonance

solution

1264 1264 1053 1053 843 843

210.7 168.5 210.7 1404 168.5 1404

Pn+1/Pn

b, ¢, g close to 2:1 MMR Work in collaboration with Adrien Leleu
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System’s completeness

e 4 More massive planets beyond 1.5 AU?

angular separation [arcsec]
0.0009 0.004 0.02 : : Jupiter-mass planets compatible if period exceed
o5 years
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Future instruments like HWO or PCS
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The low deigity of HIP 41378 f
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pr = 0171303 g.cm™3

mass loss parameter Xevap

magnitude of mass loss due to XUV radiation

_ Eyy
fevap = Epina

Work in collaboration with Tristan Guillot
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The very low density of HIP 41378 f
e 4

fl] The First Near-infrared Transmission

=L Spectrum of HIP 41378 f, A Low-mass
Temperate Jovian World in a Multiplanet
System (Alam et al. 2022 incl. Grouffal,
published in MNRAS)

High-altitude
photochemical hazes? Transmission spectroscopy spectrum Hazy mode
. Ring mode

, gt

MIRI JWST
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The very low density of HIP 41378 f

Circumplanetary rings ?
Akinsanmi et al. 2020

fl] The First Near-infrared Transmission
=L Spectrum of HIP 41378 f, A Low-mass
Temperate Jovian World in a Multiplanet
System (Alam et al. 2022 incl. Grouffal,
published in MNRAS)

OR

High-altitude
photochemical hazes? Transmission spectroscopy spectrum Hazy mode
. Ring mode
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Rring = 2.4 Rirye

Rings for HIP 41378 f ? 03 g om
————————— &

Tilt from moon migration

Saillenfest et al. 2023 . , . Moon keeps migrating and forcing
Precession of the ;lanets spin the planet's spin axis to ilt

Roche limit

= Planet f AL A ’

-

&>
—_

M
"o X \
Tidal migration of the moon )

Moon torn apart by tidal forces

Convergent migration and secular resonance
Lu et al. 2025

Secular spin-orbit resonance Planetary obliquity slowly grows

/ HIP41378 f's ring model

f I - Akinsanmi et al. 2020

°c o &
@ o0 g’V o 0 o

Convergent migration of the planets Gravitational torques from other planets
cause planet f to precess

d” e _
o O

Exosystemes 2026 Work in collaboration with Melaine Saillenfest and Babatunde Akinsanmi




Conclusion

ye 4

This system is a testbed for the PLATO mission and long-period planets detection

Candidate planet h
2000 days? Planet f

Planet d M =58 £ 7 Meartn 542 days

278 days p=0.17 + 0.02 glcm3
p =0.71 £0.25 g/cm®

Stay tuned... HIP 41378

F-type star -
Planet e

HIP 41378 f has not revealed all its secrets ' — 3 302 days?

p=0.3+0.1 glom?.

Planet g
63 days
M =5.3+ 0.9 Meaun
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What is the orbital period of planet d?
e 4

Every test converges toward a planet
with an orbital period of 278 days

HIP 41378 MHO_4 [, periodogram

8.25
1.13 —— [; periodogram

¢1.29 e Peak periods (d)
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L1 §2.72

1.26) 2.73
2.34

102
Period (days)

[1 periodogram after removing planets b, c, g, fand h

Work in collaboration with Nathan Hara
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MCMC (hnumpyro)

371.14 days

What is the orbital period of planet d?
e 4

Every test converges toward a planet
with an orbital period of 278 days

o

S

Posterior density

HIP 41378 MHO_4 [, periodogram
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¢ 1.29 e Peak periods (d)
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[1 periodogram after removing planets b, c, g, fand h

Posterior density
o

Code to model RV + photometry: jaxoplanet
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What is the orbital period of planet e?

ye 4

MCMC posterior with RV - only analysis

posterior from RVs
Excluded periods K2
Excluded periods TESS
Excluded periods CHEOPS
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What is the orbital period of planet e?

g Nested sampling and model comparison

MCMC posterior with RV - only analysis

Planet e (uniform prior)

posterior from RVs
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The Orbital periOd Of HlP 4]378 d Rossiter-McLaughlin detection of the 9-month

— eriod transiting exoplanet HIP41378 d
e 4 El[Grouffal et al. 2022, published in A&A)
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Tentative detection of the planet d is compatible with 278 days of orbital period
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Observ§gl3ility HIP 41378
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Could we directly image planet in the future?

2
E R :
LS A, (—p) b Reflected light contrast
E, a
Albedo Contrast
0.04 (very dark) 1.6 x 107°
-9
0.20 (moderate) 8% 10
-8
0.50 (high) 2.0 x10 Plausible detection if we achieve
the precision expected for PCS

Limit for PCS below 15 mas: ~ 1078
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HIP 41378 f m==  Soot - Forward Model m=m HST + MIRI - Retrieval
Forward Models + Tholin Retrievals Rings - Forward Model  +# -+ WFC3/IR
MIRI Only - Retrieval v+ v MIRI/LRS (simulated)
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The orbital period of HIP 41378 d
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® Binned CHEOPS data
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Rossiter-McLaughlin effect: transit follow-up
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Transit Timing Variations
Yo o

The external system

2015 2016 2017 2018 2019 2020

Prediction of future transits considering TTVs
and mean-motion resonance between the
planets
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