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Exoplanetary characterization
Multiplanetary systems

Comparative planetology

➢ Comparison of bulk compositions
➢ Relative planet sizes, masses, and 

orbital separations
➢ Mutual inclinations and 

eccentricities
➢ ….

Density

Inner bulk composition 

Rocky or gaseous? 
Atmosphere? Formation & evolution?

Millholland et al. 2017



The TOI-561 system
The host star

M
★

= 0.806 M
☉

R
★

 =  0.843 R
☉

Teff = 5327 K

V = 10.525 mag

A thick disk star!

Credit: Kaley Brauer, MIT

CHECKLIST

Old:  t ~ 11 Gyr

Quiet: log R’HK= -5.003

Metal-poor: [Fe/H] = -0.40

α-enhanced: [α/Fe] = 0.23

High proper motions 



The TOI-561 system
Literature summary

TOI-561: an old, 
metal poor, 

thick disk star

TOI-561 b:
a USP 

super-Earth P = 10.78 d
R = 2.90 ± 0.13 R

⊕
M = 7.0 ± 2.3 M

⊕
 

TOI-561 c:
a gaseous 

mini-Neptune

P = 0.44 d
R = 1.45 ± 0.11 R

⊕
M = 3.2 ± 0.8 M

⊕

P = 16.3 d
R = 2.32 ± 0.16 R

⊕
M = 3.0 [-1.9, +2.4] M

⊕

TOI-561 f:
a mini-Neptune

Mass consistent 
with zero

WEISS et al. 2021 
TESS sector 8

60 HIRES RVs

f f? f

Consistent with a rocky composition

3 signals identified by 
the TESS automatic 

SPOC pipeline

3-planet scenario



The TOI-561 system
Literature summary

Mass consistent 
with zero

WEISS et al. 2021 
60 HIRES RVs

f f? f

P = 16.3 d
R = 2.32 ± 0.16 R

⊕
M = 3.0 [-1.9, +2.4] M

⊕

TOI-561 f:
a mini-Neptune

TOI-561: an old, 
metal poor, 

thick disk star

TOI-561 b:
a USP 

super-Earth P = 10.78 d
R = 2.90 ± 0.13 R

⊕
M = 7.0 ± 2.3 M

⊕
 

TOI-561 c:
a gaseous 

mini-Neptune

P = 0.44 d
R = 1.45 ± 0.11 R

⊕
M = 3.2 ± 0.8 M

⊕

Consistent with a rocky composition

3 signals identified by 
the TESS automatic 

SPOC pipeline

3-planet scenario

TESS sector 8



The TOI-561 system
Literature summary

TOI-561: an old, 
metal poor, 

thick disk star

TOI-561 b:
a USP 

super-Earth P = 10.78 d
R = 2.88 ± 0.10 R

⊕
M = 5.4 ± 1.0 M

⊕
 

TOI-561 c:
a gaseous 

mini-Neptune

P = 0.44 d
R = 1.42 ± 0.07 R

⊕
M = 1.59 ± 0.36 M

⊕

P = 25.62 d
R = 2.53 ± 0.13 R

⊕
M = 11.9 ± 1.3 M

⊕

TOI-561 d:
a mini-Neptune

P = 77.23 d
R = 2.67 ± 0.11 R

⊕
M = 16.2 ± 1.3 R

⊕

TOI-561 e:
a(nother) 

mini-Neptune

The lowest density USP planet 
known to date!

Two single-transit planets with significant 
mass and radius determination

Lacedelli et al. 2021 
TESS sector 8

82 HARPS-N RVs ➢ Different Tdur

➢ No 16 d signal in RVs

➢ Dynamical analysis

4-planet scenario



The TOI-561 system
CHEOPS/HARPS-N collaboration

“There is more to this system than meets the eye” 

Successful CHEOPS 
observation in April 2021 

thanks to updated 
ephemeris!

(TESS tica FFIs + 
new HARPS-N data set)

Nice confirmation of the 25 d period planet and
 witness of a successful CHEOPS/HARPS-N collaboration!

TESS S35 
Feb/March 2021

62 RVs in Nov 20-June 21 
(144 total RVs)

Predicted T0!



The TOI-561 system
CHEOPS observations

TOI-561 b ⇒ P = 0.45 d
8 transits

TOI-561 c ⇒ P = 10.8 d
1 + ½ transit

TOI-561 d ⇒ P = 25.7 d
1 transit



Radius 1.425 ± 0.037 R
⊕ (2.6%)

Mass 2.00 ± 0.23 M
⊕ (11.5%)

Period 0.44657 d

Density  3.8 ± 0.5 g cm-3

The TOI-561 system
Planetary properties

TESS CHEOPS

TOI-561 b

N.B. All analyses 
carried out with 
PyORBIT 
by L. Malavolta



The TOI-561 system
Planetary properties

FCO method on 22 total 
HARPS-N nights  

Mb = 1.86 ± 0.33 M
⊕

Yes, it is really the 
lowest density USP!

Floating Chunk 

Offset method

TOI-561 b

Radius 1.425 ± 0.037 R
⊕ (2.6%)

Mass 2.00 ± 0.23 M
⊕ (11.5%)

Period 0.44657 d

Density  3.8 ± 0.5 g cm-3



The TOI-561 system
USP planets



The TOI-561 system
Planetary properties

TESS CHEOPS

Radius 2.91 ± 0.04 R
⊕ (1.8%)

Mass 5.39 ± 0.69 M
⊕ (12.8%)

Period 10.778831 d

Density  1.2 ± 0.2 g cm-3

TOI-561 c



The TOI-561 system
Planetary properties

TESS CHEOPS

TOI-561 d

Radius 2.82 ± 0.07 R
⊕ (2.5%)

Mass 13.2 ± 1.0 M
⊕ (7.6%)

Period 25.7124 d

Density  3.2 ± 0.3 g cm-3



The TOI-561 system
Planetary properties

TESS sector 8

TOI-561 e

Radius 2.55 ± 0.13 R
⊕ (5.1%)

Mass 12.6 ± 1.4 M
⊕ (11.1%)

Period 77.03 d

Density  4.2 ± 0.8 g cm-3

No CHEOPS observations 
(yet… But scheduled for the 2022 

observing season!)

Lower radius precision



The TOI-561 system
Planetary properties

TESS

TOI-561 e

No CHEOPS observations (yet)

Lower radius precision

TESS sector 45 (FFIs)

Credit: D. Nardiello



The TOI-561 system
Mass-radius diagram



The TOI-561 system
Internal structure modelling

Bayesian approach assuming a fully-differentiated 4-layers model:
[Core + Mantle] + Water layer + H/He envelope

TOI-561 b TOI-561 d

TOI-561 c TOI-561 e

Work by Y. Alibert



The TOI-561 system
Atmospheric evolution modelling

Planet b Planet c Planet d Planet e

Bayesian approach (PASTA code, Bonfanti at al. 2021) to compute the 
atmospheric content at the dispersal of the protoplanetary disk:

Planets b and c underwent strong envelope loss, while 
planets d and e did not experience strong atmospheric escape

Work by A. Bonfanti 

& L. Fossati

https://ui.adsabs.harvard.edu/abs/2021arXiv211009106B/abstract


The TOI-561 system
An additional signal

Clear detection of the 4 planetary 
signals + an additional, broad 

long-period peak

5-keplerian model strongly favoured by 
Bayesian Evidence (Δln𝛧 = 19)



The TOI-561 system
An additional signal

What is it?

➢ P5 = 473 [-25, +36] d 

➢ K5 = 1.94 ± 0.27 m s-1

➢ Stellar origin ⇒ magnetic fields 
(S-index low-frequency peak) 

➢ Planetary origin ⇒ Found in 
SCALPELS independent analysis (not 
a CCF shape-driven signal)

Activity indices periodograms

5-keplerian fit, with the 5th keplerian both 
compliant with a planetary companion or 

a stellar signal



TOI-561: an old, 
metal poor, thick 

disk star

P = 77.03 d
R = 2.57 ± 0.13 R

⊕
M = 12.5 ± 1.3 M

⊕

The lowest density USP 
planet known to date!

TOI-561 b:
a USP super-Earth

TOI-561 c:
a gaseous mini-Neptune

P = 10.78 d
R = 2.92 ± 0.04 R

⊕
M = 5.4 ± 0.7 M

⊕
 

TOI-561 d:
a mini-Neptune

P = 25.71 d
R = 2.83 ± 0.07 R

⊕
M = 13.2 ± 10.9 M

⊕

TOI-561 e:
a(nother) mini-Neptune

THe toi-561 system:
a global view

P = 0.44 d
R = 1.42 ± 0.07 R

⊕
M = 1.99 ± 0.22 M

⊕

An external 
companion?

P ~ 470 d
Msin(i) ~20 M

⊕
 


