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Main goals

Unveil the atmospheric evolution of exoplanets by 
modelling the evolutionary history of:
 The rotation rate of the stellar host → to measure stellar 

activity and model the induced photo-evaporation of the 
planetary envelope

 The exoplanetary atmospheres → to retrieve the 
atmospheric content at the time of proto-planetary disk 
dispersal
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Atmospheric evolution. Why?

 Shed light on the observed exoplanet population

 Constrain formation and migration mechanisms of 
exoplanets

 Possibly justify the sub-Jovian desert and sub-
Neptune radius gap

 Track the activity level (P
rot

, XUV flux, …) of the stellar 

hosts



Institut für Weltraumforschung

                     iwf.oeaw.ac.at                     oeaw.ac.at/iwf

Atmospheric evolution. How?

PASTA (Planetary Atmospheres and Stellar RoTation 
RAtes) algorithm, based upon:

 MESA stellar evolutionary tracks;

 A model of planetary structure: planetary observables 
↔ atmospheric mass;

 A model of the stellar XUV flux evolution;

 A model for computing the atmospheric escape
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PASTA algorithm. Overview

 Bayesian framework working in a MCMC fashion

 At each chain step, for each exoplanet, it computes a 
whole f

atm
(t) track, t  [t

disk
, t


]

Required input parameters:

 Stellar M

, t


, P

rot,

 Planetary a, M
p
, R

p
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Stellar models

MESA: Modules for Experiments in Stellar 
Astrophysics (Paxton et al., 2018)
 MIST: MESA Isochrones and Stellar Tracks (Choi 

et al., 2016)
 Mass range M from 0.4 M⊙ to 1.3 M⊙

 At any given epoch t, each track lists Lbol, Teff, R
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Planetary models

 Core + Lower atmosphere models based on the 
work of Johnstone et al. 2015

 Upper Atmospheres model developed by 
Kubyshkina et al. 2018

 Mass Mp from 1 M⊕ to 40 M⊕

 Models list Mp, Rp, Teq, and Matm to finally infer Ṁatm

Core

Lower atm

Upper atm
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P
rot

: a proxy for stellar activity
Modelled through a broken power-law, splitted into 
two regimes, which are governed by two different 
exponents:
x  [0, 2]      for  t < 2 Gyr
y  [0.01, 1] for  t > 2 Gyr

Tu+, 2015

1st regime

2
nd

 r
e

g
im

e
Why?

Many gyrochronological relations available in the 
literature (Barnes, 2003; Mamajek&Hillenbrand, 2008; 
Collier Cameron+, 2009; Barnes, 2010), but:

 Calibration is based on OCs
 Doubts when applying gyro ages to field stars (Barnes, 

2009; Brown, 2014; Kovács, 2015; van Saders, 2016): 
isochronal ages greater than gyro ages
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From P
rot

 to L
EUV

P
rot

 → Ro → L
X
 → L

EUV

Wright+, 2011
Sanz-Forcada+, 2011

Ro
sat

 = 0.13

Slope
b = −2.70 ± 0.13

Best-fit
logL

EUV
 = (−4.80±1.99) + (0.860±0.073)logL

X

Flat trend:
Saturation regime

⇒

McDonald+ 2019

Saturated L
X
 is mass-

dependent

Convective turn-over 
time (Wright+, 2011)

Rossby 
number
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Atmospheric loss model
 Within evolutionary studies of atmospheres the energy limited formula

 is attractive for its simplicity

 BUT can be inaccurate in many cases

 We used grids of ~7000 1D upper-atmosphere hydrodynamic models 
developed by Kubyshkina+, 2018

 Fitting within the grids, we derived analytical expressions for the atmospheric 
mass-loss rates: Ṁ

atm
 = Ṁ

atm
(M

p
, R

p
, a, T

eq
, L

EUV
)

 Accurate planetary evolution estimates w/o increasing computational time
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PASTA. The chain step

∀t
L

bol
(t)

T
eff

(t)

R


(t)

M
, step

Interpolation within  
MESA evolutionary 

tracks

a
step

T
eq

(t)

Atmospheric mass loss 
models

f
atm

(t)

M
p,step

Planetary 
structure models

The Metropolis-Hastings  
rule decides whether to 
accept the atmospheric 
evolutionary track after 
comparing R

p
(t


) with R

p
, 

hence the initial 
R

p
(t

disk
) ↔ f

atm
(t

disk
) is found!

P
rot,

(t) ⇒ F
EUV

(t)

P
rot,young
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PASTA. The caveats

 Dealing with planets with hydrogen-dominated 
atmospheres

 No migration mechanisms after proto-planetary 
disk dispersal  

 Planetary density r
p
 < 1 r⊕
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PASTA. The results
 Posterior PDFs of P

rot,150
 and f

atm
(t

disk
)

The constraining power of the code increases with increasing 
number of planets in the system

 Different planets in the system provide multiple fitting 
points and simultaneously constrain the properties of the 
shared host

 Those fitting points may help in constraining some of the 
planetary masses M

p
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An attractive example: K2-285

Bonfanti+, 2021b
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Application to CHEOPS targets
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Conclusions

 PASTA unveils the first stages of evolution of 
exoplanetary systems

 TESS, CHEOPS + RV spectrographs already provide 
systems amenable for PASTA analyses

 PASTA has already been applied to 7 CHEOPS 
targets hence papers (from the “in prep.” status up to 
the “published” one)
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Future developments

Improving the models behind PASTA, by e.g.
 Including elements in addition to H
 Providing a self-consistent calculation of the 
heating efficiency

 Accounting for orbital migration
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Thanks for your attention!
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