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The dynamics of star-planet systems 
 

   



The revolution in astrophysics: discovery of new planetary systems  
& characterisation of the dynamics of their host (multiple) stars  

(asteroseismology and spectropolarimetry) 

Lissauer et al. 2011 
Bolmont et al. 2014 

 

Stellar rotation & magnetism/activity 
– planetary dynamics/atmospheres 

Orbital architecture 
! Interacting systems 

Kepler 11 

Mercury 
orbit 

Kepler – K2 

The general context 

Albrecht et al. 2012; Gizon,…, Mathis,…, et al. 2013 
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CHEOPS & TESS PLATO SPIRou JWST ARIEL/ARAGO 
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LUVOIR and star-planet systems 

Gaudi et al. 2015 



In studies of star-planet systems, we need: 
-  to strongly improve our understanding of the dynamical evolution of the host-star 

-  to go beyond ad-hoc description of Star-Planet Interactions 

Complex internal structure, evolution, rotation and magnetism should be considered 

State of the art in star-planet system studies 
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Host star (M in M") Planets 

! Ab-initio physical modeling to accompany the study of discovered systems  
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THE HOST STAR 



Kippenhahn  
& Weigert 1997 

Cool stars: 
C.E.: Dynamo field 

(correlations with M, age, Ω) 
R.C.: Fossil field 

Pressure-driven winds 

Hot stars: 
C.C.: Dynamo field 

R.E.: Fossil field 
(not correlated) 

Radiation-driven winds 

Subsurface 
convection 

Magnetic fields: convection vs. radiation 



Convection, Rotation, Turbulence & Dynamo action  

e.g. Brun, Miesch, Toomre 2004;  
Augustson et al. 2015 

Theoretical solar/stellar 
magnetic cycles 

 α-effect 

©Brummell 

3D high resolution  
nonlinear simulations 

Synergies spectropolarimetry – asteroseismology (Ground/ARAGO - PLATO) 



Fossil magnetism (stellar radiation zones) 

Braithwaite & Spruit 2004; 
Braithwaite 2008; 

Duez & Mathis 2010;  
Duez, Braithwaite & Mathis 2010 

Fossil fields  
complex topology 

Alecian et al. 2013 

Fossil fields along stellar evolution 
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Stellar winds and magnetospheres 

!  Strongly impact rotational (& chemical + magnetic) evolution of stars 
and Star-Planets Interactions  
! Need for UV diagnosis    

Late-type stars Early-type stars 

Réville et al. 2016 Ud-Doula et al. 2013 
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STAR-PLANET INTERACTIONS 
 

The host star 
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Tidal interactions in exoplanetary systems 

The case of hot-Jupiter systems 

!  Tidal dissipation (the “engine” of secular 
evolution) in a star varies over several 
orders of magnitude as a function of: 

-  The mass 
-  The age 
-  The dynamics (rotation) 

! need for ab-initio modeling 

Albrecht et al. 2012 

Gizon et al. 2013; Davies et al. 2015 
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Fluid dynamical tide: forced 
(gravito-) inertial waves ! resonant response  

 
  
 
 
 
 

ηT, 
K 

2Ω, 
N 

E.T. 

Ogilvie & Lin 2004, 2007 
Rieutord & Valdetarro 2010 
Baruteau & Rieutord 2013 

Guenel et al. 2016 

Tidal dissipation in low-mass star convective envelopes 

E.T. E.T. Inertial waves 

E=10-5; 10 days 

2(n-Ω)/Ω 

Porb > 1/2 P� 

To get an order of magnitude of tidal dissipation along the evolution of stars 
!  a frequency-averaged dissipation 

Ogilvie 2013, 
Mathis 2015 
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Grids of tidal dissipation 
for star-planet systems 

In low-mass and solar-type stars, it varies over several orders of magnitude: 
 
! Stronger dynamical tide along the Pre-Main-Sequence and Sub-Giant phases 

!  Its amplitude on the MS diminishes with mass (and the thickness of the CE) 

!  Necessity to couple structural and rotational evolutions 

Mathis 2015; Gallet, Bolmont, Mathis, Charbonnel & Amard 2016 

Structural & rotational evolution 
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M�= 1 M� 

P�,i = 1.2 day 

Mp = 1 Mjup 

Standard model 
Model Bolmont & Mathis 

Star-planet systems dynamical evolution  

Bolmont & Mathis 2016 14 

�  Rotation excess: star initially 
slow rotator 

�  Rotation deficiency: star initially 
fast rotator 

Porb = P� Porb = 1/2 P� 

- Low-mass star-planet systems - circular & coplanar  
- Ab-initio frequency-averaged dissipation of stellar tides in the convective envelope 



McQuillan et al. 2013 

Porb = P� Porb = 1/2 P� 

Equilibrium tide 

Dynamical tide in 
convective region 

Dynamical tide in 
radiative region? 

Understanding hot-Jupiters systems 

15 Direct imaging by LUVOIR 



Magnetic star-planet interactions 
 

•  Ab-initio modelling of MHD star-planet interactions with observed complex magnetic 
topologies and prediction of observational diagnosis (e.g. UV emission map) 

•  Potential strong impact on the evolution of the orbital architecture and planetary 
habitability (star – planetary atmosphere/magnetosphere interactions) 

Strugarek et al. 2014-15; Strugarek 2016 MHD model of Kepler 78 

Bow shock 
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Giant planets 



Tides in the dense core of giant planets 

The inelastic rocky/icy core 
Remus, Mathis, Zahn & Lainey 2012-15 

Application to icy giants 
Remus, Mathis, Zahn, Lainey & Charnoz 2017 

Application to gaseous giants 
Remus, Mathis, Zahn & Lainey 2012; Storch & Lai 2014-15 

Internal structure 
e.g. Guillot 1995 
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Towards integrated models for multi-layer planets 
Remus, Mathis,  
Zahn & Lainey 

2012 
Ogilvie 2009,  

2013 

!  Integrated models needed  
for gaseous giant (and telluric) planets  

Guenel, Mathis & Remus 2014  

Saturn:  
Mc/Mp=0.196 
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New physical ingredients in the atmosphere  LUVOIR 

Zonal flows (driven by convection/tides) Convective turbulence Double diffusive instabilities 

Baruteau & Rieutord  
2013 
 
Guenel et al. 2016 

Mathis et al. 2016 
(Barker et al. 2014) 

 
André et al. 2017 

(Stellmach et al. 2011) 
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Super Earth 



Insolation 

Tidal gravitational potential 

Solid part 

Atmosphere 

δs 

δa 
" 

n 
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Tides in telluric planets 

Ω 



Surface pressure oscillations 

A. C. M. Correia et al.: On the equilibrium rotation of Earth-like extra-solar planets L65

Table 1. Characteristics and equilibrium rotation rates of Earth-like planets with masses lower than 12 M⊕ (see text for notations).

Name M∗ Age ∗τeq m sin i a e ωs/n 2π/n 2π/ω−1 2π/ω−2 2π/ω+1 2π/ω+2
[M⊙] [Gyr] [Gyr] [m⊕] [AU] [day] [day] [day] [day] [day]

Venus 1.00 4.5 2.3 0.82 0.723 0.007 1.92 224.7 −243 76.8
GJ 581 c1 0.31 4.3 10−5 5.0 0.073 0.16 0.0002 12.93 11.2
GJ 876 d2 0.32 9.9 10−8 5.7 0.021 0 10−5 1.9378 1.9379 1.9377
GJ 581 d1 0.31 4.3 0.04 7.7 0.253 0.2 0.0026 83.6 67.4
HD 69830 b3 0.86 4–10 10−5 10.2 0.079 0.10 0.0009 8.667 8.17
GJ 674 b4 0.35 0.1-1 10−7 11.7 0.039 0.2 10−5 4.693 3.79
HD 69830 c3 0.86 4-10 10−3 11.8 0.186 0.13 0.0069 31.56 28.5

∗ Using Eq. (7) with k2 = 1/3 and ∆tg = 640 s (Earth’s values). References: [1] Udry et al. (2007); [2] Rivera et al. (2005); [3] Lovis et al. (2006);
[4] Bonfils et al. (2007). Earth-like planets OGLE-2005-BLG-390Lb (Beaulieu et al. 2006) and MOA-2007-BLG-192-Lb (Bennett et al. 2008)
have not been included because their despinning timescales τeq ∼ 102 Gyr are much larger than the age of the Universe.
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Fig. 1. Evolution of ω̇ (Eq. (5)) with ωs/n = 1.92, ωs/n = 0.40 and
ωs/n = 0.05, for different eccentricities (e = 0.0, 0.1, 0.2). The equilib-
rium rotation rates are given by ω̇ = 0 and the arrows indicate whether
it is a stable or unstable equilibrium position. For ωs/n > 1, we have
two equilibrium possibilities, ω±2 , one of which corresponds to a retro-
grade rotation (as for Venus). For ωs/n < 1, retrograde states are not
possible, but we can still observe final rotation rates ω− < n. For eccen-
tric orbits, because of the terms in bτ(2ω − n) and bτ(2ω − 3n), we may
have at most four different final possibilities (Eq. (12)). When ωs/n be-
comes extremely small, which is the case for the present observed extra-
solar planets with some eccentricity (Table 1), a single final equilibrium
is possible for ω+1 .

where

g(ω) =
Kg

4Ka

[
bg(2ω − n) + 49bg(2ω − 3n)

]

− ba(2ω − n) + 9 ba(2ω − 3n). (11)

Since bτ(σ) are monotonic odd functions, the effect of the eccen-
tricity is eventually to split each previous equilibrium rotation

rate into two new equilibrium values so that four final equilib-
rium positions for the rotation rate are possible, written as:

ω±1,2 = n ± ωs + e2 δ±1,2 , (12)

with

δ±1,2 =

(
2 +

g(ω)
|ba(2ω − 2n)|

)
∂ f −1

∂x

∣∣∣∣∣∣
x=1
, (13)

or, adopting the tidal models described in Sect. 2 (Eq. (5)):

δ−1,2 = 6n − (6 ± 1)ωs and δ+1,2 = 6n − (4 ± 9)ωs, (14)

where + corresponds to the state δ1 and− to the state δ2. Because
the set of ω±1,2 values must verify the additional condition

ω−2 < n/2 < ω−1 < n < ω+1 < 3n/2 < ω+2 , (15)

these four equilibrium rotation states cannot, in general, exist
simultaneously, depending on the values of ωs and e. In par-
ticular, the final states ω−1 and ω+1 can never coexist with ω−2 .
At most three different equilibrium states are therefore possible,
obtained when ωs/n is close to 1/2, or more precisely, when
1/2− 17 e2/2 < ωs/n < 1/2+ 7 e2/2. Conversely, we found that
one single final state ω+1 = (1+6e2) n+ (1−13e2)ωs exists when
ωs/n < 6e2(1 − 7e2).

4. Application to Earth-like extra-solar planets

The Earth and Venus are the only Earth-like planets for which the
atmosphere and spin are known. Only Venus is tidally evolved
and therefore suitable for applying the above expressions for
tidal equilibrium. We can nevertheless investigate the final equi-
librium rotation states of the already detected “super-Earths”.
For that purpose, we considered only the 6 extra-solar plan-
ets of masses smaller than 12 M⊕ that we classified as rocky
planets with a dense atmosphere, although we stress that this
mass boundary is quite arbitrarily. Using the empirical mass-
luminosity relation L∗ ∝ M4

∗ (e.g. Cester et al. 1983) and the
mass-radius relationship for terrestrial planets R ∝ m0.274 (Sotin
et al. 2007), Eq. (6) can be written as:

ωs/n = k (a M∗)2.5m−0.726, (16)

where k is a proportionality coefficient that contains all the con-
stant parameters, but also the parameters that we are unable to
constrain such as H0, k2, ∆tg or ∆ta. In this context, as a first or-
der approximation, we consider that for all these terrestrial plan-
ets, the parameter k has the same value as for Venus. Assuming

Correia, Levrard, Laskar 
(2008) 

[see also Gold & Soter (1969),  
Correia, Laskar, Néron de Surgy  
(2001), Correia & Laskar (2003), 

Leconte et al. (2015)] 

SOLID PART ATMOSPHERE 

Atmospheric torque Solid torque 

+ 

non-synchronized if alone, synchronized 
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From Venus to super Earth in the HZ of low-mass stars: 
rotation equilibria 



23 

al
tit

ud
e 

in
 lo

g 
sc

al
e 

longitude  latitude 

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

 0  2  4  6  8  10  12  14  16  18  20  22  24

p (
mb

ar)

solar time (hour)

5_Args
2_Args

data

-4
-3
-2
-1
 0
 1
 2
 3
 4
 5

 0  2  4  6  8  10  12  14  16  18  20  22  24

tem
p (

°C
)

5_Args
2_Args

data

sub-solar 
point 

pressure 

density 

pressure 

density 

The Earth 

Venus
X 

pressure 
maximum 

homogeneous 
response 

gravity waves 

δa 

New global models for atmospheric tides 

The case of an isothermal stably stratified atmosphere  

Transport & mixing 
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NEUTRAL CONVECTIVE 
ATMOSPHERE 

STABLY-STRATIFIED 
ATMOSPHERE 

NON-SYNCHRONIZED 
STATES OF EQUILIBRIUM 

SPIN-ORBIT 
SYNCHRONIZATION 

ATMOSPHERIC 
STRUCTURE 

FINAL ROTATION 
STATES 

strong atmospheric tidal 
torque 

weak atmospheric tidal 
torque 

Auclair-Desrotour, Laskar, Mathis (2016a) 

Prediction 

LUVOIR 

Consequences on planetary habitability? 



Dynamical code taking into account simultaneously  
ab-initio models of tidal and magnetic star-planet interactions 

   
! Simulation of the orbital architecture of planetary systems 

along the evolution of the host star 

The future big picture 
 

Benbakoura et al. 2017 



Thank 
you ! 

THANK YOU 


