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Dynamical	
  evolu*on	
  of	
  stars	
  hos*ng	
  planetary	
  systems	
  

•  Tidal	
  evolu*on	
  &	
  dissipa*on	
  :	
  
•  Modify	
  stellar	
  rota*onal	
  dynamics	
  :	
  
*dal	
  torques	
  à	
  synchroniza*on	
  
•  Impact	
   the	
   architecture	
   of	
   the	
   system	
   :	
  
migra*on,	
  circulariza*on,	
  alignment	
  

•  Tidal	
  dissipa*on	
  in	
  host	
  stars	
  
•  Strongly	
   impacts	
   the	
   dynamics	
   of	
   short-­‐

period	
  systems	
  
•  Varies	
   over	
   several	
   orders	
   of	
   magnitude	
  

(stellar	
   mass,	
   age,	
   rota*on)	
   :	
   oOen	
   roughly	
  
parametrized	
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Mathis	
  &	
  Remus	
  2013	
  

Observa*onal	
  constraints	
  :	
  transits	
  and	
  radial	
  veloci*es	
  	
  
CoRoT,	
  Kepler,	
  HARPS,	
  CHEOPS,	
  TESS,	
  SPIRou,	
  PLATO	
  

à	
  Need	
  for	
  a	
  realis*c	
  ab	
  iniCo	
  modelling	
  of	
  *dal	
  dissipa*on	
  in	
  stellar	
  convec*ve	
  zones	
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Key	
  mechanism	
  :	
  iner*al	
  waves	
  in	
  convec*ve	
  zones	
  

•  Solid-­‐body	
  rota*on	
  	
  :	
  

•  Balance	
  between	
  the	
  Coriolis	
  accelera*on,	
  
pressure	
  gradient	
  and	
  gravity	
  

•  Transverse	
  waves	
  :	
  	
  
•  Doppler-­‐shiOed	
  frequency	
  is	
  in	
  [-­‐2Ω,	
  2Ω],	
  
•  propagate	
   in	
   the	
   whole	
   convec*ve	
   region	
  
along	
  straight	
  rays	
  

•  For	
   given	
   parameters,	
   the	
   kine*c	
   energy	
  
of	
   the	
   mode	
   could	
   concentrate	
   and	
   be	
  
efficiently	
   dissipated	
   around	
   sheared	
  
structures	
  which	
  follow	
  aaractor	
  cycles	
  

à	
  Resonant	
  dissipa*on	
  varying	
  over	
  orders	
  
of	
  magnitude	
  for	
  low	
  viscosi*es	
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à  In	
  stars,	
  iner*al	
  waves	
  in	
  conical	
  differen*al	
  rota*on	
  have	
  to	
  be	
  studied	
  
à  Methodology	
   :	
  understanding	
   the	
  complex	
  behavior	
  of	
   free	
  modes	
  before	
  studying	
  

the	
  *dal	
  forced	
  regime	
  

Differen*al	
  rota*on	
  of	
  low-­‐mass	
  stars	
  

•  Helioseismic	
  observa*ons	
   •  Simula*ons	
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Garcia	
  et	
  al.	
  2007	
   MaJ	
  et	
  al.	
  2011;	
  GasCne	
  et	
  al.	
  2014	
  

•  Differen*al	
   rota*on	
   strongly	
   modifies	
   iner*al	
   waves	
   :	
   e.g.	
   Baruteau	
   &	
   Rieutord	
  
(2013)	
  for	
  cylindrical	
  and	
  shellular	
  rota*on	
  profiles	
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•  Conical	
  rota*on	
  profile	
  :	
  

•  Analy*cs	
  shows	
  that	
  new	
  features	
  appear	
  :	
  

•  Paths	
  of	
  characteris*cs	
  are	
  curved	
  and	
  depend	
  on	
  
azimuthal	
  wavenumber	
  m	
  

•  They	
  may	
  s*ll	
  converge	
  towards	
  aaractor	
  cycles	
  or	
  
focus	
  towards	
  a	
  wedge	
  (Dintrans	
  &	
  Rieutord	
  1999)	
  

•  Turning	
  surfaces	
  :	
  boundary	
  between	
  hyperbolic	
  
and	
  ellip*c	
  domains	
  (trapping)	
  

•  Corota*on	
  layers	
  (m≠0)	
  :	
  the	
  Doppler	
  shiOed	
  wave	
  
frequency	
  vanishes	
  

Free	
  iner*al	
  waves	
  in	
  conically	
  differen*ally	
  
rota*ng	
  convec*ve	
  zones	
  :	
  inviscid	
  analysis	
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Viscous	
  dissipa*on	
  induced	
  by	
  waves	
  (important	
  for	
  *des)à	
  need	
  to	
  treat	
  the	
  viscous	
  problem	
  

D	
  
DT	
  

No	
  modes	
  



D	
  modes	
  
•  Method	
   :	
   numerical	
   simula*ons	
   using	
   the	
   LSB	
   linear	
   solver	
   aOer	
   analy*cal	
   projec*on	
  of	
   the	
  
equa*ons	
  on	
  vectorial	
  spherical	
  harmonics	
  (Rieutord	
  1987,	
  Baruteau	
  &	
  Rieutord	
  2013)	
  

•  Curved	
  propaga*on	
  in	
  the	
  whole	
  shell	
  
•  Overall	
  proper*es	
  similar	
  to	
  the	
  solid-­‐body	
  rota*on	
  case	
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Solar	
  case	
   An*-­‐solar	
  case	
  



Existence	
  and	
  behavior	
  of	
  DT	
  modes	
  ?	
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•  Strongly	
   differ	
   from	
   the	
   solid-­‐body	
   rota*on	
   case	
   :	
   la*tudinal	
  
trapping	
  

•  For	
  m=0,	
  DT	
  modes	
  preferably	
  appear	
  with	
  an*-­‐solar	
   rota*on	
  
(ε	
  <	
  0)	
  

•  The	
  situa*on	
  is	
  more	
  complex	
  for	
  m	
  ≠	
  0	
  

Popula*on	
  diagrams	
  :	
  resonant	
  DT	
  modes	
  seem	
  to	
  be	
  less	
  common	
  than	
  D	
  modes	
  for	
  all	
  m	
  



Non-­‐axisymmetric	
  modes	
  &	
  corota*on	
  resonances	
  

•  When	
  m	
  ≠	
  0,	
  the	
  Doppler-­‐shiOed	
  frequency	
  may	
  vanish	
   inside	
  the	
  domain	
  
à	
  corota*on	
  resonance	
  

•  Complex	
  behavior	
  :	
  valve	
  effect	
  /	
  instabili*es	
  that	
  require	
  a	
  dedicated	
  study	
  
(local	
  model	
  for	
  corota*on	
  layers)	
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Perspec*ves	
  and	
  ongoing	
  work	
  

	
  
	
  
•  Forced	
   regime	
   :	
   computa*on	
   of	
   *dal	
   iner*al	
  
waves	
  dissipa*on	
  spectra	
  as	
  a	
  func*on	
  of	
  stellar	
  
mass,	
  age	
  and	
  differen*al	
  rota*on	
  and	
  excita*on	
  
frequency	
  

•  Modelling	
  of	
  the	
  low-­‐frequency	
  oscilla*ons	
  of	
  an	
  
en*re	
   low-­‐mass	
   star,	
   including	
   the	
   stably-­‐
stra*fied	
  radia*ve	
  core.	
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Chernov	
  et	
  al.	
  2013	
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