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Star-‐planet	  interac0ons	  

•  Stars	   interact	   with	   their	   close-‐in	   planets	   through	   gravita0on,	  
radia0on,	  and	  magne0c	  fields;	  

•  Tides	   on	   stars	   and	   planets	   are	   produced	   by	   their	   gravita0onal	  
interac0on	  (see,	  e.g.,	  Zahn,	  2008;	  	  Mathis	  et	  al.	  2013)	  ;	  
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system, the faster its dynamical evolution. But it also depends on the efficiency of
the physical processes that are responsible for the dissipation of the kinetic energy.

Provided these dissipation processes are well enough understood, the observed
properties of a binary system can deliver important information on its evolutionary
state, on its past history, and even on the conditions of its formation. The first
step is thus to identify these physical processes, and it is surprising that this has
not been seriously undertaken until the mid-sixties, while tidal theory as such had
already reached a high degree of sophistication, starting with the pioneering work
of Darwin (1879). In his classical treatise, Kopal (1959) states from the onset
that he is interested only in “dynamical phenomena which are likely to manifest
observable consequences in time intervals of the order of 10 or 100 years, and if
so, tidal friction can be safely ignored”.

But stars live much longer than that, and this is why we shall consider here
changes in the properties of binary systems that occur over their evolutionary time
scale, and in particular the circularization of their orbits, which is both easy to
observe and easy to interpret. We shall deal mainly with binary stars, although
much of what follows may be applied also to star-planet systems.

2 The equilibrium tide

Fig. 1. Tidal torque. When the considered star rotates faster than the orbital motion

(Ω > ω), its mass distribution is shifted by an angle α from the line joining the centers
of the two components, due to the dissipation of kinetic energy. Since the forces applied

to the tidal bulges are not equal (f1 > f2), a torque is exerted on the star, which tends
to synchronize its rotation with the orbital motion (Ω → ω).

We begin with the most simple concept: that of the equilibrium tide, where
one assumes that the star is in hydrostatic equilibrium, and that, in the absence
of dissipation mechanisms, it would adjust instantaneously to the perturbing force
exerted by its companion.

(Zahn 2008) 



Tides	  in	  star-‐planet	  systems	  
•  Tides	  tend	  to:	  

–  circularize	  the	  orbit;	  
–  synchronize	  the	  rota0on	  of	  the	  two	  bodies	  with	  the	  orbital	  period;	  and	  
–  align	  their	  spins	  with	  the	  orbital	  angular	  momentum;	  

	  
•  The	  0mescale	  to	  reach	  such	  a	  final,	  minimum	  energy	  state,	  

depends	  on	  the	  strength	  of	  the	  0dal	  torques	  ac0ng	  on	  the	  
two	  bodies	  (e.g.,	  Zahn	  2008).	  



Orbital	  decay	  
•  When	  the	  star	  rotates	  with	  a	  period	  longer	  than	  the	  planetary	  

orbit,	  0des	  produce	  an	  orbital	  decay;	  

•  The	  0mescale	  for	  the	  engulfment	  of	  the	  planet	  is:	  

where (r, !, ") are spherical polar coordinates in a nonrotating
frame of reference centered on the star, ! is the frequency in that
frame, and ! is an amplitude. The tidal frequency experienced
by the star is

!̂ ¼ !" m"; ð3Þ

where " is its spin frequency.3 Q 0 is a function of l, m, and !̂,
but it can be assumed to be independent of! if linear theory ap-
plies. In practice l = 2 is dominant, and the azimuthal wave-
number m can be restricted to 0, 1, or 2.

Although the potential applications of tides are very broad,
we are concerned here with two problems connected with obser-
vations: the circularization of close binary stars and the inward
migration of hot Jupiters. In a binary star with mean motion
n > 0, tidal dissipation leads to an evolution of the semimajor
axis a and eccentricity e at the rates

ȧ
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where we neglect fractional corrections of second order in ec-
centricity and obliquity.4 HereM and R denote stellar mass and
radius, and Q0

i;m;!̂ is the value of Q
0 of star i for l = 2, azimuthal

wavenumberm, and tidal frequency !̂. For two identical stars that
are already synchronized ("1 = "2 = n), eccentricity is damped
on the circularization timescale
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where P is the orbital period and $̄ is the mean density ($̄' &
1.41 g cm"3). The timescale for synchronization is indeed much
shorter. Equation (6) assumes a common value ofQ0 for the var-
ious tidal components, but this assumption may not be so impor-

tant, because the !̂ = 3n " 2" component dominates unless it
has a much larger value of Q 0.

The relative contribution of the tide in star 2 is
(Q0

1/Q
0
2)(M1/M2)

2(R2/R1)
5. For late-type stars R / M 4/5 ap-

proximately, giving a ratio of (Q0
1/Q

0
2)(M2/M1)

2. The tide in the
secondary star is therefore less important if its Q 0 is the same.

Figure 1 reproduces the observational data from the study of
Meibom & Mathieu (2005). Although the trend is not particu-
larly clear, it is roughly consistent with the frequently quoted
value Q 0 & 106.

To determine the rate of inward migration of a hot Jupiter, we
consider a synchronized planet of mass Mp in a circular orbit
around a star of mass M(, in which case
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The inspiral time for a planet into a star similar to the Sun (as-
suming Q0

( to be independent of frequency) is
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The extrasolar planet of shortest orbital period found to date
is OGLE-TR 56b, with P = 1.21 days. It orbits a star of mass
1.04 M' whose age is estimated to be 3 ) 1 Gyr (Sasselov
2003). If the value Q0 & 106 appropriate for binary stars is em-
ployed in this context, the inspiral time is only about 0.036 Gyr.

The observations raise two basic problems for theorists. First,
an efficient dissipation mechanism must be found to explain a
Q0 as small as 106 for the binary circularization problem. Second,
the same mechanism must not operate so efficiently in the hot-
Jupiter problem, unless we are extremely fortunate to observe
OGLE-TR 56b and others like it.

3 We restrict our attention to uniformly rotating stars. By ‘‘frequency’’ we
always mean angular frequency.

4 Under the assumption that 1/Q 0 / j!̂j, eq. (5) reproduces the result of
Darwin (1880) that eccentricity is excited for "/n > 18/11 and is damped other-
wise. Note that the discontinuities in eqs. (4) and (5) do not occur in practice,
because 1/Q0 must vanish as !̂ tends to zero in the case of a uniformly rotating
body.

Fig. 1.—Circularization period vs. age for the stellar clusters and popula-
tions listed byMeibom&Mathieu (2005). The curves show the period for which
the circularization timescale (eq. [6]) is equal to the age for various values of Q0.
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(Ogilvie & Lin 2007) 

The modified tidal quality factor Q’* parametrizes the efficiency of the 
dissipation of the kinetic energy of the tides inside the star; the larger Q’*, the 
smaller the dissipation. For simplicity, we assume Q’ independent of the tidal 
frequency.  
 



The	  0dal	  quality	  factor	  
•  Theore0cal	   es0mates	   of	   Q’*	   are	   uncertain	   by	   2-‐3	   orders	   of	  

magnitudes	  (e.g.,	  Ogilvie	  &	  Lin	  2007;	  Mathis	  et	  al.	  2013);	  
	  
•  It	   can	   be	   calibrated	   by	   observing	   synchroniza0on	   and	  

circulariza0on	  	  in	  close	  binary	  systems	  belonging	  to	  clusters	  of	  
different	  ages;	  this	  gives:	  Q’*	  ≈	  106.	  	  

where (r, !, ") are spherical polar coordinates in a nonrotating
frame of reference centered on the star, ! is the frequency in that
frame, and ! is an amplitude. The tidal frequency experienced
by the star is

!̂ ¼ !" m"; ð3Þ

where " is its spin frequency.3 Q 0 is a function of l, m, and !̂,
but it can be assumed to be independent of! if linear theory ap-
plies. In practice l = 2 is dominant, and the azimuthal wave-
number m can be restricted to 0, 1, or 2.

Although the potential applications of tides are very broad,
we are concerned here with two problems connected with obser-
vations: the circularization of close binary stars and the inward
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ė

e
¼ " 9

32

M2

M1

!
R1

a

"5

n

#
49sgn (3n" 2"1)

Q0
1;2;3n"2"1

þ 6

Q0
1;0;n

þ 4sgn (2"1 " 2n)

Q0
1;2;2n"2"1

þ sgn (2"1 " n)

Q0
1;2;n"2"1

$

" 9

32

M1

M2

!
R2

a

"5

n

#
49sgn (3n" 2"2)

Q0
2;2;3n"2"2

þ 6

Q0
2;0;n

þ 4sgn (2"2 " 2n)

Q0
2;2;2n"2"2

þ sgn (2"2 " n)

Q0
2;2;n"2"2

$
;

ð5Þ

where we neglect fractional corrections of second order in ec-
centricity and obliquity.4 HereM and R denote stellar mass and
radius, and Q0

i;m;!̂ is the value of Q
0 of star i for l = 2, azimuthal

wavenumberm, and tidal frequency !̂. For two identical stars that
are already synchronized ("1 = "2 = n), eccentricity is damped
on the circularization timescale

#e ¼ " e

ė
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where P is the orbital period and $̄ is the mean density ($̄' &
1.41 g cm"3). The timescale for synchronization is indeed much
shorter. Equation (6) assumes a common value ofQ0 for the var-
ious tidal components, but this assumption may not be so impor-

tant, because the !̂ = 3n " 2" component dominates unless it
has a much larger value of Q 0.
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secondary star is therefore less important if its Q 0 is the same.

Figure 1 reproduces the observational data from the study of
Meibom & Mathieu (2005). Although the trend is not particu-
larly clear, it is roughly consistent with the frequently quoted
value Q 0 & 106.

To determine the rate of inward migration of a hot Jupiter, we
consider a synchronized planet of mass Mp in a circular orbit
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is OGLE-TR 56b, with P = 1.21 days. It orbits a star of mass
1.04 M' whose age is estimated to be 3 ) 1 Gyr (Sasselov
2003). If the value Q0 & 106 appropriate for binary stars is em-
ployed in this context, the inspiral time is only about 0.036 Gyr.

The observations raise two basic problems for theorists. First,
an efficient dissipation mechanism must be found to explain a
Q0 as small as 106 for the binary circularization problem. Second,
the same mechanism must not operate so efficiently in the hot-
Jupiter problem, unless we are extremely fortunate to observe
OGLE-TR 56b and others like it.
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always mean angular frequency.

4 Under the assumption that 1/Q 0 / j!̂j, eq. (5) reproduces the result of
Darwin (1880) that eccentricity is excited for "/n > 18/11 and is damped other-
wise. Note that the discontinuities in eqs. (4) and (5) do not occur in practice,
because 1/Q0 must vanish as !̂ tends to zero in the case of a uniformly rotating
body.

Fig. 1.—Circularization period vs. age for the stellar clusters and popula-
tions listed byMeibom&Mathieu (2005). The curves show the period for which
the circularization timescale (eq. [6]) is equal to the age for various values of Q0.
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Very	  Hot	  Jupiters	  (VHJs)	  

•  With	  Q’*	  ≈	  106	  the	  orbital	  decay	  0mescale	  for	  a	  planet	  with	  a	  
mass	  comparable	  with	  that	  of	  Jupiter	  and	  Porb	  ≈	  1.5	  d	  around	  
a	  Sun-‐like	  star	  is	  only	  ≈	  50	  Myr;	  

	  
•  Conversely,	   the	  es0mated	  age	  of	   its	  host	   star	   is	   generally	  of	  

the	  order	  of	  a	  few	  Gyr;	  
	  
•  Are	  those	  systems	  caught	   in	  a	  very	  special,	  short-‐lived	  phase	  

of	   their	   evolu0on	   ?	   Or	   is	   the	   calibra0on	   of	   0dal	   interac0on	  
derived	  from	  close	  binaries	  not	  applicable	  to	  those	  systems	  ?	  	  



Observa0onal	  tests	  
•  We	  can	  approach	  these	  ques0ons	  by:	  
	  

–  studying	   the	   0dal	   evolu0on	   of	   individual	   sistems	   (e.g.	   Carone	   &	  
Patzold	  2004;	  Lanza	  et	  al.	  2011);	  

–  analysing	  a	   sta0s0cally	   significant	   sample	  of	  VHJ	   systems,	   e.g.,	   along	  
the	  lines	  of	  Jackson	  et	  al.	  (2009)	  or	  Hansen	  (2010,	  2012);	  

	  
•  However,	  PLATO	  will	  allow	  us	  to	  put	  a	  lower	  limit	  on	  the	  present	  value	  of	  

Q’*	  in	  individual	  systems	  through	  an	  accurate	  0ming	  of	  their	  transits;	  
	  
•  For	  instance,	  in	  the	  case	  of	  Kepler-‐17,	  Bonomo	  &	  Lanza	  (2012)	  es0mate	  a	  

TTV	  of	  8	  s	  in	  ten	  yrs,	  if	  Q’*	  ≈	  106	  ;	  relying	  on	  previous	  Kepler	  0ming,	  PLATO	  
can	  measure	  such	  a	  TTV	  and	  put	  a	  direct	  constraint	  on	  Q’*	  in	  this	  system.	  



Star-‐Planet	  Magne0c	  Interac0on	  (SPMI)	  

•  Close-‐in	   planets	   (a	   <	   0.15	   AU)	   can	   also	   interact	   with	   the	  
magne0c	  fields	  of	   their	  host	  stars	   (see	  the	  talk	  by	  Rim	  Fares	  
on	  magne0c	  fields	  of	  planet-‐hos0ng	  stars);	  

	  
•  An	   interac0on	   is	   expected	   also	   for	   a	   planet	   that	   have	   no	  

intrinsic	  magne0c	  field	  (cf.	  e.g.,	  Saur	  et	  al.	  2013);	  

•  The	   power	   released	   in	   the	   interac0on	   between	   the	   stellar	  
coronal	  field	  and	  a	  magne0zed	  planet	  can	  play	  a	  relevant	  role	  
in	  planetary	  evapora0on	  for	  a	  <	  0.10	  AU	  (Lanza	  2013).	  



A	  scaled	  version	  in	  the	  Solar	  System:	  
Jupiter-‐Io	  interac0on	  





SPMI	  in	  the	  chromospheres	  of	  	  
HD	  179949	  and	  υ	  And	  

Different	  symbols	  refer	  to	  different	  epochs	  (Shkolnik	  et	  al.	  2005;	  
2001	  Aug:	  circles,	  2002	  Jul:	  squares;	  2002	  August:	  triangles;	  2003	  
Sept:	  diamonds)	  



Possible	  star-‐planet	  interac0on	  in	  CoRoT-‐6	  
as	  revealed	  by	  photospheric	  starspots	  

	  	  	   	   	   	   	   	   	   	   	  The	  straight	  lines	  mark	  a	  longitude	  at	  -‐200o	  from	  the	   	  subplanetary	  longitude;	  the	  
crosses	  mark	  the	  ac0ve	  regions	  possibly	  associated	  with	  that	  ac0ve	  longitude.	  The	  
probability	  of	  a	  chance	  associa0on	  is	  less	  than	  1	  percent	  (Lanza	  et	  al.	  2011).	  

(Porb = 8.886 d > Prot = 6.35 d) 



Star-‐planet	  interac0ons	  and	  gyrochronology	  
•  Late-‐type	   stars	   experience	   a	   braking	   of	   rota0on	   during	   their	   main-‐sequence	  

life0me	  due	  to	  a	  magne0zed	  wind;	  
	  
•  For	  a	  given	  spectral	  type,	  the	  rota0on	  period	  depends	  on	  age	  (e.g.,	  Barnes	  2003,	  

2007;	  Bouvier	  2008);	  
	  
•  Measuring	   the	   rota0on	  period	   through	   the	   rota0onal	  modula0on	  of	  PLATO	   light	  

curves,	  we	   can	  es0mate	   stellar	   ages	  with	  an	  accuracy	  up	   to	  15-‐20	  percent	   (e.g.,	  
Epstein	  &	  Pinsonneault	  2012);	  

	  
•  However,	  there	  are	  indica0ons	  that	  stars	  with	  close-‐in	  planets	  (HJs)	  do	  not	  follow	  

the	  standard	  gyrochronology	  rela0onship;	  this	  can	  be	  due	  to:	  
–  Tidal	  spin-‐up	  by	  the	  planet	  (e.g.,	  Pont	  2009;	  Brown	  et	  al.	  2011;	  Bolmont	  et	  al.	  

2012);	  
–  Reduced	   efficiency	   of	   the	   magne0zed	   wind	   owing	   to	   predominantly	   closed	  

coronal	   structures	   produced	   by	   the	  magne0c	   interac0on	   with	   planet’s	   field	  
(Lanza	  2010;	  Cohen	  et	  al.	  2010).	  



Conclusions	  
•  The	  measurement	   of	   TTV	  with	   PLATO	   promises	   to	   directly	   constrain	   the	  

present	   0dal	   quality	   factor	   in	   VHJ	   systems,	   specifically	   by	   a	   combina0on	  
with	  Kepler	  data	  to	  reach	  a	  0me	  baseline	  of	  the	  order	  of	  a	  decade;	  

	  
•  PLATO	   high-‐precision	   photometry	   can	   be	   used	   to	   study	   stellar	  

photospheric	  ac0vity	  and	  rota0on	  allowing	  us:	  
	  

–  To	  assess	   the	   role	  of	  0dal	  and	  magne0c	   interac0ons	   in	   the	   rota0onal	  
evolu0on	  of	  stars	  with	  close-‐in	  planets;	  this	  is	  fundamental	  to	  applying	  	  
gyrochronology	  to	  planet-‐hos0ng	  stars;	  	  

	  
–  To	   look	   for	  evidence	  of	  stellar	  ac0ve	   longitudes	  phased	  to	   the	  orbital	  

mo0on	  of	  close-‐in	  planets	  (Lanza	  2008,	  2011).	  



Thank	  you	  for	  your	  aoen0on	  


