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• Close-in giant planets cannot form 
in situ

• How did they migrate?
• planet-disc interactions 

• planet-planet interactions

• planet-planetesimal disc interactions

• planet-distant star companion (Kozai-Lidov)

Tidal interactions in exoplanetary systems

• The end of migration is the 
beginning of tidal interactions

• No exomoons 
discovered yet!

• Tidal torque ∝a-6

• Close-in planets 
(a<0.15 AU), around 
MS late-type stars



Tidal evolution outcome
Tidal circularization time (for co-planar orbit)

Tidal alignement time (for circular orbit and small inclination)

Tidal inspiral time (neglecting tides in the planet and for circular and co-planar orbit)

Barker & Ogilvie 2009



Observations

• How efficient is tidal dissipation?

• observational constraints: Jackson et 
al 2008, Matsumura et al 2008, 
Deleuil et al 2012, Carone & Patzold 
2007, Lanza et al 2011...

104≤Q’p≤107, 105≤Q’s≤109

➡ See next talks 



Excentricity

Origin?

simulation setup of Marzari &Weidenschilling (2002). Orbital
angles are selected randomly. We repeat the orbital integration
with different seeds of random number generation for the initial
orbital angles with the same initial a, e, and i.

With this choice, the shortest semimajor axis after the scattering
is expected to be amin ¼ 2:26 AU (eq. [1]). The tidal damping
timescale is a function of mass and radius of planets. Although
we fix the planetary mass, we test R ¼ RJ and 2 RJ cases. The
latter case corresponds to newborn planets that have not cooled
down. Since an averaged orbital separation of the system is
"3.6RH in this choice of semimajor axes, it is expected that the
orbital instability starts on timescales of "103 yr (see x 2.1).

Oscillation modes are raised in the planetary interior by the
tidal force from the host star in the vicinity of the pericenter. We
assume that the energy of the modes is dissipated, and the angular
momentum is transferred to the orbital angular momentum before
the next pericenter passage. Assuming that the orbital changes are
small in individual approaches, we change the orbit impulsively at
the pericenter passage as mentioned below.

We have performed six sets of simulations (Table 1). In set V,
we adopt the simplest model, that is, the velocity (v) of the planet
is changed discontinuously to v0 at the pericenter passage as

v0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2!Etide þ v2

p v

v
; ð12Þ

where!Etide is given by equation (5). In this set we adopt"r ¼ 0
and R ¼ 2 RJ. Since we do not change the location of the peri-
center and direction of motion there, the angular momentum var-
iation is specified as q!v, which is inconsistent with equation (4).
In sets T1 and T2, on the other hand, the pericenter distance is also
changed, as well as velocity, so as to consistently satisfy both
equations (4) and (5) for"r ¼ 0, but the direction of the motion
does not change. Equations (6) and (7) are satisfied in sets T3
and T4 ("r ¼ "crit). Planetary radius is R ¼ 2 RJ in sets T1 and
T3, while R ¼ RJ in sets T2 and T4. As we will show later, the
probability for the tidal circularization to occur does not signifi-
cantly depend on themodels of orbital change by tidal dissipation.
For comparison, we also test the case without the tidal circulari-
zation (set N).

Because of the chaotic nature of the scattering processes, we
integrate 100 runs in each set. We integrate orbits for 107Y108 yr.
We stop the calculation when a planet hits the surface of the host
star with 1 R& or when!Ltide overcomes the angular momentum
that a circularized planet has. The latter condition happens in sets
T1YT4. In set V, a collision against the host star occurs to a tidally
circularized planet. In other cases, we check the stability of the
systems every 106 yr after 107 yr. If only one planet survives and
its pericenter is far from the star, or two are left with dynamically
stable orbits with relatively large ‘z, we stop the simulation. We
continue the simulation until 108 yr, as long as the system con-
tains three planets.

3.2. Outcome of Planet-Planet Scattering: Set N

The result of the planet-planet scatterings without tidal force
is consistent with previous studies of Marzari & Weidenschilling
(2002). Systems ending with two planets are the most common
outcome. In 75 cases of set N, one planet is ejected. In 22 cases,
one of the planets hits the host star. This mainly occurs during
the chaotic phase of planetary interaction, namely, before the first
ejection of a planet. The case in which two planets are ejected is
rare, as Marzari & Weidenschilling found. We observed such
outcome in five runs.
The distribution of semimajor axis and eccentricity of the final

systems is shown in Figure 5. The innermost planets are scattered
into orbits at a ’ 2:5 AU. Since a small difference in the orbital
energy causes large difference in the semimajor axis in the outer
region, the semimajor axes of outer planets are widely distributed.
The figure includes planets that hit the star; they are clumped
around e ’ 1. The planets with small pericenter distance q P
0:05 AU are the star-colliding planets. Since there is no damping
mechanism in set N, the small q planets also have a " 2Y3 AU.

3.3. Orbital Evolution to Hot Planets

The star-approaching planets are circularized to become close-
in planets when we include tidal force in our simulation. A typical
evolution of semimajor axis, pericenter, and apocenter in the case
of set V is shown in Figure 6. The system enters the chaotic phase
quickly, and originally the outermost planet is scattered inward
into a ’ 3 AU through several encounters. The planet is detached
from other planets and becomes marginally stable with a " 3 AU
after t " 105 yr, until it suffers tidal damping (t k 3:9 ;106 yr), al-
though the outer two planets still continue orbital crossing. Dur-
ing the tentative isolation period, the eccentricity and inclination
of the innermost planet are mostly varied by secular (distant) per-
turbations from the outer two planets (Fig. 7). Since the perturba-
tions are almost secular, the semimajor axis of the isolated planet
does not change greatly until 3:9 ; 106 yr, but its eccentricity
randomly varies at the occasions when the middle planet ap-
proaches. As a result of one of these repeated close encounters,
the isolated planet acquires relatively large e and i at t ’ 1:0 ;
106 yr. Its eccentricity oscillates with large amplitude, exchanging

TABLE 1

Characteristics of Simulations

Set "r R/RJ Comments Close-in Planets

Set N ........... . . . . . . No tide . . .
Set V ........... 0 2 !v2 ¼ 2!Etide 37%

Set T1.......... 0 2 Eq. (4) 38%

Set T2.......... 0 1 Eq. (4) 29%
Set T3.......... "crit 2 Eq. (6) 33%

Set T4.......... "crit 1 Eq. (6) 32%

Fig. 5.—Final distribution of a and e in the case of set N (without tide).
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Planet-planet scattering
(Rasio & Ford 1996, Weidenschilling & Marzari 1996) 

Nagasawa et al 
2008, no tides



Excentricity

Origin? Planet-planet scattering & 
tidal circularization

(Nagasawa et al 2008)

Spread?



Obliquity
The Astrophysical Journal, 757:18 (25pp), 2012 September 20 Albrecht et al.

Figure 20. Projected obliquities and projected stellar rotation speeds as a function of the stellar effective temperature. Upper panel: measurements of projected
obliquities as a function of the effective temperature of the host star. Stars which have temperatures higher then 6250 K are shown with red filled symbols. Blue open
symbols show stars with temperatures lower then 6250 K. Stars which measured effective temperature include 6250 K in their 1σ interval are shown by split symbols.
Systems which harbor planets with mass <0.2 MJup or have an orbital period more then 7 days are marked by a black filled circle with a ring. Lower panel: projected
stellar rotation speeds v sin i" of the stars in our sample. In addition, v sin i" measurements of stars in the catalog by Valenti & Fischer (2005) are shown as small dots.
(A color version of this figure is available in the online journal.)

(2) The distribution of obliquities is originally broad for both
hot stars and cool stars, but they evolve differently depending
on a parameter closely associated with Teff . Winn et al. (2010a)
suggested that the second scenario is more likely and that the
factor associated with temperature is the rate of tidal dissipation
due to the tide raised by the planet.

The reason for this suspicion was that Teff ≈ 6250 K is not
an arbitrary temperature, but rather represents an approximate
boundary over which the internal structure of a main-sequence
star changes substantially. Stars hotter than this level have very
thin or absent convective envelopes, with the mass of the enve-
lope dropping below about 0.002 M" at 6250 K (Pinsonneault
et al. 2001). (For the Sun, the mass of the convective envelope
is around 0.02 M").

Independently of this theoretical expectation, there is dra-
matic empirical evidence for a transition in stellar properties
across the 6250 K divide: hotter stars are observed to rotate
more rapidly. In the lower panel of Figure 20, we plot the pro-

jected rotation speeds of a sample of ∼1000 stars from the
catalogue by Valenti & Fischer (2005). The projected rotational
speed v sin i" increases rapidly around 6250 K. For F0 stars,
the rotation speed can approach 200 km s−1. It is thought that
stellar rotation together with the convection in the envelope cre-
ate a magnetic field coupling to the ionized stellar wind far
beyond the stellar radius and thereby transport angular momen-
tum away from the stellar rotation (see, e.g., Barnes 2003, for
further discussion.) Presumably this magnetic braking is less
effective for stars without convective envelopes, leading to the
observed rapid increase in stellar rotation speeds toward earlier
spectral type. Judging from Figure 20, the transition from low
obliquity to high obliquity seems to be linked empirically to this
transition from slowly rotating to rapidly rotating stars.

The presence of a convective envelope is also expected to
change the rate of dissipation of the energy in tidal oscillations.
Energy contained in tidal bulges is thought to be more effectively
dissipated by turbulent eddies in convective envelopes than
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Primordial?

Hot star 

=> high 
obliquity?



Obliquity

The Astrophysical Journal, 757:18 (25pp), 2012 September 20 Albrecht et al.

Figure 23. Projected obliquity plotted as function of age for stars with
M! > 1.2 M!. This is a similar plot to the one presented by Triaud (2011).
Same symbols used as in Figure 20. Systems which are older than ∼3 Gyr are
cool enough to develop a convective envelope. This plot is therefore a relative
to Figure 20.
(A color version of this figure is available in the online journal.)

No such dependence is observed for systems with stars which
are close to 6250 K or hotter. However, the range of distances
that is spanned by the hot-star systems is very small, less than
an order of magnitude. In contrast, the cool-star systems probe
nearly two orders of magnitude. Note that two of the close-
in, misaligned systems are the systems with the hottest host
stars (WASP-33 and KOI-13). This lack of alignment finds an
explanation in the tidal hypothesis: despite the tight orbits, the
tidal dissipation rate may be relatively low due to thin or non-
existent convective layer.

Age. Under the tidal hypothesis, older systems should tend
to be closer to alignment than younger systems, all else being
equal. This is because in older systems, tides have had a longer
interval over which to act. Included in “all else being equal” is
the underlying assumption that the arrival time of the hot Jupiter
to its close-in orbit is the same in all systems.

Triaud (2011) presented empirical evidence that the degree of
misalignment depends chiefly on the age of the system. He found
that all systems in his sample with ages greater than 2.5 Gyr are
aligned (see his Figure 2). His sample consisted only of those
stars with an estimated mass greater than 1.2 M!, since it is
harder to determine a reliable age for lower-mass systems.

Stars with a mass of !1.2 M! develop a significant convective
envelope during their main-sequence lifetime, even if they
were too hot to have a significant convective envelope on the
“zero age” main sequence. In Figure 23 we plot the projected
obliquities as function of stellar age for stars with M! > 1.2 M!.
And indeed all the aligned and older systems are cool enough
to have a significant convective envelope. Figure 23 represents,
therefore, a similar pattern as seen in Figure 20 with a slight
shift in the variable and for a subset of systems (only stars
with M! > 1.2 M!). It seems as though the development of a
convective envelope with age, rather than the age itself, might
be driving the degree of alignment.

5.3. Tidal Timescale

As we have seen in the last section that the degree of
alignment is correlated with stellar temperature, the mass ratio,
and possibly the orbital distance. We now try in this section to

establish a single quantitative relationship between the degree
of alignment and those parameters. Ideally we could calculate
a theoretical alignment timescale for each system, and compare
that timescale to the estimated age of the system. We could
then check if systems with a relatively short timescale (fast
alignment) tend to have low obliquities, and systems with
timescales comparable to the lifetime of the system (or larger)
tend to have high obliquities.

Calculating timescales needed to synchronize and align stellar
rotation is a complex task. Apart from the parameters mentioned
above, there are other parameters that would influence the
time needed for alignment. For example the total amount
of angular momentum stored in the stellar rotation, and the
driving frequency of the tidal force (i.e., twice the orbital
frequency), are expected to be important. In addition, the
rate of dissipation is not expected to be constant over Gyr
timescales due to the contemporaneous evolution in orbital
distance and eccentricity, and due to stellar evolution. Even
worse, the specific mechanisms for dissipating tidal energy
are not completely understood, either for stars with radiative
envelopes or for stars with convective envelopes. Nevertheless,
there are some simple considerations we may employ to obtain
approximate timescales for alignment.

1. We can use the formulae provided by Zahn (1977) for syn-
chronization. The coefficients in these formulae are difficult
to derive from theory alone, but they can be calibrated with
observations made in binary star systems. By observing
the maximum orbital distance within which binary stars
are observed to be spin-orbit synchronized, and knowing
the lifetime of the stars on the main sequence, the relevant
parameters can be estimated. To apply this to our sam-
ple two different formulae are needed. One for cool stars
which have convective envelopes (CE) and hot stars which
have radiative envelopes (RA). Therefore, this approach has
the virtue of empirical calibration, although the calibration
is for star–star interactions rather than planet–star interac-
tions, and the calibration is for spin synchronization rather
than reorientation. One complication is that to apply these
formulae we have to make a binary decision on whether a
star is “convective” or “radiative” which does not reflect the
gradual thinning of the convective envelope with increasing
stellar temperature. We choose a temperature of 6250 K for
this boundary.

2. Assuming that the alignment timescale due to dissipation in
convective envelopes (τCE) is always shorter than the time
needed for alignment by forces in radiative envelopes (τRA)
we can try to derive a simple relationship between the mass
contained in the convective envelope and the alignment
timescale τ . This would have the advantage that the gradual
decrease of mass in the convective envelope can be easily
incorporated, but we ignore here any possible additional
dissipation mechanism in the radiative envelope which for
higher temperatures would become important. In addition
it is not obvious why τ−1 should depend linearly on the
mass contained in the convective envelope, nor can we
be completely confident in our estimate of the convective
mass based only on the observable parameters of the stellar
photosphere. And of course the convective mass is not really
a constant over Gyr timescales.

The simplifications made by either approach should cause us
not to expect a perfect and deterministic relationship between
our theoretical parameters and the observed obliquities (and we
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Ms > 1.2 Msun • Development of the 
convective envelope 
with time

• Initially random

• Tidally damped

Albrecth et al.2012



Role of angular momentum loss
• G-type stars lose angular momentum from their magnetized 

wind, F-type stars too but less so

• The dynamical evolution of orbital elements is driven by the 
resultant of the wind torque and the tidal torque

towards the star
Damiani & Lanza, accepted for publication in A&A

towards the star



Damiani & Lanza, accepted



Damiani & Lanza, accepted



Role of angular momentum loss
• G-type stars lose angular momentum from their magnetized 

wind, F-type stars too but less so

• The dynamical evolution of orbital elements is driven by the 
resultant of the wind torque and the tidal torque

• The wind efficency dependance on stellar parameters is not 
well known but

➡ Could explain the spread in excentricity (Dobbs-Dixon et al 2004)

➡ Could explain the spin/orbit misalignement (Dawson 2014)

➡ Could explain the delay of the tidal decay (Damiani et al 2014)



Conclusion
• Understanding star-planet interaction is a necessary step to 

confront observations and predictions of formation/migration 
models

• For hot-Jupiters around late-type stars the magnetized wind 
torque can be comparable (and opposite) to the tidal torque

• Dynamics and environemental effect in mutli-planet systems 
are fundamental to assess the habitability

• Better ages and stellar physics are essential to understand 
exoplanetary systems dynamics (we need PLATO)



Thank you!


