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1. Introduction

The CoRoT exoplanets and brown dwarfs are, by far, the
most suitable extrasolar planetary systems for the appraisal
of the consequences of the exchanges and losses of mechani-
cal energy and angular momentum associated with the tidal
deformation of the bodies.

Given the almost impossibility of the direct observa-
tion of the very slow tidal changes in the orbital and ro-
tational elements, the only way to assess the strength of
these changes is by comparing the current values of those
elements to their assumed primordial values. For that sake,
the main tracers of the past tidal effects in the observed ex-
trasolar planetary systems are the stellar rotational period
and the orbital eccentricity. One element strongly affected
by tides is the rotation of the exoplanet; however, besides
not observed, the rotation capture into a steady supersyn-
chronous state (a.k.a. pseudo-synchronous) predicted by
classical tidal theories, is very fast and close-in exoplan-
ets are expected to be in that state with no memory of its
past evolution.

The privilege of the CoRoT exoplanets over others stem
from several reasons:

— the better signal-to-noise ratio of space photometric
measurements;

— the careful follow-up observations using last-generation
spectrographs. They allowed for the determination of
the true planetary masses and for the accurate mod-
elling of the host stars, which resulted in the reasonable
knowledge of their physical characteristics and ages;

— the better orbital eccentricities resulting from the joint
analysis of transits and radial velocities observed in close
epochs, instead of estimations based only on the asym-
metry of the radial velocity curves when transits are not
observed;

— the continuous photometry over long timespans, in
many cases allowing for the determination of the stellar
rotational periods without the inclination indetermina-
tion of the spectroscopically measured Vit sin 1.
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When all these elements and parameters are available, the
existing theories may be used to have an estimation of the
past evolution of the system and the ruling out of scenarios
in contradiction with our knowledge of planetary and stel-
lar formation and of the planetary migration, may be used
to constrain the tidal parameters entering in the theories.
This is a fundamental contribution because the currently
used tidal parameters of exoplanets and their host stars
are just extrapolations from solar system analogs and the
imprecision in their knowledge do not allow us to make re-
liable predictions of the future evolution of these systems.
The actual knowledge of the real parameters is currently
limited to the results issued from simulations of the distri-
bution of the initial eccentricity values of close-in planets
(Jackson et al. 2008), and from the analysis of the survival
of some short-period planets around evolving stars and of
the limits for circularization of planets with highly eccentric
orbits (Hansen 2012).

One extra factor favoring the use of the CoRoT systems
in the study of tidal phenomena is the great proportion
of very massive planets and brown dwarfs among them.
About 1/3 of the discovered CoRoT planets have masses
larger than 2 Mj,,. The large masses of the companions en-
hance tidal effects and thus allow for more robust analyses.

In this paper, we select among the 30 discovered CoRoT
systems those that may be considered as paradigms, or,
at least, as very significant examples of tidal evolution
scenarios of extrasolar planetary systems.

In order to model the evolution of the selected systems,
we need to use one of the available tidal theories. We adopt
the creep tide theory (Ferraz-Mello 2013), for which we dis-
pose of codes allowing us to obtain the variation of the stel-
lar rotational period and of all orbital elements with high
formal precision, even when the orbital eccentricities be-
come very large. It is important to stress that all available
theories are more or less equivalent when the considered
bodies are predominantly fluid, with low Reynolds num-
bers (Stokes fluids) and should give comparable results to
those presented in this paper. It is also necessary to use
one theory to assess the stellar loss of rotational angular
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momentum through the magnetic phenomena associated
with the stellar winds. We adopt the formulas proposed
by Bouvier et al. (1997). These formulas account in a sat-
isfactory way for the rotation of single stars observed in
clusters of known ages (Bouvier 2013), once the very ac-
tive initial phases are over, and allows one to reproduce the
Skumanich’s law (Skumanich 1972). More complete theo-
ries exist taking into account more complex patterns of the
magnetic activity of the stars, but they involve physical pa-
rameters not known for the considered stars (see Matt et al.
2012).

The theories used here are the same that were used to
study the interplay of tidal evolution and stellar wind brak-
ing in the rotation of stars hosting massive close-in planets
by Ferraz-Mello et al. (2015).

2. CoRoT 33. The paradigm

All favorable circumstances are present in this system
formed by an active G star and a massive brown dwarf in a
close-in orbit. The modelling of the tidal evolution of this
system unravelled a typical scenario which, in less marked
circumstances, happens also in systems with massive plan-
ets as CoRoT-27 and KEPLER-75 (see Ferraz-Mello et al.
2015). In its young ages, once the star is decoupled from
the disk and is no longer subject to significant changes, we
should expect to find it as a fast rotator.

The evolution of the stellar rotation is controlled by two
effects: the torques due to the tides raised by the companion
on the star and the leakage of angular momentum due to
the magnetic wind braking of the star. Since the magnetic
braking €2 is proportional to 2, the braking dominates the
initial evolution of the stellar rotation, when the angular
rotational velocity €2 is large. However, as the age and the
rotational period grow, the braking weakens and, after some
time, the tidal effects dominate over the braking and the
stellar rotation is accelerated. The energy spent accelerat-
ing the star rotation leads the planet to spiral towards the
star and, if it lives long enough, it will fall on the star,
transferring to it all of its angular momentum. In the case
of CoRoT-33, the age of the star is large and it allowed
the system to reach this latter stage. The brown dwarf is
slowly falling towards the star, the rotation of which is being
slowly accelerated.

Figure I11.9-2.1 shows the expected evolution of CoRoT-
33 during its lifetime. The estimated stellar tidal relaxation
factor ~4 for this star, depending on the actual orbital and
rotational parameters used, lies between 30 and 60 s~ . The
formulas relating the tidal relaxation factor and the quality
factor @ (see Ferraz-Mello 2013) indicate that this result
corresponds to @ in the interval 3—6 x 105, which is in the
mid of the interval 7 x 10°—4.5 x 107 that we obtain from
Hansen’s (2012) results for a sample of planet hosting stars,
if we adopt the stellar Love number ky = 0.2.

Several experiments were done letting the companion’s
rotation to vary freely. The results showed that in that case,
the companion takes about 1—2 Gyr to reach a synchronous
rotation. However the results for the evolution of the stel-
lar rotation and of the orbital elements (a,e) of the com-
panion are the same as those obtained when the capture in
the steady supersynchronous stationary rotation is assumed
ab initio.
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Simulations of the evolution of the rotational
period of CoRoT-33 (black) and of the orbital period of the
companion CoRoT-33b (red). Adopted stellar tidal relaxation
factor: ~36 s 1.

We may mention that the past evolution of the system is
critically dependent on the current rotational period. If g
is different, we may have either a star whose rotation was
recently too fast or too slow. However, the numerical ac-
curacy required to determine 7y is not real. The spectro-
scopically determined rotational period has large dispersion
(~1 d) and the photometric period may be different from
the actual rotational period. Some striking commensurabil-
ities between the stellar rotational period and the orbital
period in some extrasolar planetary systems (e.g. 3/2 in the
present case), allow us to suspect that the magnetic fields
controlling, on the surface of the stars, the features respon-
sible for the measured periodic variations in the star’s light
are modulated by the orbital period of the massive close-in
companions (see Béky et al. 2014).

To conclude, let us add that the comparison of the so-
lutions with and without the consideration of the magnetic
braking shows that the circularization of the orbit of the
companion and its fall toward the star are both accelerated
by the angular momentum leakage since, in this case, the
stellar energy losses are also contributing to the planet fall.

CoRoT-27

CoRoT-27 is very similar to CoRoT-33. Aged and with a
super-Jupiter as companion, the same evolutionary pro-
cesses seen in CoRoT-33 are present in this case (see
Ferraz-Mello et al. 2015). The best representation of the pa-
rameters of this system was obtained assuming 75, = 90 s~*
(corresponding to Q = 2.7 x 106 if ko = 0.2).

CoRoT-23

Another system showing a similar behavior is CoRoT-23.
The study of the evolution of the stellar rotation with the
data given in Table IT11.9-2.1 results in v, ~ 8 s~'; this value
corresponds to the quality factor @ = 4 x 10° (if ko = 0.2),
which is below the lower limit of the interval determined
by Hansen (2012). The discovery paper (Rouan et al. 2012)
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Basic parameters of the CoRoT systems discussed in this paper.

Star

Compan.

Orbital

Rotation

Spect. . Age
Star mass mass period period Eccentricity

type (Gyr)

(Mo) (Miup) (d) (d)

CoRoT-2! G7V 0.9740.06 3.314+0.16  1.742996(2) 4.52 + 0.02¢ <0.06 0.2—4.0
CoRoT-321  F3 1.374+0.09 21.8+ 1.0  4.256799(4)  ~3.65* "5 0.012(10) 1.6-2.8
CoRoT-5° FOV  1.0£0.02 0.467 T097  4.037896(2) >30° 0.097597 6.9+ 1.4
CoRoT-11*  F6V 1.27+40.05 2.33+0.27 2.994325(21) 1.7340.22 <0.2 2.0+ 1.0
CoRoT-14>' F9V 1.13+0.09 6.94 + 0.5 1.51214 5.6 + 0.5 0 0.4-8.0
CoRoT-15  F7V 1.3240.12 633 +4.1  3.06036(3) e 0 1.14-3.35
CoRoT-16"7 G5V 1.104 0.08 0.535 + 0.085  5.35227(2) <60 ° 0.33 £0.1 6.742.8
CoRoT-18%13 G9V 0.95+0.15 3.47 +0.38  1.900070(3) 5.4 + 0.6 <0.08  0.05—1.0
CoRoT-20° G2V 1.144+0.08 4.24 +0.23 2.48553345(7) 11.5£3.1°  0.562(13) <1
CoRoT-231 GOV 1.1440.08 2.8 4 0.25 3.6314(1) 9.0+ 1.0 0.164 0.02 7.2795
CoRoT-27'' G2 1.05+0.11 10.39 + 0.55  3.57532(6) 12.7 +1.7° <0.065 4.2+ 2.7
CoRoT-33'2  G9V 0.86+0.04 59.0+1.8 5.819143(18) 8.936 +£0.015% 0.0700(16)  >4.6

Notes. (a) photometric; (b) xsin/; (c) photometric modulations at 2.9, 3.1 and 6.3 d; (d) id. at 10.5 d. (1) Alonso et al.
(Alonso et al. 2008); (2) Deleuil et al. (2008); (3) Rauer et al. (2009); (4) Gandolfi et al. (2011); (5) Tingley et al. (2011);
(6) Bouchy et al. (2011); (7) Ollivier et al. (2012); (8) Hébrard et al. (2011); (9) Deleuil et al. (2012); (10) Rouan et al. (2012);

(11) Parviainen et al. (2014); (12) Csizmadia et al. (2015); (13)
dos Santos (priv. comm.).

mentions a peak in the power spectrum of the photometric
measurements at 10.5 d. If this value is adopted for the
rotational period, the resulting 74 and @ are doubled and
are in agreement with Hansen’s determinations.

3. CoRot 3. The dissipation
in an F star

CoRoT-3b is a brown dwarf in orbit around an F3 star. In
all other systems involving a nonactive F star with a mas-
sive companion (e.g. CoRoT-15, KELT-1, HAT-P-2), the
stellar rotational period is very close to the orbital period
of the companion, what means that the system has lost
completely the memory of its past evolution and do not al-
low even for a rough estimate of the stellar tidal dissipation
factor vg;. In the case of CoRoT-3, however, the stellar ro-
tation is faster than the orbital period, indicating that the
synchronization has not yet been reached. The value 3.65 d
obtained by Tadeu dos Santos (priv. comm.) from a reanal-
ysis of the Rossiter-McLaughlin effect in the observations
done by Triaud et al. (2009), is reinforced by the existence
of a peak at about 3.6 days in the power spectrum of the
photometric signal.

We present on Fig. I11.9-2.2; the tracks corresponding
to stellar relaxation factors between 40 and 120 s~!. In all
cases, the star has a fast initial rotation and the brown
dwarf is in an orbit above the synchronous (or corotation)
orbit. The strong tidal interaction between the companion
and the star slows down the star’s rotation, which tends
to approximate the synchronization. The companion, on its
turn, is being accelerated by the tidal torque due to the fast
rotating star and earns energy, moving away from the star.

Moutou et al. (2013); (14) Ferraz-Mello et al. (2015); (15) Tadeu
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Simulations of the evolution of the rotational
period of CoRoT-3 (black) and of the orbital period of the com-
panion CoRoT-3b (red). Adopted stellar tidal relaxation factors
(starting from the steepest curves): 40, 60, 80, 100, 120 s~ *. The
dashed vertical lines show the stellar age range.

We may take advantage of the large mass of the brown
dwarf and select the evolutionary tracks compatible with
the age of the system and its rotational period. The curves
leading to a fast stellar rotation in a time correspond-
ing to the age of the system (1.6—2.8 Gyr) are those for
which vy is between 40 and 70 s~!, which corresponds to
Q ~ 6—9x106 (if ko = 0.2). Given that we have used a pla-
nar model and that the study of the Rossiter-McLaughlin
effect indicates an obliquity larger than 30 degrees, it is
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prudent to bracket this value with a somewhat larger in-
terval. The value is of the same order as the values found
for G stars (as CoRoT-33 and CoRoT-27, for example),
and their comparison serves to estimate the role played in
the stellar tidal dissipation by the existence of a convective
zone.

The system may be evolving towards a double synchro-
nization as already indicated by previous studies of this star
by Carone (2012). The dissipation in the planet is negligi-
ble; tests with several values of the planetary tidal relax-
ation factor were done and did not show any change in the
results.

CoRoT-11

The rotational evolution of the F6V star CoRoT-11 has
been studied by Lanza et al. (2011) with a model adopting
a magnetic braking of about 1/4 of the value adopted by
Bouvier et al. (1997) for less massive stars. That study al-
lowed them to constrain the value of the stellar tidal quality
factor averaged over the life of the system to the interval
5 x 10°—2.5 x 105 (for ko = 0.2). These values match the
lower part of the interval determined by Hansen (2012) for
general host stars. Lanza et al. (2011) also note that their
results are 3—15 times smaller than the prediction from
the theoretical results of Barker and Ogilvie (2009) for the
quality factor of a similar star.

The study of this system is made particularly difficult
by the uncertainty on the current eccentricity of the system.
Lanza et al. (2011) adopted e = 0 on the grounds that a
circular orbit is compatible with the available radial velocity
measurements.

4. CoRoT 15. The double

synchronization

Because of its mass and spectral type (F7V), CoRoT-15 is
not expected to be active and the evolution may be fully
controlled by the tidal interactions. In the past, this system
may have shown a situation similar to that of CoRoT-3 (see
Fig. I111.9-2.2), but in the case of CoRoT-15, because of the
larger mass of the companion and its closer proximity to
the star, this process was faster and the full synchroniza-
tion may have been reached a long time ago. It may be
currently in a state in which the eccentricity is zero and
all periods, rotational and orbital, are equal. Any attempt
to model the recent evolution of the system by assuming
that the stellar rotational period is different from the or-
bital period results into physically unacceptable solutions
where the star is showing a too fast or a too slow rotation
a short time ago. In addition, no residual eccentricity may
have survived the fast damping due to those conditions.

The only alternative to this scenario is the presence of
a residual activity (see Barker & Ogilvie 2009). If a small
activity, say, around 10 percent of that of a G star is ac-
cepted, the situation is almost the same except that the
system will no longer be stationary. The brown dwarf will
be slowly falling on the star whose rotation will be acceler-
ated preserving the synchronism. But, even in this case, the
system would not be expected to show significant changes
during the star’s remaining lifetime.
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Simulations of the past tidal evolution of the
eccentricity of CoRoT-5b for initial eccentricities 0.05, 0.09 and
0.18. Adopted planetary tidal relaxation factor: 200 s~'. The
vertical lines show ¢t = 0 and the stellar age range. The horizontal
lines show the error bar of the observed eccentricity. (Adapted
from Ferraz-Mello 2013).

5. CoRoT-5. Planetary tide
and dissipation

In this system, the memory of the past evolution is kept by
the eccentricity and it was the first for which the analysis
of the discussed models was used to estimate the tidal re-
laxation factor of one hot Jupiter (Ferraz-Mello 2013). The
simulations of this system show a significant rate of cir-
cularization and the eccentricity must have been larger in
the past. However, if the tidal dissipation is larger than a
certain limit, we are forced to assume that the eccentricity
has been too high in a recent past. All general mechanisms
responsible for important eccentricity enhancement are re-
lated to events expected to happen only in the early life of
the system (see Malmberg & Davies 2009). Therefore the
rate of circularization of the system may not impose high
eccentricities in a recent time. Fig. I11.9-2.3 shows the solu-
tions corresponding to the planetary tidal relaxation factor
Yp1 = 200 s~! for initial eccentricities within the range re-
sulting from the analysis of the observations (we used the
more probable value and the minimum and maximum of
the interval of confidence).

The limit 200 s~! corresponds to the quality factor
Q = 5 x 105 (if k; = 0.35) and is inside the range 2 x
10°—2 x 107 determined by Hansen (2012) from his analy-
sis of survival of close-in exoplanets. However, it is at least
one order of magnitude larger than the values that we ob-
tain by extrapolating to the bloated radius of CoRoT-5b,
the values of ) determined for the giant planets of our Solar
System (see Ferraz-Mello 2013). It is worth noting that if
a relaxation factor 10 times smaller is adopted, the result-
ing larger circularization rate would impose eccentricities
close to 1 in the past Gyr, what would be impossible to ex-
plain with the current knowledge of the exoplanets orbital
evolution.

The present planetary rotation does not interfere with
the results. As extensively studied by Carone (2012), the
rotation of the close-in planets in the CoRoT systems is
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Simulations of the evolution of the rotational
period of of CoRoT-2 (black) and of the orbital period of the
planet CoRoT-2b (red). Adopted stellar tidal relaxation factors:
5 (dashed line), 20, 40, 60, 80, 100 (solid lines) s™*. (Taken from
Ferraz-Mello et al. 2015)

quickly (less than 1 Myr) driven to a stationary solution.
In this case, because of the past high eccentricity, the rota-
tion may have been soon captured in a supersynchronous
stationary solution and must be evolving since then in the
stationary solution often called pseudo-synchronous solu-
tion. The stellar rotation, on its turn, is very slow and does
not affect the results.

6. CoRoT-2. A gyrochronology
example

The host star of this system is likely a very young star. Its
X-ray luminosity and strong chromospheric emission indi-
cate a stellar age of about 200-300 Myr (Poppenhaeger &
Wolk 2014). The low age is the source of the main diffi-
culty. The stellar rotation did not yet reach the point where
tidal torques and angular momentum leakage are close to
equilibrate themselves, and it is not possible to make an
estimation of the stellar tidal relaxation factor. For this
reason, we present on Fig. I11.9-2.4, for comparison, the
tracks corresponding to stellar tidal relaxation factors be-
tween 20 and 100 s~!. The first noteworthy feature in this
fountain-like plot is that the evolution of the past stellar ro-
tation is strongly controlled by the magnetic braking. The
role of the tidal forces is secondary and we should assume
very strong dissipation (i.e., a very small ) to see a so-
lution not coincident with the dominant ones. The conver-
gence of the paths to the path corresponding to braking
only (i.e. to the Skumanich’s law) points to the origin of
the system 200 Myr ago, exactly as it would result from
the application of the gyrochronology rules without taking
the tides into account (see Brown 2014). The low age of the
star brings with it another difficulty. The star is bloated
(R = 1.465 £ 0.029 Rg) and still contracting. This intro-
duces a new factor in the problem: The rotation has an un-
modelled component of acceleration not considered in the
used models, and the actual age may be larger than that
predicted by gyrochronology rules.
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Simulations of the evolution of the rotational
period of of CoRoT-20 (black) and of the orbital period of the
planet CoRoT-20b (red). Adopted stellar tidal relaxation factors
(starting from the lower curves): 10, 20, 30, 40, 50, 70 s~ 1.

CoRoT-18

Several other stars in the CoRoT family show similar behav-
ior. The most similar case is CoRoT-18 (see Ferraz-Mello
et al. 2015) which also is a bloated young star just a bit
older than CoRoT-2.

CoRoT-14

A second case showing some resemblance, but not as young
as the previous ones, is CoRoT-14. In this case, in order to
obtain an evolution leading to the current orbital and rota-
tional elements, we would need to assume a much smaller
tidal dissipation (much larger ~s). Several hypotheses were
discussed considering this FOV star (see Ferraz-Mello et al.
2015). Besides the possibility of having some actual param-
eter different of the published ones, we may also suspect
that the measured surface rotation does not reflect the ro-
tation of the inner radiative core, which would be rotating
much faster.

7. CoRoT-20. A high eccentricity
system

This is also a star of low age in which the angular momen-
tum leakage is dominating. As for CoRoT-2 and CoRoT-18,
the age of the star is not large enough to allow us to es-
timate the value of the stellar tidal relaxation factor g
but, in compensation, the past rotation of the star was
dominated by the magnetic brake and the system is well
suited for the estimation of its age via gyrochronology. As
in the case of CoRoT-2, we use a grid of values and con-
struct the fountain-plot shown on Fig. II1.9-2.5 and see
that the evolutionary tracks converge to a fast-rotating star
in ~1.1 Gyr.

The lack of knowledge of the stellar tidal relaxation fac-
tor does not allow us any definite prediction of its future
evolution. However, for the expected values of the relax-
ation factor, the system is stable. The orbit is spiralling
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CoRoT-16: simulations of the evolution of the
stellar (black) and planetary (brown) rotational periods and of
the orbital period of the planet (red). Adopted stellar tidal re-
laxation factors between 30 and 80 s~' (superposed).

towards the star, but at a slow pace. The great difference
between this cases and the previous ones is that the current
orbit of the companion is very eccentric; the rate of circu-
larization may be significant, but in no case the eccentricity
is expected to be close to zero in the star’s lifetime.

The rotation of the star will evolve following the pat-
terns described in previous sections. It is worth recalling
that the previous studies of this system (Deleuil et al.
2011; Carone 2012) have already pointed out the stability
of the system and that, in the absence of magnetic braking,
the system would have been a candidate for future double
synchronization.

8. CoRoT-16. A limit case

CoRoT-16b is a hot Saturn in an orbit beyond the limit
where the tidal interactions with the star influence signif-
icantly the stellar rotation. The large indetermination in
the given stellar rotational period does not allow us to use
a gyrochronology model to determine the star’s age, but
if we consider the inverse problem, we see that the known
isochronal age of the star may be used to better constrain
the current stellar rotational period to the neighborhood
of 25 d.

Figure I11.9-2.6 shows the evolution of the three periods
present in this system: the orbital period and the rotational
periods of both the star and the planet. The thick lines are
the superposition of solutions obtained using stellar relax-
ation factors 7 between 30 and 80 s~!. The rate of circu-
larization of the orbit is not large and it will last yet some
time before circularization, which may happen by the end
of the star’s lifetime.

The significant eccentricity of the orbit can be used
to constrain the planetary tidal relaxation factor. As for
CoRoT-5b, the past evolution of the eccentricity depends
on the adopted eccentricity. Taking into account the error
bar of the current eccentricity, we get, for the limit value,
the estimate: v, > 30 s, which corresponds in terms of
the quality factor to @ > 9 x 10°. This limit is almost
equal to the value 8 x 10° adopted in the discovery pa-
per (Ollivier et al. 2012). It is lower than the limit found
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for CoRoT-5b. However, this estimate is strongly affected
by the error bars in the stellar period and in the orbital
eccentricity. If a more accurate redetermination would be
possible, we should expect an improved larger limit.

9. Conclusion

This paper shows that several of the CoRoT planetary sys-
tems had their tidal evolution studied with some accuracy
due to the high-quality of the determined physical param-
eters, rotational and orbital elements. For these systems, it
has been possible to constrain the values of the tidal relax-
ation factor of the host star or of the planet and the results,
with only a partial exception, agree with the estimates of
the tidal dissipation quality factor in the extended sam-
ple of short-period planetary systems studied by Hansen
(Hansen 2012).

These successful cases may be seen as paradigms or, at
least, as significant examples of what can yet be done using
other exoplanetary systems. The main perspective concerns
systems discovered by KEPLER. Many of these systems
are now being observed from ground with last-generation
spectrographs and we may expect that these follow-up ob-
servations will produce more accurate masses, ages, rota-
tional and orbital elements so that they may be included
in the set of successful case studies, as it was already done
for KEPLER-75 (see Ferraz-Mello et al. 2015). We may
also have these paradigms in mind when planning new mis-
sions, as PLATO. With relatively brighter stars as targets,
we may hope that the exoplanetary systems to be discov-
ered by PLATO be observed from the ground in epochs not
too distant from the epochs of the space photometric obser-
vations so that the determination of the eccentricities can
actually benefit of the complementarity of the two observa-
tional techniques and be obtained with better accuracy.
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