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Abstract. Close-in massive planets transfer angular momentum to their host stars and influence
their rotation through the torques associated with the tides raised on the star by the planet. For
a star hosting a hot Jupiter, the limit of distance below which tidal torques cannot be neglected
grows from a ~ 0.04 to a ~ 0.07 AU as the mass of the planet grows from 0.5 to 4Mjy,.

Close-in massive planets transfer angular momentum to their host stars and influence
their rotation, which will evolve differently from what it would be in absence of the close-
in companion. If the star is not active and is single, the rotation speed remains high, and
close to its primordial state. But if a non-active star has a close-in massive companion,
its rotation evolves towards period values close to the orbital period of the companion.

When the star is active, the situation is more complex. In that case, a single star loses
rotation speed and its rotation period grows proportionally to the square root of the time
(Skumanich law; see Skumanich, 1972). However, if it has a massive close-in companion,
the star’s rotation evolves under the control of two factors: (1) The stellar magnetic wind,
which causes a loss of the stellar rotational angular momentum (see Bouvier, 2013); and
(2) the tides, which transfer angular momentum from the orbital motion of the companion
to the stellar rotation. The scenario is then the following: In the initial stage, the star
has a very fast rotation resulting from the contraction of the primordial cloud from
which it formed, but looses speed very fast. The rate of variation of the angular rotation
velocity is proportional to the cube of its value. As the rotation decreases, the variation
becomes slower up to reach a situation in which the loss of angular momentum due to
the magnetic wind braking is compensated by the angular momentum tidally transferred
to the star from the orbit of the companion. This tidal interaction also affects the orbital
parameters of the companion, and this equilibrium situation is dynamical: the companion
is slowly falling toward the star and the proximity of the two bodies enhances all tidal
effects, including the acceleration of the stellar rotation. The companion may eventually
fall on the star and quickly transfer its whole angular momentum to the star’s rotation.
From this moment on, the stellar rotation resumes its evolution as in a single star. This
resetting is important because, if the rules of gyrochronology are later applied to this star
seeking to determine its age, they will result into values much smaller than the actual age
of the star. In general, the rules of gyrochronology used to determine the age of single
stars (see Barnes 2007, Brown 2014) are not valid for one star having (or having had) a
close-in massive companion.

In this communication, we present the results of some calculations of the evolution of
the rotation of stars hosting massive close-in companions taking into account the joint
effects of tides and magnetic braking and we discuss the limits beyond which the star’s
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rotation evolution is independent of the existence of a planet around it. The experiments
reported here were designed to enhance the influence of the tidal star-planet interaction
on the rotation of the host stars and were limited to massive planets and to the so-
called coplanar model in which the stellar rotation axis is perpendicular to the planetary
orbital plane. However, the same model can be used in more extended studies dealing,
for instance, with the distribution of the stellar rotational periods vs. orbital periods,
which are currently available for a great number of KEPLER objects (McQuillan et al.
2013; Teitler and Koénigl, 2014).

In the experiments, we have used Ferraz-Mello’s creep tide theory (Ferraz-Mello, 2013,
2015) to compute the tidal evolution of the system and the transfer of angular momentum
from the orbit of the companion to the star’s rotation (or vice-versa in the initial stages,
when the star is spinning much faster than the companion’s orbital motion), and the
Bouvier et al.s formulas (Bouvier et al. 1997) for the angular momentum leakage due
to the stellar wind, which reproduces fairly well the Skumanich law and the observed
rotations of the stars in open clusters of several ages.

We have considered one Jupiter-like planet, initially in orbit around an active star of
mass 1.1 Mg, the upper limit of the range of validity of Bouvier et al.s formulas for the
leakage of angular momentum. In each experiment, we considered 4 initial (current) semi-
major axes: 0.03, 0.04, 0.05, 0.06 AU (orbital periods equal to 1.81, 2.79, 3.89 and 5.12
days, resp.) and 3 values of the tidal relaxation factor: 20, 40 and 80 s~!. These values
of the relaxation factor are the same used in the experiments reported in Ferraz-Mello
et al. (2015) and are in the range of values determined there by comparing the expected
evolution of the stellar rotation under the joint effect of tides and braking to its observed
rotational period, for several host G stars of known isochronal age. These relaxation
factors correspond to the quality factor @ in the interval 1 — 6 x 10° (if ky = 0.2), which
is inside the range of dissipation values determined by Hansen’s (2012) from the analysis
of the survival of short-period planets and of the limits for circularization of planets
with highly eccentric orbits. They correspond to a less dissipative scenario than the one
adopted by Jackson et al. (2008) in earlier studies.

We choose to show here the results of the experiments for one host star whose initial
(current) rotation period is 10 days. These results show the same main features as the
results from experiments with stars endowed of faster or slower rotation. First, it is shown
that the transfer of angular momentum from the orbit always happen when a < 0.04 AU.
When a = 0.03 AU, the companion falls on the star in less than 2 Gyr. The transfer of
angular momentum of the companion’s orbit to the star accelerates its rotation and the
period eventually decreases to much less than 10 days (see fig. 1). The falls are not always
clearly visible in fig. 1, but one may find then at the times corresponding to the end of
the decrease of the stellar rotation period. At the end of the life of the companion, the
stellar rotation is strongly accelerated. When a = 0.04 AU, the behavior is similar, but
the remaining lifetime of the companion is much longer. When a > 0.05 AU, the transfer
of angular momentum from the orbit to the star is negligible. The corresponding curves
are the envelope of the evolution tracks shown in fig. 1: the uppermost curve for ¢t > 0,
and lowest for ¢t < 0. For more massive planets these limits are larger. For instance, for
a 4 Mjyp-planet, the transfer is significant up to a = 0.06 AU.

The evolution tracks shown in fig. 1 for ¢ < 0 allow us to have an estimate of the age
of the star. For instance, a star with the same mass (1.1 Mg) and current orbital period
(10 d) and with a very close companion in circular orbit, may be expected to have an
age a little less than 1 Gyr. If the companion is in an eccentric orbit, the estimated ages
are spread over a larger interval. For instance, when the initial (current) eccentricity is
e = 0.2, the age of a star with the above fixed characteristics may be ~1.5 Gyr when
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Figure 1. Evolution of the orbital period of one hot Jupiter (red) and the corresponding evo-
lution of the rotational period of its active host star (black). Masses: 1 Myyp and 1.1 Mg resp.
Initial (current) semi-major axes: 0.03 to 0.06 AU. Initial (current) eccentricities 0 (top), 0.1
(mid) and 0.2 (bottom). Initial (current) rotational period of the star: 10 days. Relaxation
factors v = 20,40 and 80 s~'.

a = 0.03 if the star is very dissipative (v = 20 s7!). If the planet is located farther away,
say a = 0.04 — 0.05 AU, the estimate is again close to 1 Gyr.

The other curves shown in fig. 1 correspond to the orbital period of the planet which,
in the conditions of the experiments done, is always decreasing. This means that, in
the past, the companion is expected to have been moving in a more distant orbit. The
figures shown for ¢ < 0 may be considered as possible past evolutionary tracks of the
system. However, these tracks are critically dependent on the adopted initial (current)
parameters, mainly the orbit eccentricity and the stellar rotational period. The actual
evolution for a given star may have been very different.

Similar calculations were done for several values of the planetary mass showing the
variation of the limit value from a ~ 0.04 for a hot Jupiter with mass 0.5 My, to
a ~ 0.07 AU for super Jupiters with mass 4Mjyy,.

When the considered stars are not active, the behavior is much simpler because the
stellar rotation drifts towards values close to the orbital period of the companion. Since
these stars are generally more massive, the simulations in the absence of magnetic braking
considered a host star of 1.3 M. Again, the initial (current) semi-major axes were fixed
at 0.03, 0.04, 0.05, 0.06 AU (orbital periods equal to 1.66, 2.56, 3.58 and 4.71 days,
resp.). Various values for the initial stellar rotational period were adopted. As before, the
effects were visible only for initial semi-major axes a < 0.04 AU. For a > 0.05 AU, the
stellar rotational period remains almost constant. When a < 0.04, the planet transfers
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Figure 2. Same as fig. 1 but in the case of a non-active host star with mass 1.3 M and initial
(current) rotational period 4 days.

angular momentum to the rotation of the star, accelerating it. The star’s rotation period
decreases monotonically. The companion eventually falls on the star.

Fig. 2 shows the evolution of the orbital period of the hot Jupiter and the rotational
period of a non active star whose current period is 4 days. Larger periods are not shown.
In fact, the rotations measured by the space telescope KEPLER of the stars in the clusters
NGC 6811 and NGC 6815 (Meibom et al., 2011, 2015) show that stars in this mass range
have their rotational periods limited to a few days, even for ages as large as 2.5 Gyr.

We have used here the same tidal relaxation values used for solar-like stars (20, 40
and 80 s~!) but it is worth recalling that dissipation in F stars is not as well constrained
as in G stars and larger values of v may be possible (Barker and Ogilvie, 2009). The
technique used to determine the tidal relaxation factor in active stars with m < 1.1 Mg
cannot be used for the non-active stars because all well observed F stars with massive
close-in companions have the rotation period almost equal to the orbital period, within
the standard errors of their determinations, making impossible an estimation of the past
evolution of the stellar rotation for different relaxation factors. The only exception is
CoRoT-3 (Ferraz-Mello, in prep.). In this case the faster stellar rotation and the strong
interaction between the star and the companion, a brown dwarf, allowed us to constrain
the stellar tidal relaxation factor to the interval 40 — 70 s~!, which corresponds, for this
star, to @ ~ 6 —9 x 105 (for ky = 0.2). This result agrees with Barker and Ogilvie (2009)
statement that in lower mass F stars, the dissipation is similar but slightly weaker than
that of solar-type stars.

Finally, for the sake of completeness, fig. 3 shows the variation of the eccentricity in the
two non-circular cases of fig. 1 (In the cases of fig.2, the eccentricity variation is similar).
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Figure 3. Evolution of the orbital eccentricity of the hot Jupiter in the solutions shown in fig.
1 for the initial (current) eccentricities 0.1 (top) and 0.2 (bottom).

This figure shows the tendency to circularization of all cases, which is as more important
as the planet is closer to the star. The projection to the past when a = 0.03 leads to
very high eccentricities indicating that we should not expect to find eccentric systems in
the case of too close planets. When the current system is already circularized, it is not
possible to make an estimation of the past evolution of the eccentricity, because it is not
possible to know when the planet reached the circular orbit.

Conclusion

We reported in this communication some results of an extended series of calculations of
the tidal evolution of planetary systems, in which the companion is a massive close-in
planet. The results extend similar ones published in Ferraz-Mello et al. (2015) and allow
to evaluate the limits beyond which the consideration of tidal effects cannot be neglected
since they influence both the evolution of the planet orbit and the host star rotation. For
systems with Jupiter-like planets, the rules of gyrochronology used for single stars can
only be applied when the semi-major axis of the Jupiter-like planet is larger than a given
limit. The reported simulations indicate that this limit grows from a ~ 0.04 to a ~ 0.07
AU as the mass of the planet grows from 0.5 to 4 Mjy,. Comparing these values with the
data of the known exoplanets, we see that about 200 of the currently known transiting
hot Jupiters and brown dwarfs may affect significantly the rotation of their host stars.
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