EPJ Web of Conferences 101 , 0 4 0 0 4 (2015)
DOI: 10.1051/epjconf/ 201 5 101 0 4 0 0 4

C Owned by the authors, published by EDP Sciences, 2015

Star-planet interactions and dynamical evolution of
exoplanetary systems
Cilia Damiania
Laboratoire d’Astrophysique de Marseille, Aix-Marseille Université UMR7326,
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Abstract. The dynamical evolution of planetary systems, after the evaporation of the
accretion disk, is the result of the competition between tidal dissipation and the net angular momentum loss of the system. The description of the diversity of orbital conﬁgurations, and correlations between parameters of the observed system (e.g. in the case of
hot jupiters), is still limited by our understanding of the transport of angular momentum
within the stars, and its eﬀective loss by magnetic braking. After discussing the challenges
of modelling tidal evolution for exoplanets, I will review recent results showing the importance of tidal interactions to test models of planetary formation. This kind of studies
rely on the determination of stellar radii, masses and ages. Major advances will thus be
obtained with the results of the PLATO 2.0 mission, selected as the next M-class mission
of ESA’s Cosmic Vision plan, that will allow the complete characterisation of host stars
using asteroseismology.

1 Introduction
Unlike our own solar system, many extrasolar systems have planets orbiting very close to their stars,
with orbital periods not greater than about ten days. For those planets, the typical distance to the
star is less than 0.1 AU and interactions with the host through radiation, magnetism or tides may
be signiﬁcant. The space telescopes CoRoT [1] and Kepler [5] have revolutionised the ﬁeld of starplanet interactions because their high-precision, high-duty cycle light curves can be exploited to obtain
detailed information about the hosts as well as the planets. In late-type stars, the period of rotation can
be measured using the light curve modulations produced by photospheric activity. When starspots
are occulted during a transit, some information about the inclinaison of the stellar axis of rotation of
the line of sight can be estimated. Not only this provide useful constraints for the orbital state of the
system, but the possible relationships between the star’s activity, rotation and the close-in companion
can be studied. It is well known that the observed rotational period of stars show a clear, although not
simple dependence with stellar mass and age [16]. It is now generally admitted that the convective
zone of late-type stars host a hydromagnetic dynamo at the origin of their magnetic activity, which is
in turn responsible for the angular momentum loss (AML). This is generally explained by magnetic
braking, where a wind of charged particles can eﬃciently extract angular momentum from the star
with a very low mass loss rate. Close-in planets may interact with the magnetic ﬁeld of their host, and
this will be treated elsewhere in these proceedings (see K. Poppenhaeger’s contribution). It is no yet
clear if this kind of interaction changes the spin-down rate of the star. In any case magnetic braking in
return has an eﬀect on the dynamical evolution of the system because the tidal torque is also a function
of the diﬀerence between the orbital period and the stellar rotational period.
In Sect. 2, I will ﬁrst recall the current challenges in our understanding of tidal evolution, and cite
recent works aiming at constraining tidal dissipation in exoplanetary systems. Then in Sect. 3, I will
a
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Fig. 1: Orbital parameters of known exoplanets as found at exoplanets.org in July 2014. Crosses are
systems detected with the radial velocities method, circles are systems detected with the method of
the transits. Among those, the blue dots are the system discovered by Kepler and the red dots are
those discovered by CoRoT. Left: Orbital eccentricity as a function of the semi-major axis. Middle:
Obliquity as a function of the eccentricity. Right: Planet mass as a function of the semi-major axis.

present recent results that show that understanding tidal interactions, and their interplay with magnetic
braking, is necessary to explain the distribution of the observed orbital parameters and to test migration
scenarios. Finally, Sect.4 will give some general conclusion and perspectives.

2 Tidal theory
Tides are responsible for the secular evolution of the orbital elements because there exist some dissipation mechanism that converts the kinetic energy of the tidal torque into heat. To this day, we still lack
a detailed knowledge of tidal dissipation, thus it is still customary to characterise it by a dimensionless
quality factor Q. In analogy with the forced, damped harmonic oscillator, it is deﬁned by the ratio of
the maximum energy associated with the tidal distortion to the energy dissipated during on complete
cycle. It is convenient to introduce the reduced quality factor Q ≡ (3/2)(Q/k2 ), where k2 is the Love
number of the body and it measures its density stratiﬁcation, so that Q = Q for a homogeneous body
without rigidity (for which k2 = 3/2). Using this parameterisation, the global eﬀects of tidal evolution on the orbital elements can be estimated using simple time-scale estimate. A stronger dissipation,
corresponding to a lower value of Q produces a faster evolution.
For giant planets orbiting late-type stars, one can use Q = 106 and Qp = 105 that corresponds
to what has been measured for binary stars and Jupiter respectively [28] and obtain rough numerical
estimates of characteristic time-scales of tidal evolution. For example, following [2], for e=0.4, Porb =
3 days and P = 12.5 days, typical of close-in giant planets, this yields a circularisation time τe ≈
4 Myr, an alignment time τi ≈ 6 Gyr and an inspiral time τa ≈ 2 Gyr. In general, if the dissipation
in the planets is more eﬃcient than in the star, we expect τe < τa and τa  τi [24]. Thus one would
expect to see relatively few massive planets on close orbits, most of them being circularised. Provided
that they were formed with an non-null obliquity, it should not be signiﬁcantly damped by the tides.
However a careful analysis of the observed orbital parameters, especially for giant close-in planets,
also called hot Jupiters (Fig. 1) reveal that this trend is not clearly observed.
The disagreement could come from to two main issues. Either the classical description of tidal
interactions is not suited to the case of exoplanetary systems, or there is something else acting on the
secular evolution of the system. In particular, the presence of other planets in the system could excite
the eccentricity and the obliquity through gravitational interactions such as the Kozai mechanism or
resonant interactions. Kepler observations seem to indicate that hot Jupiters are seldom accompanied
by additional planets very close to their host star (within orbital periods  10 days) [34]. Besides,
companions capable of maintaining a signiﬁcant eccentricities and overcome the eﬀect of tides would
be massive or close enough to be observed at the current level of detection [24]. In most cases, the
eﬀect of unseen companions can be safely neglected.
Thus it is unlikely that eccentricity or obliquity are currently excited, although they may have
been in the past. In this case, the observed distribution of those parameters could indicate that tidal
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theories need to be reﬁned. Indeed, tidal quality factors depend sensitively on the detailed interior
structure of either the star or the planet, as well as tidal forcing and amplitude. They are unlikely to
be expressed as simple constant values and may diﬀer from one object to the other, but also in time.
The detailed interior structure of exoplanets cannot be constrained with current observations, which
remains a fundamental limitation. But there has been in recent years much progress in the theoretical
understanding of the mechanisms that are responsible for the dissipation (see [27] and S.Mathis’s
contribution). The actual computation of the tidal dissipation is however still non-trivial and depends
on the treatment of non-linearity or singularities. Indeed, several authors still predict vastly diﬀerent
results [29].
2.1 Observational constraints on Q’

On the other hand, some studies have tried to constrain the value of the tidal quality factors based on
observations. A few of them use the enveloppes of the distribution of orbital parameters of the known
hot Jupiters to constrain tidal theory at the level of the population [23, 8]. While those methods are
robust relatively to the estimation of the ages and initial conditions, they can not be precise since they
assimilate systems with diﬀerent planetary and stellar properties. Thus, they provide constrains on Q
that span several orders of magnitudes. Many more studies use the temporal evolution of individual
systems. They rely on the integration of the time-derivative of the orbital elements in order to match
their observed values[7,17,24,14,15,6,19,30]. The obvious limitation is the poorly constrained age
of the system, but there are also more fundamental unknowns that limit the accuracy of the estimation
of the dissipation.
Firstly, those methods are sensitive to the choice of the value of the initial parameters for the
stellar rotation and the orbit. Some authors chose to set them to the values of a reference population, e.g. known planets for which tidal evolution is deemed ineﬃcient [17] or theoretical outcome
of primordial migration [19]. Others choose to draw them form an assumed initial statistical population. The forward-integration of the temporal evolution to match the observed value can then produce
conﬁdence-intervals on the estimated values of Q’ [14, 15, 30].
Secondly, the numerical values obtained for Q’ depends on the assumed formulation for tidal
friction. In the frame of the equilibrium tide, the tidal lag can be associated with either a constant Q’,
i.e a constant phase lag, or a constant time lag, or an intermediate approach (see [20] for details). The
constant time lag is better suited to study the highly eccentric and non-aligned case. But the approach
of the equilibrium tide introduces the lag in an artiﬁcial way and it can be abandoned altogether by
considering that the ﬂuid body cannot respond instantaneously to the perturbing potential, such as in
the frame of the creep tide [13]. This framework has also been developed for the case of a solid object,
using a Maxwell viscoelastic rheology. Finally, the dynamical tide, which corresponds to the response
of the oscillation modes that are excited by the time-dependent tidal potential, produces yet another
source of dissipation that may be signiﬁcant [27,28].
Thirdly, the transport of angular momentum inside stars is also not well understood, and it has been
proposed that only the outer convective enveloppe participates in angular momentum exchange with
the orbit [12]. If the core and enveloppe of late-type stars can indeed decouple, it aﬀects the estimation
of Q’ . Moreover as the extent of the convective zone evolves with time, Q’ is necessarily not constant.
Besides, the eﬀect of magnetic braking is also competing with tidal dissipation and diﬀerent braking
law produce diﬀerent values of Q’ [8].
Even though the estimation of tidal dissipation eﬃciency is still a challenge, it has appeared in
recent years that it plays a fundamental role in shaping the current observed distribution of orbital
parameters of exoplanets, and especially hot Jupiters, as will be discussed in the next section.

3 Interplay between tides and magnetic braking
One of the long-standing problems in the ﬁeld of exoplanets is understanding how close-in giant
planets have reached their current orbit. According to the prevailing theory, giant planets are formed
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within a protoplanetary disk and require a solid core to ﬁrst be assembled to allow eﬃcient subsequent
capture and growth within the relatively short disk lifetime. This implies that giant planets must form
beyond the snow line, which is typically located at a few astronomical units from the star. Hot Jupiters
have a semi-major axis  0.1 AU, so they must have undergone some kind of migration.
To explain the small semi-major axis but also the others orbital properties of close-in planets,
two main classes of scenarios have been proposed. On one hand, migration could occur within the
protoplanetary disk and involves torques between the planet and the surrounding gas [21]. On the other
hand, migration could be the result of dynamical interactions between two or more bodies orbiting the
star after the evaporation of the disk [32]. Both types of theories could explain the proximity of the
planets to their star but they involve diﬀerent halting mechanisms and predict diﬀerent distributions of
the orbital parameters (see also K. Anderson’s contribution). However, further secular changes in the
orbits of exoplanets can still be induced by tidal interaction between the planet and the star, even when
the primordial migration mechanism is no longer eﬀective.

3.1 Evolution of eccentricity

While the quiet migration within a disc is expected to produce mainly circular orbits, some hot Jupiters
display a signiﬁcant eccentricity (Fig. 2.a). On the contrary, high ﬁnal eccentricities are expected from
dynamical interactions between planets, in a process that is often called ”planet-planet scattering”
(Fig. 2.b). However this process alone cannot reproduce the observations. First, the minimum semimajor reached is at least one order of magnitude greater than what is observed. Second, the shape
of the distribution of the eccentricity as a function of the semi-major axis, and in particular the upper
enveloppe of the population is not reproduced. This enveloppe is a familiar signature of tidal interaction
that can be observed in binary stars. Indeed, including some form of tidal dissipation leads to a better
reproduction of the shape (Fig. 2.c). By adjusting the cut-oﬀ period corresponding to systems mostly
circularised, it is possible to obtain the tidal quality factor of the dissipation inside the planets. In this
case, the authors ﬁnd Qp ∼ 106 − 107 in agreement with other estimates (see Sect. 2.1). Those models
predict a vast population of massive planets at orbital distances larger than 1 AU that it is still diﬃcult
to observe with current instruments. But we can see that the spread in the measured values of the
eccentricity for semi-major axis 0.03  a  0.2 AU is clearly not reproduced by the simulations. This
spread could reﬂect a wider range of Qp value in those planets, although this would imply a diversity
in the interiors of giant planets that is diﬃcult to reconcile with formation theories [25]. Another
interpretation associates the dispersion in eccentricity with the dispersion of stellar spin frequencies
of young stars and their diﬀerent spin-down rate [11]. Interestingly, this eﬀect is indeed not included
in the simulations shown in Fig. 2.c. for which the initial rotational period of the star is set to 28 days
and magnetic braking is neglected.

3.2 Evolution of the obliquity

The obliquity, i.e. the angle between the normal to the orbital and the stellar spin, can be measured
in transiting systems through its sky-projection using the Rossiter-McLaughlin eﬀect. Although many
systems are well-aligned, a signiﬁcant fraction of hot Jupiters are severely misaligned, including nearly
polar and even retrograde orbit (Fig. 1, middle). As for the eccentric orbits, these misaligned conﬁgurations are generally not expect as an outcome of migration within a disk, but arise naturally in scenarios
that include multiple-body interactions [26,3]. But the correlation between the obliquity and the host
properties suggest that star-planet interaction may shaped the distribution of the obliquity (however
this may be the only cause, see K.Anderson’s contribution).
Misaligned Jupiters are mainly found around hot stars with T eﬀ > 6250K [35]. Moreover, among
hosts with M > 1.2M , those older that 2-2.5 Gyr and hence having a signiﬁcant convective envelope, are aligned with their planet. Tidal dissipation is believed to be more eﬃcient in convective
envelopes, and would naturally explain the observations. Cool stars and evolved star could realign an
initial oblique orbit in a short time, while hot star would not have signiﬁcantly tidally evolved. The
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Fig. 2: a): Eccentricity as a function of the semi-major axis of known exoplanets as of July 2014. The
color of the symbol gives the number of planets detected on the system. b) Same distribution resulting
of planet-planet scattering simulations without tidal circularisation [26]. c) Idem but including tidal
circularisation [3].

sample of hot stars could thus be used to test theories of migration. However, this conclusion has been
cautioned against, as it neglects the eﬀect of magnetic braking in the tidal evolution [10]. This author
concludes that the observed temperature cut-oﬀ between aligned and misaligned systems is indeed due
to magnetic braking and not to diﬀerent tidal dissipation eﬃciency between cool and hot stars. The
model used is however very crude and a realistic treatment is necessary to conﬁrm this hypothesis.

3.3 Evolution of the orbital period and stellar spin

Since most hot-Jupiter are Darwin unstable [24], tides are transferring angular momentum from the
orbit to the stellar spin. In the hypothesis of a constant total angular momentum, this process should
have been operating since the end of the migration and it would be expected that hot Jupiters spin their
host stars [31]. But stars lose angular momentum through their wind and, given the current position of
the planet, it is not straightforward to know if tidal interaction has signiﬁcantly changed the angular
momentum evolution of the star [4]. However, those authors show that for Sun-like stars, close-in
planets orbiting initially slow rotators have a signiﬁcantly shorter lifetime than those around faster
rotators. In general, including the eﬀect of magnetic braking in the study of tidal equilibrium reveals
that the system evolves toward a stationary state where the tidal torque is comparable in magnitude
but opposite to the eﬀect of magnetic braking. The evolution can proceed at constant stellar spin rate,
which results in a delay in the ﬁnal engulfment of the planet. This state can be reached only if the
initial stellar rotation period is larger than the one corresponding to the stationary state [8]. It appears
that hot Jupiters can modify the angular momentum evolution of their host, although the eﬀects would
be undistinguishable from those of other mechanisms that are poorly known, such as the disc-locking
phase, core-enveloppe coupling or the loosely constrained age.
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4 Conclusion
Hot Jupiters may be a relatively rare, but understanding their orbital properties provide important clues
to the planet-formation process. Tidal interactions cause the evolution of their orbital parameters on
secular time-scales and shape their observed distribution. But to confront the predictions of diﬀerent
migration models to the observed population of close-in planets we need to understand not only the tide
and but also its interplay with the angular momentum loss of the star through magnetic braking. This
requires improvements in our theoretical understanding of the tidal dissipation mechanism, transport
of angular momentum processes and stellar magnetic ﬁelds. But at the same time, those theories need
better observational constraints. Thanks to the advent of space photometry and CoRoT and Kepler, we
now have precise measurement of masses and radii for a great number of systems. However, dynamical
studies require also a good knowledge of the age of the system, which is still poorly constrained. The
PLATO mission, using asteroseismology, will provide masses, radii and ages for hundreds of planethosting stars with relative accuracies of a few percents. Combined with the accurate measurement
of orbital parameters, this will allow us to better understand how much of the diversity of orbital
conﬁguration observed in exoplanetary systems result from their formation or from their evolution.
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