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ABSTRACT

Aims. The aim of this work is to develop a formalism for the study of the secular evolution of a binary system which includes
interaction due to the tides that each body imparts on the other. We also consider the influence of the J,-related secular terms on the
orbital evolution and the torque, caused by the triaxiality, on the rotational evolution, both of which are associated only to one of the
bodies. We apply these set of equations to the study of the orbital and rotational evolution of a binary system composed of a rocky
planet and its host star in order to characterize the dynamical evolution at work, particularly near spin-orbit resonances.

Methods. We used the equations of motion that give the time evolution of the orbital elements and the spin rates of each body to study
the dynamical evolution of the Kepler-21 system as an example of how the formalism that we have developed can be applied.

Results. We obtained a set of equations of motion without singularities for vanishing eccentricities and inclinations. This set gives, on
one hand, the time evolution of the orbital elements due to the tidal potentials generated by both members of the system as well as the
oblateness of one of them. On the other hand, it gives the time evolution of the stellar spin rate due to the corresponding tidal torque
and of the planet’s rotation angle due to both the tidal and triaxiality-induced torques. We found that for the parameters and the initial
conditions explored here, the tidally and triaxiality-induced modifications of the tidal modes can be more significative than expected
and that the time of tidal synchronization strongly depends on the values of the rheological parameters.

Key words. celestial mechanics — planet-star interactions — planets and satellites: dynamical evolution and stability —
planets and satellites: terrestrial planets — planets and satellites: individual: Kepler-21b

1. Introduction

Recent developments and improvements in the field of exoplanet detection methods have allowed for the discovery of many Earth-
sized planets, so-called super-Earths, which have masses between 1 and 10 Mg. This has given rise to an interest in other, related
topics, such as the dynamical and thermal evolution (Stamenkovic et al. 2012; Shoji & Kurita 2014; Makarov et al. 2018; Renaud &
Henning 2018), the presence of atmospheres (Seager 2010), the internal structure and composition (Valencia et al. 2006, 2007a,b),
and the possibility that these types of celestial bodies offer for harboring life.

In this work, we are interested in the first of these problems, that is, the dynamical evolution of a binary system formed by a
super-Earth and its host star, modeled as bodies that are capable of experiencing internal stresses and energy dissipation. Our aim
is to develop a set of equations of motion to study the orbital and rotational evolution of such a system due to the tides that each
celestial body induces on the other and the triaxiality of the planet itself. We are particularly interested in the dynamical evolution
near spin orbit-resonances. For this reason, we have derived the equations of motion that give, on one hand, the time evolution of
the orbital elements due to the secular terms of both the tidal and the J,-related disturbing potentials and, on the other hand, the
time evolution of the stellar rotation rate and that of the rotation angle of the planet, which are both due to the secular terms of the
corresponding tidal torque and to the triaxiality-induced torque on the latter.

Certainly, we expect that close-in planets ends their rotational history in the 1:1 spin-orbit resonance, that is, when 6 = n, where
6 is the spin rate of the considered body and 7 is the mean orbital frequency, which, in the unperturbed two point-masses problem,
is defined by the mathematical expression of the Kepler’s third law:

G (my +m) =n’d’, )]

where G is the universal gravitation constant. Yet, as we shall see later, a rotating body may get trapped in higher-than-synchronous
rotation states (Efroimsky 2012) and that the eccentricity plays a key role in the possibility of capture in spin-orbit resonances, as
shown by Goldreich & Peale (1966), Efroimsky (2012), Makarov (2012), Makarov et al. (2012), and Noyelles et al. (2014).
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Resonant capture in spin-orbit resonances is a phenomenon that occurs due to the interplay between the tidal and the triaxiality-
induced torques. The former torque is due to the tides that each component of the binary system induces on the other, while the latter
is characterized by the principal moments of inertia of at least one of them. Naturally, here, we consider super-Earths as triaxial
bodies because they probably have a rocky composition, in contraposition to the stars, which are expected to be fluid.

This work is organized as follows: in Sect. 2, we present the equations of motion in its general form as were derived by Boué &
Efroimsky (2019). We also explicitly give the tidal and triaxial potentials. In Sect. 3, we derive the equations that have to be solved
numerically in order to obtain the time evolution of the particular system under study, which have the particularity of being regular
for very small and null eccentricities and inclinations. In Sect. 4, we present the rheological models assumed for each component
and discuss the choice of the values of the physical and rheological parameters involved and the initial conditions for the numerical
integration. In Sect. 5, we study the dynamical evolution of the Kepler-21 system as an example of application of the developed
methodology. Also, we present and discuss the results obtained from the numerical integration of the equations of motion mentioned
above and evaluate the possibility of detecting tidal effects. Finally, in Sect. 6, we offer a final discussion and draw our conclusions.

2. Generalities

To describe the dynamical evolution, including the orbital and rotational motions, of a binary system constituted of a rocky planet
and its host star, we make use of the equations of motion derived by Boué & Efroimsky (2019), which are valid for the case when
the tidal dissipation within both bodies is considered, including the disturbing potential due to the permanent-triaxial shape of the
planet.

We consider a system of two bodies, the host star and a rocky planet. Each body is thought of as a nearly spherical mass
distribution characterized by its principal moments of inertia, total mass, and mean radius. The former is assumed to have total mass,
my, and radius, R, and the latter has the total mass, m,, and radius, R,. The corresponding principal moments of inertia of each
body is represented by Ay, By, and C; (with k=1,2 and A < B < C). The index, k, identifies each body: k=1 corresponds to the
star-related parameters and variables, while k =2 corresponds to the planet-related ones.

The mutual orbit is parameterized by the six classical orbital elements: the major semiaxis (a), the eccentricity (e), the mean
anomaly (M), the argument of pericenter (w), the inclination (i), and the longitude of the ascending node (2). However, as we allow
for the tidal dissipation within both bodies, then the two reference systems corresponding to each one must be considered in order to
evaluate the forces each body exerts on the other. In other words, when the force of the planet on the star is to be evaluated, we have
to consider the orbit of the former as seen from the latter, and vice versa when evaluating the force of the star on the planet. As both
orbits are defined with respect to the corresponding equatorial planes of each body, then the aforementioned reference systems are
related by a rotation from one system to an inertial reference system and then to the system attached to the other body. However, this
rotations only affect the angles that give the orientation of the orbits in the space, that is, w, i and Q, while a, e, and M are the same
in both systems (Boué & Efroimsky 2019).

We assume that each body rotates about its maximal inertia axis. The rotational state of the star and the planet are completely
determined by the corresponding Euler angles, that is, the precession, i, nutation, &, and proper rotation angles, 8, — the latter
being reckoned from a fixed direction in an inertial reference system — as well as their time rates vy, & and 6y, respectively. As we
see later in this paper, under the gyroscopic approximation, it is enough to follow the time evolution of & and 6; (Boué & Efroimsky
2019).

2.1. Orbital evolution

The orbital dynamics is described by a set of Lagrange-type planetary equations which give, on one hand, the time evolution of
the major semiaxis, the eccentricity, and the mean anomaly along with, on the other hand, the time evolution of the inclination, the
argument of the pericenter and the longitude of the ascending node of the common orbit as seen from each body. The respective
equations were derived by Boué & Efroimsky (2019), which correspond to Eqgs. (116)—(121) of the cited work and we reproduce
them here:

da 2 OR
-z 2
dt naoM’ (22)
d_e_l—e26_R_ 1-e 8_R+0_R (2b)
di  na?e M nale \dw, Ow,)’
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where S =m| my/ (m; + my) is the reduced mass, R is the disturbing function, w;, i}, and Q; are, respectively, the argument of
pericenter, the inclination, and the longitude of the ascending node of the mutual orbit with respect to the star’s equatorial plane, and
wy, iy and Q, are the corresponding elements defined with respect to the planet’s equator.

As we are considering a system of two bodies, there is only one orbital plane and the inclinations of the equatorial plane of each
body with respect to the orbital plane are, indeed, the obliquities. But, as pointed out by Boué & Efroimsky (2019), these quantities
are called inclinations, in terms of the continuity of Kaula’s notation. On the other hand, the names of obliquity and inclination of
the orbital plane depends on the problem that is being considered. In our case, what would be called inclination of the planet’s orbit
as seen from the star (i;) is simply the orbital inclination and, conversely, the inclination of the orbit of the star as seen from the
planet (i) can simply be referred to as the obliquity of the planet.

It is worthwhile to indicate that the orbital elements parameterizing the positions of each body with respect to the other are not
osculating. As it is widely known, in the unperturbed two-body problem, the position, r, and the velocity, 7, vectors are functions of
the orbital elements, that is: r = f(a, e, M, i, w, Q) and i =g(a, e, M, i, w, Q) being, by definition,

of )
g= (— , (3)
ot ¢ = const.
where ¢, =a, e, i, M,w,Q for k=1,...,6. Under perturbation, the position vector remains equal to f but the velocity vector reads:
6
d 0 af d
,-:_r:(_f) " _fﬂ:g_,_q), )
dt \0t), _cons. #=4Ock dt

where @ is known as the gauge function and it is completely arbitrary (Efroimsky 2005a,b; Kopeikin et al. 2011). In other words, we
can fix a particular functional form of the convective term of Eq. (4):

6
of dCy
——=0. 4)

= oC, dt

The usual practice is to set ® =0, which is also called the Lagrange’s constraint. In such a case, we have i-=g, meaning that the

perturbed velocity is tangential to the conic parameterising the instantaneous position of each celestial body with respect to the other.
Of course, the corresponding orbital elements are the osculating ones.
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However, within the formalism developed by Boué & Efroimsky (2019), the orbital elements are defined in the equatorial
planes of each body, that is, they choose to describe the relative motions of the bodies in the coprecessing reference frames
whose origins coincide with the center of mass of each body. In such situations, it is more convenient to choose ® = u X r, where
p is the precession velocity vector (Efroimsky & Goldreich 2004; Efroimsky 2005a,b). Thus, the velocity vector of each body
is given by =g + ux f. Later on, we can perform the transformation from the set (r,7) to the set (a,e, M, i, w,Q) to get the
osculating elements, which have a more direct interpretation. The orbital elements appearing in Egs. (2a)—(2i) are called contact
elements.

2.2. Rotational evolution

In order to close the system of equations of motion, at least, in principle, it is necessary to add the following equations describing
the rotational evolution, which correspond to Egs. (122) and (123) of the work by Boué & Efroimsky (2019):

deg B OR OR cosQ; OR
== Q; cot Q— — R 6
& Gl (COS KOtk ey, TSN G~ T Fan ©)
d’e OR

ko B Ok (7)
dr C; 0

where k= 1,2, g is the angle between each body’s spin axis and the z direction of the inertial reference frame, and, again, 6; are
the sidereal angles. It should be remembered that the last equations and Eqs. (2a)—(2i) are obtained under the so-called gyroscopic
approximation. This means that |0| > |l//|, |£| is assumed. The latter assertion is equivalent to stating that the rotational angular
momentum vector coincides with the principal axis of inertia the body rotates around.

Another important and necessary assumption is that we also neglect the time variation of the moments of inertia of the considered
bodies. This is justified because even though the tidal theory considers the deformation of celestial bodies — as we see later — these
deformations (assumed to be linear) are always very small, that is, € < 107°, where € is a typical value of the strain (Frouard &
Efroimsky 2018).

2.3. Disturbing potentials

The disturbing function, R, present in the equations of motion is given by (Boué & Efroimsky 2019):
1 " *
R= - 3 [m1 (U2 (rasi,15_,) + Vo (ras)] + mpU,y (—r1—>2, —rl_,z)], (8)

where U, (rz_,] R r;_)l) is the tidal disturbing potential generated by the (deformed) planet and U (—r1 9, —rfﬁ2> is the corresponding
tidal potential generated by the star. As we are interested in the dynamical evolution near the spin-orbit resonances, we add the
permanent-triaxiality-induced potential of the planet V; (r,-,1), as well as in the influence of the dynamical form factor on the
secular evolution of the system. The first one is given by (Efroimsky 2012):

) ] ] 00 l 00
Al D IIIDIPIPIL I ®

=2m=0p=0g=-0h=0s

where
I+1 1.7 _
U = (%) () 2= o5 G i) Gt [ 25, =) o, =) K2 (1.0,
+ sin| (v = m ;) = (v, = m62)| kP (Lo )] (10)

The tidal potential generated by the star is given by an expression analogous to Egs. (9) and (10):

oo ] ] o ! 00
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where 0oy, is the Kronecker’s delta, Fy,,,(ix) and Gy,,(e) are the inclination functions (Gooding & Wagner 2008) and the eccentricity
functions (Giacaglia 1976), respectively. The vgfrqu represent linear combinations of wy, ; and M, expressed via:

Ugl];)hs = (l - Zh) Wi + (l -2h+ S) M + ka (13)
and analog expressions for ng),* and vﬁk)’*
mpq mpq

Within the framework of the Darwin-Kaula formalism of bodily tides, we may consider the presence of three bodies in order
to take the tidal dissipation into account: the primary — whose shape and deformation is considered — and two ‘“secondaries,” the
tide-rising and the tidally disturbed ones, considered to be point masses. Let r>_,; be the position vector of the body 1 (the star) with
respect to the body 2 (the planet), and r;_,, the corresponding position vector of the planet with respect to the star, both expressed
in the corotating frame of one of the bodies. In the case of the planet being the primary, the tide-rising secondary is located at r5_;,
while the tide disturbed one is at r,_,;. Conversely, when the star is considered to be the primary, then the tide-rising secondary is at
—r}_, while the tide-disturbed one is at —r;_,,. It worthwhile indicating that as we are considering a two-body system, in both cases
the two secondaries coincide with one other, that is, in the first case, both secondaries coincide with the star and, in the second case,
both coincide with the planet. By virtue of the Kaula (1961) transformation, the set of coordinates for each secondary is expressed
through the corresponding set of orbital elements that parameterizes their orbits (Efroimsky & Williams 20009).

In the above expressions — Egs. (10) and (12) — Kg‘)(l, Lu;’r;)pq) and Kl(k)(l, w;fn)pq) — are known as quality functions (Makarov 2012)
and given by:

| (8[7]« )8 ] (3]
S (R [Tw]+ )+ (3 [F0o))
R B3 [J(y)]

20-1 (% [j(X)] N Bl)z ¥ (5 [ﬂ){)])z

where R(Z) and J(Z) denotes the real and imaginary parts of the complex number Z and sign(x) is the signum function. We omitted

the indices for the sake of simplicity. Then, /\(Efn)pq are the tidal forcing frequencies, that is, they are the physical frequencies at

which the deformations are excited. They are defined as the absolute value of the tidal modes, wgﬁfp’; (Efroimsky 2012; Efroimsky &
Makarov 2013) mathematically:

Kr(l,w) =

[NSYRON)

14)

KI(I’ (IJ) =

sign (w), (15)

, (16)

k) _ (k)
lepq - ‘ wlmpq

_ )(1—2p)w;+(1—2p+q)M* +m (€ -6;)

where ék* is the spin rate of the primary that is being considered. If both the apsidal and the nodal precessions are neglected, the tidal
modes can be expressed as:

(k)

Opra (I-2p+q)n" —m QZ, 17)

where n; is the mean orbital frequency of the tide-rising secondary. Consequently, the w;fn);]’s can be either positive or negative
depending on whether the primary’s spin rate is slower or faster than the mean rate at which the tide-rising secondary describes its
orbit, respectively, while the tidal frequencies are always positive. B; is given by (Efroimsky 2015):

2
B,:M, (18)
Lgi pi Ry

where p; is the mean density, Ry is the mean radius, and g; = Gmk/Ri is the surface gravity of the body, k. Finally, J(y) is the
complex compliance and is defined by:

J(y) = foo J(t —1)exp[—ix(t - ¢)] dt, (19)
0

where the over-dot means differentiation with respect to ¢* and i is the imaginary unit. The functional form of the kernel J(¢ — ¢')
depends on the rheology of the material that composes the primary or, in other words, on the rheological model that describe the
creep response of the body as a whole. Realistic materials are thought to have a mixture of elastic, viscous (or viscoeslastic), and
hereditary behaviors (Renaud & Henning 2018), that is, the deformation is directly proportional to the stress and simultaneously
depends on the time derivative of the latter and on its past values, respectively. Thus, J(¢ — ) is given generally by:

J(t —1)=J(0)O(t — ') + viscous and hereditary terms, 20)

with J(0) as the value of the unrelaxed compliance, corresponding to the elastic response and inverse of the elastic rigidity, u(0), and
O(t — t') is the Heaviside step function (Efroimsky 2012).
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It worthwhile indicating that the complex compliance enters in the constitutive equation that relates the stress and strain tensors
together. In a linear regime, and under the assumption that the material the primary is made of is an homogeneous incompressible
and isotropic medium, the relationship between the components of the tensors, written in the frequency domain, is:

2 ﬂyv(x\/) = J_()() &YV(X)7 2D

where it,, and 7, are the complex counterparts of the components of the strain and stress tensors, respectively. We refer the reader
to the work by Efroimsky (2012) for a comprehensive explanation of this subject and detailed derivations of the equations given
above.

The permanent-triaxiality-induced potential is a special case of the more general expression of the potential generated by the
so-called coefficients of the gravitational field (CGF), Cy,, and S, which is given by (Frouard & Efroimsky 2017):

o0 ] l )
D IIPIR @)

where
R\ _ .
v = (72) Finpli2) Gipg(e) [Ch) cos (vf2) = m b + gun) + S5 sin () =m0 + )|, (23)

and where ¢, = [(— 1l — 1] %- The leading terms of the expansion given in Egs. (22) and (23) are those related with the triaxiality
of the planet, namely the terms associated with the Cy,, coefficients for which /=2 and m =0, 2, specifically, C»y and C5,. The latter
are related with the aforementioned principal moments of inertia through:

1
Coo= —— [A+B-2C] =), 24
20 2m2R§[ ] > (24)
B-A
Cyp=——, 25
2 4m2R§ 25)

where J, is known as the dynamic form factor, which usually is three orders of magnitude larger than the rest of the CGF, at least
for the case of the Earth (Torge & Miiller 2012). In this work, we consider the influence of the J,-related secular terms on the
time evolution of the orbital elements. The C;, coefficient is kept because is the dominating factor of the triaxiality-induced torque
(Makarov 2012; Makarov et al. 2012) which, together with the tidal torque, drive the time evolution of the proper rotation angle of
the planet. Frouard & Efroimsky (2017) point out that the latter torque is also responsible for the longitudinal libration, which causes
extra dissipation. However this effect is out of the scope of this work and we will consider it in the future.

We only consider the triaxiality of the planet for two main reasons: (1) the tidal interaction is expected to affect more strongly
its dynamical evolution than that of the star, in particular the rotational evolution where there are probabilities related to the planet
getting trapped in a spin-orbit resonance; (2) we can reasonably neglect the triaxiality (i.e. the deviation from a rotational symmetry)
of a fluid body, such as a star. In that case, we assume that A = B; and, thus, the Cy,-related terms of the gravity potential of the
star are nullified, as can be confirmed by looking at Eq. (25). As only the triaxiality of the planet is to be considered, we can safely
suppress the corresponding subscripts of the principal moments of inertia, A and B.

Regarding the J,-related terms of the corresponding CGF disturbing potential, even though the oblateness of the star could have
a relevant impact on the dynamics of close-in systems, such as the one studied in this work (Correia et al. 2011), we have left the
consideration of this effect for a future work.

3. Development of the analytical model

The principal considerations that guides the development of our analytical model consist of the following:
— as a first step, we consider the secular evolution of the orbital elements. In this sense, our model takes into account the secular
terms of the derivatives of the additional tidal potential and the J,-related secular terms of the CGF disturbing potential;
— concerning the time evolution of the star’s spin rate, we consider that its angular acceleration is caused by the secular terms of
the tidal torque acting on it;
— we then consider that the time evolution of the planet’s spin rate is dominated by both the secular terms of the corresponding
tidal and permanent-triaxiality-induced torques;
— finally, we limit the expansions of the disturbing potentials to the quadrupole approximation, i.e. /=2. A justification of this
assumption is given in Sect. 4.
The equations describing the orbital and rotational dynamics given in Egs. (2a)—(2i), (6), and (7) are somewhat general and, therefore,
we find it necessary at this point to rewrite them in a form that is more convenient to our purposes. As we consider the secular
evolution of the orbital elements, we make use of the averaged equations of motion:

da 2 [ OR
<a> = na <a—M>’ (269
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In this context, the angular brackets on the left-hand side of Eqs. (26) represent the averaging over the mean anomaly, the arguments
of pericenters, and the longitudes of the ascending nodes, while the angular brackets on the right-hand side of the aforementioned
equations indicate that we are considering the secular terms of the disturbing function’s derivatives.

Since the equations of motion depends on the gradient of the disturbing function, R, among other factors, the calculation of
the derivatives of R with respect to the orbital elements deserves some discussion. As we point out in the previous section, ry_,;
correspond to the position of the tide-disturbed secondary while the tide-rising one is located at r;_,;, when the planet is considered
to be the primary body. Accordingly, —ri_; and —r}_, are the radius-vectors of the tide-disturbed and tide-rising secondaries,
respectively, when the roles of the planet and the star are reversed with respect to the former case. It should be stressed that we
always consider the motion of the tide-disturbed secondary and, thus, the general rule that is to be followed in order to find the
aforementioned derivatives is the following: first, we have to differentiate the disturbing function with respect to the orbital elements
of the tide-disturbed secondary and then identify both secondaries with each other, that is, to set ro,; =r;_, and rj = rf_)z in
order to properly evaluate the force per unit mass each body exerts on the other. It may be noted that as the arguments of the sine
and cosine functions remain the same, once the identification is performed, we obtain:

(vjj;qu —m;) = (thyps —mO) =200 = p)wi + 2h=2p +q - 5) M. 27)
By virtue of Eq. (27), it can be seen that the derivatives of the tidal potentials may be split into two types of terms, namely, the
secular and the oscillating ones. The former comprises the terms independent of M and wy, that is, those for which A= p and g =s,
with the remainder being part of the latter type of terms. As we can easily see, for the case of the secular terms, the arguments of
the sine and cosine given by Eq. (27) are identically null and, as a consequence, the derivatives of the disturbing function become
independent of one of the quality functions.

It can be shown by Eq. (23) that the J,-related secular term of the CGF disturbing potential corresponds to the one with
(Impq) = (2010) (Kaula 2000; Efroimsky 2005b), that is:
(Ving) = Vaono

R\ (28)
= - Jz( ) F01(i2) Ga10(e).

a
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In general terms, analogously to Egs. (9), (11), and (22), the disturbing potentials can be expressed as the product of a dimen-
sional factor multiplied by a sum of adimensional terms. Taking into account the dependence of each perturbing potential upon the
corresponding orbital elements, which can be expressed through:

Ui=Ui(a,e,M,i,wi,Q), Uy =Us(a,e, M, ir, w;, ),
Vo=Vala, e, M, ir, w3, ),

the derivatives of the disturbing function can be calculated as follows. Since the three disturbing potentials considered in this work
depend on a, e, and M, we have, on one hand:

R 1[ ( oU, Vs ) U, } (29)

oae Bl"\b@em " o@e ) o e |

while, on the other hand, the corresponding expression of the derivatives with respect to the inclinations, the arguments of the
pericenter and the longitudes of the ascending nodes (as seen from each coordinate system) are:

OR my 6U1
-_— == 30a
(i, w1, Q1) B 0, w1, Q) (30a)
OR m [ oU, oV, }
- - + . 30b
0(in, wy, ) B 032, w2, Q) iz, w2, L) (30b)

Specifically, the secular terms of the derivatives of the disturbing potentials with respect to the major semiaxis can be expressed

<%>: Garznz i 22 i 1+ D(Upy) (31a)
) ] ] oo
R I IPIDIN LN i

0 V2 G ny )
<%> -T2 3 V010 Gle)
where < Ul(m)pq> and <Ul(3l) are the secular terms of the tidal potentials of both the star and the planet, respectively. These terms

are obtained through Eqgs. (10) and (12) by setting 7 = p ans g = s, as previously explained. Even though we have pointed out before
that we aim to limit the expansions to /=2, we still consider all multipoles in the expressions of the derivatives of the disturbing
potentials as a matter of convenience in order to ease the exposition. Later, when we give the final expression of the equations of
motion, we provide explicit expressions that correspond to the quadrupolar approximation.

The expressions of the derivatives of the disturbing potentials with respect to the eccentricity and the mean anomaly are:

o I 1 o0 )]
6U1 > G ny < Ulmpq >
__ (32a)
) ) 2
6U2 G n L : aUlmpq
_ 32b
<a(e,M)> Zm:OP:OqZ‘ e, M) [’ (32b)
(2)
Vo Gmy aVzmo
— 2
< Oe > a e (32¢)
The rest of the derivatives, those with respect to i, wy, and €, can be expressed as follows:
U, A S U,
mpq
- (33a)
<6(11,w1, > ;n;o;)qz <6(11,w1, >
o I 1 00 @)
(9U2 > G my < Ulmpq >
33b
< iz, w2,€2) ;m—()p—()q; iz, w2,€2) (330)
(2)
3_"72 __Gm 6‘/2.010 (33¢c)
612 a 612

The full expressions of the derivatives of the adimensional terms are given in Appendix A.
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The next step is to write down the expressions of the derivatives of the disturbing function with respect to the orbital elements.
By inserting Egs. (31a)—(31c) and (32a)—(32¢) in Eq. (29) we have:

0 ] 1 0
< > - a[ZZ > Z (l+1)[ (Uppa) + <U§3pq> +3V§§>10], 34a)
[=2m=0p=0g=
oo 1 1 aU(l) aU(z) av(z)
24% Impq Impgq 2010
< > i [z;;o,,z;)qz [ <6(e M)>+ <a(e M)> " e ] (34b)

ouh ou
fcame ZZ > 3 [ (S0 <_8(M)>} G40

=2m=0p=0g=-o

The partial derivatives of the disturbing function with respect to the inclinations, arguments of pericenters and longitudes of the
corresponding ascending nodes can be expressed in a similar way. Inserting Eqgs. (33a)—(33c) again in Egs. (30), we obtain:

ou')

OR m S [ - Im
<6(i1,w1,91)> :Km_jz Z Z :Z <W1pql)> (35a)

o I I @ (2)
OR my <3U1m,,q> Vo0
— ) =k|— +—1, (35b)
<312> 2 IZ; mZ:o pZ:;)qu dir din
oo 1 1 00 2)
OR mp < aUlmpq >
_ M _impg_\ (350)
<6(w2,92)> 2 ;,;),;)qzm 0w, )
where
_ Gm1m2
~ Ba (36)
=2

By inserting Eqgs. (34) and (35) in Egs. (26) we obtain the equations describing the orbital motion. If we also take into account
Eq. (28) we obtain:

00 1 1 ) 6U(1) aU(2)
da Impq Impq
—)=2 7
() -2ne 2y 3 30 50 | () e ()| 9
[=2m=0p=0g=—o0
o I 1 o (D (2) (1) (2)
% . V1 —e? Z ZZ Z Vica my 6Ulmpq N mi 6Ulmpq my 8Ulmpq m (9Ulmpq 37b)
dr e g e my oM my \ oM m1 Owq my \ 0wy ’
dm - ! ! = my
— (1) 2) )
<d—> =n+2n| > 33 A+ 1)(— (U,mpq) <Ulmpq>) +3V2,
d I=2m=0p=0g=-co m
s 0 () 2 2)
1-¢ SN mp aUlmpq aU/mpq 6V2010
_ e L) , 37
n e [; mz::()];)qz‘x’ 1 < ae > o my < ae > 86 ( C)

o I 0 (D (D) (1 (1
<ﬂ> _ 1 m Z Z Z Z Gmymy <0Ulmpq> _ cosi <6Ulmpq> __n <6Ulmpq> _ cosi <0Ulmp‘1> (37d)
dr siniy my =4 £ L aCi 6, Ow; 0Q, Vize |\ 0Q; dw; ’
. o I} ) 2) (2) 2) 2)
<%> = 1 4da\ Z Z Z Z G mymy <6Ulmpq> —CoSip <6Ulmpq> - " <6U]mpq> —COoS iy <6Ulmpq> (37e)
dt sin iy my a0 =04 aC, 92 ows 0 V1 — e2 0Q, Ows s
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o I 1 00 (1) (2) )

o) L IE (553§ (W) (W)

dr L m Oe my Oe Ode
UU)

my (Gmymy  ncosiy \ — 1 Impq
_m . T impg | 37
m](aC191 )ZZZ Z 51n11< oL (379)

[1=2m=0p=0g=—c0

(37g)

Gml ny + I’lCOSiz mi i 2 ZI i Impq " aV;%))lo
aCybh 1 —e2)siniy |m £ 0y an |

o l 1 o0
dQl Gml 2 n 1 [mpq
Ea —_mpg ) 37h
<dt> ml(aclel cosis + Z)ZZZ:ZM( = (37h)

)] ()
dQ, Gmymy n 6U]mpq 5‘/2010 .
=)\ = . 37
< dr > ( aC, 92 cos i + V1 - ) sin ip Z Z Z Z < Oy i, (371)

l 2m=0p=0g=-

With regard to the rotational evolution, since Eqs. (37) depend neither on £ nor &;, we only need Eqs. (7) to close the set of
equations describing the dynamical evolution of binary systems such as the ones we consider in this work. However, if we insert the
expression of the derivative of the disturbing function with respect to the corresponding longitudes of the ascending nodes, given by
Eqg. (35), we obtain just the equations for the angular accelerations due to the secular terms of the tidal potentials, that is, those of
the tidal torques. That equation is enough to describe rotational evolution for the star, but not for the planet. Since the latter could
cross one or several spin-orbit resonances, we should take into account the permanent-triaxiality-induced torque. This torque arises
from the Cy,-related terms of the CGF disturbing potential, which are given by:

2
Gm
(Im) = (22) Gmy @
V (r) Z Z V22pq (38)
p=0g=—o0
where
v@ =c &ZF (i2) Gapyle) (“ -26,) (39)
2pg = 22 p 22p(12 2pq€) COS l)22 ).

Thus, the equations governing the time evolution of the spin rate of both the star and the planet, respectively, are obtained as follows:
by inserting in Eq. (7) the expression of the corresponding derivative, given by Eq. (35a), we arrive at:

u

I ] o

2m=0p=0g=-c

Next, we consider the corresponding derivative of Eq. (30b), in which the derivative of the tidal potential of the planet is given by
Eq. (33b), into which we insert Eq. (38) and differentiate. Then, by replacing the result in Eq. (7), we obtain:

& U o
aZE jg TYYY < agfq> G;"émzczz(Rz) 33 FapiGapersin(,, ~265). (400)

[=2m=0p=0g=—c0 p=0g=—c0

3.1. Simplifications available for low inclinations and eccentricities

Up to this point, we have presented the analytical tools in a general form which allow for a description of the dynamical evolution
of a binary system that considers the tidal deformation of both of its components and the triaxiality of one of them. Based on the
observation that the disturbing potentials and their corresponding gradients — which build up both the disturbing function and its
derivatives, respectively — are represented as an infinite series, it becomes necessary to examine the leading terms in order to perform
the mandatory truncation that allows for the implementation of the formulae in a computer code for its practical application. To that
end, we take into account the quadrupolar approximation mentioned at the beginning of Sect. 3.
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Table 1. Inclination functions for / =2 and their first derivatives.

m_p Fanp() e ot (Fanp ()52

0 0 % sin? i % sinicosi % sin? i cos i

0 1 —%sm z+ —%smlcosz —%cosz(%—%smzz)

0o 2 % sin’ i % sinicosi % sin® i cos i

1 0 —% (1 + cosi)sini —% [cosi + cos(2i)] % (1 + cosi)[cosi+ cos(2i)]
1 1 % sinicosi % cos(2i) % cos i cos(2i)

1 2 % (1 —cosi)sini % [cosi— cos(2i)] 136 (1 — cosi)[cosi— cos(2i)]
2 0 %(1 + cosi)? —%(1 + cosi)sini —%(1 +cos i)’

2 1 3 sin? 3sinicosi 2 sin® i cos i

2 2 %(1 —cosi)? %(1 —cosi)sini %(1 —cosi)®

We now focus on the inclination functions. These are defined by (Gooding & Wagner 2008):

- (l+ ) 2 2 —m— m—=I+2p+2j .
Finr = 3=yt :wp'z( ( jp)(l_"f—J) 2 (st (), 0

where the limits of summation are max(0, ! — m — 2p) and min(/ — m, 2(I — p)). In Table 1, where we show the inclination functions
for [ =2, it can be seen that for low inclinations Fy; (i) and F(i) tend towards 1/2 and 3, respectively, as i tends towards zero while
all the others tend towards zero. In consequence, the terms corresponding to (Impq) = (201¢q) and (Impq) = (220q) of the disturbing
potentials dominate the dynamical evolution in the case of low inclinations. For this reason, the latter are given in Appendix A.

At this point, it is necessary to briefly discuss on the truncation of the sums over g in order to make practical computation
possible. In general terms, the eccentricity functions are defined as:

(I+1) >
(£) " explic-2pv] = q:z_w Gipg(@)expli(l - 2p +q) M], 42)
where
2
ro_ 1-e¢ @3)

a 1+ecosv’

and v is the true anomaly. Thus, the eccentricity functions are defined as the coefficients of the expansion in Fourier series of
the left-hand side of Eq. (42). Of course, the derivatives of the eccentricity functions are also needed. These can be defined in an
analogous way as the coefficients of the Fourier series expansion of the derivative of the left-hand side of Eq. (42) with respect to
the eccentricity (Giacaglia 1976):

9 [(r\y ™D : o dGip(e) .
— (—) expl[i(l-2p)v]| = Z — P expli(l-2p + q) M], (44)
de [\a S de
where
9 [/ r\-+D \-(+D 2¢  cosv—eZsiny dv
2|(L i(1-2 =(-) I+1 e il - 2p) 2 |exp it - 2p)v]. 45
2| ) exptia- 20| = (- [( . )[1_62 P ) #il=2p) 5" |exp [i - 2] (5)
and
dv  sinv
e m(z +ecosv). (46)
The expressions corresponding to (Impq) = (201qg) are:
ry\3 -
(5) = 3 Gugercos@m, 7)
g=-00
dv )
r\3 2e cosv — ez sinv dGayy(e)
(;) 3(1 - e? - 1+ecosv B q;w de cos (g M), (48)
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Table 2. RMSD between the left and right-hand sides of Egs. (47)—(50).

. RMSD

e (47) (48) R (49) J (49) R (50) J (50)

2 4756939 1073 1.443418x 1071 1.237304x 1072 1.237193x 102 3.704831 x 10" 3.704534 x 10~
4 9.884915x 1075 4.962669x 103  4.149271x 10~*  4.148743x 10~*  2.064961 x 10~ 2.064789 x 1072
6  1.997451x107° 1.399011x10~* 1.175513x 107> 1.175534x 10~ 8.183466x 10™* 8.182644 x 10~*
8  4.064722x 10~  3.563261x 1070 3.117166x 10”7  3.051717x 107 2.708817x 105 2717803 x 10~
10 1.000686% 1078  1.142291x 10~7  7.273942x 10~%  1.078445x 10~7  9.280304 x 10~7  9.066432 x 10~7
12 9.977323x 1070  7.538773x 10°8  7.213027x 10~ 1.076484x 107  4.663512x 10~7  4.368208 x 10~

Notes. Columns four through seven correspond to the RMSD of the real (R) and imaginary (J) parts of the left and right hands of Egs. (49) and
(50), respectively. This results are obtained with e =0.1.

while those corresponding to (Impq) = (220q) are:

-3 hai
(£) [ﬁﬁf ](zw: 3 Gzoq(e)[ O i@+ gm, )
q=—
r\-3 2e cosv—e% sinv)[ cos dv| —sin _ 4G cos
(;) [3(1_€2+ e ][ in ](2v)+2§ cos ](2v)}_q;m % (e)[ Gn [[C+oM]. (50)

The question of how many terms are to be kept in order to obtain a reliable representation of the functions on the left-hand side of
Egs. (47)—(50) can be answered by comparing them with their corresponding Fourier series representation. The criterion adopted
in this work is the computation of the root mean squared difference (RMSD) between the left and right-hand sides of the latter
equations corresponding to different values of gmax, Which is the maximum number of coefficients. Mathematically expressed, let
g(e, v) be a function that represents each of those on the left-hand side of Eqs. (47) and (48) as well as the real and imaginary parts
of Egs. (49) and (50). Also, let g(e, M) be the function representing the corresponding right-hand side of the same equations. The
RMSD is given by:

N— s Vi - g ’Ml' 2
RMSD:\/Z]_I[g(eV) e, My)] o

N )
where N is the number of values of M and v within the interval [—m, ], each of them labeled with M; and v; being the respective
value of the true anomaly.

Of course, the number of terms of each of the Fourier series expansion strongly depends on the eccentricity. As can be observed
in Table 2, for e =0.1, there is no significative reduction of the RMSD for g.x > 10. We have considered the maximum value of
the eccentricity from the estimated uncertainty for the Kepler-21 system. Thus, we consider that it is safe to take gmax = 10. It is
worth mentioning that the eccentricity functions and its first derivatives with respect to the eccentricity were computed by using the
Newcomb operators, as explained in Appendix B.

3.2. Final form of the equations of motion

The equations governing the orbital evolution, Eqs. (37) can be rewritten in an even more convenient form that could be suitable
for its implementation in a computational code specially for low (or even zero) eccentricities and inclinations. As pointed out by
Brouwer & Clemence (1961), the divergences in the aforementioned equations “are more apparent than real” and that observation
remains valid in this context. First, it can be noted that in Egs. (37f)—(371) each derivative of the tidal potentials, generated by the
star and by the planet, with respect to the inclination, appear divided by the sine of the corresponding inclination. By observing
the expressions of the latter derivatives, given by Eqs. (A.4b), then we see that the inclinations functions appear multiplied by its
derivative. In consequence, observing the third column of Table 1, we also note that there are no singularities in the respective terms
of the aforementioned equations, provided that the dividing sine of the inclination is canceled.

Something analogous occurs with the eccentricity dividing the derivatives of the tidal potentials with respect to the eccentricity.
We can observe in Egs. (A.2b) that each term of the aforementioned derivatives contains products of the corresponding eccentricity
function and its derivative. It can be shown that these factors, G2,,(e)dGop,(e)/de, do not contain terms of order e

We can introduce further modifications to Egs. (37b), (37d) and (37¢). In order to avoid divergences that are also present in the

equations mentioned previously, we define the following variables: &€ = V1 — €2 and x = cos i. Therefore, we have:

d¢ e de

o -, 52
dr V1 =2 dt 2)
dx Codi

a——mnz&. (53)
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Thus, the final form of the equations describing the orbital evolution, upon considering the simplifications discussed before, are:

d s[(3x2-1) I 1+ E
() (2 (2| 5 o) 5(52) 8 coeroxt i)
1
4= ~qmax q = —Gmax
my (R |(32—1) &y l+x) ©
e ) S ahar? o) (2] 3 cheeror? )] o
2 q= _qmax q= _qmax
d~’3> ”( my (R (3% — IS M (n (D) 1+xl iy M (5 M
P _(_) > G @akD (2.0i,)+3 > G+ k" (2.00,)
< d[ 4 m B 2 g = —Gmax 4= —qmax
my (RN’ |(325 - ™ @) @ 1"‘)52 IS ) )
m_(;) ( 2 ) Z G21q(e)qKI (2"“201q) Z GZOq(€)(2+Q)KI <2’w22°‘1)
2 q = —qmax 4 = —qmax
3 my (RiV (1 +x {o my (R l1+x o
SR () 5 cvent o) (B (5] 5 avorteem)  om
q= _Qmax 9= ~qmax
dM 3 RV|(3x2-1) I 1+ o
<d_>=n+§”[n£(_l) ( 1 ) D, Gh @K (2.,)+ ( XI) D, G @K (2 wy,)
! ! a 4 = —qmax 4= ~qmax
R332 -1Y) imy 1+ &
+:1£ (f) ( > ] Z GZ‘q(e)K(Z) (220)1q) ( xz) Z Gzoq(e)K(z) Zw(z?oq)
2 q = —qmax q = —qmax
2
né(my (R |(3x1 -1 IS dG21q(e) (1) )
(2 8 (o 2 )
1+ x; ¢l dG2Oq(e) ) (1)
+3( 5 )(FZ; ~Guy(©) Ky (2. wiy,)
2 Gmax
my (Ro\* [(3%5 -2 1 dGZlq(e) @) @
AV 5 (oo ) w ot
q = —Gmax
1+ x ¢l dGzOq(e) @ ©2)
+3( 5 ) > ~Guy(©) K (2,05,
4 = —¢max
3 R\2(3x%2-1
_E”J2<_2)( 2 )5—3. (54c)
dx, 3m2 G my my (1+X1) NP M (D
— 1-x G50 (0)K; 7 (2, w . 54d
(S} =32 [aclgl S 1o ) Ghen] 2ol (54)
d 3 1 S
<it2> 2m1 [Grg”enz _( HZ) (=x) ), G (2.w,)- (54e)
nyp a0y
9= —qmax
dwoi\  3m R1) Gmm  nx 3x1—1 N D (2, 0 1+x1 ™ Wy D
— G K G K 2
<d > 4m1(a aC 91 f q_Zq:m ZIq(E) ZOIq q—Zq:m“ ZOq(e) w220q)
2
né|m (R 3 3x%—1 [US | dGZIq(e) 0 )
R 5 (o) o)
1+X1 4 Gmax 1 dGZOq(e) a a
+3(— 2 ~Gagl)—— | Ky (2. i,
2 Gmax
mi (Ry)\[(3x3 -1 1 dG2lq(e) @) @
(B 5) 2 (fo0 )k o)
1+x RS dGZOq(e) @ )
+3( 5 ( Gaogle)—— | K (2, 0,)
4 = —qmax
3 Ry\23x2—-1
+ ng( 2 2 (54f)
2 a 2
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d(x)z 3 m1 R2 G mp mp nxp 3 x% -1 ey 2 ) (2) 1+ Xz ] 2) 2)
<?> 4 my ( ) [ a C2 92 ’ T:| l:xz[ 2 QZZQL Gzlq(e‘)KR (2’ wzmq) Q—Zq: GZO(I(E)K 2 w220q)

né(my (Ry\|(3%3 -1 e dGayy(e)
TP 8 (e )

4= ~Gmax

1 + x 4 Gmax 1 dGZOq(e) @ @
+3( 5 ) Z ( Gaogle)—— | KD (2, w5, )

SO 8 o,
A5 8 (Lo ) |
4= ~qmax
S e[S e )
()= S 2o (75 £ evomeats)
() 8 ot o) -
4= ~Gmax

dQ, Gmymy nl| 3m (Rz) 3 x2 —1) iy o o
"2\ G Ky 2
< dt > [ aC,b, o f}( 4my\ a Z 21!1( e) ‘”201(1)

4= ~qmax
14> o , o o 3 (R, .
+ ( 3 ) q:_zq GZOq(e)KR (2, a)zzoq) + 2.]2 ( ) §3 (54i)
Concerning the time evolution of the spin rate of both the star and the planet, the respective equations of motion take the form:
o\ _3 Gmy (RiY (1+ xl iy (1) M
< az > 240G, ( ) Z Glog(@K" (2w, ) (552)
4= ~Gmax
and
d202 3 Gml Rz 1+ X 4 gmax ) ® o
42 2aGC ( a ) 2 Z Goa(O)K; ( 220q)
4 = —qmax
3Gm B-—A 1+x 2 gmax )
i ( C )( 2 2) D, Gag(@)sin[2(wr +Q —0) + (2 + ) M]. (55b)

4= —qmax

Evidently, the lack of angular brackets in the last equation is due to the presence of oscillatory terms originated by the triaxiality-
induced torque, which does not average out in the neighborhood of spin-orbit resonances.

As can be observed, the equations of motion thus obtained contain no singularities in the limit of vanishing eccentricities and
inclinations. However, we must stress the fact that this particular form of the equations of motion is intended to be translated to a
computer code. In this sense, we were interested in the elimination of the singularities present in the equations for the time rate of the
eccentricity and of the inclinations — by defining the variables £ and x — in order to avoid possible instabilities during the numerical
integrations. By no means would we pretend to assert that through the aforementioned transformation, the arguments of pericenters
and the longitudes of the ascending nodes become non-singular. These parameters still become meaningless when the eccentricities
or the inclinations or both are zero. The only non-singular set of variables are the Cartesian-like ones (Correia et al. 2014; Boué et al.
2016).

Regarding the secular evolution of the system, only the values of the major semiaxis, the eccentricity, the inclinations, the
argument of the pericenter, and the longitude of the ascending node defined on the planet’s equator, as well as the rotation angle of
the latter, are needed. The time derivatives of M, w;, wy, Q; and Q,, as well as §; and 65, are necessary to compute the tidal forcing
frequencies by virtue of Eq. (16). It is a normal practice to directly use Eq. (17), but as we show later in this work, this approximation
is not always valid.

We can summarize the principal characteristic of the dynamical model proposed, whose mathematical expression is given by
Egs. (54) and (55), as follows:

A109, page 14 of 31



S. H. Luna et al.: The dynamical evolution of close-in binary systems formed by a super-Earth and its host star

Table 3. Physical and orbital parameters of Kepler-21 system studied in this work (Lépez-Morales et al. 2016).

Parameter Symbol Value

Stellar parameters

Mass (M) my 1.408
Radius (Ry) Ry 1.902
Rotational period (Days) Proi 12.6
Planetary parameters
Mass (Mg) my 5.10
Radius (Rg) R, 1.639
Orbital parameters
Orbital period (Days) Porv 2.78578
Major semiaxis (AU) a 0.0427172
Eccentricity e 0.02 + 0.1

— the major semiaxis, the eccentricity and the inclinations evolve in time strictly due to tidal effects as well as the longitude of the
ascending node as seen from the star;

— the time evolution of the mean anomaly, the arguments of pericenters, and the longitude of the ascending node of the orbit
seen from the planet is dominated by both the tidal interaction between both bodies and the J,-related secular terms of the
gravitational field of the planet;

— the stellar spin rate is dominated only by the secular terms of the corresponding tidal torque;

— the spin rate of the planet is driven by the combined action of the secular terms of the tidal and triaxiality-induced torques.

4. Preliminary discussion

In this section, we briefly present the exoplanetary system studied in this work and we discuss the rheology of each component and
the values of physical and rheological parameters we assumed for it, as well as the initial conditions for the numerical simulation we
perform in this study, especially for those concerning the rotational evolution of the planet.

4.1. The Kepler-21 system

The Kepler-21 star, also known as HD 179070, is a F6IV sub-giant located at a distance of 352 light-years in the Lyra constellation
(Howell et al. 2012). In Table 3, we show the orbital, planetary, and stellar parameters relevant to our work. From the mass and radius
of the planet, it can be inferred that it has rocky composition, with a mean density of approximately 6.4 + 2.1 gcm™ (L6pez-Morales
et al. 2016). In Fig. 1, we show the mass-radius relationships according to several ice-mass fraction values (which is a measure of
the water content of the planet) and considering a planetary composition similar to that of the Earth (Valencia et al. 2007b). It also
shows the corresponding position of some super-Earths on the graph. The Earth would be placed at the origin. As may be noted,
Kepler-21b is expected to have an Earth-like composition with about 10% made up of water.

We selected this system based on two main reasons: the proximity of the components suggest that tidal effects are strong at least
on the planet and all the relevant physical and orbital parameters are well-determined.

4.2. The quadrupolar approximation

We mentioned in Sect. 3 that we want to limit the expansion of the tidal potentials of both the star and the planet up to / = 2. Despite
the fact that the quadrupolar approximation is widely used in the literature of tidal dynamics, such as in studies of the Earth-Moon
system (Mignard 1979, 1980), the Mars-Phobos system (Efroimsky & Lainey 2007), and of close-in binary systems (Correia et al.
2011, 2014), we still need to verify if it is secure to use that approximation for the case of the Kepler-21 system as well.

Taking into account Table 3, we have for the Kepler-21 system: R;/a ~ 0.21 and R;/a ~ 0.0016. The first of these values seems
to be somewhat high. However, we have to keep in mind that in order to neglect the /=3 term we have to compare it with the /=2
one. Recalling that the /-th term of the tidal potential scales as (R/a)**!, starting with /=2 as is shown by Egs. (10) and (12), for
the case of the star we have (R, /a)® ~ 3.8 x 10~ and (R,/a)” = 1.63 x 1073; while for the case of the planet: (R,/a)’ ~ 1.71 x 10714
and (Ro/a)” ~ 3.13x 1072°, Thus, it seems that it could be necessary to consider terms up to /=3 in the expansion of the tidal
potential of the star. However, in order to avoid mathematical and numerical complications in our model, we still limit ourselves to
the quadrupolar approximation and consider that the order of magnitude of difference between the /=2 and the /=3 terms of the
tidal potential of the star is enough to neglect the latter.

4.3. Rheology of the components

Because the tidal theory we adopt in this work is applicable to binary systems, we find it useful to present a discussion of the rheology
of each component. In particular, we consider those that are conformed by a rocky planet and its host star. The reason we limit our
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Fig. 1. Radius (in Earth radii) vs. mass (in Earth
1 : : : : : : masses) of some super-Earth exoplanets, along with
2 4 6 8 10 12 a graph of mass-radius relationships according to
several values of the ice-mass fraction (IMF) from

my [Me) Valencia et al. (2007b).

study to Earth-like planets is twofold: on one hand, most recent developments in the field of planetary detection methods and their
accuracy have led to the discovery of such worlds and, consequently, there is a growing interest in researching whether these celestial
bodies offer the conditions that makes life possible. On the other hand, if we can infer that the compositions of the studied planets
are similar to that of the Earth, then we can assume that their rheology is also similar and then propose reliable models to describe
its internal dissipation.

In Table 3, we show the values of the physical parameters involved in the simulations we performed, that is, the mass and the
radius of both components together with those of the major semiaxis and the eccentricity of the system we have selected for applying
the model described in Sect. 3, as well as the rotational period of the star and the orbital period of the planet. In what follows, we
first discuss the rheology of the host star and then the rheology of the planet.

4.3.1. Rheology of Sun-like stars

As discussed by Veras et al. (2019) stars can be considered to be viscous bodies, despite the fact that they can present some magnetic
rigidity. Therefore, the dominant rheological parameter is the shear viscosity 7;. From the work by Efroimsky (2012) we know that
the complex compliance corresponding to viscous deformation is given by:

- i
Jy)=———. (56)
mx
Then, we have that its real and imaginary parts evidently are:
- - 1
R[J] =0 and I[J()| =-—. (57)
mx

As a consequence, the quality functions of the star Kl(l) (l, w;};pq) and Kl({1 ) (l, w;;:p q), given in general form by Eqgs. (14) and (15),
respectively, become (Efroimsky 2015):

301 !
K(l)(l Wl ): 2 N
R > Im,
P4 2(-1) 1+ (Bl Ungrln)pq)z
and
31 B, T]lX(l)
KO (Lof) =2 2 sign (i) ;
1 g 20-1) M \2 Impq
1+ (Bszzmpq)
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4.3.2. Rheology of Earth-like planets

The rheological response of rocky and icy celestial bodies like planets and satellites — including the possibility that they can have a
subsurface ocean — is best modeled by the Maxwell-Andrade model, or even better, perhaps, by the Sundberg & Cooper (2010) model,
as asserted by Renaud & Henning (2018). Due to the complexity of the latter model and the fact that, in general, the rheological
parameters are poorly constrained even for the Earth, we chose the former rheological model to describe the dissipation within the
planet. The complex compliance for this rheology is (Efroimsky 2012, 2015):

Jop)=J|1- ; +(x7ta) T + @), (59)
X ™

where « is known as the Andrade parameter, I is the gamma function, 7y and 74 are the Maxwell and Andrade characteristic time
scales, respectively. It worthwhile indicating that 7y is defined as the ratio of the shear viscosity over the mean rigidity y, that is:

™=—. (60)
M

It should be noted that the first two terms in the first line of Eq. (5§9) correspond to a viscoeslastic response which is described by
the Maxwell rheology, while the last term corresponds to an hereditary reaction caused by dislocation process within the material
under stress (Efroimsky 2012), as prescribed in Eq. (20). Andrade’s rheology can be applied to a wide range of materials, from rocky
planets or satellites partially molten up to icy bodies, even if these bodies have a subsurface ocean. The Andrade’s parameter ranges
between [0.15, 0.2] for the former kind of celestial bodies and between [0.2, 0.4] for the latter.

The real and imaginary parts of the complex compliance given by Eq. (59) are:

[J()()] )(TM +)( TTMT ), cos( )F(1+a)]
(61)
= —RCY)
X ™
and
3[J00]= —X%M [1 +x T sm( )F(l + a)]
= —IQ\(). (62)

X ™

Then, again by the virtue of Egs. (14) and (15), the quality functions of the planet K}(f) (l, wgi)pq) and K| @ (l wﬁ?pq) respectively, are
given by:

K(2) (l w(z) ):§ 1 [R (Xﬁl)p» A’lepq TM] (Xgrzn)pq)_'-j (ngl)pq)
’ 2

m (63a)
2T R () + A ] 2 () '
and
@ @y 3 1 A’an)quMI (Xﬁ)pq)
Ko EZ_I[R(XED )+ A2 ]+ 2 (2 )Slgn(lequ)) (63b)
mpq mpq mpq
where A; = Bj .

4.4. Initial conditions and physical parameters

Apart from the values of the parameters given in Table 3 we must, on one hand, set some other physical and rheological parameters
and, on the other hand, choose the values of the initial conditions of the orbital and rotational parameters in order to solve the
differential equations of motion.

With regard to the rheological parameters of the host star and the planet, we only have to set the value of the shear viscosity 7,
of the former and the shear rigidity u, the Maxwell time 1y, and the Andrade’s parameter « of the latter. Because we lack a better
model, we set 7o =Ty. In the first case, we take the value of the shear viscosity of the host star to be that estimated by Veras et al.
(2019) for the Sun and Sun-like stars, which is 77; ~ 10! Pas. In the second, based on Fig. 1, we can expect that the considered planet
has a composition similar to that of the Earth and, therefore, we can take the correspondlng values of its rheological parameters.
For the Earth, z=0.8 x 10'! Pa, which is the most reliable value among the rheological parameters involved. Keeping in mind both
Eq. (60) and the fact that the viscosity depends on the temperature, such that the former decreases when the latter increases, we
then have to expect that the Maxwell time decreases as the planet’s internal temperature increases. At the same time, planets that are
internally differentiated, such as the Earth, with partially molten cores, are expected to have the corresponding values of Andrade’s
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parameter, that is, @ € [0.15,0.2]. Thus, due to this uncertainty, here we perform numerical simulations with different values of the
less constrained parameters as follows: Ty = 10, 50, 100 yr and @ =0.15,0.2,0.3.

Concerning the rest of the physical parameters, the values of the mean densities and surface gravity of both the planet and the
host star are computed using the data given in Table 3. The maximum moments of inertia C; and C, of the star and the planet,
respectively, are computed with:

Cr=&m Ry, (64)

where & is called the moment of inertia factor. For a homogeneous solid sphere, its value is 2/5. But for internally differentiated
rocky planets, its value is a little lower. In this sense, Zeng & Jacobsen (2017) showed that for both the Earth and Earth-like rocky
planets, its value is approximately equal to 1/3. In consequence, we can take £, =2/5 and &, = 1/3. The last physical parameter to be
set is the degree of triaxiality, indicating that we need a value for (B — A)/C. Such a parameter can be estimated following the work
by Rodriguez et al. (2012), namely:

B-A N 15 my (R2)3

x — 65
C2 4 ny ( )

a

For the Kepler-21 system, we obtain 7 x 10~*. However, in order to evaluate the effect of this parameter on the rotational evolution,
we have also set (B — A)/C, = 1073 and zero.

With respect to the values of J,, we have adopted three values, namely: 1073, which is on the same order of magnitude of that of
the Earth, along with 107*, 1073 and zero.

Lastly, regarding the orbital parameters we have set the initial values of @ and e as those given by Table 3, correspondingly, as we
are interested in the study of the fate of the Kepler-21 system and not in its past values. In this sense, we set i;(0) = 0.5° and i,(0) = 5°
in order to estimate planarization and obliquity damping timescales.

Of course, the rotational state of the planet is completely unknown. However, it is believed that rocky planets rotate very fast
after their formation (Miguel & Brunini 2010). For exploratory purposes, we set 6,(0) = 0 and 6, /n(0) = 4.1 for the planet. The reason
behind the selection of this particular value for the planet’s initial spin rate is soon to become clear. As we shall see, it is very likely
that the planet is already captured in synchronous rotation. The initial spin rate of the star is computed from its current estimated
rotation period, which is given in Table 3.

5. Semianalytical and numerical characterization of the dynamical evolution

As we have already pointed out, the methodology developed in this work was applied to the study of the dynamical evolution of
the Kepler-21 exoplanetary system, which is known to consist of a planet — presumably a rocky one — and its host star. Its orbital
parameters and certain physical parameters are shown in Table 3.

We performed 13 numerical experiments varying the rheological and dynamical parameters of the planet because, as we have
pointed out, these parameters are the less constrained ones. In these experiments the equations of motion — Egs. (54a)—(54i), (55a),
and (55b) — were numerically integrated over a time span of 10° yr. The adopted values of the rheological and dynamical parameters
in each integration (labeled with an ID number) are shown in Table 4. The aforementioned integrations were divided into three
sets: in the first one, only the rheological parameters of the planet (@ and 7,,) were varied; in the second one, only the dynamical
parameters of the latter were varied ((B — A)/C, and J,); and in the third one, we only performed a numerical simulation setting
e=0.1, which is within the uncertainty of the eccentricity value (see Table 3) in order to explore the possibility of entrapment in
higher-than-synchronous spin-orbit resonances. As a general check, we verified that the total angular momentum of the systems is
conserved in all the simulations we performed.

5.1. Results from the numerical simulations

We focus first on the rotational evolution of the system. In Fig. 2 we show the graphs of the normalized spin rate of the planet
obtained from the first (Fig. 2a) and second (Fig. 2b) sets of integrations. It can be noted from Fig. 2a that the time necessary
to reach the synchronous rotation is greatly affected by the variation of the rheological parameters, while the modification of the
dynamical parameter have no consequences in this sense, as can seen in Fig. 2b. However, we found that the synchronism is not
always exact. In this sense, we are observing the influence of apsidal and nodal precession rates, as seen from the planet, on the
corresponding tidal forcing frequencies, which were computed using the exact expression given by Eq. (16) in contraposition to the
widely used approximation presented in Eq. (17).

The third set of numerical simulations consist only of an integration setting of e =0.1. It can be noted in Fig. 3 that the planet is
trapped in the 3:2 spin-orbit resonance as can be expected from Fig. 4, where we plot the angular acceleration of the planet due to the
secular terms of the tidal torque vs. its normalized spin rate (Makarov & Efroimsky 2013). In that figure, the solid blue line (which
correspond to e =0.1) crosses the horizontal reference axis near ,/n=1.5. This is the reason why we pointed out in Sect. 1 that
eccentricity plays a key role in the possibility of capture in higher-than-synchronous resonances. This observation is in agreement
with the results obtained by Noyelles et al. (2014).

In Fig. 4 we also may find a justification of this choice in the initial value of the planet’s spin rate (i.e., 8, =4.1n). As can be
noted in the aforementioned figure, the angular acceleration of the planet — due to the secular terms of the tidal torque — is practically
constant for 6,/n > 4 and thus, if we consider higher initial values of the planet’s spin rate, the only difference would be that the
latter ends up reaching the 1:1 spin-orbit resonance some time later.
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Table 4. Values of the rheological and dynamical parameters adopted in the numerical integrations performed in this work, together with the
corresponding ID number assigned to ease the identification of the result of each simulation.

ID e T [yr] a (B-A)/C, Jr
1 0.02 10 0.2 7x107* 1x1073
2 0.02 50 0.2 7x 107 1x1073
Set 1 3 0.02 100 0.2 7% 10~ 1x1073
4 0.02 10 0.15 7% 10~ 1x1073
5 0.02 10 0.3 7x107* 1x1073
6 0.02 10 0.2 1x1073 1x1073
7 0.02 10 0.2 1x107° 1x1073
8 0.02 10 0.2 7x10™* Ix10™*
Set 2 9 0.02 10 0.2 7x10™ 1x1073
10 0.02 10 0.2 0 1x1073
11 0.02 10 0.2 7x10™* 0
12 0.02 10 0.2 0 0
Set 3 13 0.1 10 0.2 7% 10~ 1x1073
4.5 . : : 4.5 . . T
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Fig. 2. Normalized spin rate of the planet vs. time as resulted from the first set of numerical simulations (a) and from the second one (b).

Now, we shift the focus to the orbital evolution of the Kepler-21 system. As a general observation, it can be noted that the major
semiaxis and the eccentricity evolved in time in a similar way in each simulation when compared to the others, only differing in the
final value of the corresponding time rates, as noted in Figs. 5 and 6. This similarity can be understood by examining Fig. 7, where
we can verify that the system behaves as expected from the same figure, provided that the planet’s rotational evolutionary timescale
is much shorter than the orbital one. In this sense, we can know in advance how the system is expected to evolve over time before
performing any numerical integration. In the case of Kepler-21, we see that the major semiaxis, the eccentricity, and the obliquity
grow in time up to the 1:1 spin-orbit resonance and then start decreasing. This result is also consistent with Noyelles et al. (2014),
who found that Mercury’s spin evolved so swiftly that the planet got trapped in its end-state only some 10-20 million of years after
its accretion.

Perhaps it would be interesting to see the individual contributions of the tidal potentials of the star and of the planet onto the
dynamics of the system that they are both a part of. In Figs. 8a and 8b, we show the time derivatives of the major semiaxis and of the
eccentricity, respectively, due to the secular terms of the star’s tidal potential, labeled with superscript (1), and to the planet’s tidal
potential, labeled with a superscript (2). It can be observed that in both cases, the star’s contribution is approximately four orders of
magnitude weaker than that of the planet’s.

Concerning the time evolution of the inclination (i;), we obtained a seemingly counter-intuitive result, provided that its time
derivative has a positive value of about 1.35 x 1071°° yr~!, which is practically independent of the planet’s normalized spin rate.
This implies that
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for the case of the Kepler-21 system, as can be noted from Eqs. (54d) and (53). As we can also note in Eq. (54d), the time evolution
of i; depends only on the stellar parameters. Thus, the time derivative of the orbital inclination can be plotted against the normalized
spin rate of the star, as shown in Fig. 9, where we consider two different values of the stellar viscosity. From Table 3 we can verify
that #,/n < 1 and, as a consequence, the time derivative of i; is inevitably positive by virtue of the dynamical model developed in
this work.

With respect to the obliquity (i), it begins to decrease exponentially after the planet gets trapped in the synchronous rotation, as
can be observed in Figs. 10a and 10b. By virtue of Fig. 7, we can also know in advance the general behavior of the time evolution of
the obliquity, at least qualitatively as in the case of the major semiaxis and the eccentricity discussed before.

It may seem that in Fig. 7 the time derivatives of the major semiaxis, the eccentricity, and the obliquity are equal to zero when
the planet is trapped in the 1:1 spin-orbit resonance but, as seen in Figs. 5, 6, and 10, these orbital elements decrease in time after
the planet has reached the synchronous rotation. There are two reasons behind this fact. On one hand, as pointed out before, the
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Fig. 5. Time evolution of a — ay, e — ¢y (Where a, and ¢, are the initial values of the major semiaxis and the eccentricity, respectively) as the result
of the first set of numerical simulations, i.e., those varying the rheological parameters of the planet.
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Fig. 6. Time evolution of a — ay, e — ¢y (Where ay and e, are the initial values of the major semiaxis and the eccentricity, respectively) as result
from the second set of numerical simulations, i.e., those varying the dynamical parameters J, and (B — A)/C, of the planet.

synchronism is not exact. On the other hand, if we take a look at a very narrow interval around the 1:1 spin orbit resonance in Fig. 7,
as shown in Fig. 11, we note that the time derivatives of a, e and i, are not exactly zero for 6, =n.

As a final comment on the numerical simulations, it should be noted that this kind of problem involves different timescales of
the dynamical evolution. As noted in Figs. 12 and 13a, the time rates of the mean anomaly at the epoch, the argument of pericenter,
and the longitude of the ascending node, both defined on the stellar equator, are on the order of 10~#; while the apsidal and nodal
precessions as seen from the planet are on the order of 10'-10? (Fig. 13b). Then it is necessary for the numerical integration scheme
to treat these timescales separately.

Taking into account that n ~ 4.8 x 10*°yr~!, as well, we then have that M ~ n and, in consequence, we consider a time step of
1073 Py (Atgagt) to integrate 8,, M, w,, and £,, and a time step of one year (At ) for the rest of the dynamical parameters, that is,
a, e, i1 and iz.

The dynamical variables were integrated together but in different stages within the numerical integration scheme in order to
implement the separation of the slow-varying and the fast-varying variables described before. More specifically, the former were
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Fig. 8. Time derivatives of the major semiaxis (a) and the eccentricity (b) as a function of the normalized spin rate of the planet. In this figure, the
contributions of the secular terms of the tidal potentials generated by the star and the planet are shown separately.

integrated using fourth-order Runge-Kutta method (Atyow), While the latter were integrated using the Bulirsch-Stoer method (Press
et al. 1992) with the corresponding time step Afgag.

The aforementioned integration scheme starts with an evaluation of the time derivatives of the slow-varying variables at the
beginning of the integration interval, that is, the first stage of the Runge-Kutta method, for example, at #;. Then the fast-varying
variables are integrated using the Bulirsch-Stoer method up to #; + Atgow/2. At that point, the second stage of the Runge-Kutta
method is performed with the updated value of the planet’s spin rate in order to evaluate properly the tidal frequencies and the

A109, page 22 of 31


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936551&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936551&pdf_id=0

S. H. Luna et al.: The dynamical evolution of close-in binary systems formed by a super-Earth and its host star

1 (G)x 10" [Pyr 'Ly = 1012 —
(%) X 10° P yr Ty = 10" —
0.5
0
-0.5
-1 L |
0.5 1 1.5 2 2.5 3 3.5 4  Fig. 9. Time derivatives of i; vs. the normalized spin rate

, of the planet obtained by direct evaluation of Eq. (54d),
61/n considering two different values of the stellar viscosity.

7 T T T 7 T T T
ID1 ID6
ID2 ID7
6 ID3 coeeeereeen. T 6 ID8 woeeeereen. T
D4 o § DO o
5 D5 : 51 ID 10 :
: ID 11
4 i 4 _:;! ID12 o |
- 3 | - 3L "':‘ i
)
2 i 2 | N 1
1 | \ - | 1 | "-nr.».p--y,% _
0 1 -“.‘T”'*-WT.“ '''''' [ —— 0 1 1 1 1

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
t [yr] t [yr]
(a) (b)

Fig. 10. Time evolution of the planet’s obliquity (i,) as result from the first (a) — those varying the rheological parameters — and second () —i.e.
those varying the dynamical parameters — the set of numerical simulations.

time derivatives of the slow-varying variables. Immediately, the fast-varying variables are integrated again up to the end of the
integration interval, that is, #; + At 0w Where the new value of 6, is taken to compute the new values of both the tidal frequencies and
the slow-varying variables’ time derivatives. Finally, the last stage of the Runge-Kutta method is carried out in order to compute the

new values of the slow-varying variables; these are used to start the integration on the next interval together with the last computed
values of the planet’s spin rate and the rest of the fast-varying variables.

5.2. Timescales of orbital decay and circularization

In general terms, we define the characteristic timescale of the evolution of an orbital element as that which is required for a certain
change in that element to take place. Since the orbital inclination and the obliquity of the planet evolve in the way described earlier

in this work, we only consider the timescales that correspond to the major semiaxis and the eccentricity. Mathematically expressed,
the characteristic timescale of the former, 7,, and the latter, 7., are defined as:

da\™
Tq = ("Roche — @) (E) s (66)

de\™
T,=—€ (a) s (67)
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02 /n epoch vs. the normalized spin rat of the planet.

where rroche 1S the Roche limit and the values of a and e are the current ones. It can be noted that 7, correspond to the time interval
that elapses from the current value of a up to the planet reaches the Roche radius, beyond which it would be completely destroyed
by tidal forces. The latter is defined as (Murray & Dermott 1999):

1

3
FRoche = Ra (3@) . (68)
my

Of course, this definition does not take into account the rigidity of the material that compose the body but only considers self-gravity.
Even so, it can be considered as an upper limit. For the Kepler-21 system, rroche = 4.54 X 1073 AU.

Replacing in Egs. (66) and (67) the corresponding values given in Table 3 and that of <‘3]—‘;> and <‘é—f> from Egs. (54a) and

(54b) evaluated at &, = n for different values of the rheological parameters, we obtain the values of orbital decay and circularization
timescales. The results are shown in Table 5 together with the corresponding values of the rheological parameters. As can be
observed in that table, since the orbital decay timescale is much larger than the others, when a = rrocne, the orbit will be completely
circularized.

5.3. Possibility of detecting tidal effects

It may be an interesting exercise to consider the possibility of contrasting the results obtained from numerical simulation with those
from observations. Within the limits of this work, we can answer the question of whether tidal effects can be detected only in part. In
recent years, great advances have been made in observational techniques that allow for highly precise measurements of the physical
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Fig. 13. Time rate of the apsidal and nodal precession, as seen from the star (a) and from the planet (b), vs. the normalized spin rate of the planet.

Table 5. Orbital decay and eccentricity damping timescales of the Kepler-21 system obtained through Eqs. (66) and (67) by evaluating the

corresponding equation of motion at #,/n =1 for different values of the rheological parameters and the eccentricity.

e Ty [yr] o4 7, [x10° yr] 7, [x10° yr]
0.01 10 0.2 751.32 0.101
0.02 10 0.2 629.23 0.345
0.02 50 0.2 662.78 0.361
0.02 100 0.2 675.81 0.367
0.02 10 0.15 617.57 0.339
0.02 10 0.3 679.20 0.368
0.1 10 0.2 98.955 1.542

and orbital parameters of planets orbiting stars other than the Sun. One of these quantities is the orbital period, P, of planets,
which can be measured by observing several successive transits and is defined by:

2

Pop = —. (69)
n

If we assume that the orbital parameters of a two body system evolve in time only due to the tides each body rises on the other — as
was supposed in the last subsection — then the orbital period is also expected to evolve as a consequence of the time variation of the
major semiaxis. This can be expressed mathematically as:

dPorb 2ndn

dt  n2dt
From Eq. (1), we have:
dn
dr
Then, Eq. (70) can be rewritten as:
APy, 3mda

dt  nadt’
If we take the values of the parameters for the Kepler 21 system given in Table 3, compute n with Eq. (1), and also take the value of

<%>, obtained from direct evaluation of Eq. (54a), assuming @, = n and evaluating the tidal frequencies with Eq. (17), and then we
replace them in Eq. (71), we get the following result:

< dp orb

(70)

(71)

tide S
> ~ —0.003879 —,
dr yr
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which is equivalent to a decrement of nearly 3.88 ms per year. As a consequence, we would need more than 1000 yr to measure
a difference of about 4 s. The measured orbital period of planet Kepler-21b is 2.78578 days with an uncertainty of 0.00003 days
(Lopez-Morales et al. 2016), which is equivalent to approximately 2.6 s. This result clearly shows the impossibility of detecting tidal
effects, if simply by measuring the orbital period of the planet, at least in this case.

In this regard, the question of whether it is possible to detect tidal effects by measuring the orbital period of certain exoplanets has
motivated the publication of several recent works. Depending on each particular case, some authors conclude that it is not possible
to detect tidal effects, as in Petrucci et al. (2019), and others not only assert that they measure a decrease of the orbital period, but
also that it is a consequence of the orbital decay due to tidal interaction (Yee et al. 2019).

6. Final discussion and conclusions

In this work, we develop an accurate method for studying the dynamical evolution of a binary system formed by a rocky planet and
its host star. We follow the work by Boué & Efroimsky (2019) to obtain a set of equations of motion which, on one hand, describe the
secular time evolution of the orbital elements attributed to the secular terms of the tidal potentials of both partners and the secular
terms related to the J, coefficient. On the other hand, it gives the time rate of the stellar spin rate due to the secular terms of the
corresponding tidal torque and the time evolution of the proper rotation angle of the planet due to the combined action of the secular
terms of the tidal torque and the periodic terms of the triaxiality-induced torque. Thus, the main results of this investigation are:
Egs. (54a)—(55a), and (55b) which contain no singularities in the limit of vanishing eccentricities, inclination, and obliquity. Bearing
in mind that the transformation introduced to obtain the equations only moves the latter singularity to e =1 and i =90°, we would
like to stress the fact that it is a convenient substitution because it allows for the possibility that the eccentricity and the inclinations
reach very low values (even zero) without affecting the stability of the numerical integration.

As a case study, we chose the Kepler-21 system. We find that the commonly accepted approximate expression of the tidal modes,
given by Eq. (17), could no longer be valid in studies such as that carried out in this paper. In other words, at least in the case of the
Kepler-21 system, the apsidal and nodal precessions induced by tides and the J,-related terms is appreciable. Also, we find that the
time of tidal synchronization strongly depends on the values of the rheological parameters, as is shown in Fig. 2a.

Regarding the rotational state of planet Kepler-21b, even though it could be or have previously been trapped in the 3:2 spin-orbit
resonance, we expect that it has already reached the synchronous rotation, not only because this is its most likely state, but as it
orbits very close to a massive star with a radius nearly twice grater than that of our Sun, we can reasonably suppose that the planet is
undergoing a strong internal dissipation which can cause an increase of its internal temperature with the consequent decrease of the
viscosity and of the Maxwell time. As explained by Makarov et al. (2018), this decrease of the Maxwell time can cause the escape
from higher-than-synchronous rotation states in a time interval shorter that the corresponding decrease of the corresponding capture
probabilities due to the decrease of the eccentricity in time (Makarov 2015).

It is worth mentioning that from the point of view of tidal theory, the case of Kepler-21 — after the planet has reached the
synchronous rotation — is analogous to the case of Phobos, which is gradually spiraling inwards towards Mars (Efroimsky & Lainey
2007). In this sense, the timescales of orbital decay and circularization given in Table 5 are upper bounds, that is, the rates of orbital
decay and circularization become greater as the planet approaches its host star. Even though the results shown in Table 5 suggest
that the planet has a short time to exist, we can note that the more rapidly the eccentricity gets damped, the more the time it takes
the planet to reach the Roche limit.

The time evolution of the orbital inclination (i;) seems to be counter-intuitive. However, this is a particularity of the Kepler-21
system, but there could be other systems in which a more “expectable” conclusion is reached. As shown in Sect. 5.1, tidal interaction
can lead the major semiaxis, the eccentricity, and the inclinations to increase or decrease over time, depending on the particular
combinations of the values of the rheological and dynamical parameters and variables involved (see Veras et al. 2019).

We would like to emphasize that even though we have addressed the study of a particular system, the formalism developed in
this work is equally applicable to other analogous systems, formed by a star and a terrestrial planet. Moreover, this methodology
could be adapted to model the dynamical evolution of binary asteroids. We will carry out the former and the latter types of studies
in future works.

The analytical model that we propose in this work takes into account the tidal dissipation of both components of a binary system
and the influence of both the J,-related secular terms in the orbital evolution and the permanent-triaxiality-induced torque in the
rotational evolution of one of the bodies, while the rotational evolution of the other is considered to be dominated only by the tidal
interaction. We are aware that there are other effects that could be equally important to the dynamical evolution and could later be
incorporated into the formalism, such as the oblateness of the star and General Relativity (Correia et al. 2011), dynamical tides in
the star (Bolmont & Mathis 2016; Hodzi¢ et al. 2018), atmospheric tides in the planet (Correia & Laskar 2003; Leconte et al. 2015),
magnetic couplings between the star and the planet (Ahuir et al. 2019), and stellar evolution (Benbakoura et al. 2019).

Acknowledgements. We acknowledge the funding from ANPCyT through PICT 1144-13 and CONICET through PIP 699-15. This investigation was supported by the
institutional cluster HOPE at IAFE (http://www.iafe.uba.ar/HOPE/), where all the numerical simulations were performed, and by the SAO/NASA Astrophysics
Data System. S.L. wants to acknowledge the fruitful discussions with Michael Efroimsky, Gwenaél Boué, Dimitri Veras and Valeri Makarov, which helped to reach
a better understanding of the dynamical evolution near spin-orbit resonances and to improve the quality of this work. This research has made use of the NASA
Exoplanet Archive, which is operated by the California Institute of Technology, under contract with the National Aeronautics and Space Administration under the
Exoplanet Exploration Program.

References

Ahuir, J., Strugarek, A., Brun, A.-S., et al. 2019, ArXiv e-prints [arXiv:1912.06867]
Benbakoura, M., Réville, V., Brun, A. S., Le Poncin-Lafitte, C., & Mathis, S. 2019, A&A, 621, A124

A109, page 26 of 31


http://www.iafe.uba.ar/HOPE/
https://arxiv.org/abs/1912.06867
http://linker.aanda.org/10.1051/0004-6361/201936551/2

S. H. Luna et al.: The dynamical evolution of close-in binary systems formed by a super-Earth and its host star

Bolmont, E., & Mathis, S. 2016, Celest. Mech. Dyn. Astron., 126, 275

Boué, G., & Efroimsky, M. 2019, Celst. Mach. Dyn. Astron., 131, 30

Boué, G., Correia, A. C. M., & Laskar, J. 2016, Celst. Mach. Dyn. Astron., 126, 31

Brouwer, D., & Clemence, G. M. 1961, Methods of Celestial Mechanics (New York: Academic Press)

Correia, A. C. M., & Laskar, J. 2003, J. Geophys. Res. Planets, 108, 5123

Correia, A. C. M., Laskar, J., Farago, F., & Boué, G. 2011, Celst. Mach. Dyn. Astron., 111, 105

Correia, A. C. M., Boué, G., Laskar, J., & Rodriguez, A. 2014, A&A, 571, A50

Efroimsky, M. 2005a, Ann. New York Acad. Sci., 1065, 346

Efroimsky, M. 2005b, Celst. Mach. Dyn. Astron., 91, 75

Efroimsky, M. 2012, Celst. Mach. Dyn. Astron., 112, 283

Efroimsky, M. 2015, AJ, 150, 98

Efroimsky, M., & Goldreich, P. 2004, A&A, 415, 1187

Efroimsky, M., & Lainey, V. 2007, J. Geophys. Res. Planets, 112, E12003

Efroimsky, M., & Makarov, V. V. 2013, ApJ, 764, 26

Efroimsky, M., & Williams, J. G. 2009, Celst. Mach. Dyn. Astron., 104, 257

Frouard, J., & Efroimsky, M. 2017, Celst. Mach. Dyn. Astron., 129, 177

Frouard, J., & Efroimsky, M. 2018, MNRAS, 473, 728

Giacaglia, G. E. O. 1976, Celest. Mech., 14, 515

Goldreich, P., & Peale, S. 1966, AJ, 71, 425

Gooding, R. H., & Wagner, C. A. 2008, Celst. Mach. Dyn. Astron., 101, 247

Hodzié, V., Triaud, A. H. M. J., Anderson, D. R., et al. 2018, MNRAS, 481, 5091

Howell, S. B., Rowe, J. F., Bryson, S. T., et al. 2012, ApJ, 746, 123

Hughes, S. 1981, Celest. Mech., 25, 101

Kaula, W. M. 1961, Geophys. J., 5, 104

Kaula, W. M. 2000, Theory of Satellite Geodesy: Applications of Satellites to Geodesy, Dover Earth Science Series (New York: Dover Publications)

Kopeikin, S., Efroimsky, M., & Kaplan, G. 2011, Relativistic Celestial Mechanics of the Solar System (Weinheim: Wiley-VCH)

Leconte, J., Wu, H., Menou, K., & Murray, N. 2015, Science, 347, 632

Lépez-Morales, M., Haywood, R. D., Coughlin, J. L., et al. 2016, AJ, 152, 204

Makarov, V. V. 2012, AplJ, 752, 73

Makarov, V. V. 2015, ApJ, 810, 12

Makarov, V. V., & Efroimsky, M. 2013, ApJ, 764, 27

Makarov, V. V., Berghea, C., & Efroimsky, M. 2012, ApJ, 761, 83

Makarov, V. V., Berghea, C. T., & Efroimsky, M. 2018, ApJ, 857, 142

Mignard, F. 1979, Moon Planets, 20, 301

Mignard, F. 1980, Moon Planets, 23, 185

Miguel, Y., & Brunini, A. 2010, MNRAS, 406, 1935

Murray, C. D., & Dermott, S. F. 1999, Solar System Dynamics (Cambridge: Cambridge University Press)

Noyelles, B., Frouard, J., Makarov, V. V., & Efroimsky, M. 2014, Icarus, 241, 26

Petrucci, R., Jofré, E., Gémez, Y., et al. 2019, MNRAS, 491, 1243

Press, W., Flannery, B., Teukolsky, S., & Vetterling, W. 1992, Numerical Recipes in FORTRAN 77, Volume 1 of Fortran Numerical Recipes: The Art of Scientific
Computing (Cambridge: Cambridge University Press), 1

Proulx, R. J., & McClain, W. D. 1988, J. Guid. Control Dyn., 11, 313

Renaud, J. P., & Henning, W. G. 2018, ApJ, 857, 98

Rodriguez, A., Callegari, N., J., Michtchenko, T. A., & Hussmann, H. 2012, MNRAS, 427, 2239

Seager, S. 2010, Exoplanet Atmospheres: Physical Processes, Princeton Series in Astrophysics (Princeton: Princeton University Press)

Shoji, D., & Kaurita, K. 2014, ApJ, 789, 3

Stamenkovié, V., Noack, L., Breuer, D., & Spohn, T. 2012, ApJ, 748, 41

Sundberg, M., & Cooper, R. F. 2010, Philos. Mag., 90, 2817

Torge, W., & Miiller, J. 2012, Geodesy, 4th edn. (Berlin: Walter de Gruyter)

Valencia, D., O’Connell, R. J., & Sasselov, D. 2006, Icarus, 181, 545

Valencia, D., Sasselov, D. D., & O’Connell, R. J. 2007a, Ap]J, 656, 545

Valencia, D., Sasselov, D. D., & O’Connell, R. J. 2007b, ApJ, 665, 1413

Veras, D., Efroimsky, M., Makarov, V. V., et al. 2019, MNRAS, 486, 3831

Yee, S. W., Winn, J. N, Knutson, H. A, et al. 2019, ApJ, 888, L5

Zeng, L., & Jacobsen, S. B. 2017, ApJ, 837, 164

A109, page 27 of 31


http://linker.aanda.org/10.1051/0004-6361/201936551/3
http://linker.aanda.org/10.1051/0004-6361/201936551/4
http://linker.aanda.org/10.1051/0004-6361/201936551/5
http://linker.aanda.org/10.1051/0004-6361/201936551/6
http://linker.aanda.org/10.1051/0004-6361/201936551/7
http://linker.aanda.org/10.1051/0004-6361/201936551/8
http://linker.aanda.org/10.1051/0004-6361/201936551/9
http://linker.aanda.org/10.1051/0004-6361/201936551/10
http://linker.aanda.org/10.1051/0004-6361/201936551/11
http://linker.aanda.org/10.1051/0004-6361/201936551/12
http://linker.aanda.org/10.1051/0004-6361/201936551/13
http://linker.aanda.org/10.1051/0004-6361/201936551/14
http://linker.aanda.org/10.1051/0004-6361/201936551/15
http://linker.aanda.org/10.1051/0004-6361/201936551/16
http://linker.aanda.org/10.1051/0004-6361/201936551/17
http://linker.aanda.org/10.1051/0004-6361/201936551/18
http://linker.aanda.org/10.1051/0004-6361/201936551/19
http://linker.aanda.org/10.1051/0004-6361/201936551/20
http://linker.aanda.org/10.1051/0004-6361/201936551/21
http://linker.aanda.org/10.1051/0004-6361/201936551/22
http://linker.aanda.org/10.1051/0004-6361/201936551/23
http://linker.aanda.org/10.1051/0004-6361/201936551/24
http://linker.aanda.org/10.1051/0004-6361/201936551/25
http://linker.aanda.org/10.1051/0004-6361/201936551/26
http://linker.aanda.org/10.1051/0004-6361/201936551/27
http://linker.aanda.org/10.1051/0004-6361/201936551/28
http://linker.aanda.org/10.1051/0004-6361/201936551/29
http://linker.aanda.org/10.1051/0004-6361/201936551/30
http://linker.aanda.org/10.1051/0004-6361/201936551/31
http://linker.aanda.org/10.1051/0004-6361/201936551/32
http://linker.aanda.org/10.1051/0004-6361/201936551/33
http://linker.aanda.org/10.1051/0004-6361/201936551/34
http://linker.aanda.org/10.1051/0004-6361/201936551/35
http://linker.aanda.org/10.1051/0004-6361/201936551/36
http://linker.aanda.org/10.1051/0004-6361/201936551/37
http://linker.aanda.org/10.1051/0004-6361/201936551/38
http://linker.aanda.org/10.1051/0004-6361/201936551/39
http://linker.aanda.org/10.1051/0004-6361/201936551/40
http://linker.aanda.org/10.1051/0004-6361/201936551/41
http://linker.aanda.org/10.1051/0004-6361/201936551/42
http://linker.aanda.org/10.1051/0004-6361/201936551/42
http://linker.aanda.org/10.1051/0004-6361/201936551/43
http://linker.aanda.org/10.1051/0004-6361/201936551/44
http://linker.aanda.org/10.1051/0004-6361/201936551/45
http://linker.aanda.org/10.1051/0004-6361/201936551/46
http://linker.aanda.org/10.1051/0004-6361/201936551/47
http://linker.aanda.org/10.1051/0004-6361/201936551/48
http://linker.aanda.org/10.1051/0004-6361/201936551/49
http://linker.aanda.org/10.1051/0004-6361/201936551/50
http://linker.aanda.org/10.1051/0004-6361/201936551/51
http://linker.aanda.org/10.1051/0004-6361/201936551/52
http://linker.aanda.org/10.1051/0004-6361/201936551/53
http://linker.aanda.org/10.1051/0004-6361/201936551/54
http://linker.aanda.org/10.1051/0004-6361/201936551/55
http://linker.aanda.org/10.1051/0004-6361/201936551/56

A&A 641, A109 (2020)

Appendix A: Expression of the sums of adimensional terms of the derivatives of the disturbing
potentials

In the following, we give the complete expressions of the derivatives of the disturbing potentials considered in this work. Regard-
ing the gradient of the tidal potentials of both bodies, we also give the secular terms of the corresponding derivatives. The latter
is identified by the superscript “(sec)”. Among the aforementioned expressions, the terms corresponding to (Impq) =(201q) and
(Impg) = (220q) are shown, in particular. As earlier in this work, such terms are identified with the respective subscripts.

A.1. Major semiaxis
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A.4. Inclination with respect to the star’s and planet’s equators
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A.5. Argument of pericenter with respect to the star’s and planet’s equators
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A.6. Longitude of ascending node with respect to the star’s and planet’s equators

ou® "
U””"q“ Z Z Z 3 Z 3 (% )] lmg+Z;:(2—6o,n>F1m,,<ik>Glpq<e)F1mh(ik)Gum<e)

=2m=0p=0g=-0h=0s5s=-c0
% [sm( (k) (k) )K(k) (l o® ) COS( (k) (k) )K(k) (l (k) )] (A.6a)

Uimpg ~ Vimhs Impq Yimpg ~ Vimhs Cimpg

O mpy S O (R = m)! @ (;  ®

< 0 > T IZ; Z:0 Z;) Z (;) m(l + m)'( = om) l”’p(lk) G,pq(e) K (l’ wlmpq)’ (A.6b)
=2m=0p=0g=-
ouy)
2014
=0 A6

< 0y > (A.6¢)

U, 1 (Re\

7Y = k *) )

< TN >__8(7) Faao (i) q,Zw Gloy(@ K" (2, @y, ) (A.6d)
6Vl(2) © ! ! s R2 1 R )

aQ;q = ZZ; Z) Z;) Z (;) Finp(iz) Gipg(e) m [—sz sin (vgm)pq -mb, + ¢1m) + S cOS (vgm)pq -mb, + ¢1m)] , (A.6e)

=2m=0p=0g=—c0
W,
q
=0 A6

0Q, (A.6f)

wvd o
220 (B—- A)
aQZq -5 Fa0(i2) q_z_oo Gaog(e)sin [2(wr + Qo — 62) + 2 + g)M]. (A62)

Appendix B: Eccentricity functions

With regard to the eccentricity functions, they are identical to the well-known Hansen’s coefficients, X,* (¢), which, in general, are
defined as:

(£) expu= Y x4 expiin ), B.1)

where v, p and « are integers, r is the distance, f is the true anomaly and i= V—1. For low to moderate eccentricities they can be
computed as a power series of the eccentricity (Hughes 1981):

X" (e) = el Z N, (B.2)
Jj=

where p = j+ max(0, k —u), o = j+max(0, u —«) and N, (, are known as the Newcomb’s operators which can be computed recursively
by (Proulx & McClain 1988):

4p + OINY = 22 =) NI = 202u + V) N4,
+(u- v)NV“+2 —(u+ V)N g

2,00 o—2
+22p+20-4-v) N;f] 1 (B.3)
If o > p then ;% = ;). The recursion is initialized by considering that N, =0if p < 0 or o < 0 and by Ny¥ = 1.
The relationship between Kaula’s eccentricity functions, Gy,4(e), and the Hansen coefficients is given by:
Gipgl) =X 50 " (e). (B.4)
Using Eq. (B.4) and Eq. (B.2), the Gyp,(e) can be computed by means of:
Gipgle)= D NG 2k, (B.5)

j=0
where p and o are given now by: p = j + max(0, ¢) and o = j + max(0, —q), respectively. Of course, the summation over j must be

also truncated at some maximum order in eccentricity, that is, 2j + |g| < jmax-
The calculation of the first derivatives of the eccentricity functions are straightforward by virtue of Eq. (B.4) is:

dGlpq(e)

= ) Npg T @+ g T, (B.6)
e

j=1
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