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Abstract We analyse the secular dynamics of planets on S-type coplanar orbits in tight binary
systems, based on first- and second-order analytical models, and compare their predictions
with full N-body simulations. The perturbation parameter adopted for the development of
these models depends on the masses of the stars and on the semimajor axis ratio between
the planet and the binary. We show that each model has both advantages and limitations.
While the first-order analytical model is algebraically simple and easy to implement, it is
only applicable in regions of the parameter space where the perturbations are sufficiently
small. The second-order model, although more complex, has a larger range of validity and
must be taken into account for dynamical studies of some real exoplanetary systems such
as y Cephei and HD 41004A. However, in some extreme cases, neither of these analytical
models yields quantitatively correct results, requiring either higher-order theories or direct
numerical simulations. Finally, we determine the limits of applicability of each analytical

Electronic supplementary material The online version of this article (doi:10.1007/s10569-015-9669-5)
contains supplementary material, which is available to authorized users.

B Eduardo Andrade-Ines
eandrade.ines @ gmail.com

Cristian Beaugé
beauge @oac.unc.edu.ar

Tatiana Michtchenko
tatiana.michtchenko @iag.usp.br

Philippe Robutel
philippe.robutel @obspm.fr

I Institut de Mécanique Céleste et de Calcul des Ephémérides (IMCCE), 77 Avenue Denfert
Rochereau, Observatoire de Paris, Paris, France

Instituto de Astronomia, Geofisica e Ciéncias Atmosféricas (IAG), Universidade de Sao Paulo,
Rua do Matdo, 1226, Sao Paulo, Brazil

3 Observatorio Astronémico de Cordoba (OAC), Universidad Nacional de Cérdoba, Laprida, 854,
Coérdoba, Argentina

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10569-015-9669-5&domain=pdf
http://dx.doi.org/10.1007/s10569-015-9669-5

406 E. Andrade-Ines et al.

model in the parameter space of the system, giving an important visual aid to decode which
secular theory should be adopted for any given planetary system in a close binary.

Keywords Secular dynamics - Binary star - Second-order - Perturbation theory - Planets
in binaries

1 Introduction

Binary stars are frequent in the universe, composing approximately 50 % of main sequence
stars (Abt 1979; Duquennoy and Mayor 1991; Raghavan et al. 2010). Due to inherent diffi-
culties in monitoring the radial velocities of multi-star systems, these have not been primary
targets in exoplanet surveys (Eggenberger and Udry 2010). Still, at least 10 % of the currently
known extra-solar planets are hosted in binary stars (Roell et al. 2012).

The gravitational perturbations of a binary star can drastically influence the motion of
planetary systems. The dynamical stability of planets in such environments depends strongly
on the orbital and physical parameters of the system (Rabl and Dvorak 1988; Holman and
Wiegert 1999; Pilat-Lohinger and Dvorak 2002; Morais and Giuppone 2012; Andrade-Ines
and Michtchenko 2014). The dynamical effects of the perturbation due to a secondary star
can also affect the planetary formation, and even though many studies on this subject have
been made (Nelson 2000; Boss 2006; Haghighipour 2006; Kley and Nelson 2008; Thébault
et al. 2009; Giuppone et al. 2011), recent theories still struggle to explain how giant planets
can be formed so close to the stability boundary in close binaries (Thebault 2011; Marti and
Beaugé 2012, 2015; Silsbee and Rafikov 2015).

Nevertheless, secular perturbations rule the dynamics of many of these subjects. Giuppone
etal. (2011) showed that the planet formation appears more favorable in orbital configurations
corresponding to the secular stationary solution. During the later stages of the formation,
Michtchenko and Rodriguez (2011) showed that the migrating planets tend towards sta-
tionary configurations, independent of the specific migration mechanism. Andrade-Ines and
Michtchenko (2014) studied the orbital stability of the secular stationary solution. For the
particular case of the Habitable Zone of the & Centauri binary system, they also showed that,
for orbits close to the secular stationary solution, the variation of the orbital distance to the
central star is comparable to that suffered by the Earth despite the strong perturbations of the
companion star.

Due to high eccentricities and larger perturbing masses usually found in close binary
systems, the classical secular theories based on the Laplace expansion of the disturbing
function (e.g. Brouwer and Clemence 1961) are of limited use. An alternative approach is
the use of the Legendre expansion of the disturbing function (Heppenheimer 1978; Ford et al.
2000; Georgakarakos 2003, 2005; Laskar and Boué 2010). Even though this expansion has a
larger radius of convergence in terms of the eccentricity, it has a slow convergence rate with
respect to the semimajor axis ratio, and is thus usually applied only in hierarchical systems.

Another possible approach is the construction of a semi-analytical model (e.g. Michtchenko
and Malhotra 2004), as applied by Andrade-Ines and Michtchenko (2014). In this case, the
averaging over short-period perturbations is performed numerically over the exact expres-
sion of the disturbing function, resulting in a model with no constraints in eccentricities
or semimajor axis. However, the procedure is still limited to first-order averaging theories
(Giuppone et al. 2011; Andrade-Ines and Michtchenko 2014). Still in the planetary case, Lib-
ert and Sansottera (2013) developed an analytical second-order in the masses secular model
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using Laplace coefficients, up to a high degree in the eccentricities. Their model displayed a
significant improvement over the first-order model in comparison with the integrations of the
exact equations of motion of extra-solar planetary systems, specially close to mean motion
resonances. The development, however, was explicitly displayed only for the v Andromedae
system.

A second-order (in the masses) coplanar analytical secular model was developed for the y
Cephei binary system, by Giuppone et al. (2011) using a Legendre expansion of the disturbing
function. Using Lie-series canonical perturbation theory and considering the restricted case
(when the gravitational effects of the planet over the binary stars were neglected), the authors
constructed an analytical model that was able to match numerical integrations, at least for
initial conditions close to the observed planet. However, the authors also have emphasized
that their full model was overly complex and preferred the use of empiric corrections specific
for the y Cephei binary system.

Due to the difficulty of constructing and implementing a second-order model, it is of the
utmost interest to determine for which orbital configurations the first or second-order models
are applicable. The aim of this paper is to develop a general approach for the second-order
coplanar secular model and determine the regimes of applicability of the first- and second-
order secular models. The limits of applicability will be evaluated in the space of parameters
of the problem for planets in S-type orbits (Dvorak 1984), comparing the predictions of each
analytical model with direct numerical integrations of the exact equations of motion.

The paper is structured as follows. Section 2 presents the analytical foundation of this work,
with the expansion of the disturbing function and the application of a canonical perturbation
theory for the construction of the first- and second-order secular models. Section 3 presents a
numerical method to obtain the main features of the mean secular motion from direct N-body
simulations. A comparison between different analytical models and numerical integrations
is presented in Sect. 4. Section 5 presents the range of validity of each model in different
parametric planes, while applications to real exoplanetary systems are discussed in Sect. 6.
Conclusions close the paper in Sect. 7.

2 Analytical models
2.1 The disturbing function

Let us consider a system composed by a main star of mass m, a planet of mass m and a

secondary star of mass m; in the Jacobian reference frame centered in mg. We denote the

position vector of m with respect to mg as r, while r, marks the position vector of m, with

respect to the center of mass of mo and m (Fig. 1). We assume that |r;| < |r»| for all time.
The Hamiltonian of the three-body system in these coordinates is given by

Fig.1 The dynamical system
under study in the Jacobian
reference frame centered at m).
C My is the center of mass of
bodies mq and m
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H="Hg +R, ey

where Hg is the Keplerian part and R is the disturbing function, both given by
Gmom;  G(mo + mi)my

Hyg = — - , 2

K 2a 2an @
Gmom Gmim G(mo + m)m

o= _Gmoma L (mo 1) 2’ 3)
02 12 r

In the expressions above, a; is the Jacobian osculating semimajor axis of the ith orbit and
rij is the distance between the bodies i and j, respectively; G is the gravitational constant.
Terms 1/rp2 and 1/r1> can be expanded in Legendre polynomials, from which the disturbing
function acquires the form

——ZM,,

where P, (x) is the Legendre polynomial of degree n, @ is the angle betweenr; andry, o =
ay/az,yj =rj/aj and

(cos D), “4)

mg—l _ (_ml)n—l

M, = 5
n = mommy == (%)
The Legendre polynomials may be written as
n
Pa(cos @) = D f 4 72, ©6)
=0
(Whittaker and Watson 1963; Laskar and Boué 2010) where
(2¢)!(2n —29)!
= . 7
I = B — g0 "
Substituting (6) into (4) leads to
_ n Vl i2qg-m®
__722/\/1” fn q€ (®)

n=2q=0
In the planar problem, the angle @ is given by
= (/i — )+ Ao, )

where Aw = w| — @, and f; and @ are the true anomaly and longitude of the pericenter
of the jth body. The transformation to mean anomalies can be accomplished using Hansen
coefficients and Newcomb operators (Plummer 1918; Kaula 1962; Hughes 1981)

o0

n_imfj _ ikjM; _ (2sj+|m—k;|) 1k M;

ypemi= D X" epetiM Z Z S s s, €] i (10)
ki=— ,_—oos]

where X"’m are the Hansen coefficients, u1; = max(0, s; —k;), uz; = max(0, k; —s;). Sim-

ilarly, Y d are the Newcomb operators and M; and e; are (respectively) the mean anomaly
and eccentricity of the jth orbit. Introducmg (10) into (8) we obtain

R_——ZZ Z Z ZZM"Tkl,kzwz

n=2q=0k1=—00 kp=—00 51=0 52=0

25142 2 -2 _
% a”e1“+| q—n— kllezsz+|n q—k2l 4il2g n)Aw+k|M|+k2Mz], (11
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where

/;z’,?cz,sl 5 f”’q Ysri’-f-%lqA_,-ZLMB Ys?futl?vz(i;iq) (12)
In this last expression we have denoted u4 = max(0, k; —2q +n), up = max(0,2q —n —
k1), uc = max(0, k, —n + 2¢q) and up = max(0, n — 2q — k).

The Newcomb operators can be obtained using recurrence relations (Hughes 1981; Ellis
and Murray 2000), although this calculation can be extremely costly in CPU time. The good
news is that Tkri”?q, 5.5, are independent of both initial conditions and the parameters of the
system and need only be calculated once.

We calculated the coefficients Tkri’y‘,’Q, 51.5, fOT every value of the set {n, g, k1, k2, 51, 52},
truncating the series expansion of the disturbing function considering values of the indexes
in the range 2 < n < 6, —10 < (k1,k2) < 10 and 0 < (s1, s2) < 8. We verified that the
error caused by this truncation is of the order of the numerical error when comparing the
integration of the complete equations of motion of the Hamiltonian to the exact problem
for any orbit with « < 0.4 and ey, e2 < 0.5. Therefore, this truncation guarantees that
any difference between the results of the secular models and the numerical simulations of
the exact problem will be only due to the averaging theory adopted in the parameter range
o < 0.4 and e, ex < 0.5, as we discuss in Sect. 5.

The advantage of this method is that the factor 7;"%, |  is calculated just once and then
can be applied to any system with « < 0.4 and e, e < 0.5 by just reading a file of N lines.
We re-indexed our sum with respect of the line i of that file and we reordered the lines of the
file with respect to the magnitude of the term 7, % . o” %“qu_n_kl |e§sz+\n—2q—k2|, for
o = 0.4 and e; = ep = 0.5 (for more details see Appendix 1). This allows us to rewrite the

disturbing function as

N
g e d ip® 6) o)
R:—a—E M,y Tra" el el Mitp Matp " Aor) (13)
2

i=1

where we introduced p;l) = kli, pi(z) = kz,‘, pl~(3) = 2(],‘ —n;,C = 2s1i + |2qi —n; — k1i|
and d; = 2s9; + |n; — 2q; — ko;| with respect to the new index i. The calculated coefficients
of the disturbing function are available as an Electronic Supplementary Material, with the
files description presented in Appendix 1.

2.2 Angle-action variables

To construct our secular model we applied Hori’s perturbation theory (Hori 1966; see also
Ferraz-Mello 2007) to eliminate the short-period terms associated to the mean anomalies. In
the particular case when a; < a3, the mean motions of both bodies 1 and n, are of different
orders of magnitude and only one of the fast angles has to be eliminated. However, in the
general case when n; is of the same order of n, we should eliminate both the fast angles.
Our set of canonical variables is given by

My, Ly = Biaip,

M», Ly = BrJarua,

Aw = o — wy, G1=L1,/1—e%, (14)
w?, G1+G2:L1\/1—e%+L2\/l—e%,

where B; = mjo;_1,u;i = Go; and o; = Z;:O m;. At this point, we notice that the
disturbing function (13) does not depend on @,. Therefore its conjugated action G| + G»
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(i.e. the total angular momentum) is a constant of motion and the problem can be reduced to
three degrees-of-freedom.

From (1), (2) and (13), and introducing the definition of L; = f;./a;u;, the complete
Hamiltonian can be written as

" GPmimi 1 GEmo+m)’m3 1
o _2(m0+m1) L2 2(mo—|—m1+m2) L2
N
— G My, Qu LY LY e i Mt ), (1)

i=1
where a; = 2n; and b; = —2(n; + 1) and

o mo 2n; m%(mo + m1)3n[+2
" (mo +my +mp)ni+l’

(16)

mormy

Taking the real part of (15) and introducing the Keplerian terms into the sum as the terms
withi = —1 and i = 0 by defining the coefficients

T 1 =1, To=1
n_;=-—1 no=20
M- =1 Mo =1
17
o = mym; _ m3(mo+my)? a7
T 2mo+my) 0T 20mo + my + ma)
a_1 = -2 bo = —2,

1 2 3 1 2 3
andbl—cl—dl—p() p() p()—a():CO:d():p(()):p(()):p(()):O,

we obtain

N
~G2 > TiMy Qu, LY LY ¢ ¢ cos(p" My + pP My + p) Aw). (18)

i=—1

2.3 Canonical perturbation theory

The first step in the application of Hori’s method is to reorganize the terms of the Hamiltonian,
separating the integrable part (function only of the actions), the secular part (function of the
actions and the secular angle Az) and the short-period part (function of all variables). We
rearranged the terms of the disturbing function such that:

— for —1 < i < Np, all the terms have no angular dependence, that is, p p(z)
(3)
=0;

- for Np < i < Ng, all the terms depend only of the angle Az, that is pi( = pfz) 0

and 1’;3) #0;
— for Ng < i < N, all the other terms.
Finally, for the small parameter of the problem, we adopted
o M2 (L1)4 m3(mo + m )%

e=a"— = 7 = 5
mo 2/ mymi(mo +my + m3)

(19)

This choice for € allows the perturbation theory to be applied even to the case where the
mass of the perturber m; is larger than the mass of the central body mg, provided that o is
small enough. We can therefore formally express the complete Hamiltonian function as
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Secular dynamics of S-type planetary orbits in binary systems 411

HO;, Ji) = Ho(Ji) + €H1(0;, i) (20)

where 61 = Mj,60, = M; and 63 = Aw are the angle variables, J1 = L, J», = L, and
J3 = G are their respective conjugated actions and

Ho=—0" Z T My, O, Ly Ly €€ P2}
i=—1
Ng
Hi=—G D TiMu K L LY el e cos(p Am)
i=Nop+1
N
~G® > ML LY ey ey cos(p My + pP My + p A, (22)
i=Ns+1

where e; and e, are functions of the variables L, L, and G and of the constant of motion
G1 + G», and we introduced a new mass factor

my 3 (mo +m)3—*

Ki =
m() 5 2! 4(m0+m1 +m2)l+l

(23)
To construct our second-order secular theory, our goal is to find a Lie-type transformation
Ep+ of the variables (6;, J;), generated by the function
B*(6), JF) = € B{ (6], J )+ €2 B3 (6, J; J5) + 0(e) (24)
to a new set of variables (9, J;*), such that the new Hamiltonian
Ep«H(6}, J*) = H* (05, J)) 25)
= HG(J7) + eHF (03, JF) + € H5(05. 1) + 003, I}, €)

is independent of the angles M} and M3, and ¢ is the remainder of order O(ed).
Recalling that the Hamiltonian is time independent, expanding the Lie series on the left-
hand side of (25) and identifying the terms in same order in €, we get

'Hé = Hpo,
T =Hi+ {Ho, B}, (26)
1
H; =Ha+ 3 {H1 +H}, Bf} + {Ho. B3}
From Eq. 26 we identify the homological equation

L OBL L 0B 9B}
1%
omr T oy T P aam

=¥ — Hy, (27)

where v; are the three frequencies of non-resonant coplanar problem, defined by v; =
8H3 /0 Jl.* (see Appendix 2), and ¥ is a known function once all the previous (k — 1) normal-
ization steps are performed (for more details, see Ferraz-Mello 2007, chapter 6). However,
in (27) both functions B} and H," are unknown. This indetermination is solved, without loss
of generality, by adopting the averaging rule:

Hi = (V) mr vz (28)
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412 E. Andrade-Ines et al.

From (22) and (28), for k = 1, we obtain the first-order solution:

Ns
H = — G2 Z TMn,ICn[L*a’ Lzb i+4 *C’ *d cos(pG)Aw ). (29)
i=No+1

where e} and e are expressed as functions of G and of the parameters L}, L3 and G +Gj.
From this point forward, we will refer to the model composed by H{ + €M as the First-order
secular model. From (27) and (29) the first-order of the generating function can be calculated
and yields

N saj—4 y xbj—4 *c, *d;
I My, Ky Ly ‘L e
Bf =—g> > omim 2 L9 Gnp MMy + pP M+ p® Am).
(1) 2 (3) l ! !
I=N3+1 vi+p v+ p;

(30)

Introducing (29) and (30) into (27) and applying the averaging rule (28) for k = 2, after

a long but straightforward calculation, we finally obtain the second-order solution, which,
explicitly, is written as:

4{ N N 053],(1) mé @ (Z)TiMn,-ICniTjMann]

=gl 2 2 — (1’;,

3)

i=No+1 j=Ns+1 —D; pi V2t pivs
« L>1ka,-+aj78Lzb,-+bj78e>lkc,~+cje;d,-+dj
« |: p(l)(aj +a —cj—¢ n Cj +Ci) —p~(2)(bj + b; —dj —d; n dj +d,')

: Ly Liet? : L; Liex?

(3)(dj\/1—e§2 cj\/l—e’l"z) (3)((11'\/1— \/l—el )]
+p; SR 2 - P

P\ Lies Lie I\ Lep? Lie??

x cos[(p") + pf))Aw*]]
0id 1 p(Z)TiMn,-ICn,'TjMnj’an

el (AR l
+Z[ Z Z 4 p(l)p]

) 3)
i=No+1 j=Ns+1 ppvitpvatpjv

*a;+a;—8

Ll L;b i+b;—8 >1|<c,+c_,-e;di+d_,-
nfaj—aj—c¢i+c; cj—¢ 2 (bj—d;j—b;+d; d;—d;
|: pz()(J jL*Z J+ J* *ZI)_pi()(] JL*l J+ * %2
1 Lie 2 L5e;
. _ o*2 . _ _
o dj\/1-e ) 2 o fi-e s diy/1—e ) 2 g f1-ep
s R N
3 3
x cosl(p” — p} Mw*]], (31)

where e} and e} are expressed as functions of G} and of the parameters L}, L} and G| + G5
and we introduced o7, defined as

0, for [ < Np;
o =14 2, for Np <[ < Ng; (32)
1, for | > Ng;
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and §; ; is the Kronecker delta, defined as

|1, for i = j;
8ij = lO, for i # j; (33)

Itis worthy emphasizing that the second-order solution presented above is only valid when
we consider the non-resonant condition ivy + jvy + kv3 # 0, with (i, j, k) € Z3{(0, 0, 0)}.
Finally, the complete secular Hamiltonian up to second order in € is given by

H* = Hy + €M} + €2H;, (34)

with 1§, H} and H} given by (21), (29) and (31), respectively. From this point forward, we
will refer to this model as the second-order secular model, and the equations of motion of
the one degree-of-freedom system are given by

yH*  dGj IH*  dAw*
dAw*  dt T 9GT  dt

(35)

and, LT’ L;, and GT + G; are constants of motion, since their conjugated angle variables
(M7, M5 and @}, respectively) do not appear explicitly in the secular Hamiltonian. Let us
remark that the secular Hamiltonians possessing only one degree-of-freedom are integrable.
As a consequence, chaotic motions cannot be produced by these models. The evolution of
the orbital parameters of the secular problem can be obtained by simultaneously integrating
Egs. (35) numerically.

2.4 Representation of the secular motion using the classical model of
Heppenheimer (1978)

Although the model developed above was constructed for the general three-body problem,
most secular models assume that m; < mg, m>. In the limit of the restricted three-body
problem (m; — 0), bodies mo and m> move in fixed ellipses as described by the two-
body problem. Up to first-order in the masses, it is possible to obtain an expression of the
disturbing function which is exact with respect to ez (e.g., Kaula 1962; Laskar and Boué
2010). Limiting the expansion in Legendre polynomials to P, (quadrupole problem) and
truncating the perturbation to order O(e%), Heppenheimer (1978) obtained the averaged
disturbing function in orbital elements as

Gmy a? 1 3 15a; ee
RHep = L §e2

L I 2_ 24
(1—e3)32a3

1 16 (1 e%) cos(Aw):| , (36)

where we omitted the constant terms. Introducing the non-singular variables

h = e sin(Aw),
(37)
k = e cos(Aw),

the modified Lagrange—Laplace planetary equations will be, up to order (’)(e%) (Brouwer and
Clemence 1961):
dh

an —g,h, 38
ar 8s (38)

* ) dk

= — e B _— =
8s 1F a1
where

_ 3my a‘;’ ni

=-—=d1 39
4mo a3 (1 —e3)32 %9)

8s
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is the forced secular frequency and

5 a e
e 40
T aana-a o

is the forced eccentricity. In both equations n; = /Gmg/ af is the mean-motion of the planet.
The general solution of the system of Eqs. (38) acquire the form

k(r) = e1p cos(gst + ¢o) + e1r, (41)
h(t) = e1p sin(gst + o), (42)

where e, (proper eccentricity) and ¢ (phase angle) are constants of integration determined
by the initial conditions. We can see from Eqs. (39) and (40) that g; and e are functions
only of the parameters of the problem. According to Eqs. (41) and (42), the secular orbits
define circles in the k, & plane centered in k = e r and with only a single frequency g;. Both
are independent of the initial conditions of the planetary orbit.

The trajectory starting with ej, = 0 gives h(t) = 0 and k(t) = er, and therefore
e1(t) = eyr, is a stationary solution or fixed point. Since there is only one fixed point,
located in the semi-plane k > 0, we can conclude that the secular angle Az will either
circulate or oscillate around 0. The resulting oscillation around Az = 0 is also known as
Mode I (Michtchenko and Ferraz-Mello 2001).

2.5 Extension to higher-order theories

The model of Heppenheimer (1978) is a good approximation to the problem if a; /a; and e
are sufficiently small. For larger values of these quantities, the expressions presented above
for both g and e r no longer yield quantitatively accurate values, although the topology of
the secular problem remains unaltered (Giuppone et al. 2011).

Analytical approximations for the solutions including second-order terms have so far been
estimated either by empirical approximations (e.g. Thébault et al. 2006) or by functional
approximations (Giuppone et al. 2011). In both cases, however, the resulting expressions for
gs and e are not general and valid only for a sub-set of the parameter space. In particular,
the expressions for g; found by these authors are only valid for y Cephei, but fail for other
values of the perturbing mass and eccentricity.

In order to obtain better estimations, we can use the first- and second-order secular models
presented in Sect. 2.3. However, since the expressions for the averaged Hamiltonian are too
complex, we must open hand of explicit close formulas and determine g; and e;r numer-
ically. This can be achieved employing the geometric method introduced by Michtchenko
and Malhotra (2004) and later applied by Michtchenko et al. (2006) and Andrade-Ines and
Michtchenko (2014). This method consists in finding the eccentricity ejr that gives the
extreme value of the Hamiltonian for Aw = 0 and given values of the parameters L, L»
and G| + G (the reader is referred to Michtchenko and Malhotra 2004 for a detailed descrip-
tion).

In particular, the forced eccentricity is the solution of the algebraic equation

oH

— =0, (43)
0G 1 1Gp,Am=0
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where G1p = L1,/1 — e% - Similarly, the secular frequency for the first- and second-order
models are given by
0

=96, (H) Ao (44)

8s

where G| = L1,/1 — e%. The analytical expressions of the secular frequencies for the first-
and second-order models are presented at the Appendix 2.

3 Numerical simulations

Since any analytical theory is expected to be valid only for certain initial conditions or values
of the parameters of the system, it is important to be able to deduce the main features of the
secular solutions using numerical integration of Newton’s equations of motion. In this section
we show how to determine the families of forced eccentricities and secular frequencies from
N-body simulations.

3.1 Numerical determination of the forced eccentricity and secular frequency

In the secular problem, the fixed point at e; = e1r and Az = 0 is a stationary orbit with
zero secular amplitude. When the averaged variables are transformed back to osculating
values, the resulting trajectory will be a quasi-periodic solution with 3 main frequencies
V) = n1, vy = np and v3 = g, although with a zero amplitude associated with the secular
frequency v3 = g;. Therefore, a fixed point in the secular (averaged) problem will correspond
to a quasi-periodic orbit in osculating elements with frequencies n and n5.

Determining such a quasi-periodic solution from N-body simulations can be a challenging
task. Fortunately, there exist several numerical tools that can be employed to simplify this
work. One was used by Noyelles et al. (2008) and later by Couetdic et al. (2010) based
on frequency analysis of the numerical integration (Laskar 1990; Michtchenko et al. 2002).
This method has proved to be very efficient and yields accurate results. Its main steps are
summarized as follows:

1. Numerical integration of an orbit for a given set of initial conditions;

2. Harmonic decomposition of the time series of the orbital elements to determine the
fundamental frequencies;

3. Quasi-periodic decomposition of the time series in function of the fundamental frequen-
cies;

4. Elimination of the terms depending on v3 and construction of a new time series of the
orbital elements;

5. Determination of a new set of initial conditions from the time series of the orbital elements
with v3 suppressed.

This process is iterative in nature, with each new set of initial conditions being closer to
the solution and the convergence is generally fast, reducing the amplitudes of the secular
components by 2 orders of magnitude in just 4 steps (Couetdic et al. 2010).

In order to identify all the 3 frequencies of motion with the harmonic decomposition, the
integrations must be long enough to include at least one secular period. Moreover, the inte-
gration step must be small enough such that the Keplerian period of the planet is identifiable.
For the present work, we used the NAFF (Laskar 1999) algorithm for the harmonic decom-
position, with a time step of At = 27 /(3n1) and a total time of integration of T = 127 /g,
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where an approximate value for g; was adopted following (39). Since we expect the real
secular frequency to be different from that estimated from first-order models, we used a total
integration time at least 6 times the approximate secular period.

The iterative process was stopped whenever the relative difference between the initial
eccentricities of the planet in two consecutive iterations was smaller than 0.1 %. Once the
initial conditions of the quasi-periodic orbit were determined, the forced eccentricity was
estimated by

err = (e1(t) cos(Aw (1)), (45)

with the secular frequency v3 obtained at the quasi-periodic decomposition step of the last
iteration of the method.

3.2 Non-convergent cases

The method described above provides an accurate approximation of the fundamental fre-
quencies as long as the trajectory satisfies two conditions: (i) is regular (i.e. not chaotic), and
(ii) is not dominated by mean-motion resonances (MMRs). If one of these conditions is met,
then the quasi-periodic secular approximation is no longer valid and the iterative process
will not be convergent. Even though these cases are not covered by the secular models, the
analysis of these orbits is important in order to compare the predictions of the analytical
models with N-body simulations.

Applying the quasi-periodic decomposition method in an unstable or a resonant orbit will
lead to an inaccurate determination of the fundamental frequencies that will compromise the
convergence of the method. For this reason, it was imposed in the algorithm that if the con-
vergence condition was not satisfied in 20 steps, the orbit would go through a stability check.

The stability of the orbits was numerically estimated by determining the proper mean
motion of the planet n; with a quasi-periodic decomposition routine (Robutel and Laskar
2001): the analysis of the first two thirds of the data defined a value n, for the mean-motion,
while the last two thirds of the data was used to calculate a second value ny,,. If the difference
[n1qg — n1p|/n14 was found to be greater than 1073, the orbit was considered unstable and
the algorithm issued fictitious values of er = 1 and gz = 0.

4 Accuracy of different analytical models

To assess the quality of the analytical secular models, in this section we compare the results
obtained from our first- and second-order models (Sect. 2.3), with the classical model of
Heppenheimer (1978) (Sect. 2.4) and with numerical simulations (Sect. 3.1), which we will
take as the exact solution. As a working example we chose the binary star system HD 196885
AB; physical and orbital data of this system, as well as the data of the detected planet around
the star A, are presented in Table 1.

4.1 Forced eccentricity

Figure 2a shows the family of stationary secular solutions (i.e. forced eccentricity ejr) as
function of the semimajor axis of the planet a;, for the system HD 196885 AB. All other
parameters of the system were fixed according to the values given by Table 1. The red
circles correspond to the result obtained from the numerical integrations, the magenta curve
shows the solution using the model by Heppenheimer (1978), while the blue and green
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Table 1 Physical and orbital parameters of the system HD 196885 AB (Chauvin et al. 2011)

Body a (au) e i (deg) M (deg) o (deg) £2 (deg) m(Mp)

A - - - - - - 1.3

B 21 0.42 116.8 121 241.9 79.8 0.45

b 2.6 0.48 116.82 349 93.2 79.8% or 259.82 3.186 x 10732

4 Most stable/probable solution according to Giuppone et al. (2012)

e N-body Simulation - - - - Heppenheimer (1978)
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Fig. 2 a Secular forced eccentricity ejr as function of the semimajor axis ay, calculated with different
analytical models, compared with the results of numerical simulations (red dots) The black curve shows
the amplitude of the short-period variations. (b) Averaged mean-motion ratio n/ny, as function of the initial
osculating semimajor axis a1, calculated from N-body simulations. The location of several first-degree MMRs
are marked with horizontal lines. ¢ Secular frequency gy, as function of the semimajor axis a1, calculated for
different models, as well as with the numerical integration (red dots). d Secular frequency as function of the
eccentricity e of the perturber for a; = 2.6 au. In all panels the values of a1 and e of the planet are marked by
dashed vertical lines. The scattered red dots are non-convergent solutions obtained by the numerical method
(see Sect. 3.2)

curves present the solutions obtained from our first- and second-order models, respectively.
The dashed vertical line marks the present osculating semimajor axis of the detected planet
(a; = 2.6 au).

Both first-order models show a linear dependence of the forced eccentricity with the
semimajor axis, while the second-order model and the numeric solution show a significant
quadratic component. As expected, for sufficiently small values of a; all models coincide,
while increasingly large deviations are seen for orbits closer to the perturber. At the present
location of the planet the predictions of the first-order model are not quantitatively correct,
indicating that any model for the secular dynamics of this system should include second-order
terms.
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In the same frame, the black curve represents the amplitude of the short period oscillations,
calculated as the difference between the maximum and minimum values that ¢; reached in
a single Keplerian period of the star. This amplitude shows a strong correlation with the
difference in forced eccentricity between both the first- and second-order models. This is
not surprising, since the magnitude of the second-order terms scales with the short-period
variations (see Eq. 30).

4.2 Mean-motion resonances

Figure 2b shows the dependence of the numerically determined mean motion ratio n1/n;
with the semimajor axis of the planet, close to the family of secular stationary solutions.

As discussed in Sect. 3.2, the crossing of MMRs, defined by the condition in + jny ~
0, i, j € Z, can lead to instabilities that can hinder the convergence of the iterative method
described at Sect. 3.1. As a result, due to the MMRs, we see “gaps” in the curve of Fig. 2b.
We have found that the gaps appear for each n1/ny ~ i, 9 <i < 18 € Z, with the gaps
getting larger with the decrease of i, up until ny /ny ~ 9, when we have the stability limit for
this system.

Even though the resonant problem is a complex subject and each MMR should be studied
individually, we can still estimate empirically where in the phase space the MMRs may begin
to play an important part in the dynamical evolution of this system. For instance, we identify
the first significant resonance as the gap with the lowest semimajor axis, that appears at the
18:1 MMR, at a; ~ 2.8 au. We see that the planet is located very close to the 20:1 MMR,
but the short time dynamical effects of this resonance were not detected by this method and
therefore we conclude that the secular dynamics will still play the major part in the dynamical
evolution of this system.

4.3 Secular frequencies

Figure 2c shows the variation of the secular frequency g as function of a;. As before, all other
parameters were taken from Table 1. In both panels we present the first- and second-order
models (blue and green curves, respectively), the Heppenheimer (1978) model (magenta
curves) and the solution obtained from the exact equations of motion (red circles).

As before, the second-order solution presents an excellent agreement with the numerical
results, while the first-order models predict smaller values of the secular frequency for initial
conditions closer to the perturber. Also, it is interesting to note that our first-order version now
shows a noticeable (albeit small) deviation with respect to Heppenheimer’s version, which
was not evident in the case of the forced eccentricity. The scatter of the numerical results for
larger semimajor axis is due to the effect of mean-motion resonances. In particular, the 10/1
MMR, located at a; =~ 4 au caused non-convergence of the numerical method for many initial
conditions, assigning to them an artificial value g = 0. Other mean-motion resonances are
also noticeable, although with smaller effect.

These results are similar to those found by Giuppone et al. (2012) in the case of y Cephei,
indicating that a second-order secular theory may be not only desirable but actually necessary
in many planetary systems around close binary stars.

While the analytical models of Heppenheimer (1978) and Giuppone et al. (2012) assumed
zero-amplitude secular solutions at the fixed point, our model has the advantage of allowing
to map finite amplitude oscillations and find the complete secular solutions of the system
even if the initial conditions are far from the stationary value. These will occur whenever the
initial value of the eccentricity e is different from the forced value e;r and/or Aw # 0.
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Fig. 3 Time evolution e for the ——— N-body Simulation First-order
planet around HD 196885 Heppenheimer (1978) Second-order
considering different initial 08 €,;,=0.7
values (indicated on top of each ’

frame). Results obtained from 0.7

N-body simulations are shown in s 06

gray, while predictions of 0.5

different analytical models are
indicated in color curves. Note
that Heppenheimer’s model
shows a good fit for the secular
frequency for ej,; = 0.62 in
accordance with the lower-right
panel at Fig. 2
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One of the consequences of finite-amplitude oscillations is that the secular frequency is
different from that given by its stationary value. Figure 2d shows the dependence of g; with
the initial eccentricity of the planet. It has a maximum value at e; = ejr, and decreases for
increasing amplitudes of oscillation. Our second-order model shows a very good agreement
with the full numerical simulations up to e; ~ 0.8, a value higher than expected due to the
truncation of the disturbing function for e; < 0.5.

In contrast, the secular frequency predicted by Heppenheimer’s model shows no depen-
dence with e . Therefore, there should be always a value of e] for which the secular frequency
determined from both the second-order and Heppenheimer’s models coincide. Particularly
for the system HD 196885, with a; = 2.6 au, this happens for e; &~ 0.6, which is close to
the current value of the eccentricity of the planet (see the dashed vertical line in Fig. 2c). We
emphasize, however, that this is a coincidence and there is no way of predicting with just
first-order models for which value of e; this will happen for different systems.

To illustrate the dependency of g with e, Fig. 3 shows (in gray) the result of five numerical
integrations which differ only in the initial values of the eccentricity. The predictions of the
different analytical models are depicted in colored lines. In all cases our second-order model
shows a very good agreement with the N-body results, not only with respect with the frequency
but also in the amplitude of oscillation. None of the other models appear reliable, although,
again, Heppenheimer’s solution does show a good fit for the frequency for ej;,; = 0.62.
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S Applicability limits

Although the example described above shows that a second-order secular model must be
employed in some real planetary systems around binary stars, others are not so extreme and
may be adequately mapped with a simple first-order model. Since the second-order theory
is, by construction, much more complex, it is important to predict when it is really necessary
and when it may be avoided. Similarly, even a second-order model will breakdown for initial
conditions too close to the perturber, and it is also important to have some idea of its range
of validity.

In this section we present a graphical representation of the Limits of Applicability of
each analytical secular model, in terms of the main parameters of the system: mass and
orbit of the secondary star, and semimajor axis of the planet. As proxy we adopt the forced
eccentricity determined by each model, as compared with the value obtained from direct
numerical integrations.

5.1 Definition of the limits

The top panel of Fig. 4 shows the variation of e; r and the amplitudes of short-period oscil-
lations as function of the initial semimajor axis, for a fictitious system with parameters
mog = my = 1Mg,m; = 10_4M@,a2 = 1 au and ep = 0.2. In the case of the forced
eccentricity, numerical results are again shown in red circles, while colored curves indicate
the predictions of different analytical models. We will denote by:

le1 Fmodel — €1 Fexact|
Aerp =

(46)

€1 Fexact

as the relative error of the forced eccentricity estimated by a given model, with respect to its
exact (numerically determined) value. The amplitude of the short-period variations are shown
with a black curve and were determined numerically with an N-body simulation. Finally, the
bottom panel shows the mean-motion ratio n;/n, as function of the semimajor axis ratio
ay/az.

The vertical dashed lines in both graphs represent a series of characteristic limits, defined
as:

— FO: Value of aj /ay where Aeir = 0.1, calculated with the 1st-order model,;

— SO: Value of aj /ar where Aeir = 0.1, calculated with the 2nd-order model;

— MMR: Lowest value of a;/a; for which mean-motion resonances cause significant non-
convergence of the secular models;

— SP: Value of a; /ap where the amplitude of the short-period oscillations equals the forced
eccentricity;

— INST: Lower limit of a; /a; leading to orbital stability. Beyond this point some (but not
all) initial conditions result in collision or in an expulsion of the planet from the binary
system.

— MACcD: Upper limit of a;/a; leading to orbital stability. Beyond this point all initial
conditions result in collision or in an expulsion of the planet from the binary system.

The SP limit is an estimative of the region where the short-period dynamics may play an
important role, and where their amplitude rivals that of the secular dynamics. As discussed
in Sect. 4.1, the generating function B} (Eq. 30) depends only on the short-period terms;
consequently, the larger the amplitude of these terms, the higher the order of the averaging
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Fig. 4 Families of stationary secular solutions for a fictitious binary system with mg = my = 1Mgp,m| =
104 Mo, ay = 1au,ep = 0.2 and Aw = 0. Top panel forced eccentricity as function of the semimajor axis
ratio determined from numerical simulations (red circles). The error bars correspond to a relative error of
10 %. Color curves show the predictions of different analytical models: first- and second-order models (blue
and green, respectively) and Heppenheimer (1978) model (magenta). Numerical estimation of the amplitude
of short-period oscillations are indicated in black. The vertical dashed lines represent the characteristic limits
FO (blue), SO (green) and SP (black); see text for details. Bottom panel: Mean-motion ratio as function of the
semimajor axis ratio. The vertical dashed lines represent the MMR (red) and INST (magenta) characteristic
limits. The MAcD limit (Andrade-Ines and Michtchenko 2014) occurs for larger semimajor axis and is not
drawn in this plot

theory we may need to apply. Therefore, the applicability limits FO and SO should be
correlated with the SP limits.

The lower instability limit INST signals the appearance of resonance overlap where some
(but not all) initial conditions exhibit unstable motion. Full orbital instability (for all initial
conditions) roughly corresponds to the limit MAcD, which was estimated following the
criterion developed in Andrade-Ines and Michtchenko (2014), adopting e; = e . According
to this model, global instability is said to occur for all values of the semimajor axis satisfying
the condition:

ai(l1+e1r) = Rer, 47

where

Rer/az = 0.66823 — 0.63740es — 0.74549(m2/mo) + 0.45496¢3(m2/mq)
+ 1.0492(m2 /mg)* — 0.23179¢5 (m2/mo)? — 0.87722(m2/mo)>
+0.31541(m2/mo)*, (48)

for 0.1 <my/mo < 1.0, and

Rer/az ~ 0.45265 — 0.41921¢; — 0.070754(m2/mo) + 0.039617e;(m2/mg)
+0.010865(m2/mg)* — 2.1394 x 10 3¢5 (m2/mo)>
—9.3729 x 10~*(my/mo)> + 3.3886 x 107> (my/mo)*, (49)

for 1.0 < my/mgo < 10.0.
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Fig. 5 Limits of applicability of s INST s FO s MACD
MMR

first-order secular models (area _ SO sP

in blue) and second-order models
(area in green) in the (e2, aj/az)
parametric plane, for seven
different values of my/m(. The
region in white denotes initial
conditions where the relative
error of the second-order model
surpasses 10 %, but still with no
detected influence of mean
motion resonances. The black
curve marks the semimajor axis
where the amplitude of
short-period terms is equal to e|
(i.e. SP), while the lower limit of
semimajor axis where significant
mean-motion resonances were
detected are shown by the red
curve. The region in magenta
correspond to initial conditions
found to be dynamically unstable Lo
(i.e. INST), while the initial < o
conditions above the limit
predicted by the MAcD-criterion
are colored orange
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Note that we assume that the initial conditions of the planet coincide with the stationary
secular solution, which is not necessarily the case (e.g. HD196885). However, it is sufficient
for most purposes and serves as a proxy for the stability limit for S-type orbits in binary
systems.

5.2 Parametric planes

We calculated the characteristic limits defined in Sect. 5.1 for fictitious binary systems with
a central mass of mg = 1M, and seven different values for the secondary mass: my/ Mg =
(0.1,0.2,0.5, 1, 2,5, 10). These values were chosen to include cases in which the planet
orbits the most massive component, as well as situations in which the opposite occurs. The
semimajor axis of the binary was set at ap = 1 au, and the eccentricity was again varied,
this time taking values e, = (0.1, 0.2, 0.3, 0.4, 0.5, 0.6). The mass of the planet was chosen
equal to m; = 10~* My, (roughly, twice the mass of Neptune) and its initial semimajor axis
varied in the interval a; € [0.01, 0.6] au.

Results are summarized in Figs. 5 and 6. The first shows seven parametric plots in the
(e2, ai/ay) plane, constructed for different values of the mass ratio my/mg. Figure 6 shows
six parametric plots in the (m/mo, a1 /az) plane, each for a different value of the eccentricity
. The definition of each colored region is specified in the captions.
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Fig. 6 Limits of applicability of s INST s FO s MACD
MMR

first-order secular models (area — SO SP

in blue) and second-order models
(area in green) in the

(mp/my, ay/ay) parametric
plane, for six different values of
e3. The color code is the same as
in the previous figure. The black
crosses represent the location of
planets in real binary systems, as
summarized in Table 2
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As expected, the applicability of the first-order model decreases with larger values of m»
and e, but even in the most favorable cases it never exceeds aj/ay ~ 0.2, reaching values
below a;/az 2= 0.1 for massive binary companions in eccentric orbits. Even so, as indicated
by the black crosses in Fig. 6, the secular dynamics of a few known planetary systems may be
well described by this simple analytical model. The second-order model has a larger region of
applicability, reaching approximately twice the range in a1 /a; for a given binary companion.

Figure 5 shows that, for a fixed value for the mass ratio, the influence of e, on the limits
of applicability of the analytical secular models is mostly due to the stability boundary (area
in magenta). For example, we can see at the bottom plane, with my/mqo = 10, that the
applicability limits are approximately constant as function of e;. More details of this feature
will be discussed in Sect. 5.3.

Figure 6 shows that the white region is larger for lower values of e;. For the case e; = 0.1,
we can see a white region even for the mass ratio my/mqo = 0.1, and, as the mass ratio gets
larger, the white region also gets wider.

Both Figs. 6 and 5 show that the only case that there is a white region above the curve in
black is for the case e; = 0.6. However, we must remember that the disturbing function was
developed to describe precisely systems with ¢; < 0.5 (Sect. 2.1). Therefore, this difference
may be due to the inadequate development of the disturbing function for this case specifically,
even though we can see that the models are applicable to most of the space of parameters.

For the cases where e» < 0.5 we can see that the regions in white are always located
above the curves in black, which indicates that, in fact, these are regions strongly influenced
by the short-periodic terms. As it was discussed in Sect. 2.5, this is a strong evidence that
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the regions in white should be able to be properly described by extending the perturbation
theory to third or higher order.

We can see as well that there is a large portion of the green regions that are located above
the curves in red. This indicates that the width of the first detected MMRs are narrow enough
such that the dynamics in their neighborhood is still strongly secular. At this point, it is also
worthy emphasizing that the stability limits presented in both Figs. 6 and 5 were calculated
for coplanar systems with e; close to the stationary solution and for the initial values of
the angular variables at 0. All these regions were located above the curves in red, therefore
MMRs could play a meaningful part in the system dynamics such as to form stability islands
for higher values of eccentricity in the space of parameters. Andrade-Ines and Michtchenko
(2014) shows as well that there is a very high dependence to the planetary initial eccentricity
and inclination to the plane of the binaries in the system dynamics and stability.

5.3 Families of secular stationary solutions

Figure 7 shows the families of forced eccentricities (left panels) and secular frequencies
(right panels) for zero-amplitude secular solutions as function of the semimajor axis ratio
aj/a>. These were calculated for my = 1Mg, m; = 10‘4M@,a2 = 1au, Aw = 0 and
three different values of e;. Within each plane we also varied the mass ratio between the
secondary and central star.

For the forced eccentricities, the second-order secular model yields very accurate results
in the case my/mgy = 0.1, even for large values of e, and aj/a;. Thus, this theory appears
very reliable in systems orbiting the larger of the binary components. For equal mass binaries
(m2/mgo = 1), the precision of the analytical model is restricted to smaller values of the
semimajor axis, especially for binaries in more circular orbits. Finally, less accurate results
are obtained for my/mo = 10, indicating that our theory has limited applicability in systems
where the planet orbits the less massive star.

For the secular frequencies (right-hand panels), the second-order model presents a good
approximation to the exact solution in all cases, even in the case of planets orbiting the
less massive star. The first-order frequencies, however, are only reliable for small values of

Fig. 7 Forced eccentricities (left - - - Firstorder ~ —— N-body Simulation
panels) and secular frequencies e -~ ~ - Second-order
ight panels) of stationz . - mdme= o |es0a
(right panels) of stationary . L/ m,/m,=1
secular solutions calculated with 003 , 2 _mafm,=0-1 r
w b A ===
the first- and second-order ¥ o 0 T/ m=0.1

gs[1/yr]

models (blue and green curves,
respectively), as well as values
obtained from N-body
simulations (black curves). The
top panels show the results
obtained for ey = 0.1, the middle
panels for ep = 0.3 and the
bottom panels for ey = 0.5 0.02
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semimajor axis. The difference in values of g; between both models can reach up to a factor
two, depending on the parameters of the system.

It is also worth mentioning that, while the general behavior of g, of the different models
is scaled by the semimajor axis ratio, the values of the secular frequencies will depend on the
individual values of @ and a,. The secular frequencies will also depend on the initial value
of the planetary eccentricity e, as was discussed in Sect. 4.3.

6 Application to detected planetary systems

The black crosses in Fig. 6 show the location of several exoplanetary systems of interest in
the parametric plane. These include both confirmed and unconfirmed planetary candidates
orbiting one component in a tight binary system (orbital separation between stars a; < 50 au).
The orbital and physical parameters of these systems are shown in Table 2. For a quantitative
comparison between the efficiency of the different models, we present in Table 3 the forced
eccentricity ey and the secular frequency gs calculated with the second-order secular model,
as well as the error in percentage one would have by adopting the first-order model for each
system.
In the following we analyse each system individually:

— v Oct Ab—Located in the orange region, indicating strong orbital instability. This system
has been the subject of discussion in many works (Eberle and Cuntz 2010; Quarles et al.
2012, Gozdziewski et al. (2013); among others), suggesting that the planet may orbit the
central star in a retrograde orbit.

Table 2 Physical and orbital parameters of planets and candidates in S-type orbits with a, < 50 au

System mo mq sin(i) my aj ap el e Ref

(Me)  (1073Mg) (M) (au) (au)
v Oct Ab? 1.4 2.386 0.5 1.2 2.55 0.123 0.2359 (€9
v Oct Triple? 0.496 42 1.4 0.524 2.565 0.67 0.2504 2)
KOI-1257° 0.99 1.384 0.7 0.382 5.3 0.772  0.31 3)
HD 41004 Ab 0.700 2.424 0.420 1.60 20.0 0.48 0.40 4), (5)
HD 41004 Bb 0.420 17.53 0.700 0.0177 20.0 0.081 0.40 4), (5), (6)
y Ceph Ab 1.40 1.765 0.410 2.05 20.2 0.05 0.41 (7), (8), (9)
HD 196885 Ab 1.33 2.815 0.450 2.60 21.0 0.48 0.42 (10)
o Cen Bb® 0.934 0.003435 1.10 0.04 234 0.0 0.518 (11), (12)
Gl 86 Ab mind 0.8 3.827 0.59 0.11 30.58 0.046 0.1 (13), (14)
Gl 86 Ab max{ 0.8 3.827 0.59 0.11 69.8 0.046 0.61 (13), (14)
HD 126614 Ab 1.15 0.3626 0.320 2.35 36.2 0.30 <0.6 (15)

References: (1) Ramm et al. (2009), (2) Morais and Correia (2012), (3) Santerne et al. (2014), (4) Zucker et al.
(2004), (5) Roell et al. (2012), (6) Santos et al. (2002), (7) Neuhiuser et al. (2007), (8) Endl et al. (2011), (9)
Reffert and Quirrenbach (2011), (10) Chauvin et al. (2011), (11) Pourbaix et al. (1999), (12) Dumusque et al.
(2012), (13) Queloz et al. (2000), (14) Farihi et al. (2013), (15) Howard et al. (2010)

4 Unconfirmed due to orbital instability of coplanar solution. Planet could lie on a highly inclined or retrograde
orbit

b Planet is a candidate

¢ The detection of this planet is contested by Hatzes (2013)

d Parameters of the binary are not well known, constrained by the relation a (1 + e3) ~ 28 au
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Table 3 Forced eccentricities e and secular frequencies gg calculated for the systems presented on Table 2
with the second-order secular models

System €Fso a(er) 8550 (eF) o(gsler))  gsgolen) o(gs(er))
(1072) % (10~ 4/year) % (10~ 4/year) %

a Cen Bb® 0.1512 0.0370 0.05356 0.0907 0.05356 0.0907

G186 Ab min? 0.04530 0.265 0.04019 0.412 0.04015 0.518

Gl 86 Ab maxd 0.188 1.84 0.0067 0.554 0.006674 0.660

HD 41004 Bb 0.05367 1.85 0.020 1.67 0.0195 1.62

HD 126614 Ab 7.090 7.30 2.344 11.0 2.23023 6.47

KOI-1257° 2.854 8.26 74.9 13.9 70.46 8.46

y Ceph Ab 5.645 10.8 9.05 15.3 9.057 15.3

HD 41004 Ab 4.26 11.8 9.27 16.0 7.872 1.08

HD 196885 Ab 6.56 20.4 14.6179 23.7 12.45 10.4

The secular frequencies were calculated for a fictitious planet at the stationary secular solution (e; = efr)

and for the actual value of the planetary eccentricity given by Table 2. We present as well the difference in
percentage o of the first-order solution relatively to the second-order one. The v Oct Ab? and v Oct Triple?
are located in above the MMR curve in Fig. 6 and therefore the secular models are not applicable

— v Oct Triple—An alternative description of the same system, proposed by Morais and
Correia (2012), composed of a binary sub-system instead of a single secondary star. The
planet predicted in this scenario is located in the magenta region, with strong dynamical
effects from mean-motion resonances;

— KOI-1257—An unconfirmed planetary candidate (Santerne et al. 2014) with a very high
eccentricity (e; ~ 0.7) that could lead to instabilities. This system is located in the
borderline between the blue and the green regions, indicating that a second-order secular
model is probably necessary to model its dynamical evolution;

— HD 41004 Ab and Bb—A multi-planetary system. Planet Bb is located very close to
the B star, with the dynamics properly described by the first-order model. Planet Ab,
however, is located in the borderline region between the blue and green regions, which
means that depending on the accuracy desired for the study, a second order approach may
be necessary;

— y Ceph Ab—Located in the boundary between the blue and green regions, again indicating
that a second-order approach may be necessary. This system also presents a low osculating
eccentricity (e; = 0.05), very close to the forced value e r. Due to the large perturbations
from the binary companion, the origin of this planet has been subject of many studies
(Thébault et al. 2004; Giuppone et al. 2011, among others). A second-order secular theory
has been proved necessary in analytical studies;

— HD 196885 Ab—Located in the green region, this is another system for which a second-
order model is necessary. The planet is located close to the MMR region, and perhaps high-
order resonances could play should be taken into consideration. The dynamical evolution
of the system and constraints to the orbital parameters have been focus of several works
(Giuppone et al. 2012; Satyal et al. 2014);

— o Cen Bb—Even though its existence is still under debate, the planetary candidate is
located in the blue region and a first-order model is adequate to describe its secular
dynamics. However, studies of the planetary formation around the B star, such as Thébault
et al. (2009), suggests a non-linearity of the eccentricity of putative planetesimals located
at larger values of a;, whose dynamics would require a second-order model;
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— G186 Ab—Due to difficulties of determining the orbital parameters of the binary (Farihi
et al. 2013), this system possesses a high indetermination of the semimajor axis and
eccentricity of the binary. Nevertheless, in both cases the system is properly described by
a first-order secular theory;

— HD 126614 Ab—Located in the boundary between the blue and green regions, once again
indicating the necessity of a second-order approach. Also, this system is very closely
located to the MMR region, which would means that high-order resonances could play an
important role in its dynamical evolution.

7 Summary and conclusions

In this work we showed the importance and influence of high-order averaging theories in the
study of S-type planetary orbits around tight binaries. To be assured that any difference that
could arise with respect to simpler models would be only due to the averaging method itself,
the disturbing function was expanded to high orders in semimajor axis ratio and eccentricities
guaranteeing a precise representation for aj/a; < 0.4 and ej,ex < 0.5. We then used
this expansion for the construction of a second-order secular model applying a Lie-series
canonical perturbation technique.

The basic properties of the secular dynamics are characterized by two quantities: the forced
eccentricity er and the secular frequency gs. We defined and applied a geometric method
(Sect. 2.5) to determine these quantities from a general secular Hamiltonian function. We
showed that these can also be accurately obtained from N-body simulations with the aid of
an iterative algorithm based on a quasi-periodic decomposition given by a frequency analysis
method.

To compare the families of stationary solutions obtained from the secular models to those
obtained from the N-body code, we introduced characteristic limits that define the applicabil-
ity domain of each analytical theory. We calculated these limits to a large grid of parameters
and constructed parametric planes that show, for any given system, whether it should be
studied with a first, a second or higher-order model. These parametric planes also yield
information concerning its orbital stability, the influence of MMRs on its dynamics and
the magnitude of short-period oscillations. We then applied these parametric planes to sev-
eral real examples, including confirmed, candidates and contested planets in binary star
systems.

These planes show that there is always a region in the space of parameters that can be
properly described by the first-order model for 0.1 < my/mo < 10 and e; < 0.6. We
also conclude that the second-order model is adequate up to higher values of a;/az, but
there is still a region that can not be properly described, specially for lower values of e,
and larger values of m;/mg. We believe this region (white area in the parametric planes)
should be properly described with a third or higher-order models. However, in many other
cases, the limit of applicability of the second-order model coincides with the limit of orbital
stability, indicating that higher-order models are unnecessary and will not improve the existing
results.
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Appendix 1: Numerical coefficients of the disturbing function

In this Appendix we present the values of the coefficients T;, n;, ¢;, d;, p(l), p1(2) and p(3)
of the disturbing function (Eq. 13). Two files containing these coefficients are provided as
Electronic Supplementary Material, found with the electronic version of this paper.

The firstfile, “table-coefficients-ni_ci_di_xi_vyi_zi_Ti.dat” contains
the data of the development used throughout this paper. The file lines were ordered with
respect to decreasing values of |T;a"i e} ’| fora = 0.4 and ¢; = e = 0.5 and then
arranged as described in Sect. 2.2, Wlth No = 72, Ng = 184 and N = 10%. Using this
development, the Second-order term of the Secular Hamiltonian (Eq. 31) has the order of
10° terms. Table 4 shows an excerpt of the file as an example.

The secondfile, “table-coefficients-ni_ci_di_xi_yi_zi_Ti-short.dat”
contains the data of a second development, valid for @ < 0.3,e; < 0.1 and e < 0.5. The
file is arranged again as described in Sect. 2.2, with Ny = 72, Ng = 184 and N = 1800.
Using this development, the Second-order term of the Secular Hamiltonian (Eq. 31) has the
order of 5 x 103 terms, which decreases substantially the computation time in comparison
with the first file. Although it is a more limited development, it is still capable of reproducing
the results presented in Sect. 6, for orbits close to the secular stationary solution.

Appendix 2: Analytical expressions for the frequencies

The frequencies v; on the left hand side of Eq. (27) are given by

oH, c
b= =g Z Ti My Qu L L3 € ;”( R )

aL} = L} Lier?
87—[0 2 a; r by C] d[ bl - dl dl
v = o = -G lgl TjMy, Qn LY Ly I + o) (50)

*2
8H0 2 aj b[ Cl d] \/1 B €2 Cl\/l 1
%= 5 =9 I_Z_% Ty My, Qu LY L3 L3 o)

The secular frequency for the Second-order Hamiltonian is calculated as Eq. (44) and
gives

Gz5p(l> p(1)5p(2) p(2>5pa> meiMnilCn,.TjMndCn,.
1 J i i i p
gva—v3+—‘ Z Z o, @, -
i=No+1 j=Ng+1 pP; —D; V2 P,
L +aij i+b; <]:,+c] d; +d,CU]
g & N Uz5p<1> p(1>5p<2>’ p(2)8p(3) me,'./\/l,,,.IC,,iTjMndC,,j
D Jp o
1 My, L0
i=No+1 j=Ng+1 Pi V1 Pi V2 p;v3

(5D

+aj p bitb; cie d+d,
Ly Ly Ve Dij

@ Springer



Secular dynamics of S-type planetary orbits in binary systems

429

Table 4 Example of a section of the file “table-coefficients-ni_ci_di_xi_yi_zi_Ti.dat”

File line (i) n; ¢ d; pi(l) pl@ pl.(3) T;

1 2 0 0 0 0 0 0.25

2 2 0 2 0 0 0 0.375

3 2 2 0 0 0 0 0.375

4 2 2 2 0 0 0 0.5625

5 4 2 2 0 0 0 3.515625

6 2 0 4 0 0 0 0.46875

7 4 0 2 0 0 0 0.703125

8 4 2 0 0 0 0 0.703125

9 4 2 4 0 0 0 9.2285156

10 4 0 0 0 0 0 0.140625

73 3 1 1 0 0 1 —0.9375

74 3 1 3 0 0 1 —2.34375

75 5 1 3 0 0 1 —8.6132813

76 5 1 1 0 0 1 —1.640625

77 5 1 5 0 0 1 —25.8398438

78 3 1 5 0 0 1 —4.1015625

79 5 3 3 0 0 1 —21.5332031

80 3 3 1 0 0 1 —0.703125

81 5 3 1 0 0 1 —4.1015625

82 5 3 5 0 0 1 —64.5996094
185 6 3 6 5 -10 6 —2.9560257 x 10°
186 6 4 6 4 -10 6 5.8235717 x 10°
187 6 3 8 5 -10 6 1.1427852 x 10°
188 6 4 8 4 -10 6 —2.2513646 x 10°
189 6 4 6 6 -10 6 —5.4716639 x 10°
190 6 4 8 6 -10 6 2.1153188 x 10°
191 6 5 6 5 -10 6 1.0313413 x 10°
192 6 5 8 5 -10 6 —3.9871155 x 10°
193 5 3 7 4 -10 5 —1.9900952 x 107
194 6 3 6 3 —-10 6 23447115 x 10°

The file has 7 columns (from n; to T;), with the first 6 columns composed of integers and the last column
composed of real numbers. The index i is the line of the file. Note that the Keplerian part (i = —1, 0) of the
Hamiltonian is not presented in this file

Cij

1

aj+a —cj—¢ Cj+g bj+b; —d; —d;
|:pi(1)(1 PTG S z)_p@(/ —_
2

* * k2
L Liey

* %2

dj + d[)
Lse;

2 Ci\/] —e’fz

2 2
IR N NI
+ p; I - Pj L*ex2
252

* %2 * %2
262

Liey

Li‘ei‘z )]
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[ i <ci+c,->m]
X —
* %

* %2 5
L3e; Lie]

+

1 3 3
254 |:2P,'( )(Ci +cjy/1—ef 24— e’fz)(pﬁ. )Ci ( )C )]
11

- L*Q *4 |:2p12)(d +d ) 1_6 + (1 )(p(g)d P§3)di):|’ (52)
276

Dij = —[P(l)(aj i/l Rl _ci) + p(z)(bj —dj —bi+d; " d; _di)
ij i LT LTeTZ i L; L§e§2

G)(d \/1 7 ! _efz) (d Wi-e? ey —61‘2)]

Lier? Lie? Lie?
di +dj)/1—e5?  (ci+cj)y/l—e?
X —
|: L§e§2 L*e* ]
(1 3 3
+ L*Z *4|: 2[71 )(C’ +C])m+(1 *2)(17() pl() )i|
+ a2 a1 = e+ (1= P00 = P | 53
2 %2
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