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ABSTRACT

Context. The close-in planet orbiting GJ 436 presents a puzzling orbital eccentricity (¢ ~ 0.14) considering its very short orbital
period. Given the age of the system, this planet should have been tidally circularized a long time ago. Many attempts to explain this
were proposed in recent years, either involving abnormally weak tides, or the perturbing action of a distant companion.

Aims. In this paper, we address the latter issue based on Kozai migration. We propose that GJ 436b was formerly located further away
from the star and that it underwent a migration induced by a massive, inclined perturber via Kozai mechanism. In this context, the
perturbations by the companion trigger high-amplitude variations to GJ 436b that cause tides to act at periastron. Then the orbit tidally
shrinks to reach its present day location.

Methods. We numerically integrate the 3-body system including tides and general relativity correction. We use a modified symplectic
integrator as well as a fully averaged integrator. The former is slower but accurate to any order in semi-major axis ratio, while the
latter is first truncated to some order (4th) in semi-major axis ratio before averaging.

Results. We first show that starting from the present-day location of GJ 436b inevitably leads to damping the Kozai oscillations and
to rapidly circularizing the planet. Conversely, starting from 5-10 times further away allows the onset of Kozai cycles. The tides act
in peak eccentricity phases and reduce the semi-major axis of the planet. The net result is a two-fold evolution, characterized by two
phases: a first one with Kozai cycles and a slowly shrinking semi-major axis, and a second one once the planet gets out of the Kozai
resonance characterized by a more rapid decrease. The timescale of this process appears in most cases much longer than the standard
circularization time of the planet by a factor of 50 or above.

Conclusions. This model can provide a solution to the eccentricity paradox of GJ436b. Depending on the various orbital configura-
tions (mass and location o the perturber, mutual inclination, etc.), it can take several Gyr to GJ 436b to achieve a full orbital decrease
and circularization. According to this scenario, we could be witnessing today the second phase of the scenario, where the semi-major,
axis is already reduced while the eccentricity is still significant. We then explore the parameter space and derive in which conditions

this model can be realistic given the age of the system. This yields constraints on the characteristics of the putative companion.

Key words. planetary systems — planets and satellites: dynamical evolution and stability — celestial mechanics —
stars: individual: Gliese 436 — methods: numerical — planet-star interactions

1. Introduction

The M-dwarf GJ 436 has been the subject of growing in-
terest in recent years. This star is known to host a close-in
Neptune-mass planet (Gl 436b Butler et al. 2004) that was
furthermore observed to undergo transit (Gillon et al. 2007).

The monitoring of the transits of GJ436b helped constrain-
ing its orbital solution. Noticeably, it appears to have a sig-
nificant non-zero eccentricity: e = 0.14 + 0.1 (Maness 2007),
furthermore refined to e = 0.14 £ 0.01 (Demory et al. 2007).
This eccentricity is abnormally high for a small period planet
(P =~ 2.64 days Ballard et al. 2010). With such a small or-
bital period, tidal forces are expected to circularize the orbit
within much less than the present age of the system (1-10 Gyr
Torres 2007). Tidal forces seem indeed to be at work in this
system. The detection of the secondary transit of the planet en-
abled Demory et al. (2007) to derive a brightness temperature
of T = 712 = 36 K, with flux reradiated across the day-side
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only. Conversely, a stellar irradiation/thermal re-radiation bal-
ance leads for to an equilibrium temperature for the planet 7eq =
642 K, assuming T = 3350 K for GJ 436 and zero albedo for
the planet. According to Deming et al. (2007), the temperature
difference indicates tidal heading of GJ436b, but this could al-
ternatively be due to the 8§ um sampling the atmosphere in a hot
band pass, if the planetary atmosphere does not radiate like a
black-body.

Many theories were proposed in recent years to account for
the residual eccentricity of GJ436b. The most straightforward
one is that the tides are sufficiently weak and/or the age of the
system is small enough to allow a regular tidal circularization
not to be achieved yet. This idea was proposed by Mardling
(2008) for GJ 436b, after Trilling (2000) had suggested that this
accounts for any close-in exoplanet observed with significant
eccentricity. It is in fact related to our poor knowledge of the
planet’s tidal dissipation Q. Q, is a dimensionless parameter
related to the rate of energy dissipated per orbital period by tidal
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forced oscillations (Barker & Ogilvie 2009). The smaller Q,,
the more efficient the tidal dissipation is. To lowest order, the
circularization timescale .. of an exoplanet reads (Goldreich &
Soter 1966; Jackson et al. 2008)

4 a13/2
fire = — ——
Ccirc 63 '—GM:

where M. is the stellar mass, a is the planet’s orbital semi-major
axis, my its mass and R, its radius. Assuming Q, = 10°, R =
27600 km, a = 0.0287 AU, m = 23.2 Mg and M = 0.452 M,
(Mardling 2008), this formula gives f.. = 4.7 x 107 yr, which
is obviously less than the age of the system. But Q, is very
badly constrained. For Neptune, it is estimated between ~10*
and 3.3 x 10° (Banfield & Murray 1992; Zhang & Hamilton
2008). We can thus consider 10° as a standard likely value for
GJ 436b, but Mardling (2008) argues that O}, could be as high as

a few 10°. In this context, assuming the lower bound (1 Gyr) for
the age of the system, the circularization could not be achieved
yet. This depends however on the starting eccentricity at time
zero. Wisdon (2008) performed analytical calculations of energy
dissipation rates for synchronized bodies at arbitrary eccentrici-
ties and obliquities. His concluded that for a large enough start-
ing eccentricity (0.4, as will be the case below), the circular-
ization timescale should be significantly reduced with respect
to Eq. (1). In this context, the conclusions by Mardling (2008)
may no longer hold. This shows also that conclusions drawn on
asymptotic formulas like Eq. (1) must be treated with caution.
Numerical work is required.

QpmyRy, e))

Alternatively, many authors proposed that the eccentricity of
GJ 436b is sustained by perturbations by an outer massive planet,
despite a standard Q, value. Such a long period companion was
initially suspected as Maness (2007)’s radial velocity data re-
vealed a linear drift. More data did not confirm the trend, which
is now believed to be spurious. Montagnier et al. (in prep.) give
instead observational uppers limits for the putative companion
that rule out any companion in the Jupiter mass range up to a
few AUs.

Perturbers can be either resonant or non-resonant. Looking
for a planet locked in mean-motion resonance with GJ 436b ap-
pears a promising idea, as resonant configuration usually trigger
larger eccentricity modulations. This was suggested by Ribas
et al. (2008), who fitted in the residuals of the radial velocity
data a ~5 Mg planet locked in 2:1 mean motion resonance with
GJ436b. However, this additional planet was invalidated fur-
thermore. Dynamical calculations by Mardling (2008) showed
that this planet cannot sustain the eccentricity of GJ 436b unless
Op R 10°. Moreover, Alonso et al. (2008) showed that a ~5 Mg,
planet in 2:1 resonance with GJ 436b should trigger transit time
variations that should have been detected yet. Such variations are
unseen today with a high level of confidence (Pont et al. 2009).
Actually the constraints deduced from radial velocity monitor-
ing, transit time and geometry monitoring (Ballard et al. 2010)
almost rule out an additional large planet locked in a low-order
mean-motion resonance with GJ436b (P < 8.5 days), and to
have a Jovian like planet up to a few AUs.

Conversely, Tong & Zhou (2009) investigated the effects of
secular planetary perturbations in eccentricity pumping, consid-
ering both non-resonant (secular) and resonant configurations.
They found some perturbers configurations that could account
for the present eccentricity of GJ436b while still being com-
patible with the observational constraints, but with no tides.
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Incorporating the tides leads inevitably to damp all the eccentric-
ity modulation and to circularize the orbit. Meanwhile, Batygin
et al. (2009) reanalyzed carefully this issue. They found that as
expected, in most cases the eccentricity of GJ 436b quickly falls
to zero thanks to tidal friction, but that this effect can be con-
siderably delayed if the 2 planet system lies initially in a spe-
cific configuration where the eccentricities of the two planets are
locked at stationary points in the secular dynamics diagram. In
this case, they show that the circularization time can be as high
as ~8 Gyr despite a standard Q, value.

To date, the model by Batygin et al. (2009) is the only one
able to explain the high present day eccentricity of GJ 436b with
a standard Q, value. This model could appear as not generic,
as it requires a specific initial configuration, but Batygin &
Morbidelli (2011) showed that in the framework of Hamiltonian
planetary dynamics with additional dissipative forces (which is
the case here), these points tend to behave as attractors. Hence
various initial configurations can lead to reach such a point with
a further dynamical evolution like described by Batygin et al.
(2009). As is shown below, in the model presented here, we
exactly encounter such a configuration where many different
routes can lead to such a stationary point (the transition between
Phase 1 and Phase 2, see Sect. 4).

The purpose of this paper is to present an alternate model
based on Kozai mechanism, assuming again a distant perturber.
This model can be viewed as complementary to the Batygin et al.
(2009) study. Kozai mechanism is a major dynamical effect in
non-coplanar systems that can trigger eccentricity modulations
up to very high values. We make a review on this effect, without
and with tidal effects taken into account and describe our ap-
proach in Sects. 2 and 3 respectively. In Sect. 4, we present an
application to the case of GJ436. We first present calculations
starting from the present day orbit of GJ436b, with the result
that even Kozai mechanism cannot overcome the damping ef-
fect of tidal friction. Then we present other simulations where
GJ 436b is initially put much further away from the star than to-
day. We show that Kozai mechanism pumps GJ 436b’s eccentric
regularly up to high values where tides become active at perias-
tron. The result is a decay of the orbit that drives it to its present
day location but on a timescale that can be considerably longer
than the standard circularization time. Hence even after several
Gyr, GJ436b’s eccentricity can still be significant. In Sect. 5,
we describe a parametric study of this scenario and derive in
which conditions it is compatible with the present day situation
of GJ436b. Our conclusions are presented in Sect. 6.

2. Kozai mechanism
2.1. General features

Kozai mechanism was first described by Kozai (1962), initially
for comets on inclined orbit (*50°) with respect to the eclip-
tic. Under the effect of secular planetary perturbations (mainly
arising from Jupiter), their orbit is subject to a periodic evolu-
tion that drives it to lower inclination but very high eccentricity,
while the semi-major axis remains constant. As pointed out by
Bailey et al. (1992), this mechanism is responsible for the origin
of most sun-grazing comets in our solar system. In the circular
restricted 3-body problem, the Kozai Hamiltonian that describes
this secular evolution is obtained by a double averaging of the
original Hamiltonian over the orbital motions of the planet and
of the particle (Kinoshita & Nakai 1999).

Assuming zero eccentricity for the primaries, the secu-
lar motion of the particle is characterized, to quadrupolar
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Fig. 1. Contour plots of the Kozai Hamiltonian (4) in a (w, e) space for
H = 0.05.
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approximation (expansion of the secular Hamiltonian to 2nd or-
der in powers of the semi-major axis ratio) by the following
constants of motions (Kinoshita & Nakai 1999; Krymolowski
& Mazeh 1999; Ford et al. 2000; Beust & Dutrey 2006)

F = (2+3¢%)(3cos?i - 1) + 15¢ sin” i cos 2w )
H = (1 - 6‘2) cos? I (3)

where e stands for orbital the eccentricity of the particle, i for
its inclination with respect to the orbital plane of the primaries
and w for the particle’s argument of periastron relative to this
plane. The first constant (F) is the reduced Hamiltonian itself
and H is the reduced vertical component of the angular momen-
tum, which is a secular constant thanks to the axial symmetry
of the averaged problem. Combining both we can eliminate the
inclination

H H
=(2+3e2)(13——1)+15e2(1—1 .
- —e

Contour plots of this expression in (w,e) space for a given
H value are called Kozai diagrams. The Kozai mechanism
regime is characterized by small values of H (high initial in-
clinations). Figure 1 shows such a diagram corresponding to
H = 0.05. We note the two islands of libration around w = 90°
and w = 270° (or —90°) characteristic for Kozai resonance. In
a pure 3-body Newtonian dynamics, the particle just secularly
moves along one of these curves. It is then obvious to see that
its evolution is characterized by strong periodic eccentricity in-
creases. In the same time e increases, i decreases to keep H con-
stant. If for a given particle w librates around +90°, it is said to
be trapped in Kozai resonance. But even if w circulates, its evo-
lution is characterized by the same eccentricity/inclination mod-
ulation described above, the maximum e values being reached
when w = +90°.

As quoted above, this regime is valid for small H values. If
the particle has initial zero eccentricity, it can be shown analyti-
cally (Kinoshita & Nakai 1999) that the minimum inclination re-
quired for Kozai mechanism to start is arccos (v3/5) ~ 39.23°.
Alternatively, it can operate at smaller inclination if the initial
eccentricity is larger. But a some point in the secular evolution,
it will reach an inclination above this threshold.

This dynamical mechanism is also active in hierarchical
triple systems (Harrington 1968; Soderhjelm 1982; Eggleton
et al. 1998; Krymolowski & Mazeh 1999; Ford et al. 2000),

)cos 2w. 4)

the inner orbit being subject to a similar evolution under sec-
ular perturbations by the outer body. This is particularly relevant
for triple systems because they are often non-coplanar. Similarly,
it is expected to be active on planetary orbits in binary star sys-
tems, as soon as the orbit of the planets are significantly non
coplanar with that of the binary (i * 40°, see above). This can
affect the stability of the planetary orbits, especially if several
planets are present (Innanen et al. 1997; Malmberg et al. 2007).
It was actually invoked to explain the high eccentricity of some
extrasolar planets in binary systems (Holman et al. 1997; Libert
& Tsiganis 2009).

2.2. Kozai migration

This mechanism could also apply to the GJ 436 case, as a way to
sustain the eccentricity of GJ436b. But tides inevitably lead to
a circularization within the standard timescale (see simulations
below and also application to the TyCra system in Beust et al.
1997).

To render Kozai mechanism active despite the presence of
tides, one must lower the strength of the tides. This can be done
assuming a higher O, as suggested by Mardling (2008) (see
Introduction), but this is even not enough. Even with an arbitrary
large Qp, there is still forced apsidal precession due to the plan-
etary and stellar quadrupole moments and to general relativity
(see Sect. 3). With the present day semi-major axis of GJ 436b,
this is enough to override the Kozai mechanism.

Then only way to damp all these effects to allow the onset of
Kozai cycles is to assume a larger semi-major axis for the planet
during a first evolutionary phase. The purpose of the present pa-
per is to investigate this idea. Of course, the present orbital semi-
major axis of GJ436b is well constrained from radial-velocity
monitoring, but our idea is to suggest that it used to be larger in
the past, typically 5-10 times larger than today. In this context,
all perturbing effects listed are too weak to prevent the onset of
Kozai cycles. Then when the eccentricity increases, the perias-
tron drops, because as long as tides are not active, the semi-major
axis remains a secular invariant. Hence tidal friction starts at pe-
riastron. This leads to a gradual decrease of the orbit (i.e., the
semi-major axis), which causes it to shrink and to finally reach
its present location. This process is called Kozai migration. It has
been described by Eggleton & Kiseleva-Eggleton (2001); Wu
& Murray (2003) and more recently by Fabrycky & Tremaine
(2007). It is viewed today as one of the various migration mech-
anism that can act in planetary systems. Our aim is to investigate
this scenario in the context of GJ436b. We show that although
it cannot prevent the final circularization of the planet, under
suitable assumptions it can considerably slow down the circular-
ization process, thus explaining how the eccentricity of GJ 436b
could still be significant a few Gyr after the formation of the
system in spite of strong tidal friction.

3. Tidal forces and N-body integration
3.1. Basic tidal forces

Our goal is to test the scenario of Kozai migration to the GJ 436b
case. This needs to be done via numerical integration. The var-
ious tidal forces are described in Mardling & Lin (2002). We
recall briefly this theory here. Let us consider i) a star with
mass my, radius R, an apsidal constant ks and a dissipation pa-
rameter Qy; ii) a planet with mass my, radius R, an apsidal
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constant k, and a dissipation parameter Q,. The tidal forces act-
ing on the planet are

1. the acceleration due to the quadrupole moment of the planet
due to the distorsion produced by the presence of the star:

RS (1 + my/mp) ky {[5 (@ -u) -2 12Gms]u
P P

YQbp = p 3

—2(Qp-u)9p}, 5)

where €, is the spin vector of the planet, r is the distance
between the planet and the star, and # = r/r, a unit vector
parallel to the radius vector of the orbit;

2. the acceleration produced by the tidal damping of the planet

onkpms Ry S a\8
- 2V (D 2w e+ i -0
YTFp mep (a (r) [ (- Hu+f-r pxu],

(6)

where a is the semi-major axis and n the mean motion of the
orbit.

Of course we have symmetric accelerations yqps and yrtrs
for the star. We must add to these forces the relativistic post-
Newtonian acceleration

G (mp + ms)
122

G (mp + ms)

Vel = — (1+377)’."'.'_2(2+77)

- %n#} u-22-n)iry, 7

where n = mpms/(m, + ms)* and c is the speed of light. Finally,
the equation of motion describing the evolution of the orbit of
the planet is

G (ms + mp)
PF= T3 T Yt YQDp T YTEp T YQDs + VTR (8)
We must also add an equation governing the evolution of the spin
vectors. For the planet we have (Mardling & Lin 2002)

19y = " b (yapp + 71Ep) )
p==p = m + my YQDp + YTFp)>

and a symmetric equation for €. Note that we typically have
Yaps < Yopp and yrrs << yTEp by a factor mp/mg, showing
that the star itself is very little affected. To lowest order for a
synchronized planet, we have yqopp/ytEp = 110,/6. With O, 2
10°. We see that vqp,p dominates the orbital evolution. However,
v1Ep (the damping term) is responsible for the circularization
and must be retained. Also, we have to lowest order

.. 5
Yo 3 FEr M

Yoop Lk ¢ RS mq

(10)

with the numerical values for the parameters of GJ 436b quoted
in Mardling (2008), this ratio is ~1.6. This shows that relativistic
effects are expected to be comparable to tides and must not be
neglected. However, as pointed out by Mardling & Lin (2002),
the only secular effect of the relativistic potential is to produce
an apsidal advance. This also holds for yqp, as both effects are
conservative. They do not affect the circularization process due
to YTFp-
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3.2. Inclusion into N-body integration and averaging

As we want to investigate the combined effect of tides and
planetary perturbations, these forces must be included into a
N-body integration scheme. Our basic scenario is an inner planet
(GJ 436b) subject to tidal interaction from the star, and perturbed
by an outer, inclined and more massive planet (with mass m’ and
semi-major axis a’) that is itself not subject to tides.

A major difficulty is that we have to deal with phenomena
with very different timescales. In the context of GJ 436, the pe-
riod of Kozai cycles is typically ~10° yr, while the tidal circu-
larization acts on timescales 2108 yr. Hence an efficient N-body
integrator is required.

A standard way to overcome this difficulty is to average all
interaction terms over the orbital motions of both bodies. This
can concern the interaction 3-body Hamiltonian between the
planet and the perturber, as well as the tidal terms. This way
only the secular part of the perturbations is retained.

The averaging of the tides and of the relativistic terms is done
only over the orbital period of the inner planet. To do this, it is
convenient to derive the effect of the tides on the specific an-
gular momentum vector o = r X i and the Runge-Lenz vector
(Mardling & Lin 2002; Fabrycky & Tremaine 2007; Eggleton &
Kiseleva-Eggleton 2001)

X h
G(m5+mp)

e = —Uu.

(1)

Each additional acceleration y will induce a rate of change of e
and k given by

dh de 2(y-Nr—-(r-Ny-(y-nHir
G(ms+mp)

a Y G (12)
These equations are then averaged over the orbital period of
the inner planet. Using Hansen coefficients, this can be done
in closed form. Explicit formulas are given by Mardling & Lin
(2002).

The averaging of the interaction Hamiltonian with the outer
perturber over the orbital period of both bodies is more complex,
as this cannot be done in closed form. One has to expand the
corresponding terms in ascending powers of the semi-major axis
ratio a/a’ between the planet and the perturber (using Legendre
polynomials). Assuming a/a’ < 1, it is truncated to some given
order and then averaged over both orbits. Wu & Murray (2003)
and Fabrycky & Tremaine (2007) truncate the Hamiltonian to
second order (quadrupolar), while Ford et al. (2000) recommend
third order (octupolar). Mardling & Lin (2002) give explicit for-
mulas up to third order (for coplanar orbits though). As ex-
plained below, the level of accuracy required by our study forced
us retain terms up to 4th order in a/a’, i.e. one level beyond oc-
tupolar. We used MapLE to derive analytic formulas up to this
level.

Another way to handle the 3-body interaction is to use sym-
plectic integration. The main difficulty is to combine it with
tidal forces. The theory of symplectic integration is based on
the Hamilton equations of motion that apply to any N-body
problem. Its background is for instance described in Saha &
Tremaine (1992) and Chambers (1999). The key idea is to split
the Hamiltonian H into pieces, say H = Hj + Hp, each of
them being exactly integrable, and then to integrate each part
separately alternatively. Most common symplectic integrators
(Chambers 1999; Levison & Duncan 1994) are based on the
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following second order scheme: at each time-step 7, we must:

1. advance Hp by a half step 7/2;
2. advance H, for the full time step 7;
3. re-advance Hp by 7/2.

In planetary and hierarchical N-body problems, H4 corresponds
typically to a collection of independent Keplerian Hamiltonians
and Hp to the disturbing function. We will name this scheme
B(7/2)A(t)B(7/2). Our goal here is to include tides to it, i.e.
dissipative forces. Of course with dissipation the integration, as
well as the real problem, is no longer symplectic. This does not
prevent the integration method from being efficient, at least for
the N-body forces. Typically, with the second order scheme de-
scribed above, a time-step of ~1/20 of the smallest orbital pe-
riod is enough in standard problems to ensure a conservation of
the energy to ~107° relative level (Beust 2003). Including dissi-
pative forces leads to a non preservation of the energy, but the
same time-step can be kept. There have been actually many suc-
cessful attempts in recent years to include dissipative forces into
symplectic integrators (Malhotra 1994; Kehoe et al. 2003; Cuk
& Burns 2004; Marzari & Weidenschilling 2006).

The most straightforward way to proceed is to include the
integration of the various forces given above into the B(7/2)
sub-steps (the disturbing part of the integration). However this
turns out not to be efficient in our case. The reason is that the
tidal forces are highly dependant on the distance r between the
planet and the star (ocr™* and even steeper). Therefore, when
considering significantly eccentric orbits, keeping the standard
symplectic time-step leads to an insufficient mapping of the tidal
forces close to periastron.

To overcome this difficulty, we used averaged formulas
only for the tidal and relativistic terms. Then we add to
our symplectic scheme two sub-steps 7'(7/2) of integration
of these averaged equations for e and h, in the order
B(/2)T(t/2)A(T)T (1t/2)B(1/2):

advance Hpg by a half step 7/2;

integrate the averaged tidal equations by 7/2;
advance H, for the full time step 7;

re-integrate the averaged tidal equations by 7/2;
re-advance Hp by 7/2.

Nk w -

At each T(7/2) sub-step, we integrate simultaneously the evolu-
tion of the spin vectors of the bodies via Eq. (9). The advantage
of this approach is that it avoids the use of truncated expansions,
while still being efficient. We modified this way our symplectic
integrator HJS dedicated to hierarchical systems (Beust 2003).
All computations presented in Sect. 4 have been done using this
integrator. Its use is nevertheless more computing time consum-
ing than a fully averaged integrator. This is why we also built a
fully averaged integrator for our parametric study (Sect. 5).

To check the validity of our integration method, we also
made some comparisons with integrations performed with a con-
ventional Bulirsh & Stoer integrator. Of course the latter integra-
tions were much more time consuming so that they were done
over a much less extended time-span. In all cases the agreement
appeared excellent. An example is shown in Fig. 3 (eccentricity
plot) where we have overplotted in red the result of the conven-
tional integration. Both curves are almost identical, so that the
red curve barely appears under the black one.

4. Application to Gliese 436
4.1. Integration starting from the present state

The first element we want to test is how planetary perturba-
tions may affect the present orbit of GJ436b. As mentioned
above, given the present semi-major axis a = 0.0287 AU, tides
are expected to dominate the dynamical evolution. We there-
fore performed four runs starting from the present-day orbital
configuration with different assumptions:

— run (a): with a distant perturber, but not taking into account
the tides nor the general relativistic post-Newtonian correc-
tion (hereafter GR), i.e. using the standard HJS code;

— run (b): taking into account tides and GR, but with no per-
turbing planet (run (b) in Fig. 2);

— run (c): with the same perturbing planet as in run (a), but
taking now into account the relativistic post-Newtonian cor-
rection, but no tides;

— run (d): with the same planet taking into account both GR
and tides.

In all cases, the perturbing planet was chosen with mass m’ =
0.1 My, and semi-major axis ' = 3.583 AU (i.e., with or-
bital period 77 = 10 yr) as a typical convenient set of parame-
ters (see Sect. 5), compatible with the constraints of Montagnier
et al. (in prep.) based on radial velocity residuals and photom-
etry. In addition we fix the initial tilt angle iy between the two
orbits to 75° to be able to generate a strong Kozai resonance.
We assume the stellar, planetary and tidal parameters given by
Mardling (2008) and listed in the Introduction.

In Fig. 2 we show the secular evolution of the eccentricity
of GJ 436b over 2 x 107 yr in the four cases. In case (a), we see
as expected a large amplitude modulation characteristic for the
Kozai resonance created by the perturbing planet. In case (b),
we note a gradual circularization with a timescale ~2 x 108 yr.
In case (c) (same as (a) but with GR taken into account), there
is no Kozai resonance anymore. The relativistic precession ac-
tually smoothes the Kozai mechanism. The eccentricity is basi-
cally constant with high frequency, small amplitude oscillations.
In run (d) (with tides and relativity), the high frequency oscil-
lation is superimposed to a tidal decrease at the same rate as in
case (b). The main conclusion we can derive from these runs
is that the perturbing planet could in principle induce a strong
Kozai resonance, but that tides and GR override this effect. Even
GR alone (run (¢)) is enough to cancel out the Kozai resonance.
The reason is that the secular precession induced by GR is larger
than that induced by the Kozai resonance. As shown by Fabrycky
& Tremaine (2007), GR adds an extra term to the secular preces-
sion of the argument of periastron w, and subsequently, the max-
imum eccentricity of the Kozai cycles is significantly reduced.
This can be understood considering Eq. (4). With an extra pre-
cession for w, the cos 2w term in the averaged Hamiltonian F
can be considered as rapidly varying, so that it secularly aver-
ages to zero. Only the first term can be kept in F. This makes
the Hamiltonian independent of all angles, making all related
actions constant, and hence e and i are constant. This is what we
get here.

If we consider the dissipative case with tides, the net result in
our case is that the tidal circularization process remains almost
unchanged (run (d)) with respect to the case with no perturbing
planet (run (b)).

The Kozai resonance appears thus unable to sustain the high
present eccentricity of GJ436b over the age of the system. The
only ways to solve this paradigm are either to increase the

AB8, page 5 of 13



A&A 545, A8S (2012)

(2)
08| -
>
5 I
o 06 1
_.I:‘c L
=] L
[
8 I
8 04} J
0.2} .
0 2 10" 4 10°
time (yr)
I ()
0.1505 | .
>
Fs}
0
8 0.15 | .
[3]
3]
=
0.1495 | -
0 5 10° 107 1.5 107 2 10"
time (yr)

0.15 ®) 1
»0.145 | -
S
g
[=]

[
8 ]
8 014} -
0.135 -
0 5 10° 107 1.5 10’ 210"
time (yr)

0.15 | + ' ' ' @ 1
20.145 | .
)
£
[=]

[]
o
2 014} -
0.135 | 1 1 1 -
0 5 10° 107 1.5 10" 2 10"
time (yr)

Fig. 2. Secular evolution of the eccentricity of GJ436b starting from the present-day orbit and assuming a standard perturber (m" = 0.1 My,
T’ = 10 yr) in different conditions (see text): a) perturbing planet, but no tides nor relativity; b) tides and relativity but no perturbing planet;
¢) perturbing planet, relativity but no tides; d) perturbing planet, relativity and tides.

strength of the Kozai resonance either to lower the tides and
the relativistic effects. The former way would imply to increase
the mass of the perturbing planet by at least two orders of mag-
nitude; this would render it incompatible with the constraints
of Montagnier et al. (in prep.). The latter way can be achieved
assuming a larger semi-major axis for GJ436b. Of course the
present semi-major axis is well constrained, but we may assume
that it used to be larger in the past. This is why we come to the
idea of Kozai migration.

4.2. The Kozai migration scenario
4.2.1. General description

We describe now into details a typical run where we assume an
initial semi-major axis for GJ 436b significantly larger than the
present value, and where both GR and tides are taken into ac-
count, with unchanged tidal parameters with respect to Sect. 4.1.
We assume for the perturber the same parameters as in Sect. 4.1
(@’ =3.583 AU, m’ = 0.1 My, ip = 75°), but we take as initial
semi-major axis for GJ436b ay = 0.287 AU (i.e, 10 times its
present-day value).

Figure 3 shows the secular evolution of GJ 436b in this con-
text over 2 x 107 yr. We see that the eccentricity is subject
to a large amplitude modulation characteristic for Kozai reso-
nance. With ap = 0.287 AU, apsidal precession arising from
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GR and tides is no longer able to override the Kozai resonance.
But at peak eccentricity (e =~ 0.8) in the Kozai cycles, the pe-
riastron drops to 0.05-0.06 AU, i.e., only twice the present-
day semi-major axis. As a result, tides are at work in peak
eccentricity phases. This can be seen in Fig. 3. We note a rapid
reduction of the obliquity of GJ 436b relative to its orbital plane
(initially fixed to 30°), so that after a few 107 yr, the spin axis
of GJ436b remains perpendicular to its orbital plane. We also
note a spinning up of the planet’s rotation. In Fig. 3 (bottom-
left), we plot as a function of time the ratio of the rotation veloc-
ity GJ 436D to its orbital mean-motion (€2/n), so that 1 means
synchronism. This ratio was initially fixed to 2, and we note
a gradual increase up to 10 at t = 2 x 107 yr. This reveals a
spinning up of the planet, as the orbital mean-motion (i.e. the
semi-major axis) is not subject to so drastic changes in the same
time. Finally, we note a very small decrease of the semi-major
axis over the time-span considered. These effects are clearly due
to the tides at work in high eccentricity phases. This shows up
obviously in the staircase-like shape of the temporal evolution
of the parameters displayed. Actually they are subject to some
evolution only in the peak eccentricity phases, and remain un-
changed inbetween. The spinning up of the planet is also a con-
sequence of the tides in high eccentricity phases. The rotation of
GJ 436b tries indeed to tidally synchronize with the orbital angu-
lar velocity at periastron, which is very different from the mean-
motion due to the high eccentricity. With a peak eccentricity of
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Fig. 3. Secular evolution over 2% 107 yr of GJ 436b assuming an initial value a = 0.287 AU and a perturber with m’ = 0.1 My,, and @’ = 3.583 AU
(T" = 10 yr): eccentricity (top left), semi-major axis (fop right), rotation speed with respect to the orbital mean-motion (Q/n, bottom left), and
obliquity angle (bottom right). On the eccentricity plot we overplot in red the result of the same integration, but using a conventional Bulirsh &

Stoer integrator.

~0.8, synchronism with angular velocity at periastron means ac-
tually Q/n ~ 16. Finally, the semi-major axis decrease reveals a
loss of orbital energy due to tidal friction.

We come now to describing the same simulation, but over
a much longer time span, i.e. 20 Gyr (Fig. 4). This timescale is
intentionally taken larger than the age of the system and even
of the Universe to show the possible future evolution. We dis-
play as in Fig. 3 the eccentricity, the semi-major axis, the Q/n
ratio, and the mutual inclination between the two orbits. On
the eccentricity plot, the color curves are calculated using var-
ious averaged integrators (see below). The one corresponding
to our symplectic integration in the black one. We clearly see
a two-fold evolution, first before 10 Gyr and then after. In the
first phase, Kozai resonance is still active as can be seen from
the high amplitude eccentricity oscillations. In the same time,
the semi-major axis is subject to a slight decrease. The eccen-
tricity oscillations do not remain identical though. Actually the
peak eccentricity slightly increases but a more striking fact is
that the bottom eccentricity of the Kozai cycles gradually in-
creases to finally reach the peak eccentricity after ~10 Gyr. At
this point (beginning of the second phase) the eccentricity oscil-
lations stop, which means that the GJ 436b gets out of the Kozai
resonance. The semi-major axis drops then much more quickly
and the eccentricity decreases to zero within a few extra Gyr.
During almost all the evolution (apart from the beginning), the

rotation of GJ436b remains synchronized with the angular ve-
locity at periastron in high eccentricity phases. The increase of
Q/n during the first phase is related to the gradual increase of the
peak eccentricity. In the second phase Q/n gradually decreases
towards 1. At the end of the simulation, GJ 436b is tidally syn-
chronized and circularized, but the final semi-major axis is sev-
eral times smaller than the initial one. The Kozai migration is
ended.

This two-fold behavior in Kozai migration process was al-
ready noted by Wu & Murray (2003) and Fabrycky & Tremaine
(2007). Actually our results of Fig. 4 are very similar to the
corresponding ones of Fabrycky & Tremaine (2007).

4.2.2. The first phase

During the first phase, the planet still undergoes Kozai oscil-
lations, but the bottom eccentricity of the cycles gradually in-
creases to finally reach the peak one. This can be explained by a
shift in Kozai diagram.

In a pure 3-body Newtonian dynamics, the planet just sec-
ularly moves along one of the level curves in a Kozai diagram
similar to that of Fig. 1. In the w-circulating case, the curves are
explored from left to right with dw/dr > 0, and in the w-librating
case (the genuine “resonant” orbits), the curves are explored
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Fig. 4. Same evolution as in Fig. 3, but over 2 x 10'° yr: eccentricity (top left), semi-major axis (fop right), rotation speed with respect to the
orbital mean-motion (2/n, bottom left), mutual inclination between the two orbits (bottom right). On all plots, the black curve corresponds to
our symplectic integration. The color curves on the eccentricity plot are calculated with a fully averaged integrator, with interaction Hamiltonian
truncated up to various orders: 2nd order (blue), 3rd order (green), and 4th order (red).

clockwize around the stable point. Now, both GR and tides add
an extra, positive component to dw/d? (Fabrycky & Tremaine
2007) at peak eccentricity in the cycles. This results in a slight
shift towards right in the Kozai diagram each time the planet
passes through a peak eccentricity phase. The planet jumps to
another nearby curve located to the right. It is then obvious to
see from Fig. 1 that this change induces a decrease of the bot-
tom eccentricity in the w-librating case and an increase in the
w-circulating case. Now it is also obvious that thanks to these
shifts in diagram at each eccentricity peak, a planet initially in
the w-librating case will be pushed to move to w-circulating af-
ter a while. Consequently the bottom eccentricity of the planet is
expected to eventually first decrease during the w-librating phase
and then to further increase in the subsequent w-circulating
regime. This is exactly what is reported by Fabrycky & Tremaine
(2007) in their Fig. 1. After a short decrease, the bottom eccen-
tricity of the cycles increases gradually to 1. In our Fig. 4, we
see that the bottom eccentricity (black curve) of the cycles does
not immediately start to increase, but we do not see an initial
decrease like in Fabrycky & Tremaine (2007). In fact, the more
realistic integration is actually ours. The reason is that the inte-
gration of Fabrycky & Tremaine (2007) was made on the basis
of a quadrupolar expansion of the Hamiltonian, as well as the
Kozai diagram in Fig. 1. It is thus not surprising to see them
in perfect agreement. But our integration, made using a sym-
plectic integrator, is not truncated and is accurate to any order
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in a/a’. Ford et al. (2000) showed that retaining higher order
terms, in particular up to the octupolar level (3rd order in ex-
pansion in a/a’) considerably improves the accuracy of the inte-
gration, especially in the vicinity of the separatrix between the
two regimes, which is the case discussed here.

In any case, when the planet enters the w-circulating regime,
the bottom eccentricity of the cycles is forced to increase.

4.2.3. The second phase and the link with the Batygin et al.
(2009) model

When the bottom eccentricity reaches the peak one, then the
planet moves along a more or less straight line in the Kozai
diagram. Tides and GR are now active permanently as the
eccentricity is permanently high. This causes the precession of w
to increase. This forces the planet to start a more sharp tidal de-
crease that makes it get out of the Kozai resonance. In this sec-
ond phase, the planet gets gradually tidally circularized.

An important outcome of this scenario is that it can provide
a solution to the eccentricity paradox of GJ436b. We note in
Fig. 4 that the first phase of the secular evolution lasts several
Gyr. Hence GJ 436b may have first spent a long time in the first
phase before starting a sharp tidal decrease. Moreover, we note
that in the second phase, even if the semi-major axis shrinks
quickly, it still takes a few more Gyr to the eccentricity to de-
crease downto zero. This could appear surprising, as we are now
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away from Kozai resonance. In Fig. 4, the situation of the planet
at ~13 Gyr is similar to the one we studied in Fig. 2. In the
latter case, the eccentricity of GJ 436b decreases downto zero in
~2 x 108 yr, but in Fig. 4 it still takes a much longer time from
13 Gyr to reach zero. How could we explain this discrepancy?

The difference comes from the dynamical configuration
of the 3-body system. It is in fact closely related to the
quasi-stationary solution described by Batygin et al. (2009).
Batygin et al. (2009) studied the coplanar 3-body system. They
showed that there exist two apsidal fixed points in this system,
characterized by de/dt = 0, and w—@’ = 0 or w—@’ = &, where
@ and @’ are the longitude of periastron of GJ436b and the
perturber respectively. There is always one stable point among
these two configurations around which librations can occur. In
that case, @ — @’ just librates around its equilibrium value, and
de/dt = 0 periodically vanishes. As a result, the decrease of the
eccentricity is much slower. Batygin et al. (2009) showed that
adding tides to this peculiar system considerably increases the
tidal circularization time, because the angular momentum trans-
fer associated with tidal dissipation is now shared among the
two interacting orbits. This is of course a peculiar situation, but
as mentioned above, these points tend to behave as attractors.

The situation we describe here differs from that of Batygin
et al. (2009) because we do not have a coplanar configuration.
But the starting point of the second phase is also characterized
by a stationary point with de/dr = 0. At the end of the first phase
(Kozai cycles), when the bottom eccentricity of the cycles equals
the peak one, GJ 436b moves along a straight line in the Kozai
diagram. Hence we have de/dt = 0. Contrary to Batygin et al.
(2009), here w — @’ circulates during the second phase. The
reason is that in the coplanar problem, there is no quadruplar
component to de/dz. The expression of de/dr given by Batygin
et al. (2009) arises indeed from the octupolar expansion. But at
high inclination, the quadrupolar component to de/dr dominates,
so that the constraints are different. But the common feature is
that the starting point of both evolutions is characterized by a
stationary point in eccentricity in the pure secular 3-body evolu-
tion. The result is a huge increase of the tidal circularization time
by a factor 50 at least, like in the evolution described by Batygin
et al. (2009). Besides, the apsidal alignment criterion could be
used as a diagnostic. If an apsidally aligned companion is dis-
covered in the future in the radial velocity residuals of the star, it
would be a strong indication in favor of a coplanar configuration
like described by Batygin et al. (2009); conversely if this is not
the case, the companion could be considered as highly inclined
with good probability.

5. Exploration of the parameter space
5.1. Description of the results

We claim that the Kozai migration process we describe could
fit the present day configuration of the GJ 436 system. GJ 436b
could fairly well be today in the middle of the second phase,
with an already reduced semi-major axis and a slowly decreasing
eccentricity. In Fig. 4, the situation of the planet at ~13 Gyr can
be compared to the present day orbital configuration of GJ 436b.

Of course 13 Gyr is too long compared to the age of the
GJ 436 system. But the timescale of the two-fold evolution can
vary considerably depending on the initial parameters of the
model, so that adjusting them to fit to any given age less than
the age of the Universe is possible.

We come now to exploring the parameter space of this sce-
nario to try to derive in which case it can be compatible with the

observation. We tested various orbital configurations, exploring
the parameter space. The important parameters are

— the mass m’ and semi-major axis a’ (or equivalently the or-
bital period 7”) of the perturber;

— the initial semi-major axis ao of GJ436b;

— the initial mutual inclination iy between the two orbits.

Note that instead of iy, the actual critical parameter is the re-
duced vertical component of the specific angular momentum

h = V1 - e? cosi, which is a secular constant of motion (see
Sect. 2.1). But in all our simulations we took an initial eccen-
tricity ep = 0.01 for GJ 436b, so that /4 is unambiguously related
to ip.

Other parameters such as the eccentricity of the perturber,
the initial rotation speed and rotation axis orientation of GJ 436b
turned out to have only a minor influence on the global behavior
of the system, so that exploring the space of the major parame-
ters is enough for our purpose. In particular, in all the following,
the initial eccentricity e’ of the perturber was set to 0.03 as a
typical standard value.

The key outcome to monitor is the transition time between
the two phases in the scenario (hereafter #,), which occurs close
to 10 Gyr in Fig. 4. This timescale appeared to be extremely
sensitive to the parameters, ranging from less than 10° yr in some
extreme cases to hundreds of Gyr in other configurations. In all
cases, most of the orbital decrease and circularization that occurs
after #,; is achieved with ~1.5¢,.

In our exploration, we consider as likely any f, value be-
tween 1 Gyr and 10 Gyr. Shorter values are not compatible with
a not yet circularized GJ 436b today, and with longer values, the
star is not old enough to have entered the second phase yet. Our
goal was to derive which sets of parameters yield a convenient z,.
To do this, we first used our symplectic code in a few cases, and
then our averaged integrator to save computing time. As men-
tioned above, the averaging process of the Hamiltonian due to
the perturber cannot be done in closed form. One has to first ex-
pand it in ascending powers of a/a’, to truncate it to some given
order and then average over both orbits. Fabrycky & Tremaine
(2007) truncate to second order (quadrupolar), while Ford et al.
(2000) recommends third order (octupolar). We checked that be-
ing in correct agreement with the symplectic integration (in par-
ticular in the monitoring of f,, which is a very sensitive param-
eter) requires to retain terms up to 4th order in a/d’, i.e. one
level beyond octupolar. The use of a truncated integrator does
not change the global two-fold behavior reported above, but it
affects its timescale. This is illustrated in Fig. 4a (eccentricity
plot) where we have superimposed to our symplectic integra-
tion (black curve) the same eccentricity evolution, but calculated
with averaged integrators truncated at various orders: second
(blue), third (green) and 4th (red). The use of the quadrupolar
truncation generally leads to an error on f; of ~50%. Most of
the time it overestimates it. This can be understood easily: in
a pure Newtonian dynamics (no tides, no relativity, such as in
Fig. 2a), all Kozai cycles are strictly identical in the quadrupolar
approximation. The motion is strictly periodic, as can be seen
from Fig. 1. This is due to the absence of the perturber’s eccen-
tricity and argument of periastron in the interaction Hamiltonian
(Eq. (2)). This is no longer true at higher order, as shown by
Krymolowski & Mazeh (1999); Ford et al. (2000). Due to sec-
ular changes of the perturber’s orbit, the Kozai cycles are no
longer identical (see Fig. 3a for instance). The total number of
Kozai cycles achieved within a given (long) time-span can thus
vary depending on the theory assumed. As the efficiency of the
Kozai migration process depends on the integrated number of

A88, page 9 of 13



A&A 545, A8S (2012)

peak eccentricity phases reached, this explains the variability of
t. We see from Fig. 4a that the use of a third order (octupolar)
theory (green curve) considerably enhances the agreement with
the symplectic integration. A ~5% agreement is reached if we
go to 4th order (red curve). Or course better agreement could be
reached if we used even higher order formulas. But in that case,
the averaged formulas are so complex that the gain in comput-
ing time with respect to the symplectic integration is small. As a
5% accuracy on f;; is enough for our analysis, we decided to use
4th order theory.

Figure 5 shows a summary of the result of this exploration
of the parameter space. Each plot corresponds to the use of a
fixed set of values (ag,iy) where we let the other parameters
(T’,m") vary. According to the simulation results, we divide the
(T’,m’) plane into different regions depending on the resulting
value of 7. Regions marked “Fast Kozai” correspond to cases
where f < 1 Gyr. In these regions, the Kozai migration pro-
cess should have ended a long time ago, and we would expect
GJ436b to be synchronized and circularized today. This situa-
tion logically applies to massive and/or close-in perturbers (top-
left parts of the panels), when the disturbing action is stronger
and the period of Kozai cycles smaller. Conversely, towards the
bottom parts of the panels (small and/or distant perturbers), we
have regions marked as “Slow Kozai”, thus corresponding to
tx > 10 Gyr. In such cases, #; is just too long to allow GJ436b
to lie in the second phase of the Kozai migration process today.
This cannot match the observation, as during the first phase of
the evolution (Kozai cycles), the semi-major axis only undergoes
a very small decrease an cannot reach the present day value. We
also note in some cases regions marked “No Kozai” correspond-
ing to very low mass and distant companions. In such cases, the
perturbing action of the companion is so weak that GR (even at
the considered distance) is strong enough to prevent the onset
of Kozai cycles. Thus GJ 436b’s eccentricity never grows and it
can never reach its present-day location. To illustrate this fact,
we add to all plots in Fig. 5 an oblique line, which corresponds
in each case to GrR = fKozai» Where fgr and fkozq; are character-
istic times for GR and for Kozai oscillations respectively. These
timescales read (Matsumura et al. 2009)

Tc20(1 - 6‘2)
IGR = S~ > (13)
3G (M + m)
2T M +m+m’ 2
IKozai = &T—TT (1 - 62) . (14)

Here we have computed these timescales assuming e = 0. Note
that the real period of the Kozai cycles equals ko, Within a fac-
tor of order unity (Ford et al. 2000; Beust & Dutrey 2006). It is
straightforward to see that fGr = fkozai implies m’ o« T7% (with
m’ < M), hence the oblique dotted lines in Fig. 5. No Kozai os-
cillations are to be expected below this limit (fGr < fKozai), Which
is confirmed by our numerical exploration. The “No Kozai” re-
gions extend indeed somewhat above the dotted lines the our
plots. This is due to the higher order effects that are not taken
into account in the above simple formulas.

In the middle of the fast and slow Kozai regions, a conve-
nient strip appears where the value of 7, allows GJ436b to lie
presently in the middle of the second phase of the Kozai mi-
gration process. Note that for a given set of parameters, the
probability of witnessing this phase today is not small, as the
second phase lasts typically ~0.5¢;.

To all plots in Fig. 5 we superimpose a solid line that cor-
responds to the observational upper limits of Montagnier et al.
(in prep.) for any additional planet to GJ436. The left oblique
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part corresponds to the radial velocity limit and the horizontal
upper part to the imaging (adaptive optics) limit. Consequently,
any set of (7", m") values located above this line must be rejected,
and for an initial set of parameters (ay, iy) to be possible, the con-
venient strip must cross the region below the observational lim-
its. In all plots, the lower 7’ value (in x-axis) was set according to
the stability limit of the system. Systems with smaller 7’ values
are unstable. The stability was tested for these orbits with the
unaveraged symplectic integrator. The upper limit in 7” was set
at the point where the convenient strip definitely gets above the
observational imaging limit, so that any convenient companion
located further away would have been already detected. So, for
any given set of initial conditions (ay, iy), the convenient values
for 7’ and m’ must appear on the plot.

For all displayed cases, the convenient strip appears two-
fold. Towards lower 7’ values (close-in perturbers), the conve-
nient m’ values are a slowly decreasing function of 7”, while for
more distant perturbers, they increase rapidly. This can be under-
stood with a careful analysis of the Kozai mechanism. The effi-
ciency of the Kozai migration scenario depends actually on how
close GJ 436b can get to the star during the first phase (hence the
maximum eccentricity it can reach) and the time it spends at high
eccentricity to allow tides to be at work. For close-in perturbers,
the process is limited by the maximum eccentricity it can reach.
In fact in Fig. 5, close-in perturbers in the convenient strip have
masses comparable to that of GJ436b (~0.074 My,p), and have
semi-major axes only a few times more than GJ436b initially.
Hence the initial angular momentum ratio [ /Iy between the per-
turber and GJ436b is of order unity or a bit more. Now, due
to total angular momentum conservation (we neglect exchanges
with spins), we necessarily have
B+ 1% + 2ol cosip = 12 + I + 21l cosi, (15)
where I’ and / stand for the angular momenta of both bodies at
peak eccentricity, and i for the mutual inclination in the same
phase. Assume now " = [ (the perturber is not affected) and

[ = Iy V1 — €2 (the semi-major axis is only little affected in the
first phase). This equation simplifies to

’

[
21—0 (cosio— V1 —620051'0)+e2 =0.

0

(16)

Solving this equation for e shows that for moderate [/l values,
the eccentricity cannot go beyond a maximum value that is sig-
nificantly below 1, while for larger value, any value as close pos-
sible to 1 is allowed. In other words, the angular momentum of
GJ 436b cannot reach zero because that of the perturber cannot
grow to account for the whole angular momentum of the system.
Let us assume for instance iy = 75°, i = 30° (typical values) and
Iy/lo = 2. We derive e ~ 0.74, which is high, but significantly be-
low 1 to avoid GJ 436b to be efficiently tidally braked in peak ec-
centricity phases. The efficiency of the Kozai migration process
is therefore limited by the maximum eccentricity value than can
be reached, hence by the value of [//. Similar #, correspond to
similar [ /Iy values. Assuming now [y o m’T’"/3 and Iy oc mT'/3
(low initial eccentricities), a constant #, leads m’ o« T7’~'/3 hence
the decrease of the convenient strip towards close-in perturbers.

For more distant perturbers, the [/ly ratio is large enough
not to limit the peak eccentricity of the Kozai cycles. The ef-
ficiency of the process is now limited by the amount of time
spent in high eccentricity phases, as tides are only active there.
We thus expect f; o fgozi, as the longer f, the less time is
spent within a given time span in high eccentricity phases. As
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Fig. 5. Result of the exploration of the parameter space for four (ao, iy) combinations. a) ap = 0.287 AU, iy = 75°; b) ap = 0.1435 AU, iy = 75°;
¢) ap = 0.287 AU, iy = 85°;d) ap = 0.574 AU, iy = 85°. In each plot, the upper observational limits (radial velocities and imaging) are represented
as a solid line; the oblique dotted line corresponds to the limit 7Gr = fkozi as given by Matsumura et al. (2009). In the upper left plot, the dashed

lined are m’ oc T'~1/3 and m’ oc T’? power laws (see text).

IRozai & (M/m") x (T"*/T), a fixed value for f,, will correspond to
a constant ratio 7"2/m’. This explains the increase of the conve-
nient strip towards distant perturbers. A more distant perturber
just needs to be more massive to generate the same Kozai migra-
tion as a closer one.

To illustrate this simple analysis, we have drawn in Fig. 5a
two dashed lines corresponding to arbitrary m’ o« 7’~'/3 and
m’ o T'> power laws. We note that these power laws de-
scribed above are well followed in the simulations for both
regimes, as the convenient strip quite faithfully remains parallel
to the dashed lines sketched. To summarize, the convenient strip
roughly follows a dual power law regime, with m’ oc 7’~'/3 for
small 77 and m’ oc T for large T’. Its exact location in (T’, m’)
space depends on the initial set of parameters (ay, ip), as can be
seen from Fig. 5.

We also note that in all cases, the convenient strip appears
quite narrow, although this effect is enhanced in Fig. 5 by the
logarithmic scale. In fact, for a given period 7’, Kozai migration
is very sensitive to the mass m’ of the perturber, so that " must
assume a well defined value within a factor ~1.5 to allow ¢, to
fall in the right range. However, for a wide range of initial values
sets (ao, i) (see discussion below), there is a convenient strip in
(T’,m"), which is compatible with the observational constraints,
so that the probability of the scenario is not small.

5.2. Discussion

We come now to compare the location of the convenient strip
between various configurations. If we compare Figs. 5a and 5c
(same ag but different iy), we note that for iy = 85° the
convenient strip is located lower than for iy = 75°. Here again
this may be easily understood. With a larger iy the Kozai mech-
anism is stronger, so that GJ 436b more easily gets a high peak
eccentricity and the tides act more efficiently. Hence a less mas-
sive perturber is required to achieve the same result.

If we compare configurations with same iy but different ag
(Figs. 5a and b on the one hand, and ¢ and d on the other hand)
we can see how the convenient strip moves in the (77, m’) dia-
gram if we vary ag. We see that increasing ay brings the conve-
nient strip up in the decreasing part of the diagram (m’ oc 7'~1/3),
and down in the increasing part of the diagram (m’ o« T'?). If for
instance we superimpose Figs. 5a and b, the convenient strip for
ag = 0.1435 AU falls below that for ag = 0.287 AU for small 7”7,
then crosses it and get above for large 7’. This can be explained.
In the decreasing part, the efficiency of the Kozai mechanism is
controlled by the angular momentum ratio I /ly. for a larger ay,
lp is larger and the angular momentum ratio is smaller, so the
Kozai mechanism is less efficient. We thus need a larger /j (and
hence a larger m’) to get the same results. This is why the conve-
nient strip is brought up for a larger ao. In the increasing part of
the diagram, the Kozai mechanism is controlled by #koz.i- As we
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know that fxoz o« T, a larger ag leads naturally to a smaller
Kozai and to a more efficient Kozai migration process. Hence a
less massive companion (larger m”) for the same 7" is required
to achieve the same fkqzi. This is why the convenient strip is
brought down if we increase ay.

This regime tends nevertheless not to be valid for all val-
ues of ag. For larger initial orbits, the whole convenient strip
is shifted upwards if we increase ay. For instance, for ap =
0.574 AU and iy = 75° (configuration not displayed in Fig. 5),
the convenient strip is located much higher than with ay =
0.287 AU, so that is it barely compatible with the observational
constraints. Similarly, with iy = 85°, the convenient strip is
shifted upwards for ayp * 0.6 AU. This behavior is due to the
fact that the efficiency of the tides are related to the minimum
periastron reached rather than the maximum eccentricity. As in
the first phase, the semi-major axis of GJ436b is only little af-
fected, for a larger ay a higher eccentricity is necessary to reach
the required periastron range.

Now, is it possible to set absolute limits to the unknown pa-
rameters? Setting a lower limit to iy is easy. As described above,
if we crease iy the convenient strip gets higher in (77, m’) space.
At some point it crosses the observational limits so that the con-
sidered (ao, ip) must be rejected. We tested several other runs
with iy = 65° and iy = 70°. In all cases the convenient strip
(if any) appears above the observational limits. It is then possi-
ble to stress that iy must be at least 70-75°. Note also that the
Kozai mechanism is symmetrical with respect to iy = 90°. We
checked that runs assuming iy = 95° and iy = 105° behave ex-
actly the same way as corresponding runs with iy = 85° and
ip = 75° respectively. It is thus possible to put an upper limit
to ip to 105-110°. The initial configuration of the system must
have been close to perpendicular within less than 20°. This is of
course valid for small initial eccentricity eq. If eq is high, then
iop may take different values. In the general case, a more relevant

constraint must be derived for 1 = V1 — €2 cosi. 70° < iy < 90°
for small ey means |h| < 0.34, which is valid irrespective of ey.

It is also possible to set a lower limit to ag. Looking at Fig. 5,
we see that for lower g the convenient strip gets shifted towards
left, so that at some point it should cross the radial velocity ob-
servational limit. This occurs for ag ~ 0.1 AU. Hence we can
stress that the initial value ap must have been larger.

Giving an upper limit to ag is less easy. We first can notice
than choosing a larger ay implies a much more restricted compat-
ible range for ip. As noted above, for iy = 75°, ap = 0.287 AU is
possible, but ay = 0.574 AU is barely excluded (too high conve-
nient strip). For iy = 85° nevertheless, we tested that even fairly
large ag values (up ~10 AU) we can find a convenient strip in
(T’, m") space that falls still below the observational limits. We
may thus set an absolute upper limit to ap ~ 10 AU. However, we
must point out that for such values, we are in an extreme Kozai
regime with a very high peak eccentricity. Even if such a situa-
tion cannot be rejected, whether the onset of such a regime with
nearly orthogonal orbits is likely is questionable. Hence even if
the absolute compatible range for a is 0.1-10 AU, we may stress
that the range 0.1-0.5 AU is more probable.

As pointed out above, in all cases, the convenient strip in
(T’,m") space to allow f; to fall in the suitable time range is
quite narrow. This does not tell that the situation we are de-
scribing is improbable, as suitable configurations are possible
for a wide range of initial configurations. This tells that for any
given set of values (ag, ig, T") the mass of the companion m’
must fall around a well defined value within a factor ~1.5. We
nevertheless note that taking larger a( values leads to generate
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narrower convenient strips. This shows up already in Fig. 5d
(ap = 0.574 AU), and it is even more striking for larger ag. This
is another reason why we think that a configuration with a mod-
erate ag is more likely.

Our parametric study also shows that the evolution we de-
scribe is not the only one possible. First the initial inclina-
tion iy must be high to have a Kozai migration. Second, if the
perturber’s mass m’ is too small, there is no Kozai migration,
and if it is too high, Kozai migration is extremely rapid. Kozai
migration was also suspected to account for the misaligned sys-
tems that have been measured from Rossiter-McLaughlin ef-
fect. But among all the systems for which an obliquity with re-
spect to the stellar axis has been measured, only ~30% show
an obliquity larger than 45° (Hébrard et al. 2011). This shows
that Kozai migration is not a universal process. The limited size
of the convenient strip in our parametric study supports this idea.
Systems like GJ 436 with eccentric close-in planets, although not
unrealistic, are not expected to be numerous.

6. Conclusion

The Kozai migration scenario is a generic process that causes
inward migration of planets in non coplanar planetary systems.
This evolution is characterized by two phases, a first one with
perturbed Kozai cycles, and a second one with a more drastic
decay of the semi-major axis. In any case, the characteristic time
for this evolution can be considerably longer than the standard
tidal circularization time, providing this way a solution to the
issue of the high present eccentricity of GJ 436b. If we combine
our study and that of Montagnier et al. (in prep.), various suitable
initial configurations can be found. They all require a high ini-
tial mutual inclination (*75°), an initial orbit for GJ 436b several
times wider than today, perturber masses ranging between less
than 0.1 M}y, and 50 My,,, with orbital periods ranging between
a few years up to several hundreds. This model is also generic
enough to be invoked to explain some other puzzling cases of
high eccentricity close-in exoplanets. But for a given set of ini-
tial conditions, the orbital period and the mass of the perturber
must assume a fairly well constrained relationship, otherwize the
suspected process is either too rapid or nonexistent. This could
then explain why system like GJ 436 are not numerous.

Note that the constraint derived for i is valid for small ini-
tial eccentricity eg. The real condition is |4| < 0.3, which can be
achieved either with low e( and high iy, but also with low iy and
high ey. For small iy, |h| < 0.3 implies ¢y * 0.95. Although this
is actually just a matter of fixing the starting point on the Kozai
cycles, this has a different meaning for what concerns the for-
mation of such a planetary system. Planetary systems are usu-
ally thought to form in circumstellar disk with initial coplanar
configurations (see e.g. theoretical studies by Pierens & Nelson
2008; Crida et al. 2009). The only way to imagine an initially
inclined configuration is to assume that both planets formed in-
dependently and were assembled further to build the GJ 436 sys-
tem. This could happen for instance if GJ 436 was initially mem-
ber of a multiple stellar system. Such systems are indeed rarely
coplanar. Alternatively, the system could have formed copla-
nar but the inner planet could have been driven to high eccen-
tricity. There are many ways to achieve this. This can be done
by planet-planet scattering events or chaotic diffusion. Laskar
(1996) indeed showed (with application to Mercury, see also Wu
& Lithwick 2011) that in any planetary system, the inner planet
may be subject to drastic eccentricity increases due to secular
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chaos. Similarly, recent work on the so-called Nice model for
the formation of the solar system (Tsiganis et al. 2005; Levison
et al. 2011) have demonstrated the role of planet-planet scat-
tering among the giant planets. Mean-motion resonances can
also drive inner bodies to high eccentricities. This mechanism
was invoked to explain the suspected falling evaporated bod-
ies (FEB) scenario in the 8 Pictoris system (Beust & Morbidelli
1996, 2000).

In conclusion, an initially nearly coplanar but eccentric con-
figuration of the system appears more realistic than a highly in-
clined one. Note that this does not change anything to the fur-
ther evolution described in this paper, as Kozai cycles cause
the system to rapidly oscillate between these two extreme
configurations. Even if the system is initially nearly coplanar, it
evolves to highly inclined within half a Kozai cycle. The relevant
issue is actually the definition of the starting point. According
to Batygin & Morbidelli (2011), in all systems potentially sub-
ject to Kozai resonance, Kozai cycles are first frozen as long as
self gravity and strong planet-planet interactions induce a large
enough apsidal precession. But at some point when the system
relaxes, Kozai cycles can start, which constitutes the “starting
point” in our scenario.

The mean-motion resonance model that applies to the FEB
scenario can also provide a valuable starting point. The only re-
quirement is that both planets are initially in a mean-motion res-
onance like 4:1 ou 3:1, with a small initial mutual inclination (a
few degrees) and a small eccentricity (20.05) for the outer, more
massive planet. If this is fulfilled, the inner body is subject to an
eccentricity increase virtually up to ~1. It was shown by Beust
& Valiron (2007) that whenever it reaches the high eccentricity
state (the FEB state in the case of S8 Pictoris), it undergoes high
amplitude inclination oscillations that can be viewed as Kozai
cycles inside the mean-motion resonance. This is a kind of res-
onant version of our model that could constitute a full coherent
scenario driving the system from a coplanar and circular config-
uration to strong Kozai resonance.

The reality of this scenario will nevertheless be difficult to
test observationally. Even if the two planets are initially in mean-
motion resonance, as soon the semi-major axis of GJ 436b starts
to evolve thanks to tidal dissipation, they leave the resonance.
The present day orbital configuration keeps no memory of the
initial resonance. Assuming that we are today in the middle of
the second phase with a still significant eccentricity and an al-
ready reduced semi-major axis (by a typical factor 10), we are
now unable to distinguish between initially resonant and non-
resonant configurations. We also note from Fig. 4 that the present
day mutual inclination between the two planets should be in any
case ~20°, which makes it difficult also to distinguish observa-
tionally between coplanar (Batygin et al. 2009) and Kozai mod-
els (this work). However, as explained above, the exact charac-
terization of the apsidal behavior of the planets can lead to con-
straints on their mutual inclination. Basically, if w—@’ is close to
0 or 7, this would constitute a strong clue in favor of the coplanar
model of Batygin et al. (2009). Otherwize, this would indicate an
inclined configuration.

Before that, a crucial issue is to continue the radial velocity
and photometric follow up of GJ436. If we confirm the pres-
ence of a more distant companion, and if we are able to signif-
icantly constrain its orbit, then we will be able to test the pro-
posed scenarii into more details. This would not only resolve the
eccentricity paradox of GJ 436b, but it would also provide clues
towards the system’s past evolutionary history.
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