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Abstract
Among the different final architectures of planets af-
ter either a chaotic phase of evolution (Planet–Planet
scattering) or gas–driven migration, there are cases in
which two planets end up orbiting very close to the
star. In these configurations, the induced precession of
the periapsis of the inner body due to General Relativ-
ity may significantly affect the classical secular evolu-
tion of the pair by altering both the main secular fre-
quencies and the proper and forced eccentricity values.

1. Introduction
Planet–planet scattering, a mechanism initially in-
voked to explain the high orbital eccentricities ob-
served among extrasolar planets, has also revealed the
ability to drive planets very close to the star, once cou-
pled to tides. Starting from a system of three plan-
ets, the two survivors at the end of the chaotic pahse
may end up on close orbits whose evolution is deter-
mined not only by the mutual gravitational interac-
tion but also by the effects of General Relativity (here-
inafter GR). In this scenario, the classical secular the-
ory usually adopted to predict their orbital evolution
may not be accurate because of the periapsis preces-
sion induced by GR. A similar outcome may also be
the result of gas driven migration where a pair of plan-
ets are taken very close to the star before the dissipa-
tion of the gaseous disk.

2.
In the framework of the second order secular theory of
Laplace–Lagrange, the equation for the non–singular
variables hi = eisin(i), after the inclusion of the GR
term, becomes:
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where ki = eisin(̟i), while the matrices Ai,j are
given in [2] and are only functions of the semimajor
axes and masses of the two planets. The additional
term due to GR causes a change in the secular frequen-
cies and a reduction of the half-width of the secular os-
cillation. This theory works only for small eccentricity
of the planets. If the eccentricity of the inner planet is
high, the situation becomes more complex since the
second order secular theory does not properly work at
high eccentricities and higher order expansions of the
perturbative potential are required as suggested in [1].
In these cases we resort to direct numerical integration
of the planet motion.

3. Numerical modeling
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Figure 1: Secular evolution of the eccentricity of the
inner planet of a pair whose orbits have been integrated
with and without the GR term. The semimajor axis of
the inner planet is a1 = 0.1 au while its eccentricity
is set to e1 = 0.15 and e1 = 0.3 in the two different
cases. The outer planet has a2 = 1.5 au and its eccen-
tricity is e2 = 0.1. The mutual inclination is initially
set to 3o.

We have used a numerical integration code based on
the Hermite algorithm that includes the effects of gen-
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Figure 2: Same as in Figure 1 but the semimajor axis
of the inner planet has been shifted outward to a1 =
0.2 au to show that GR is relevant even further out.
The initial eccentricities of the planets are e1 = 0.6
and e1 = 0.8 while that of the outer planet is fixed to
e2 = 0.1.

eral relativity, computed with the PN approximation,
and dynamical tides [3].

In Figure 1 we illustrate the secular behaviour of the
inner planet with and without the GR term. The eccen-
tricity is low on average and the behaviour is well de-
scribed by the Laplace–Lagrange theory and a shrink-
ing of the proper oscillation is observed, as expected.
When the eccentricity of the inner planet is raised, as
shown in Figure 2, a significant increase of the forced
eccentricity is observed, which is not predicted by the
classical theory, and, on average, the eccentricity is
higher than in the pure N–body case. If the tidal inter-
action with the star is included in the numerical model,
this higher eccentricity leads to a faster inward migra-
tion, as shown in Figure 3.

4. Summary and Conclusions
Preliminary calculations have shown that GR signif-
icantly affects the secular evolution of two planets
orbiting close to the star. While for low eccentric-
ities the behaviour can be interpreted with the in-
clusion of a diagonal term in the secular theory of
Laplace–Lagrange, for high eccentricities the situation
is more complex. We will present additional simula-
tions where we will try to formulate a theory able to
predict the observed increase of the forced eccentric-
ity of the inner planet. This is an important effect since
it leads to a reduction of the tidal migration timescale.
In addition, the interpretation of TTV (Transit Time

 0.68

 0.72

 0.76

 0.8

 200  400  600  800  1000  1200  1400

E
cc

en
tr

ic
ity

Time (Kyr)

NO-REL
REL

 0.08

 0.084

 0.088

 0.092

 0.096

 0.1

 200  400  600  800  1000  1200  1400

a 
(a

u)

Time (Kyr)

NO-REL
REL

Figure 3: As in Figure 2 but the semimajor axis of the
inner planet is set initially to 0.1 au and tidal forces are
included.

Variations) data will be more accurate.
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