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Abstract: The presented work investigates the
possible formation of terrestrial planets in the exo-
planetary system HD 141399 from the dynamical
point of view. This system harbors four Jupiter-sized
gas giants at distances between 0.4 au and 4.9 au from
the star. The region between planets c (a = 0.7 au) and
d (a = 2.1 au) covers the so called habitable zone
(HZ).

Extensive n-body integrations of small bodies in
the HZ with different initial conditions are performed
in order to investigate the orbit of a possible Earth-
like planet.

We observe that the regions where the planets
form are connected to mean motion resonances
(MMR). So far, it was not possible to observe an
Earth-like planet in the system of HD 141399 but
from our results we can conclude that the formation
of terrestrial planets in the HZ would have been possi-
ble.

Introduction: Our Solar System is the most
prominent system known where terrestrial planets re-
side inside the orbits of gas giants in the so called
habitable zone (HZ). This zone was proposed by [1]
and later revised by e.g., [2] and describes the region
around a star where water can exist in liquid form on
an Earth-like planet orbiting the star. In our work we
concentrate on systems with more than one gas giant
of which several ones are known (see www.exoplan-
et.eu for more information). Of special interest to us
seems the recently discovered four-planet system HD
141399 [3].

The system: HD 141399 is a K0V star with m =
1.07 MSun, r = 1.46 rSun, and Teff = 5600 K. The system
was presented by [3] who used radial velocity data
sets to find the parameters of four planets shown in
Table 1. Interestingly the planets HD 141399 b and
HD 141399 c are close to the 2:1 mean motion reso-
nance (MMR) which might give a clue on the history
of the system.

The method: The method used for the investiga-
tion of the formation of possible terrestrial planets be-
tween planet c and d was the Lie-integration method
(e.g.,[4,5,6,7]). It is well adapted for the integration of
the equations of motion for planetary systems and
treats close encounters and collisions with high preci-
sion due to its automatically chosen step size.

Two major steps were taken: 
1) 500 massless bodies distributed randomly in the

region between 0.7 au and 2.1 au with initial
conditions for the orbital elements semi-major axis a,
eccentricities e < 0.15, inclinations i < 3° in order to
investigate the dynamics of small bodies in the belt. 

2) 500 massive bodies (approx. Moon-mass) with
the total mass of the region being 5 Earth-masses
were distributed randomly. Orbital elements were
chosen as in step 1). 

For both steps the whole system was integrated
for 1 Myr.

The belt of massless bodies: In order to have a
first overview of the dynamics of orbits inside this
belt we compute 8 x 500 massless bodies. The struc-
ture visible after end of computation time is different
from the main belt of asteroids in our Solar System
but there are gaps (where no bodies are found) and re-
gions of accumulation in certain MMRs which can be
seen in Figure 1. The gaps are analogue to the Kirk-
wood gaps observable in the asteroid belt in the Solar
System. Nevertheless, in HD 141399 they are caused
by MMRs with the planets on the border of the belt
between planet c and planet d. Perhaps, the overlap of
MMRs with planet c and MMRs with planet d is the
reason which causes the instability in the 3:1, 5:2 and
2:1 MMR with planet d. Particularly, if we notice that
these unstable MMRs are closer to planet c where the
gravitational influence from this is stronger than else-
where. Additionally, the period ratio between planet c
and planet d is close to 5:1, that is, it is absolutely
probable that in some locations the massless body
may be in one MMR with planet c and simultaneously
in another MMR with planet d. 

Some examples of terrestrial planet formation:
The number of massive bodies with the size of the
Moon diminished rather fast during the first 10 kyr of
integration because of collisions amongst each other
(causing formation of bigger planets - assuming per-
fect merging for each collision), collisions with one of
the gas giants or the star (resulting in loss of the
body), and escape from the system after a close en-

Table 1: Properties of the system HD 141399 as given
by [3]. The 3:2 MMR with planet d is marked with the
two lines separating planet c and d. 
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counter with one of the giant planets (resulting in loss
of the body, too).

    
We show one example of a simulation using mas-

sive bodies in Figure 2. One can observe that after 0.3
Myr most of the original Moon-sized objects are gone
but two massive planets were formed - one with the
mass of Mars and one with half of the mass of Earth.
They stay in stable orbits between planet c and planet
d for 1 Myr. 

Main Results for the Formation of Terrestrial
Planets: The investigation of the evolution of orbits
of massless bodies in the habitable region in HD
141399 yielded a structure with accumulations be-
tween gaps similar to the 'Kirkwood Gaps' found in
the main belt of asteroids in our Solar System - all as-
sociated to MMRs with the gas giants. 

The examination of the growth of terrestrial sized
planets found one preferred region around 1.15 au,
which is also the one where most of the massless bod-
ies survived (see Figure 3). There many terrestrial
planets formed within approximately 1 Myr. In con-
clusion we can say that terrestrial like planets may ex-
ist in the extrasolar planetary system of HD 141399
and it might even harbor life.
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Figure 1: The results of the integration of massless 
bodies between the planets c and d; the number of re-
maining bodies is plotted in a separate color for each
of the 8 runs (y-axis) versus the semi-major axis (x-
axis). The gaps and 'groups' are very well visible. The
numbers describe the resonances with planet d. Note 
that the green numbers show stabilizing resonances, 
while the red numbers show destabilizing resonances.

Figure 3: Accumulated bodies of 45 different runs 
with initially 500 Moon-sized bodies between planet c
and planet d after 1 Myr. Mass is plotted versus semi-
major axis. The black vertical lines indicate the orbit 
of two of the Jupiter-like planets. One can see, that 
some planetesimals orbit as Trojans of planet c and d.

Figure 2: Orbits of bodies between 0.1 to 1 Myr: time
versus semi-major axis; many bodies escape between 
0.1 and 0.35 Myr. Two - now terrestrial planets - sur-
vive between planet c and planet d.
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