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Abstract In thisarticlewe examine, that terrestrial planets in extrasolar planetary systems
can have stable orbits in the 1:1 mean-motion-resonance (MMR) with a Jovian
like planet. In our stabilit y study of the so-called Trojan planets in the habitable
zone, weused therestricted three-body problem with different massratiosof the
primary bodies. The application of the three-body problem showed that even
very massive Trojan planets can be stable in the 1:1 MMR. From the approxi-
mately 145extrasolar planetary systemswith about 170 planetsonly 15systems
were foundwhere agiant planet is in the habitable zone. In our numerical stud-
ieswe examine theorbital behaviour and the sizeof the stable zone respectively
of extrasolar systemswheretheinitial orbit of thegasgiant liesfully in thehabit-
able zone. The investigation of either the initial mean anomaly (M) or the initial
argument of perihel (ω), showed, that the variation of ω yield more stable orbits
than the variation of M.
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1. Habitableplanets

Today we have only observational evidence of extrasolar planets of 7 earth
masses(Gliese876 d) andlarger. The sizeof such planets is to largefor forma-
tion of li fe and only a few of theseplanets lie in the ’Habitable Zone’ (=HZ1).
That’s the reason why a study of dynamical stabilit y of possible additional ter-
restrial planets (planets with a size comparable to Earth) is ahypothetical one.
But what we can dois to ask, which dynamical configurations are possible to
host a habitable planet in the HZ of an extrasolar planetary system? From the
dynamical point of view, there are four possible configurations for terrestrial
like planets in the HZ (shown in Fig. 1).
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Figure 1. Four different classes of orbits where possible terrestrial planets may exist.

1 The HZ is outside the giant planet (=OHZ): Most of the discovered gas
giant (=GG) planets arelocated very closeto their star. From thedynam-
ical point of view, theremay exist terrestrial planets with stable orbits in
the HZ and sufficiently small eccentricity over time scaleslong, enough
to develop abiosphere.

2 The solar configuration (=SOL): When a Jupiter like planet movesfar
enoughfrom its central star to allow additional planets moving onstable
low eccentric orbits closer to the star inside theHZ.

3 The satellit e configuration (=SAT): A terrestrial planet that orbits aGG
in theHZ (astheonesorbiting Jupiter, e.g. Europa) could have the right
conditions to develop abiosphere.

4 TheTrojan configuration (=TROJ): When theGGmovesin thehabitable
region a terrestrial Trojan planet may move in a stable orbit aroundthe
Lagrangian equili brium points L4 or L5.

MenouandTabachnik (2003) quantified the dynamical habitabilit y of extra-
solar planetary systems in general via simulations of their orbital dynamics in
thepresenceof potentially habitable terrestrial plantes. TheOHZ and theSOL
configurations have been the subject of a number of investigations (e.g. Sán-
dor(2006), Érdi and Pál (2003), Pál and Sándor (2003), Dvorak et al. (2003a,
2003band 2004)). If the gravitational zone of a GG overlaps with that of a
terrestrial planet in the HZ, gravitational perturbation can push the terrestrial
planet out of the HZ. For this reason, we focus our work on the dynamical
stabilit y of theTROJ configuration, in which possible terrestrial planetshave a
1:1 MMR with a GG. Nauenberg (2002) founda stable configuration for mo-
tions in the 1:1 MMR, where the more massive planet has an almost circular
orbit, while the smaller body has ahigh eccentric orbit. Further investigations
of the TROJ configuration focused onTrojan planets in the HZ (Érdi and Sán-
dor (2005)). We are mainly interested in Trojan planets in 1:1 MMR with a
GG that moves fully in the HZ. The main goal was to seehow many orbits
(of the Trojan planets) of the stable region are fully in the HZ after the calcu-
lation. These stable orbits are amain requirement for a possible formation of
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li fe. Laughlin and Chambers (2002) considered the possibilit y of two planets
in a 1:1 MMR as aresult of an interaction with the protoplanetary accretion
disc. We emphasize that the discussion of habitable regions arounda host star
is an interdisciplinary one: astrophysics is involved, becausethe spectral type
and the age of the host star define the HZ (e.g., Lammer et. al. (2003)), atmo-
spheric chemistriy is fundamental when we considering planetary habitabilit y
(e.g., Kastinget. al. (1993)), andastrodynamicsis important with regard to the
determination of the orbital stabilit y.

2. Numerical setup

More than 170 extrasolar planetary systems were discovered (Extrasolar
planets catalogue maintained byJean Schneider2), 14systems arebinaries and
18aremultiplanetary systems. Only 10single-star systemshave agiant planet
in theHZ andan initial eccentricity smaller than 0.3, which is important for the
stabilit y (seeSchwarz, 2005 p.65). We selected in Table 1 six planetary sys-
tems, namely HD93083, HD17051, HD28185, HD108874andHD27442(the
bold written), for which the initial orbit li esfully in the HZ. We studied their
sizeof the stabilit y region by using direct numerical integrations of the equa-
tion of motion. The other systems which liesonly partly in the HZ were also
investigated, seeSchwarz et al. (2005a) andSchwarz (2005b). The integration
was carried out with theLIE-integration method –which uses an adaptive step
size (Hanslmeier and Dvorak, 1984; Lichtenegger, 1984) – in the dynamical
model of the elli ptic restricted three-body problem consisting of the central
star, the GG and a hypothetical (massless) terrestrial planet. The integration
timewasup to 105 years.

2.1 Initial conditions

Wehave taken the following initial conditions for the terrestrial planet: first,
the semimajor axis of the masslessplanet (starting at the fixed semimajor axis
of the GG) was computed for a grid with ∆a = 0.003AU . The argument of
pericenter ω of the masslessplanet extends from 20◦ to 140◦ and has agrid-
sizeof ∆ω = 2◦. The extension and the geometry of the stable region for the
Trojan planet of several extrasolar systems varies. We change the number of
the calculated orbits for each system to reducethe calculation-time (the larger
the unstable region the more calculation-time were needed). During the inte-
gration time, the largest value of the eccentricity (=emax) of the hypothetical
Trojan planet wasdetermined. The so called maximum eccentrictiy method
(=MEM) shows how much the orbit differs from the circular one. For larger
eccentricities it becomesmore probable that the asteroids have close encoun-
ters andcolli sions. The stabilit y criterion for aTrojan was, that the eccentricity
should not exceed e=0.5; this isgoodmeasurewhich weretested andcompared
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to other definitions like crossing the line of syzygy ( alignment of Sun, Jupiter
and the Trojan).

Table 1. List of all single GG moving in the HZ of their host stars, depending onthe spectral
type the host stars. Main parameters: 1st column: Name, 2nd column: spectral type, 3rd
column: massof the star, 4th column: the minimum massof the giant planet [=Mjup], 5th
column: distance(semimajor axis a[AU]) from the central star, 6th column: initial eccentricity
of the extrasolar planet, 7th column: extension of the HZ [AU], and 8th column: partly inside
the HZ at the beginning (initial conditions) in [%] .

mass mass a HZ partly
Name Spec. [Msol] [Mjup] [AU] e [AU] in HZ

[%]
HD93083 K3V 0.70 0.37 0.48 0.14 0.40-1.30 100
HD134987 G5V 1.05 1.58 0.78 0.24 0.75-1.40 58
HD17051 G0V 1.03 1.94 0.91 0.24 0.70-1.30 100
HD28185 G5 0.99 5.7 1.03 0.07 0.70-1.30 100
HD108874 G5 1.00 1.65 1.07 0.20 0.70-1.30 100
HD27442 K2IVa 1.20 1.28 1.18 0.07 0.93-1.80 100
HD188015 G5IV 1.08 1.26 1.19 0.15 0.70-1.60 100
HD114783 K0 0.92 0.99 1.20 0.10 0.65-1.25 50
HD20367 G0 1.05 1.07 1.25 0.23 0.75-1.40 76
HD23079 (F8)/G0V 1.10 2.61 1.65 0.10 0.85-1.60 35

3. Global results

The stabilit y region aroundthe Lagrangian points was studied in the model
of the elli ptic restricted three-body problem by many investigations (e.g. Rabe,
1967, Lohinger and Dvorak, 1993 etc.). Furthermore, a study by Marchal
(1991) wasundertaken in the framework of the general three-body problem
(wherem3 > 03). Theseresultswereused to show thepositions – in the stable
zone (seeFig. 2) – of all extrasolar systemswhere thegasgiant isnear theHZ.
This is given in Table 1, where m3 is equal to one earth mass. Therefore it is
necessary to define the massparameter µ throughthe equation

µ =
m2 + m3

M
+ m2 · m3 + O

(

m3
2
· m3

m4
1

)

(1)

which is used instead of the massratio in the elli ptic restricted three-body
problem. The stabilit y zone (Fig. 2 depending onthe massparameter µ and
the eccentricity show that all selected extrasolar systems of Table 1 lie in the
zone of stable motion. Only HD141937(partly in the HZ) which has aplanet
with 9.7 Jupiter massesis closeto the border (seeFig. 2) of unstable motion.
Consequently all planetary systems with one planet in the HZ can have stable
Lagrangian points (L4 andL5).
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We conclude that orbits of hypothetical Trojan planets with a small i nitial
µ and e are stable. The stabilit y analysis doesnot give any information about
the extension of the stable region aroundthe equili brium points. A more de-
tailed answer can be given with the results of numerical simulations of each
extrasolar systems under consideration shown in the next paragraph.

Figure 2. Stabilit y zone depending onthe massparameter µ and the eccentricity e.

4. Results

Table 1 shows the parameters of all studied single4 extrasolar systems. The
six selected extrasolar planetary systems– printed in bold in Table1 – haveone
GGlyingat the starting positions fully in theHZ. Notethat from thedynamical
point of view there isno differenceto the other systems.

4.1 HD17051

HD17051is aG0V star with one solar mass(Msun=1.03) which hosts aGG
of 1.94Jupiter masses(=Mjup) onaneccentric orbit (e=0.24) witha semimajor
axis of a=0.91AU. This system was calculated for 0.1Myrs, to seehow the
stabilit y region shrinks – this is shown by the number of stable orbits – (see
Table 2). To get the number of stable orbits it wasnecessary to determine the
value of emax after 0.1Myrs (this new emax of the stable region ranges from
0.06 to 0.32), asit is shown in Table 2. New emax means that we set the upper
limit for the Trojans eccentricity so that they are still i n the region of stable
motion (more details about the MEM are shown in Sec. 2.1).
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The results are shown in Fig. 3 and Fig. 4, wherewe can see a convex struc-
turewhich extendsfrom ω = 25◦ to35◦. The convex structure isgettingflatter,
if the initial eccentricity is very small . After this convex region (well visible
in Fig. 4) the value of emax risesup to 0.32. Our calculations also revealed
that the emax of the stable region wastwice aslarge asthat of the eini (shown
in Table 2), a result that ill ustrates how the size of the stable region and the
value of emax depends on eini . The numerical simulation shows that the stable
region extends from ω = 20◦ to 65◦ and the semimajor axis from a=0.89[AU]
to 0.94[AU]. We can conclude that 17% or 286 orbits of the 1680calculated
ones are stable.

Figure 3. This figure shows system HD17051for a computation time of 0.1 Myrs. The light
region is the most stable whereas the dark region indicates chaotic motion.

4.2 Stabili ty regionsof HD93083 and HD27442

Both extrasolar systems have main sequence stars, but no sun like spectra.
HD27442 has alarge stable region, becausethe new emax (shown in Table 2)
of the Trojan planet is very small and liesfully in the HZ after 0.1Myrs (see
Fig. 6). The stable region of HD93083which is smaller has an elongated
shape (seeFig. 4). That’s the reason, becausethe GG is very closeto the star
(a=0.48AU) and has arelatively large initial eccentricity (e=0.14) shown in
Table 1. The new emax (seeTable 2) of the stable region go upto 0.26, but
neverthelessthe orbits lie 96 percent in the HZ.
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Figure 4. Shows a 3D depiction for the system HD17051. A large MEM indicates unstable
motion.

Table 2. List of all results for four of the systems listed in Table 1, which ill ustrates the ex-
tension of the stable region of the Trojan planets after 0.1Myrs. 1st column: name of the
investigated system, 2nd column: inital eccentricity of the GG, 3rd column: new emax of the
stable region, 4th column: number of the stable orbits vs. the calculated one, 5th column: min-
imum of the perihel with the new emax, 6th column: maximum of the aphel with the new emax,
7th column: partly in the HZ [%] after 0.1Myrs. The number of the calculated orbits were
changed, because of the different geometry of the stable regions.

System eini new Number of min. of max. of par tly in
emax stableorbits theperihel theaphel theHZ

/calc. orbits [AU] [AU] [%]
HD93083 0.14 0.00 - 0.26 318/ 2580 0.36 0.61 96
HD17051 0.24 0.06 - 0.32 286/ 1800 0.62 1.20 87
HD28185 0.07 0.02 - 0.19 555/ 1800 0.83 1.23 100
HD108874 0.20 0.11 - 0.30 421/ 2000 0.76 1.38 87
HD27442 0.07 0.00 - 0.19 360/ 2000 0.96 1.40 100
HD188015 0.15 0.00 - 0.25 684/ 2250 0.89 1.49 100

4.3 Stabili ty regions of HD108874 and HD188015

From the examination of HD108874and HD188015- both are main se-
quence stars (G5) - followed that the Trojan planets of the GGs are mainly
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Figure 5. System HD93083for a computation time of 0.1Myrs. The light region is the most
stable whereas the dark region inidcates chaotic motion.

Figure 6. System HD27442for a computation time of 0.1Myrs. The light region is the most
stable whereas the dark region indicates chaotic motion.

in the HZ with a new emax (seeTable 2) not higher than 0.29. The results are
shown in Table2 or Fig. 7 for HD108874andFig. 8 for HD188015. Theresults
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show that the system HD108874 has alarge stable region, but liesonly partly
in the HZ, becausethe new emax is to large. WhereasHD188015 has alarge
stable region which liesfully in theHZ. We investigated Trojan like motion in
10 single planetary systems where the initial eccentrictiy is not larger than 0.3
and the gasgiant liespartly or fully in the HZ. Than we selected 6 systems,
where the gasgiant lies also mainly in the HZ. Numerical simulations show,
how much orbits of the Trojan planet lie in the HZ after an integration time
of 0.1Myrs. That happens if the new emax continues(during the integration)
very small so that the stable region in the HZ becomesvery large. We found
out that from the six selected extrasolar systems only three extrasolar systems
are completely inside theHZ (seeTable2), but only two of them haveSun like
spectra.

Figure7. Stabilit y region for the system HD108874for a computation timeof 0.1Myrs. The
light region is the most stable whereas the dark region indicates chaotic motion.

5. Influenceof theorbital elementsM and ω

In thelast chapter the size andstructureof the stable zoneswereinvestigated.
This wasdone by the variation of ω, but former investigations (seeSchwarz
2005a and Schwarz et al. 2005b) used the variation of M. Now we are able to
compare the variation of this two parameters and show if there is any differ-
ence. A variation of of M changesthe location of the Trojans whereas, if we
usetheorbital element ω we change the location of theTrojans elli pse. Table3
shows the calculation of the four extrasolar systems. In this table we compare
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Figure8. Stabilit y region for the system HD188015for a computation timeof 0.1Myrs. The
light region is the most stable whereas the dark region indicates chaotic motion.

the number of stable orbits for M and ω. It is well visible, that the number of
stable orbits is larger for ω than for M. This can also be seen in the new emax

of the stable region. New emax hastwo values,becausethe eccentricity of the
stable region isnot homogeneous (Table3 shows two valuesthe upper and the
lower limit of the new emax). Therefore we have an example HD17051, were
the Fig. 3 and Fig. 4 showshow the new emax is distributed.

Now I want to present the interaction of the initial M vs. the initial ω (shown
in Fig. 8). The comparison of both orbital elementswasdone for the extrasolar
system HD17051for an integration time of 104 years (initial conditions see
Table1). Theω andM extendsfrom 0◦ to360◦ and have agridsizeof ∆ω = 4◦

and ∆M = 4◦. The first thing to notice is that in Fig. 9 we have two stable
diagonal regions. Theleft region(goesfrom ω = 275◦ toM=275◦, thewidth of
the stable region is approximately between +-25◦) showstheL5 regionandthe
right one(ω = 50◦ to M=50◦ thewidth is also +-25◦) that of L4. There are also
two small stable regions in the left lower corner and in the right uper corner,
which belongsto theL4 andL5 regions. Another investigation of the extrasolar
systems (HD 28185) shows that the stable region (of ω vs. M) depends on the
massof the gasgiant (HD28185 has avery massive gasgiant Mjup = 5.7)
and the eccentricity of both (Trojan planet and gasgiant). This investigation
(shown in Fig. 10) was undertaken for a smaller gridsize of ∆ω = 2◦ and
M=2◦ and also for an integration time of 104 years. For higher eccentricities
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the continous stable region will splitted in to two islands (seeFig. 10, lower
panel). We can conclude that there exist for a massof the gasgiant of about
Mjup = 6 and an initial eccentricity higher 0.15 nocontinous stable region.
Thefact that wehave alinear continous stable regionfor theLagrangian points
give us the possibilit y to depict ω and M in a simple ratio. This could be
used for future calculations to vary both orbital elements (ω andM) during the
integrations.

Table 3. Results of four systems listed in Table 2, which ill ustrates the extension of the sta-
ble region of the Trojan planets after 0.1Myrs for the variation of the mean anomaly and the
argument of perihelion. 1st column: nameof the investigated system, 2ndcolumn: inital eccen-
tricity of the GG, 3rd column: new emax of the stable region for the mean anomaly, 4th column:
new emax of the stable region for the argument of the perihel, 5th column: number of the calcu-
lated orbits, 6th column: Nr. of stable orbits for M, 7th column: Nr. of stable orbits for ω, The
number of the calculated orbits were changed, because of the different geometry of the stable
regions.

System eini new new Nr. of Nr. of Nr. of
emax emax calc. stableorbits stableorbits
of M of ω orbits for M for ω

HD17051 0.24 0.4 - 0.5 0.06 - 0.32 1800 73 286
HD28185 0.07 0.1 - 0.2 0.02 - 0.19 1800 161 591
HD108874 0.20 0.3 - 0.4 0.11 - 0.29 2000 159 421
HD27442 0.07 0.1 - 0.15 0.00 - 0.19 2000 926 1259

Figure 9. Stabilit y region for the system HD17051for a computation time of 10
4 yrs. The

light region is the most stable whereas the dark region indicates chaotic motion.
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Figure 10. Stabilit y region for the system HD28185for a computation time of 10
4 yrs and

different initial eccentricities: eini = 0 (upper Figure), eini = 0.07 (middle Figure) and eini =

0.15 (lower Figure). Thelight regionisthemost stablewhereasthedark regionindicateschaotic
motion.

6. Discussion

We investigated Trojan like motion in 10 extrasolar planetary systems by
using the restricted threebody problem. The GG of the selected systems are
partly or fully in the HZ and the initial eccentricity dont exceed the value of
0.3. We checked the extrasolar sytems - by using the studiesof Marchal - in
the 1:1 MMR for the selected systems, where the gasgiant moves near the
HZ. We can conclude that only one of the investigated systems have no stable
region (HD 141937) and that the stable region of theTrojan planets aregetting
smaller with larger valuesof µ and e (seeFig. 2).

Numerical simulation were done to investigate the dynamical stabilit y of
six extrasolar planetary systems, which lie fully in the HZ. The MEM were
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used to detemine the stabilit y of the Trojan orbits. We find out that three sys-
tems dynamical li e completely in the HZ after a calculation time of 0.1Myrs
(HD28185, HD108815and HD27442), but only two of them have Sun like
stars (HD28185and HD108815). The other three systems could also be can-
didates for habitable Trojan planets, because the stable orbits lie 87 percent
(HD17051and HD108874) and 96 percent (HD93083) in the HZ. Another
part of this work was to investigate the interaction, if we change the initial
mean anomaly (M) or the initial argument of perihel (ω) during the calcula-
tion. The comparison of both orbital elements was done for the extrasolar
system HD17051andHD28185for an integration timeof 104 years. We could
find out that, if we vary the ω there are much more stable orbits than for M.
Because of that, future calculations should include both orbital elements, to
become amore realistic simulation. Therefore further calculations should be
done to analysethe stabilit y region of ω andM for different masses, eccentric-
ties and inclinations.
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Notes

1. i.e. the region where possible terrestrial plantes can have (a) liquid water on the surface and (b) a
stable atmosphere shown in Fig. 1

2. TheExtrasolar Planets Encyclopedia at http://www.obspm.fr/encycl/encycl.html

3. A thrid body, which always remains in the orbital plane of the primaries, feels their gravitaional
attraction, but does not influencetheir motion, because themassis very small

4. that means only oneplanet in these extrasolar systems is known.
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