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Abstract Inthisarticle we examine, that terrestrial planetsin extrasolar planetary systems
can have stable orbits in the 1:1 mean-motion-resonance (MM R) with a Jovian
like planet. In ou stability study o the so-cdled Trojan planets in the habitable
zone, we used the restricted threebody roblem with diff erent massratios of the
primary bodes. The gplicaion o the threebody poblem showed that even
very massve Trojan planets can be stable in the 1:1 MMR. From the goproxi-
mately 145extrasolar planetary systemswith about 170 danetsonly 15 systems
were foundwhere agiant planet isin the habitable zone. In our numericd stud-
ieswe examine the orbital behaviour and the size of the stable zone respedively
of extrasolar systemswheretheinitial orbit of the gasgiant liesfully in the habit-
able zone. Theinvestigation d either the initial mean anomaly (M) or theinitial
argument of perihel (w), showed, that the variation of w yield more stable orbits
than the variation o M.
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1. Habitable planets

Today we have only obsevational evidence of extralar planets of 7 eath
massegGliese876 d andlarger. The gzeof such planetsisto large for forma-
tion d life and orly afew of theseplanets lie in the 'Habitable Zone' (=HZ1).
That's the rea®n why a sudy o dynamicd stability of posgble alditional ter-
redria planets (planets with a 9ze mmparable to Earth) is ahypaheticd one.
But what we can dois to ak, which dynamicd configurations ae possble to
host a habitable planet in the HZ of an extraslar planetary system? From the
dynamicd point of view, there ae four posshle configurations for terredrial
like planetsin the HZ (shown in Fig. 1).
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Figurel. Four different classes of orbits where posgble terrestrial planets may exist.

1 The HZ is outside the giant planet (=OHZ): Most of the dismvered gas
giant (=GG) planets aelocated very closeto their star. From the dynam-
icd paint of view, there may exist terredria planets with stable orbitsin
the HZ and sufficiently small eccentricity over time scéeslong enough
to develop a biosphere.

2 The lar configuration (=SOL): When a Jupiter like planet movesfar
enoughfrom its central star to allow additional planets moving onstable
low eccantric orbits dose to the dar inside the HZ.

3 The saéllite configuration (=SAT): A terredria planet that orbits aGG
in the HZ (asthe onesorbiting Jupiter, e.g. Europa) could have the right
condtions to develop a biosphere.

4 TheTrojan configuration (=TROJ): When the GG movesin the habitable
region aterredrial Trojan planet may move in a gable orbit aroundthe
Lagrangian equili brium points L4 or Ls.

Menouand Tabadnik (2003 quantified the dynamicd habitability of extra-
solar planetary systemsin genera via smulations of their orbital dynamicsin
the preseance of potentialy habitable terredrial plantes The OHZ and the SOL
configurations have been the subjed of a number of invedigations (e.g. San-
dor(2006, Erdi and P4 (2003, P4 and Sanda (2003, Dvorak et a. (2003,
2003band 2009). If the gravitational zone of a GG overlaps with that of a
terredria planet in the HZ, gravitational perturbation can push the terredrial
planet out of the HZ. For this rea®n, we focus our work on the dynamicd
stability of the TROJ corfiguration, in which possble terredrial planets have a
1:1 MMR with a GG. Nauenberg (2002 founda dable configuration for mo-
tionsin the 1:1 MM R, where the more mass$ve planet has an ailmost circular
orbit, while the snaler body has ahigh eccantric orbit. Further invedigations
of the TROJ corfiguration focused on Trojan planets in the HZ (Erdi and San-
dor (2005). We ae mainly intereged in Trojan planets in 1:1 MMR with a
GG that movesfully in the HZ. The main goal wasto seehow many orbits
(of the Trojan planets) of the dable region are fully in the HZ after the cdcu-
lation. These table orbits ae amain requirement for a possble formation o
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life. Laughin and Chambers (2002 considered the posshility of two planets
inal:l MMR as areallt of an interadion with the protoplanetary acaetion
disc We anphaszethat the disausson o habitable regions aounda haost star
is an interdisdplinary one: agrophysicsisinvolved, becaisethe edra type
and the age of the host star define the HZ (e.g., Lammer et. a. (2003), atmo-
spheric chemistriy is fundamental when we considering danetary habitability
(e.g., Kadinget. a. (1993), and adrodyramicsisimportant with regard to the
determination d the orbital stability.

2. Numerical setup

More than 170 extralar planetary systems were discovered (Extrasolar
planets caalogue maintained by Jean Schneider?), 14 systems ae binaries and
18 are multi planetary systems. Only 10 singe-star systems have agiant planet
intheHZ and aninitia eccantricity smaller than 0.3, which isimportant for the
stability (seeSchwarz, 2005 p65). We séeded in Table 1 six planetary sys-
tems, namely HD93083 HD17051 HD28185, HD108874and HD27442(the
bald written), for which the initial orbit liesfully in the HZ. We gudied their
size of the gability region by wsing dred numericd integrations of the eque-
tion o motion. The other systems which liesonly partly in the HZ were dso
invedigated, seeSchwarz & al. (2005) and Schwarz (20050. The integration
was caried ou with the L1E-integration method —which uses @& adaptive gep
size (Handmeier and Dvorak, 1984 Lichtenegger, 1984 — in the dynamicd
model of the dliptic redricted threebody poblem consisting o the centra
star, the GG and a hypaheticd (massesy terredrial planet. The integration
timewasupto 10° yeas.

2.1 Initial conditions

We have taken the following initial conditions for the terredrial planet: first,
the semimgjor axis of the massessplanet (starting at the fixed semimajor axis
of the GG) was omputed for agrid with Aa = 0.003AU. The agument of
pericenter w of the massessplanet extends from 20° to 140° and has agrid-
szeof Aw = 2°. The extension and the geometry of the gable region for the
Trojan planet of severa extraolar systems varies We dchange the number of
the cdculated orbits for ead system to reduce the cdculation-time (the larger
the unstable region the more cdculation-time were needed). During the inte-
gration time, the largeg value of the eccatricity (=emax) Of the hypaheticd
Trojan planet wasdetermined. The 0 cdled maximum eccantrictiy method
(=EMEM) shows how much the orbit differs from the drcular one. For larger
eccatricitiesit beamesmore probable that the aseroids have dose excoun
ters and callisions. The dability criterion for a Trojan was that the eccatricity
shoud na exceal e=0.5; thisisgoodmeasire which were teded and compared
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to ather definitions like aossng the line of syzygy ( @ignment of Sun, Jupiter
and the Trojan).

Tablel. Listof al singe GG movinginthe HZ of their host stars, depending onthe spedral
type the host stars. Main parameters: 1st column: Name, 2nd column: spedral type, 3rd
column: massof the star, 4th column: the minimum mass of the giant planet [=M;.,], 5th
column: distance (semimajor axis a/AU]) from the central star, 6th column: initial eccentricity
of the extrasolar planet, 7th column: extension d the HZ [AU], and 8th column: partly inside
the HZ at the beginning (initial condtions) in [%)] .

mass mass a HZ partly
Name Spec [Msor] [Mjup] [AU] e [AU] inHZ
[%]
HD93083 K3V 0.70 037 048 014 040-1.30 100
HD134987 GhV 1.05 158 078 024 075140 58
HD17051 Gov 1.03 194 091 024 070130 100
HD28185 G5 0.99 57 103 007 070130 100
HD108874 G5 1.00 165 107 020 070130 100

HD27442 K2lVa 120 128 118 007 093180 100
HD188015 G5V 1.08 126 119 015 070160 100
HD114783 KO 0.92 099 120 010 065125 50
HD20367 GO 105 107 125 023 075140 76
HD23079 (F8)/GOV 110 261 165 010 085160 35

3. Global results

The gability region aroundthe Lagrangian pants was suded in the model
of the dli ptic regricted threebody problem by many invedigations (e.g. Rabe,
1967 Lohinger and Dvorak, 1993 etc.). Furthermore, a dudy by Marcha
(1997 was uncertaken in the framework of the genera threebody problem
(where msz > 0%). Theseresilts were used to show the pasitions —in the gable
zore (seeFig. 2) — of al extralar systems where the gasgiant is nea the HZ.
Thisisgiven in Table 1, where mg is equal to ore eath mass Thereforeitis
necessey to define the massparameter 1 throughthe equation

3
M:W%-mmm?ﬂ-O(m?m?S) 1)
which is usel instead of the massratio in the dliptic redricted threebody
problem. The gability zone (Fig. 2 depending onthe massparameter 1 and
the eccaeatricity show that al sdeded extraglar systems of Table 1 lie in the
zore of stable motion. Only HD141937(partly in the HZ) which has aplanet
with 9.7 Jupiter masseds doseto the border (seeFig. 2) of unstable motion.
Consegquently al planetary systems with ore planet in the HZ can have gable
Lagrangian pants (L4 and Ls).
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We oonclude that orbits of hypaheticd Trojan planets with a anall initial
1 and e ae dable. The dability analysis doesnat give any information about
the extension d the gable region aroundthe eguili brium paoints. A more de-
tailed answer can be given with the reaults of numericd simulations of ead
extraslar systems under consideration shown in the next paragraph.

049
unstable motion
0,8
o 0.7
%‘ 06
= 0,5 & HD E3083
g, i stable motion o HD 155015
E 0'4-:‘ o HD 17051
i = HD 25185
821" + HD 105374
ot + HD 2742
01 s . _
* partly n the HE
i} ; ; : |
L 0,m 0,02 0.0z 004 005

Mass parameter .

Figue2. Stability zone depending onthe massparameter 1. and the eccaetricity e.

4. Results

Table 1 shows the parameters of all studied single* extraslar systems. The
six sdeded extraslar planetary systems— printed in bdd in Table 1 — have one
GGlyingat the darting pasitions fully inthe HZ. Note that from the dynamica
point of view there is no dfferenceto the other systems.

4.1 HD17051

HD17051is aGOV star with ore lar mass(M,,,,=1.03) which hosts aGG
of 1.94 Jupiter masseg=1/;,,;,) onan eccatric orbit (e=0.24) with a semimajor
axis of a=0.91AU. This g/stem was céculated for 0.1 Myrs, to seehow the
stability region shrinks — this is shown by the number of stable orbits — (see
Table 2). To get the number of stable orbits it wasnecessey to determine the
value of ema after 0.1 Myrs (this new ema Of the gable region rangesfrom
0.06t0 0.32), asitis shown in Table 2. New e means that we se the upper
limit for the Trojans eccatricity so that they are dill i n the region o stable
motion (more detail s &oou the MEM are shown in Sec 2.1).
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Thereallts ae hown in Fig. 3 and Fig. 4, where we can see a onvex struc-
turewhich extends from w = 25° to0 35°. The mnvex structure is getting flatter,
if theinitial eccentricity is very small. After this convex region (well visible
in Fig. 4) the value of ema risesup to 0.32. Our cdculations dso reveded
that the emax Of the gable region wastwice aslarge asthat of the ej (shown
in Table 2), areult that ill ustrates how the sze of the gable region and the
value of emax depends on ej. The numericd simulation shows that the dable
region extends from w = 20° to 65° and the semimajor axis from a=0.89[AU]
to 0.94[AU]. We can conclude that 17% or 286 abits of the 1680 cdculated
ones ae dable.
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Figure3.  Thisfigure 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 regions of HD93083 and HD27442

Both extraslar systems have main sequence gars, but no sun like gedra.
HD27442 tas alarge dable region, becaisethe new ema (shown in Table 2)
of the Trojan planet is very small and liesfully in the HZ after 0.1 Myrs (see
Fig. 6). The gable region d HD93083which is gnaler has a elongated
shape (seeFig. 4). That's the rea®n, becaisethe GGis very closeto the dar
(a=0.48AU) and has arelatively large initial eccantricity (e=0.14) shown in
Table 1. The new emx (seeTable 2) of the dable region go upto 0.26, but
neverthelessthe orbits lie 96 percent in the HZ.
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Figure4.  Shows a 3D depiction for the system HD17051 A large MEM indicaes unstable
motion.

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

System €ini new Number of min. of max. of  partlyin
€max stableorbits theperihel theaphel  theHZ
/cdc. orbits [AU] [AU] [%0]
HD93083 014 000-0.26  318/2580 036 061 96
HD17051 024 006-0.32  286/1800 062 120 87
HD28185 007 002-0.19  555/1800 083 123 100
HD108874 (20 011-0.30  421/2000 Q076 138 87
HD27442 007 000-0.19 360/ 2000 096 140 100
HD188015 (15 000-0.25  684/2250 089 149 100

4.3 Stability regionsof HD108874 ad HD188015

From the examination of HD108874and HD188015- both are main se
quence gars (G5) - followed that the Trojan planets of the GGs ae mainly
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Figure5.  System HD93083for a computation time of 0.1 Myrs. The light region is the most
stable whereas the dark regioninidcaes chaotic motion.
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Figure6. System HD27442for a computation time of 0.1 Myrs. The light regionis the most
stable whereas the dark regionindicaes chaotic motion.

in the HZ with a new enx (seeTable 2) nat higher than 0.29. The results ae
showninTable2 or Fig. 7for HD108874and Fig. 8 for HD188015 Thereallts
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show that the gystem HD108874 las alarge dable region, but liesonly partly
in the HZ, becaisethe new enx isto large. WhereasHD188015 fas alarge
stable region which liesfully in the HZ. We invedigated Trojan like motionin
10single planetary systems where the initial eccentrictiy is not larger than 0.3
and the gasgiant liespartly or fully in the HZ. Than we séeded 6 systems,
where the gasgiant lies dso mainly in the HZ. Numericd 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 ema continues (during the integration)
very small so that the gable region in the HZ becomesvery large. We found
out that from the 9x sdeded extralar systems only three etralar systems
are ompletely inside the HZ (seeTable 2), but only two of them have Sunlike
spedra.
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Figure7.  Stability regionfor the system HD108874for a computationtime of 0.1 Myrs. The
light regionisthe most stable whereas the dark region indicates chaotic motion.

5. I nfluenceof the orbital elementsM and w

Inthelad chapter the 9ze and structure of the gable zoneswere invedigated.
This wasdore by the variation d w, but former invedigations (seeSchwarz
2005 and Schwarz & a. 20050 usel the variation o M. Now we ae aleto
compare the variation o this two parameters and show if there is any differ-
ence A variation o of M changesthe locaion o the Trojans whereas if we
usethe orbital element w we change the location d the Trojans dli pse Table 3
shows the cdculation o the four extraslar systems. In this table we compare
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Figure8.  Stahility regionfor the system HD188015for a computation time of 0.1 Myrs. The
light regionis the most stable whereas the dark region indicétes chaotic motion.

the number of stable orbits for M and w. It iswell visible, that the number of
stable orbits is larger for w than for M. This can also be se@ in the new emax
of the dable region. New ena hastwo valuesbecaisethe eccaetricity of the
stable regionis nat homogeneous (Table 3 shows two valuesthe upper and the
lower limit of the new emay). Therefore we have an example HD17051, were
the Fig. 3 and Fig. 4 shows how the new emgy is distributed.

Now | want to present the interadion o theinitial M vs. theinitial w (shown
inFig. 8). The cmparison o both orbital elements wasdore for the extraslar
system HD17051for an integration time of 10* yeas (initial condtions see
Tablel). Thew andM extendsfrom 0° to 360° and have agridsizeof Aw = 4°
and AM = 4°. Thefirst thing to naiceisthat in Fig. 9 we have two stable
diagorel regions. Theleft region(goesfrom w = 275° to M=275°, thewidth of
the dable regionis gpproximately between +-25°) showsthe L5 region andthe
right one (w = 50° to M=50° thewidth is dso +-25°) that of 4. There ae dso
two small stable regions in the left lower corner and in the right uper corner,
which belongsto the L4 and L5 regions. Anather invegigation d the extraslar
systems (HD 28185 shows that the dable region (of w vs. M) depends on the
massof the gasgiant (HD28185 fas avery massve gasgiant M;,, = 5.7)
and the eccatricity of bath (Trojan planet and gasgiant). This invedigation
(shown in Fig. 10) wasundertaken for a gnaler gridsize of Aw = 2° and
M=2° and also for an integration time of 10* yeas. For higher eccentricities
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the continous dable region will splitted in to two islands (seeFig. 10, lower
panel). We can conclude that there exist for a massof the gasgiant of abou
M;,, = 6 and an initial eccentricity higher 0.15 nocortinous dable region.
Thefad that we have alinea continous dable regionfor the Lagrangian pants
give us the posshility to depict w and M in a smple ratio. This could be
used for future cdculations to vary bath orbital elements (w and M) during the
integrations.

Table 3. Results of four systems listed in Table 2, which ill ustrates the extension d the sta-
ble region o the Trojan planets after 0.1 Myrs for the variation o the mean anomaly and the
argument of perihelion. 1st column: name of the investigated system, 2ndcolumn: inital ecce-
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 agument of the perihel, 5th column: number of the cdcu-
lated orbits, 6th column: Nr. of stable orbitsfor M, 7th column: Nr. of stable orbits for w, The
number of the cdculated orbits were changed, because of the different geometry of the stable
regions.

System €ini new new Nr. of Nr. of Nr. of
Emax Emax calc. stableorbits dableorbits
of M of w orbits for M for w
HD17051 024 04-05 006-0.32 1800 73 286
HD28185 007 01-02 002-0.19 1800 161 591
HD108874 20 03-04 011-0.29 2000 159 421
HD27442 007 01-0.15 000-0.19 2000 926 1259

M [deg]

50 100 180 200 250 300 360

w [deg]

Figure 9.  Stability region for the system HD17051for a computation time of 10? yrs. The
light regionisthe most stable whereas the dark region indicétes chaotic motion.
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Figure 10.  Stability region for the system HD28185for a computation time of 10* yrs and
different initial eccentricities: eini = 0 (upper Figure), eini = 0.07 (midde Figure) and ein =
0.15 (lower Figure). Thelight regionisthe most stable whereasthe dark regionindicaes chaotic
motion.

0. Discusson

We invedigated Trojan like motion in 10 extraslar planetary systems by
using the redricted three body poblem. The GG of the séeded systems ae
partly or fully in the HZ and the initial eccentricity dont exceeal the value of
0.3. We dheded the extralar sytems - by using the gudiesof Marcha - in
the 1:1 MMR for the seéeded systems, where the gas giant moves nea the
HZ. We can conclude that only one of the invedigated systems have no stable
region (HD 141937 andthat the gable region o the Trojan planets ae getting
smaller with larger valuesof ;. and e (seeFig. 2).

Numericd simulation were dore to invedigate the dynamicd stability of
six extraolar planetary systems, which lie fully in the HZ. The MEM were
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usel to detemine the gability of the Trojan orbits. We find ot that three ys-
tems dynamicd lie completely in the HZ after a cdculation time of 0.1 Myrs
(HD28185 HD108815and HD27442, but only two of them have Sun like
stars (HD28185and HD108815. The other three ystems muld also be can-
didatesfor habitable Trojan planets, becaise the gable orbits lie 87 percent
(HD17051and HD108874 and 96 percent (HD93083 in the HZ. Ancther
part of this work wasto invedigate the interadion, if we dange the initial
mean anomaly (M) or the initial argument of perihel (w) during the cdcula-
tion. The comparison o both orbital elements was dore for the extraslar
system HD17051and HD28185for an integration time of 10* years. We could
find ou that, if we vary the w there ae much more gable orbits than for M.
Because of that, future cdculations $houd include both orbital elements, to
become amore redistic Imulation. Therefore further cdculations shoud be
doreto analysethe gahility region of w and M for different masseseccetric-
ties and inclinations.
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Notes

1. i.e theregion where posshle terrestria plantes can have (a) liquid water on the surface ad (b) a
stable amosphere shown in Fig. 1

2. The Extrasolar Planets Encyclopedia & http://www.obspm.fr/encycl/encycl.html

3. A thrid body which aways remains in the orbital plane of the primaries, feds their gravitaional
attradion, but does nat influence their motion, becaise the massis very small

4. that means only one planet in these extrasolar systemsis known.
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