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ABSTRACT

™~ context. The M dwarf Gliese 581 has recently been found to harbour tyeisEarths in addition to an already known close-in Neptuass

o planet. Interestingly, these two planets are considerpd@sitially habitable, and recent theoretical works gugtfer credit to this hypothesis,

Oin particular for the outermost planet (G581 d).

N\l Aims. In this paper, we address the issue of the dynamical stakiliblution of this planetary system. This is important heeathe basic
stability ensures that a 3-planet model is a physically ad&xdescription of the radial-velocity (RV) data. It isatsucial when considering
the planets’ habitability because the secular evolutiatheforbits may regulate their climate, even in the case wiergystem is stable.

D Methods. We have numerically integrated the planetary system ovEyr&0 starting from the present fitted solution. We also pentd
additional simulations where i) we vary the inclination bétsystem relative to the line of sight, ii) assume eccetigfcat the upper limit

Q\J of the error bars in the radial velocity fit and where iii) wensler additional (yet undetected) outer planets. We atsopaite Lyapunov

«— exponents to quantify the level of dynamical chaos in théesys
Results. In all cases, the system appears dynamically stable, evelose to pole-on configurations. The system is actually ttabut
nevertheless stable. The semi-major axes of the planeexaremely stable, and their eccentricities undergo snmafildude variations. The
addition of potential outer planets does nfieat this result.

Conclusions. Consequently, from the dynamical point-of-view, a 3-ptamedel is an adequate description of the present RV-dat®séyf a
limited range of inclinations can be excluded for coplandnite (i < 10°). The climate on the planets is expected to be secularlyesttius

- = not precluding the development of life. GI 581 remains thst lsandidate for a planetary system with planets that paignbear primitive

&) forms of life.

Key words. Planetary systems — Methods: N-body simulations — Celesahanics — Stars: Gliese 581 — Astrobiology — Stars: lagsn
_brown dwarfs
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Q\l L. Introduction sons, Selsis et pl| (2007) find that GI581 c's surface tempera
LO ture is very likely higher than the equilibrium temperatoga-

The M dwarf Gliese 581 has been the subject of a recent Qilated b [Udry et 4.[(2007). However, the
S . . e . ql. . , they do not rule out
vestigation with the identification of its 3—plangt systd_ﬁpe abitabilitMaE,as a large cloud coverager6%)
8 gtf;:]gnp;agef dgl g?blit br){a 2 zl;ll?5;3;et;?ea:lsinoot\)ljvicioorrtt\)/:;[(l)nget%rgUId cool down the planet enough. Conversely, both studies
8 o ’ ree that the outermost planet (GI581 d) is a good candidate
—_ (Bonfils et al[2005). Recenth?) have régbr r habitability (although close to the outer edge of the-hab

(T the discovery of two additional super Earths (GI581 ¢ and able zone) and actually consider it as the better of the two

-C revolving around the star in 12.9 and 83 days (see detailsc'gndidates.

Table[]). Considering GI581’s luminosify, Udry el dI. (2p07 _ , _
inferred the equilibrium temperature of both planets anatco AN .lmportant_and unset.tled ISsue .abolut this system con-
clude they may lie within the habitable zone of the star. cerns its dynamical behaviour. It is first important to know

Detailed further modeling by von Bloh et]al. (2007) an&vhether the planetary system is dynamically stable and for

elsis et 41 [2007) addresses the habitability of the fan hich range of orbital inclinations. If verified, the basia-s
Likewise, [von Bloh et 41.[(2007) find that the greenhouse ility of the system ensures that the model used (3 planets) i

fectincreases GI581 c temperature so much that they noﬂonggys'ca"y adequate description of the observations @hiet-

consider the planet to be in the habitable zone. For sinela r elocity measurgmgnts): If not verified, the planet detei
are not necessarily invalidated (as RV periodogrammeslglea

Send offprint requests to: H. Beust show that three coherent signals sum up at specific peritids).
Correspondence to: Herve.Beust@obs.ujf-grenoble.fr would instead mean that either not enough data were cadlecte




2 Beust et al.: Dynamical stability of the GI 581 system

Table 1. Orbital parameters of the GI 581 planetary system, as d&fieen the fit of[Udry et §.[(2097)

Planet  Period (days) Semi-major axis (AU) Eccentricity  w (deg) t, (JD - 2400000) MassNle)

GI581 b 536843+ 0.00031 004061+ 0.16x 10® 0.01374+ 0.01405 2721195+ 6054198 52994631+ 0.90393 1582+ 0.25
GI581 ¢ 1292648+ 0.00723 007295+ 2.7 x 107* 0.15926+ 0.05981 25741189+ 2437209 5299310770+ 1.00130 5073+ 0.31
GI581d 8322730+ 0.65845 02525+ 0.013 012118+ 0.12034 3101021+ 4179575 529480339+ 1149888 7804+ 0.69

to converge toward the “true” parameters of the system dr tha

the model (3 planets) is not complex enough to describe the

data. Further varying the orbital inclination, we expecfinal 1078

that below a given value — or, equivalently, above given masss

for the planets — the system becomes unstable. Not valid phgs

ically, this range of inclinations should be rejected amtrgy — 5710 | ]

possible solutions. This partially constrains thei slageneracy ]

inherent to radial-velocity detections. ,
Beyond the basic stability, the secular evolution of the o£~ 10712 |

bits may play an important role regarding planets’ habitabi

ity. All climate calculations [(von Bloh et ¥ 20p; Selsisad] : AE/EOE

ction

P00Y) have been done with the currently determined orbiits. T 10714 [ : AH/Hy1
secular evolution of the orbits has the potential ®éeting the 0 5 107 110 6 107 8 107 108

climate on the planets. A given planet may lie within the hab- Time (yr)
itable zone but, if subject to significant eccentricity cpes,
it can undergo strong climate variations that eventually- pr
clude life development. The presently determined ecaantri
ties (Table[ll) are small enough to ensure climate stabiity.
one needs to know which maximum values they reach due
secular perturbations.

In the present paper, we numerica”y in\/estigate the Seé[ﬁ.ble 2. Precession frequencies for the nominal solution, as
lar evolution of the GI581 system, starting from the solatioccomputed from the linear secular theory
of Tableﬂ. In Sect. 2, we study this solution (that we subse-

Fig. 1. Fractional errors on the total energywith respectto the
initial oneEy (black curve), and on the total angular momentum
H with respect to the initial onkly (grey curve), as a function

afime over the 1Byr integration

quently refer to as the nominal case). In Sect. 3, we perfohtame Frequency’(yr) Period (yr)
other integrations, assumingfiirent inclinations from edge- ] 3300.9 392.62
on a_nd letting the ini_tia_l ecce_ntricities of the planetscfetheir o 539.04 2404.2
maximum values within their error bars. In order to quantify, 38.199 33945.

the dynamical chaos in this system, we compute Lyapunov ex=

ponents for all these solutions in Sect. 4. In Sect. 5, wesitive

gate the perturbing action of potentially additional oyttem-

ets that have not been detected yet, provided their cotisipu Smaller timestep does not change the result. In[fig. 1, we dis
to the radial velocity signal is small enough compared to tiay the fractional errors on the total energy and angular mo

residuals of the 3-planets fit. Our conclusions are pregeinte mentum over the T9r integration. The energy is preserved to
Sect. 6. less than 10’ relative accuracy. Hence we are confident in our

integration. FigureﬂZ shows the firstYlgears of the integra-
tion. We see that the secular variations of the 3 planetary or
bits are very regular. The eccentricities undergo quasogie

The best 3-planet orbital fit for GI 581 is explained in Ta@.le Inodulations, while the longitudes of periastra precessi-reg
This solution with the assumptions of coplanarity and sinl  larly. This solution is in fact very close to the one we can eom
(i = 90, an edge-one system) will constitute our nomingdute with a linear secular theory (Laplace — Lagrange), such
case. We numerically integrate this system taking101, as described the one by Bretaghon (1974, 1990). In the linear
for the mass of GI581. The integration is performed usirgpproximation, the secular evolution of the eccentricégtors
the symplecticN-body code SyMBA |(Duncan et [al. 1998)0f the 3 planets is a combination of sine and cosine terms with
which handles close encounters. The initial timestep iglftee 3 characteristic frequencieg;{i = 1,2, 3) that are listed in
2x 10%yr = 0.18 day, i.e. 130 of the smallest orbital period.TabIeDZ. These frequencies are obtained by solving therlinea
Symplectic integration schemes usually ensure energyeconsecular equations for their eigenvalues. We obviouslylsesst
vation with 10°® relative accuracy as soon as the timestep @haracteristic frequencies in Fiﬂ. 2. An interesting oateds
taken to~ 1/20 of the smallest orbital period (Levison &that these precession frequencies are much higher thae in th
Duncan). The integration is carried out ovef 0 On  Solar System, which do not exceed’2$r, andg; is basically
more limited timespans, we checked that taking a signifiganthe main precession frequency of the periastron of GI581 b

2. The nominal case
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Fig.2. The 1¢ first years of the integration of the nominal solution. Th@eipplots show the temporal evolution of the eccen-
tricity of the three planets GI581 b,c, and d, from left tohtigrespectively; the lower plots are the same for the lamtgtof
periastrono

Table 3. Variation ranges for some orbital parameters fo the 3 ptaoetr the 18yr integration.

Planet Semi-major axis Eccentricity Periastron Apoastron
(AU) (AU) (AU)

GI581b 0.040609 — 0.046185 0.01-0.095 0.0368 — 0.0402 6-@40445

GI581c 0.072885 - 0.073 0.07-0.16 0.0614 —0.0678 0.078 46008

GI581d 0.2522 — 0.2528 0.1200 —0.1246 0.2207 —0.2227 0.2823843

and GI581 c. This is obviously due to the much smaller si& Other solutions

of the system. Given the error bar on the fits of the arguments

of periastra ¢1, w,), the secular motion should be detectabi€he nominal solution corresponds to an inclinatiecn90° (so

within ~ 30 years, and probably less if the orbital fits get mot&€ lowest possible planetary masses) and to the orbitahpe
constrained in the near future thanks to further monitoring ters of the discovery paper (Tafle 1). Lower inclinationg/an

In Tab|e|]3, we list the maximum evolution ranges for the oparameter’s values slightly outside the best solution neag |

bital elements of the three planets. The semi-major axesare (0 different dynamical behaviours that are worth investigating.
tremely stable, revealing a regular dynamics out of any mean In a first set of additional simulations, we assume various
motion resonance configuration. The evolution ranges of tifglinations ranging from 0 (pole on) to 9Qedge on), but still
eccentricities are narrow, so that we may claim than theegystholding the initial eccentricities to their nominal valudhe

is stable with a high level of confidence. While the time spanass of each planet is augmented by a facfaidi with re-

of the integration is 1®yr, most of the characteristic featurespect to the nominal case. In a second set of simulations we
of the secular evolution of the orbital parameters occur onaasume dferent inclinations and, moreover investigate the im-
10*yr-time scale. Therefore, even if the star is believed to p&ct of eccentricities larger than in the nominal case (ss le
older than 2 10°yr, the current integration clearly explores albtability is only expected if the eccentricity is largerprihat

the dynamical possible outcomes of the system. Actuallg, dset, we take the initial eccentricities for the three plaratthe

to the short orbital periods of the planets (and to the high prupper limit of their error bars (we addrlto the eccentricities)
cession frequencies), integrating the GI 581 ovényt@s basi- For both sets of integrations, we plot the width of the eviolut
cally equivalent to integrating the Solar System ovel00 Gyr ranges obtained over the °ly¥ integration for both the semi-

! major axis and the eccentricities of the three planets E}ig.

Interestingly, the present-day eccentricity of GI581 ¢ As can be seen from Fif] 3, when the inclination decreases,
roughly corresponds to its maximum values along its secutae dynamical interactions increase accordingly and we ex-
evolution, and the eccentricity of GI581 d only has smali-varpect the system to become unstable below a given inclination
ations. Hence we expect the climate of both outer planete toAs for the nominal case, the integrations are carried out ove
secularly stable. 10° yr. They naturally show that both the semi-major axis and
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Fig. 3. Stability of the three-planet system in various configunadi The maximum variation range for the semi-major axes
(upper plots) and for the eccentricities (lower plots) ispifiyed as a function of the assumed viewing inclinatiormefdystem
with respect to pole-on. Each cross corresponds to a sigldation. The left plots correspond to simulations witk trominal
eccentricities as initial conditions, and the right platsimulations with eccentricities increased hy relative to the error bars
given in Tablg]L.

the eccentricity take a wider range of values than in the nom-
inal case with decreasing inclinations. In the first set ¢éin - i
grations (nominal initial eccentricities), the system ethreless § 1

remains stable down o= 10°. Almost pole-on configurations &
(i < 10°) are unstable and should be rejected from possible $o-

lutions. Although, such low inclinations are very improbsghb § or —— G158l b 4
. . . = 1 Gl 581 ¢
and from the statistical point-of-view, the actual masdab® ¢ ol s81 d
planets are probably close to those listed in Tﬂ)le 1. ;
it -1 r
3
a9}
In the second set of simulationsoflaugmented initial ec- g

centricities), the dynamical interactions are slighthhanced

and the semi-major axis and the eccentricity take a widegegan e B — )
. . . . 10 1 10 10 10 10

of values than for the first set of additional simulationseTh Integration time (yr)

system is therefore found unstable below larger inclimetio

Fig. 4. Progress of the calculation of the partial Lyapunov ex-
ponents as a function of the integration time, in the nominal
case for GI581 (zero inclination, nominal eccentricities)

In all cases, the instability appears very unlikely. If wé= 10"yr, the three exponents have stabilised.
assume that the rotation axis of the system is randomly dis-
tributed in spacei, > 20° occurs with a probability of 0.94.
In conclusion, irrespective of its actual inclination, {B£581
planetary system is very probably stable.

(< 20°).



Beust et al.: Dynamical stability of the GI 581 system 5

IR
—~ 1 4~ 1 B
3 Nominal eccentricities 3 Eccentricities + 1o |
5] 5]
g =]
o o
Q, o)
N L N
) o
> 0r 1 0 §
g | —: Gl 581D g — Gl B81 b +
a fffff : Gl 681 ¢ + a fffff : Gl 581 ¢
® : Gl 581 d © : Gl 581 d
> > ek
a a P
- + - -
a0 -1r ‘ B -1 o 7
S S ot
o
+ + + +
. .
T - J\r I I I I I
80 60 40 20 0 80 60 40 20 0
Inclination (°) Inclination (°)

Fig.5. Lyapunov exponents as a function of the inclinationomputed for all the simulations described in HigL&ft plot :
simulations with nominal eccentricitieRjght plot : simulations with & increased eccentricities.

4. Lyapunov exponents at the end of the integration. This means that the orbit ig ver
robably regular or, more precisely, less chaotic than argiv

Looking for variation ranges for the orbital elements is a b bvel that depends on the integration time.

sic tool for investigating the stability of a planetary sst ) o
A more sophisticated way for quantifying chaos is to com- " Practice we compute MLEs for all the individual bod-
pute Lyapunov exponents. For all simulations decribed apolfS i the integration: for each orbit we compute the assedia
we compute the maximum Lyapunov exponents (MLE) for tH@artial) error V(_ector, and perform individual renormations.
three planets, following the technique by Benettin {@78) Each body has its own sequencegdsf. Note that more than the
(see aIsI2). The exponents are computed Bpsolute value_s of the MLE d_erllved, the comparison betwegn
integrating fictitious bodies having initial conditionsathare the values derived for the individual bodies and between dif
very close to those of the planets and estimating their eemonfer(?nt integrations is more relevant. This shows clearljctvh
tial diverge rate. We coupled this algorithm with the Symp/&TPits are the most chaotic.
integrator. In our example applications, we integrate ovef y0to
When we start integrating the bodies with initial coordeatcompute the MLEstnom has been fixed to 0.02yr, i.e., 100
vector py (holding for the positions and velocities of all theimes the timestep. The progress of the computation of the
bodies), we also integrate another system of bodies with-id®LESs in the nominal case for the three planets is plotted as
tical masses, but with initial coordinate vecgar+ 5po, where @ function of the integration time in Fig] 4. We see that they
l6 poll < |1poll. After a fixed normalization timé,m, we com- have all converged towards finite limits tat 10*yr, showing
pute the error vectafp(tnom) as the diference at = thom (af-  that the orbits are actually chaotic.

ter integration) between the coordinate vector of the iat& The global result of MLE calculation is shown in Fig. 5,
bodies and of the regular bodies. We then compute where we have computed the MLEs for the three planets for
Il the simulations described in Fiﬂ. 3 (stopping at 10*yr).
Splt splt a
= M and opL = M (1) In all cases, we obtain non-zero exponents, showing that the

16 Pl % system is actually chaotic.
We then usesp; as a new initial error vector for the ficti-  \\e see that the MLEs slowly increase with decreasing in-
tious bodies relative to the coordinates vector of the mgul:linations, showing as expected that solutions at smalgi-i
bodies atthorm, and we iterate the above process. E&ghh, nations are more chaotic, due to higher planetary masses. We
the error vector is renormalized this way, and we obtain @ertheless note that the variation is small excepit fo20°.
sequences,, s, ... of renormalization factord. Benettin ef] al-he system is not much more chaotic at 20° than ati = 9C°.
([L978) proved that the MLEL can be computed as This confirms that there is no real dynamical constraint @n th

1 n inclination. We also note that solutions with-increased ec-
L= nE)Tw o Z S = nE)Tw Ln . (2) centricities are not more chaotic than those with nominal ec
norm =1 centricities. As a result the dynamical stability does not p

The result is independent of the choice tefm, provided it any additional constraint on the planet eccentricitiegothan

is chosen small enough to avoid too large an exponential Hiose derived from the radial velocity analysis.

vergence. During the integration, we computellgdor every From Fig.ﬂi, it also becomes clear that the two inner plan-
thorm: @and we try to derive an asymptotic behaviour. Two casets (GI581 b and c) are much more chaotic than the outer one
can occur: i) lod-, converges towards a finite limit. Then thgGI 581 d) (the exponentis smaller). In fact, the two innamgl
system is chaotic and we have reached- O within our in- ets are significantly chaotic. This does not prevent themnfro
tegration time. ii) Or lod., keeps decreasing monotonicallybeing stable. Actually, chaos does not necessarily meaa-ins
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Table 4. Semi-major axis and eccentricity variation ranges fdhis time span to account for this constraint, i.e. an ol
the 3 known planet of GI 581, plus additional outer planedg (stanced < 5.5 AU. For more distant planets, the constraint is

text), computed over Pr integrations much weaker. In fact, this upper limit is probably already to
large. Dynamically speaking, we do no expect any hypothktic
Planet Semi-major axis (AU) Eccentricity planet orbiting at 5.5 AU to significantlyfi@ect the dynamics of

: ) the inner system located inside 0.25 AU. We are thus confident
With a 1M; planet at 5 AU : . . . . .

in the conclusions we derive below, as all potentially daista
GI581b  0.04060120 —0.04061199  0.00367502 — 0'089593F?Zing configurations have been explored.

GISSLS DorEbeele 07z QOSSR -O1ATTS e tus perfomednew simatons each of themwith e
nominal conditions, but to which we add an additional planet
With a 296 M, planet at 5 AU : orbiting the star on a circular orbit at an arbitrary diseadc

GIS81b  0.04060139 — 0.04061188  0.00347993 — 0.0895108nd with the maximum mass allowed by H§.(3). All the in-
GI581¢c  0.07286522 — 0.0729892 0.09258738 — 0.164792&grations were carried out over°y@. We did 5 simulations

Gl581d 0.25222915 - 0.2528203 0.11887163 — 0.122644%ith d = 5, 4, 3, 2, and 1 AU. This gives masses of 29.6, 26.5,
With a 265 M, planet at 4 AU - 22.9,18.7, and 12 Mg, respectively. We also added a simula-

9” with a 1 Jupiter mass\;) planet orbiting the star at 5 AU,

tl
GI581b  0.04060141 —0.04061174  0.00354749 —0.0894991 . . N
GI581c 007286447 —0.07298392 009258812 — 0.16479787 the constramﬂ(3) is less severe at this distance. Nate th

GI581d  0.25222689 —0.25282013  0.11884819 — 0.1226468'1S Case is by far the worst possible disturbing configarati
that is still compatible with the constraints. More distaam-

With a 229 Mg planet at 3AU : panions, even massive, are less destabilizing. In a fickror
GI581b  0.04060137 —0.04061170  0.00372438 — 0.089514dpproximation, the perturbindtect of a distant planet of mass
GI581c  0.07286369 —0.07298806  0.09258945 — 0.16479788orbiting at distancel on an inner planet orbiting at distance
GI581d  0.25222659 —0.25281951  0.11884226 —0.122671P&cales as the tidal strippingfect on the orbit, i.exc mr/dq.
With a 187 M, planet at 2 AU : Hence a M; planet at 5 AU is as disturbing as &V planet
GI58Lb  0.04060140 —0.04061177  0.00405747 — 0.08955037 10 AU and a 3, brown dwarf at 20 AU. The AO surveys

GI581c 007286632 —0.07298852  0.09259499 — 0.16492544uld likely have already detected such a massive companion
GI581d  0.25222099 — 0.25281587  0.11886586 — 0.12266511 |N all cases, the whole system appears just as stable as with-
out any additional planet. The result concerning the gtgbil

With & 132 M, planetat 1AU : is summarised in Tablf 4 where we give the semi-major axis
GI581b  0.04060131 —0.04061176  0.00475611 —0.0896994hAd eccentricity variation ranges for the three known pgkane
GI581c  0.07286289 —0.07298820  0.09258994 —0.164919%Re results are very similar among the &elient integrations,
Gl58ld  0.25222239 —0.25280011  0.11882570 - 0.1224628¢en in the case of a Jovian planet, showing that the adélition
planet has little influence on the stability of the inner epst
Moreover, Tabl¢]4 is easily compared to Tallle 3. The varation
bility. The Solar System is known to be chaotic (but on longeanges are very similar. Therefore, we may stress that any ad
timescales), yet it is nevertheless stable. ditional outer planet that fits into the constraint of theiahd
velocity residuals does noffact the stability of the 3-planet
system. Note that the maximum eccentricity values in THole 4
5. Other planets are actually slightly lower than those in Ta%f 3. This caapd

Our simulations were made with the three known planets-ordR€ar surprising, since the integration in Tajjle 3 is mada-wit
ing GI581. However, the system may harbour additional, uRut any additional perturber. Recall, however, that it st
known planets. The presence of these planets nigtathe OVer 1Gyr mgtead of 1éforthos_e in Tab_l({|4. Th!s shows con-
stability of the whole system. There are upper limits to théersely that if we were entending the integrations of Tgble 4
presence of additional (mainly outer) planets. The maximutR © 1(?.yr, we should expect slightly wider variation ranges.
amplitude of the residuals in the 3-planet fits[of Udry et alhe bas_lc conclusion nevertheless remains: the stabfiityeo
{@007) is+2.1 ms. Any additional planet should not generSystem is not fiected.

ate a radial velocity with a larger amplitude, otherwisedtuid

have already been detected. Assumiing 90° and a circular 6. Discussion

orbit, this puts severe constraints on the nragsd distancel

of the unseen planet. We derive We have computed the secular evolution of the GI581 plane-
tary system in various possible configurations. The main con
d clusion is that the system is almost always stable. It idataip
<13227x \[ 770 (3) inclinations as low as 20° and even if the initial eccentricities
53]

are augmented by theird-error bars.

This constraint holds if the unseen planet generates full- As expected for any planetary system with regular dynam-
amplitude variations within the timespan of the radial eeloics, the semi-major axes vary very little and the three glkne
ity data, i.e.,~ 1000 days[(Udry et d]. 20D7). This means thatre expected to remain at their current location with ressguec
the orbital period of the unseen planet must not excdegdce the star. Meanwhile, the eccentricities of the two outenpla
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ets (both considered for habitability) reach values thatsig- Hut P., 1981, A&A 99, 126
nificantly above the Earth’s value. Concerning GI581 c, tHeaskar J., 1988, A&A 198, 341
present-day eccentricity is close to its maximum valuesThievison H.F., Duncan M.J., 1994, Icarus 108, 18
planet is not expected to get much farther away from its garéviorbidelli A., 2002, in “Modern Celestial Mechanics. Aspec
star and, to maintain a surface temperature cool enough to alof Solar System dynamics”, Taylor & Francis, London,
low the presence of liquid water, a high water-cloud coverag ISBN 0415279399
(~75%) would be required at any time. Regarding G581 d, ttgelsis F., Kasting J.F., Levrard B., et al., A&A 476, 1376
nominal eccentricity is non negligible (0.12) and also found Udry S., Bonfils X., Delfosse X., et al., 2007, A&A 469, L43
to be very stable. It is significantly above the maximum value
reached by the Earth throughout its secular evolutio.06,
see e.g[ LaskHr 1988) and corresponds to a 24% variation of
the radiation flux received from the star between apoastidn a
periastron. The anomalistic seasdfeets should therefore be
strong, if not damped by the short orbital period (83 dayfs). |
we compare the periastron and apoastron values of GI1581 d to
the habitable zone calculations jpy Selsis ¢tfal. (P007) and v
Bloh et al. [200}7), we see that GI 581 d is outside the halgtabl
zone at apoastron but well inside at periastron. As pointgd o
by [Selsis et gl.|(2007), the average stellar flux receivedrby a
eccentric orbit is enhanced by a factgrvl — € with respect
to a circular orbit with the same semi-major axis. This cap he
maintaining G1581 d in the habitable zone. What we show here
is that this &ect is secularly permanent.
Now, if the obliquity of the rotation axis of this planet is
non-zero, this should combine with the obliquity’s seasefia
fect and lead to climate flerences between the hemispheres of
this planet, much like Mars presently. The obliquity of G158
is of course unknown, biit Selsis et &l. (2007) and von Bloh et
al. (2007) agree in claiming that, given the estimated age of
the star £2 Gyrs), the rotation of GI581 d should already be
tidally locked with the orbital motion. In that case, we wdul
expect the obliquity to have been set to zero by tidéas,
and there should instead be climatdfeliences between the
night and day hemispheres. This could help in maintaining
the day hemisphere habitable. Selsis &t [al. (007) also show
that tidal locking does not contradict the non-zero ecdeityr
of the orbit. Tides usually tend to both synchronize the-rota
tion and circularize the orbit. The circularization timelmost
always longer than the synchronization tinje {Hiut 3981). For
GI581 d,[Selsis et al[ (2007) estimate the synchronizaiine t
to 10 Myrs and the circularization time to 10 Gyrs, i.e. well
above the present age of the system.
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