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ABSTRACT

The discovery of multiple transiting planetary systems offers new possibilities for characterising exoplanets and understanding their
formation. The Kepler-9 system contains two Saturn-mass planets, Kepler-9b and 9c. Using evolution models of gas giants that
reproduce the sizes of known transiting planets and accounting for all sources of uncertainties, we show that Kepler-9b (respectively
9¢) contains 45717 Mg, (resp. 31713 M) of hydrogen and helium and 35%1% Mg, (resp. 24719 My) of heavy elements. More accurate
constraints are obtained when comparing planets 9b and 9c: the ratio of the total mass fractions of heavy elements are Z,/Z. =
1.02 % 0.14, indicating that, although the masses of the planets differ, their global composition is very similar, an unexpected result

for formation models. Using evolution models for super-Earths, we find that Kepler-9d must contain less than 0.1% of its mass in

hydrogen and helium and predict a mostly rocky structure with a total mass between 4 and 16 M.

Key words. star: individual: Kepler-9 — planetary systems — planets and satellites: physical evolution

1. Introduction

Although much progress has been made since the discovery of
the first transiting exoplanet, understanding their composition,
evolution, and formation has remained elusive. One longstand-
ing problem has been that a significant fraction of close-in exo-
planets are inflated compared to what theoretical models predict
(Bodenheimer et al. 2001; Guillot & Showman 2002; Baraffe
et al. 2003; Guillot et al. 2006; Burrows et al. 2007; Guillot
2008; Miller et al. 2009). As a consequence, the global com-
position that may be derived from size and mass measurements
of a given planet is intrinsically model-dependent. This implies
that, thus far, constraints from the compositions and their con-
sequences in terms of planet formation models have only been
grasped in a statistical way (e.g. Ida & Lin 2008; Mordasini et al.
2009), not from any analysis of individual planetary systems.

The discovery of the multiple system of transiting planets
around Kepler-9 (Holman et al. 2010) opens a new window on
characterisation of exoplanets and on understanding their forma-
tion. The system consists of two Saturn-size planets with 19.2
and 38.9 day orbital periods and a likely super-Earth candidate
with a 1.6 day orbit (Torres et al. 2011). The advantage of this
system is that the planets and the star share the same age within
a few million years, therefore we can constrain the composi-
tion of one giant planet much more accurately relative to the
other. These two planets are also in a 2:1 mean motion reso-
nance, which means that their dynamical history is strongly con-
strained. Altogether, this implies that a detailed scenario of the
formation and the dynamical and physical evolution of the com-
plete system may be obtained. In this first article, we focus on

* Appendix is available in electronic form at
http://www.aanda.org
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the compositional constraints obtained for the three planets in
the system.

Given that the largest uncertainties in the parameters of tran-
siting planets arise from the uncertainties in the star (e.g. Sozzetti
et al. 2007; Torres et al. 2008), we first derive the stellar proper-
ties (Sect. 2). We subsequently infer the compositions of the two
confirmed giant planets (Sect. 3) and model the possible com-
position for the small planet candidate, Kepler-9d in Sect. 4. We
finish by discussing the implications of our results.

2. Kepler-9a, a solar-like star

According to Holman et al. (2010), Kepler-9a, the host star of
the system is a solar-like star, with an estimated mass of 1.0 =
0.1 Mg and radius of 1.1 £ 0.09 R.. Spectroscopic measurements
give a T of 5777 + 61 K and a super-solar metallicity [Fe/H]
of 0.12 + 0.04 dex. The star is slightly more active than our Sun,
with a rotation period of 16.7 days, implying an age of 2 to 4 Ga
from gyrochronology (Barnes 2007; Holman et al. 2010).

We chose to re-examine the constraints on the stellar param-
eters with the approach described in Guillot & Havel (2011).
We used the measured effective temperature and surface grav-
ity as constraints for the evolution models. Alone, these con-
straints are relatively weak compared to what is achieved for
other stars with transiting systems, because the stellar density
obtained from photometric measurement is not provided directly
by Holman et al. (2010), probably because the analysis is com-
plex. However, it may be obtained from the estimate of the plan-
etary semi-major axis, orbital period, and the inferred stellar ra-
dius (e.g. see Beatty et al. 2007). Our adopted final value for the
density of Kepler-9a, p, = 0.79 + 0.19p, was obtained from
the constraints provided by the two giant planets, with the error
estimated as the quadratic mean of the two values.
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Fig. 1. Constraints derived from stellar evolution models on the mass of
Kepler-9a as a function of its age. The dots correspond to solutions that
fit the input constraints at the 68.3%, 95.4% (blue), and 99.7% levels
(purple). The upper panel uses T and log g as inputs constraints. The
lower panel in addition uses the constraint on the stellar mean density.

Using a grid of stellar evolution models calculated
with CESAM (Morel & Lebreton 2008), we determined all
combinations of stellar mass, age, and metallicity that match
the constraints. We first calculated solutions using only the
constraints obtained from effective temperature and gravity.
Assuming Gaussian errors for both quantities, we derived three
ellipses corresponding to probabilities of occurrence of 68.3%
(10), 95.4% (207), and 99.7% (30), respectively. The ensem-
ble of solutions that fall within these values is represented with
colour-coded dots in Fig. 1 (top panel). After restricting our-
selves to the “20” solutions, we see that the stellar mass is con-
strained to lie within 1.0 and 1.1 M, but that the age constraint
is extremely weak (only ages >8 Ga are excluded). Adding the
stellar density constraints (Fig. 1, bottom panel) yields a tighter
constraint on the stellar age, but very similar results in mass. The
corresponding stellar parameters of this case are summarised as
a function of age in Table 1. With the 24 Ga age range ob-
tained from gyrochronology, we obtain a stellar mass M, =
1.05 + 0.03 Mg and radius R, = 1.05 = 0.06 R, in good agree-
ment with Holman et al. (2010).

3. Modelling the giant planets Kepler-9b
and Kepler-9c

3.1. Methodology

The characteristics of the two giant planets derived by Holman
et al. (2010) are M, = 80.1 = 4.1 Mg, R, = 9.44 £ 0.77 Rg for
Kepler-9b, and M, = 54.7 + 4.1 Mg, R, = 9.22 + 0.75 Rg for
Kepler-9c. We derived zero-albedo equilibrium temperatures
(see Saumon et al. 1996) of Teq= 780 K and Teq= 620 K for
the two planets, respectively'.

Since the semi-amplitude of the radial velocity measure-
ments is not provided by Holman et al. (2010), and the

! These estimates assume circular orbit, but for e = 0.2 time-averaged
values only decrease by ~0.3%
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Table 1. Derived stellar parameters at 68.3% and 95.4% level of confi-

dence.

Age M* R* Px
[Ga] [Mo] [Ro] [po]
0.5 lo - - -

200 [1.05-1.09] [0.94-0.99] [1.13-1.26]
1.0 lo - - -

200 [1.04-1.09] [0.94-1.00] [1.08-1.24]
1.5 lo - - -

200 [1.02-1.09] [0.94-1.02] [1.02-1.24]
2.0 lo - - -

200 [1.03-1.09] [0.95-1.04] [0.97-1.20]
2.5 lo [1.04-1.06] [0.98-1.01] [1.02-1.09]

200 [1.02-1.09] [0.95-1.06] [0.91-1.18]
4.0 loo [1.02-1.08] [0.99-1.11] [0.79-1.04]

200 [1.00-1.11] [0.96-1.16] [0.70-1.12]
5.0 lo [1.01-1.07] [1.01-1.14] [0.72-0.98]

200 [0.99-1.20] [0.97-1.53] [0.33-1.07]
6.0 lo [1.00-1.07] [1.02-1.18] [0.65-0.93]

200 [0.98-1.12] [0.99-1.33] [0.48-1.00]
7.0 lo [0.99-1.04] [1.05-1.16] [0.67-0.86]

200 [0.97-1.09] [1.00-1.32] [0.47-0.96]
8.0 lo - - -

200 [0.97-1.03] [1.03-1.20] [0.59-0.89]
8.5 lo - - -

200 [1.00-1.02] [1.12-1.19] [0.61-0.70]

Notes. Green and blue regions respectively, in Fig. 1.

eccentricity of the planet’s orbits is not well constrained, we
choose to not derive the planetary mass again and use the above-
mentioned values. We note that a 10-15% change in the total
mass (equivalent to ~20- of the quoted error) of the planet in-
duces an uncertainty on the modelled radius of 3-4%, a rel-
atively significant value. Further analysis of photometric and
radial-velocity measurements should therefore allow the deriva-
tion of tighter constraints on the planetary mass and therefore
planetary composition than possible with the data at our dis-
posal.

On the other hand, we do use the known radii ratios provided
by transit light curves (k, = Rp, v/Rx = 0.07885 £ 0.00081 and
ke = Ry, /Ry = 0.07708 £ 0.00080, respectively for Kepler-9b
and Kepler-9c) and our results for the stellar radius (with the
constraint on the stellar density) to compute the radius of each
planet as a function of the age, propagating all sources of uncer-
tainties. In the 2—4 Ga age range, we find that the two planets
have radii Ry , = 56 800?288 km and R, . = 55 800*;888 km,
respectively (see Fig. 2).

In principle, the knowledge of both mass and size should
allow a direct determination of the planetary compositions.
However, several additional uncertainties have to be taken into
account. A first uncertainty in the modelling concerns the atmo-
spheric boundary condition to be used. In particular, the tem-
perature of the deep atmosphere that is used as a boundary con-
dition for the interior models depends on the greenhouse factor
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Fig. 2. Constraints derived from stellar evolution models on the radius
of Kepler-9b (upper panel) and Kepler-9c (lower panel) as a function
of its age. We use 1 Rj,, = 71492km. See Fig. 1 for colour coding.
These results use solutions presented in lower panel of Fig. 1, i.e. with
the constraint on the stellar density.

y~!, i.e. the ratio between infrared and visible mean opacities
that will depend on unknown factors such as precise composi-
tion, cloud coverage and atmospheric dynamics (Hansen 2008;
Guillot 2010). On the basis of detailed radiative transfer cal-
culations (Fortney et al. 2008; Spiegel et al. 2009), we adopt
two extreme possibilities that are scaled as a function of Teq,
the zero-albedo equilibrium temperature of the planet: either a
low value y‘l = 1.7(T¢q/2000 K)‘l/ 2 or a much higher one
vyl = 2.5(Tq/2000 K)2. Another significant source of un-
certainty is related to the inflation of close-in exoplanets over
what standard models predict, for which several explanations
have been put forward (e.g. Bodenheimer et al. 2001; Guillot
& Showman 2002; Guillot et al. 2006; Chabrier & Baraffe 2007;
Burrows et al. 2007; Guillot 2008; Laine et al. 2008; Miller et al.
2009; Ibgui et al. 2010; Batygin & Stevenson 2010; Perna et al.
2010). On the basis of both attempts to fit the ensemble of known
transiting planets (Guillot et al. 2006; Guillot 2008) and mod-
els for the generation and dissipation of atmospheric kinetic en-
ergy generated by the stellar heating (Guillot & Showman 2002;
Showman & Guillot 2002; Batygin & Stevenson 2010; Perna
et al. 2010), we assume that heat is dissipated in the planet pro-
portionally to its irradiation level. We choose two models: either
no heat is dissipated or a fraction (0.25%) of the incoming stel-
lar heat is dissipated at the centre of the planet, as required to
reproduce the sizes of known transiting exoplanets (Guillot et al.
2006; Guillot 2008). When doing so, we assume equilibrium
temperatures are fixed, and thus do not propagate the uncertain-
ties on the stellar parameters to the irradiation levels of the plan-
ets, but this is clearly a weaker effect compared to uncertainties
e.g.on the atmospheric models. Then, using the same approach
as in Guillot & Havel (2011), we calculate grids of evolution
models for Kepler-9b and 9c (using CEPAM Guillot & Morel
1995) for hydrogen-helium planets with various core masses
for all relevant total masses, atmospheric boundary conditions
and assumptions regarding heat dissipation. Although the core

hypothesis is used for simplicity, we cannot distinguish between
heavy elements embedded in a central core or mixed throughout
the envelope. The difference is expected to be smaller than other
sources of uncertainty considered here (Baraffe et al. 2008).

The ensemble of possible compositions is obtained from a
comparison between model results and constraints on inferred
planetary sizes and ages (Guillot & Havel 2011): with a given
set of assumptions for the My, M., atmospheric model and dissi-
pation value, we obtain values of Mz, and Mz matching the age
and Ry, R, values (when a solution exists). Overall, we associate
values of Mz, Mzc, Zv, Zc, Mzv/Mzc, Zv/Z: to each solution
of the stellar evolution (given observational constraints), for the
given choices of ky, k., My, M., atmospheric model, or dissipa-
tion value.

To assess the quality of the solutions, we first identify which
stellar models match the stellar constraints within 1, 2, and 30
by assuming independent Gaussian errors for the stellar density
and effective temperature. We calculate planetary solutions for
the different extreme atmospheric boundary conditions and dis-
sipation rates using fiducial values for the planetary masses and
photometric k£ values. We then account for the uncertainty on
the planetary masses and photometric k values by adding mod-
els in which these quantities have been modified by 1, 2, and 30
from their mean value, respectively. Therefore, to estimate the
uncertainties, we consider that 1o~ solutions are obtained from
the ensemble of points including 1o stellar evolution solutions
with mean values of (ky, k., My, M.) and 1o stellar evolution
solutions, which in turn (ky, k., My, M) has been changed by
+10. Solutions at 20 (resp. 307) are obtained from the ensem-
ble of points including 20~ (resp. 30) stellar evolution solutions
with mean values of (ky, k., My, M.) and 1o stellar evolution
solutions in which (ky, k¢, My, M.) have been changed by +20
(resp. £307). We always consider the two possibilities for the at-
mospheric models and for the dissipation value.

To assess the magnitude of the different contributions to the
global uncertainty in the solutions, we compared the range of
solutions AYy?(7) obtained for each given age T when only one
given parameter X (stellar parameters, ky, k., My, M., atmo-
spheric model, dissipation value) is changed by +no to the total
no uncertainty AY" (t). We note

¥ (Y1) =AYy (1) AY" (1),
where Y iS any Of szb, MZ,C7 Zb» ZC, MZ,b/MZ,c» Zb/Zc'

3.2. Results

The overall results are presented for representative age val-
ues and for each of Mz, Mz, Zy, Ze, Mzp/Mze, Zv/Zc, in
Tables A.1 to A.6 (Appendix). The fraction (in percent) of the
uncertainty on the stellar parameters is denoted f,. The uncer-
tainties on both k, and k. have been combined into a value f;
and similarly for those on My and M., denoted fy,,. The two
atmospheric models and two dissipation models are treated like
the other errors (fym and fyss, respectively), but of course their
contribution AYy?(7) is always the same regardless of no-. The
values of fym and fyss in Tables A.1-A.6 thus become progres-
sively lower from 1o, to 207, and to 30 solutions.

Tables A.1 to A.6 show that, in the 2-4 Ga age range, the
solutions are generally well behaved. When adding the f values
linearly, we obtain on average 77% of the total error. When sum-
ming them quadratically, this mean value is 44%. This indicates
that our method probably overestimates the errors, but we be-
lieve that the treatment is adequate given the intrinsic difficulty
in combining observational uncertainties to model uncertainties.
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Fig. 3. Constraints derived from stellar and planetary evolution models
on the mass of heavy elements present in planets Kepler-9b (top) and
Kepler-9c (bottom) as a function of their age. The areas correspond to
the ensemble of models that fit the constraints within 1o (green), 20
(blue), and 30 (purple). The 24 Ga age range is highlighted because
it is strongly favoured by gyrochronology. The error bar on each panel
represents the total mass of the corresponding planet and its 1o~ uncer-
tainty.

One can note that, for ages beyond 4 Ga, the solutions for the
planet parameters become less constrained. This is due both to
the increased number of solutions for the stellar parameters and
to the existence of solutions matching the planetary constraints
with very low M values, particularly when considering the ra-
tios Mzy/Mz. and 7,/ Z..

Figure 3 shows the resulting heavy elements content in
Kepler-9b and 9c as a function of age. The two planets are found
to be made of hydrogen and helium and heavy elements in rel-
atively similar proportions. The total masses of heavy elements
needed to reproduce the observed planetary sizes depend on the
assumed age: higher masses are required in younger systems,
while pure hydrogen-helium solutions are possible for older ages
and no heat dissipation assumed. Given the 2-4 Ga age con-
straint, however, the ensemble of possibilities is limited to values
of Mz = 35Jj(5) Mg and Mz = 24f£ Mg, when considering 1o
solutions. The constraints must be taken with care because the
ensemble of solutions has a non-Gaussian behaviour. The values
provided here overestimate slightly the ensemble of solutions at
30 (see Appendix for complete solutions).

When considering the planets independently, the ratio of
heavy elements to total mass of the planets are loosely bounded
(Zv/Z. = 0.67 to 1.81 for 1o solutions). However, much tighter
constraints are obtained when comparing the two planets be-
cause the solutions are less sensitive to errors on the stellar ra-
dius and mass. Given the similarity in mass, irradiation level,
and composition of the two planets, we also assume that the
same class of model holds and that the two planets are affected
in the same way by heat dissipation mechanisms. As shown in
Fig. 4, we thus find that Kepler-9b contains 1.50 + 0.24 times
more heavy elements in mass than Kepler-9c. Strikingly, the two
planets appear to have the same global composition as indicated
by a similar ratio of mass of heavy elements to total planetary
mass Zp/Z. = 1.02 £ 0.14.
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Fig.4. Constraints on the ratios of the masses of heavy elements
My, /My (top) and of the total mass fractions of heavy elements Z,/Z.
(bottom) in Kepler-9b versus Kepler-9c. The colours have the same
meaning as in Fig. 3.

To assess the importance of the different measure-
ments/modelling hypotheses, we compare results obtained by as-
suming only one source of uncertainty at a time to the global re-
sults. We find that the present uncertainties on M and Z for both
planets mostly stem from uncertainties on the stellar parameters
(~50% of the total error) and assumed dissipation rates (~30%).
When considering the ratios of these quantities, i.e. Mzy/Mz,
and Z,/Z., the contribution by the stellar parameters’ uncertain-
ties is strongly suppressed (to less than ~10%). In the case of
Mz, /M7, the dominant uncertainties are then those on the plan-
etary masses (~60%), on the k values (~30%), and on dissipa-
tion (~30%). In the case of Z;,,/Z., the dominant uncertainties are
due to the k values (~40%), dissipation (~30%), with less of an
effect on the planetary masses (~10%). Further measurements
from Kepler and from ground-based radial velocimetry will be
extremely valuable in reducing the uncertainties on the stellar
density, planetary masses, and k values.

4. Modelling the possible super-Earth Kepler-9d
(KOI-377)

Kepler-9d cannot be compared with the same method as its sis-
ter planets b and c, both because of its different nature and be-
cause of its undetermined mass. For this planet, we combined
internal structure models developed for solid planets to models
of gaseous models (Valencia et al. 2010). We considered two
types of planets: rocky planets with different amounts of iron
and volatile planets. For the latter we assumed the planets to
be differentiated into a solid nucleus of terrestrial composition
(a silicate mantle above an iron core), overlaid by a gaseous
envelope composed of either hydrogen and helium, or water.
Because the equilibrium temperature we estimate for Kepler-9d
(Teq ~ 1800-2200K) is well above the critical temperature of
water, the water in the envelope is in a fluid form.

Figure 5 shows the results. Given the size of Kepler-9d, the
amount of hydrogen and helium present would be less than 0.1%
by mass. Owing to the proximity to the star, this atmosphere
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Fig. 5. Mass-radius relations for different compositions of Kepler-9d.
For the rocky scenarios: a pure iron planet (dashed black), a mercury-
like planet — 35% silicate mantle above a 65% iron core (thin black),
an earth-like planet — 63% silicate mantle above a 33% iron core (thick
black). For the gaseous compositions: an earth-like nucleus covered by
an H-He envelope of 0.01% (dotted brown), 0.1% (dotted orange), and
1% (dotted red) by mass; or covered by a water envelope of 5% (solid
purple) and 50% (solid dark blue) by mass, or a pure 100% water-vapor
planet (solid light blue). The radius range for Kepler-9d (grey band)
suggests the planet has no considerable H-He. A physically plausible
upper limit for the mass is 16 Mg. Transiting exoplanets in a similar
mass-radius range, as well as Uranus and Neptune, are shown for refer-
ence.

would be very vulnerable to escape, thus yielding a scenario
for only hydrogen and helium that is practically unfeasible, as
obtained for CoRoT-7b (Valencia et al. 2010). On the other hand,
this can be a water-vapour planet with volatiles making up less
than 50% by mass.

Alternatively, the composition may be rocky, for which the
mass range corresponding to the radius will depend on the
amount of iron. The values are 4—7 Mg for a planet with little or
no iron (i.e. a super-Moon), 5—11 Mg for a terrestrial composi-
tion (iron core is 33% by mass), 7—16 Mg for a super-Mercury
composition (iron core is 65% by mass), and up to 30 Mg, if made
of pure iron. While it is quite unlikely for a planet to be com-
posed only of iron, the precise amount is unknown. If Mercury’s
high iron content is used as a proxy, a reasonable upper limit to
the mass of Kepler-9d is 16 Mg,

5. Conclusion

In this paper, we combined stellar and planetary evolution
models to constrain the star and planets in the Kepler-9 system

in a homogeneous way. We showed that the two Saturn-like gas
giants contain a relatively significant fraction of heavy elements
in their interior (Mzp, = 35f}2 Mg and Mz, = 24i}g Myg) and that
the close-in super-Earth most probably contains no hydrogen
and helium, because the low allowed mass fraction (<0.01%)
would have been rapidly blown away.

Comparing the two planets Kepler-9b and 9c led us to derive
tight constraints on the ratios of heavy elements in these planets,
i.e. Zy/Z. = 1.02 + 0.14. This is surprising because accretion
models predict a faster accretion of hydrogen and helium and
thus a lower Z value for the first formed, most massive planet
(e.g. Hori & Ikoma 2010). These two planets are also highly
interesting because they are in a 2:1 mean motion resonance,
as are several other known exoplanetary planets. Their orbital
properties generally imply an early migration in the presence of
an inner-gas disc to damp any eccentricities (Crida et al. 2008).

Detailed studies of the formation and migration of the entire
Kepler-9 planetary system thus should shed light on the mecha-
nisms responsible for planetary formation.
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Appendix A: Planetary parameters and main uncertainties for Kepler-9b and 9¢c

Table A.1. Constraints obtained on Mz}, as a function of age and sources of uncertainties.
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Age #o My, "My, 0 Mgy fx S e Sfum o Jais
[Ga] [Mg] [Mg] Mgl (%) () (%) (%) (%)
1.000 1
2 43.61 9.34 10.63 33 18 44 20 0
3 43.61 13.23 14.22 36 20 48 14 0
2.000 1
2 41.19 8.58 13.86 44 18 36 18 6
3 41.19 14.17 16.87 46 19 40 12 0
2.239 1 40.62 5.44 7.81 7 15 30 34 44
2 40.62 8.77 14.56 47 17 34 17 7
3 40.62 13.88 17.57 48 19 38 12 0
2.500 1 39.74 6.34 8.81 22 13 26 29 35
2 39.74 9.28 17.84 56 15 27 15 6
3 39.74 13.86 20.70 55 18 32 11 1
3.000 1 37.67 8.30 12.79 43 10 17 21 28
2 37.67 10.36 17.96 58 15 25 14 9
3 37.67 15.05 20.82 58 17 30 10 2
3.500 1 36.19 9.68 13.76 47 9 14 19 28
2 36.19 11.63 19.63 61 13 21 13 11
3 36.19 15.64 23.82 62 16 25 9 3
4.000 1 35.17 10.67 15.06 49 8 12 17 29
2 35.17 12.51 22.07 63 12 18 12 12
3 35.17 15.65 27.93 66 15 20 9 4
5.000 1 29.89 15.94 14.41 52 7 9 14 29
2 29.89 17.53 25.23 66 10 12 9 14
3 29.89 19.02 29.88 77 6 13 8 7
6.000 1 28.19 17.63 16.26 48 6 7 13 35
2 28.19 19.02 28.12 70 5 9 9 16
3 28.19 19.48 28.12 73 7 14 8 12
7.000 1 27.27 18.54 14.92 40 7 7 14 43
2 27.27 19.71 27.14 65 5 8 9 21
3 27.27 20.11 27.26 69 7 12 9 17
8.000 1
2 27.97 18.48 26.61 53 10 9 10 29
3 27.97 19.19 27.11 63 8 13 9 23
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Table A.2. Constraints obtained on Mz, as a function of age and sources of uncertainties.

Age #o MZ,c o* MZ,c 6" MZ,C f* ﬁ fM[m ﬁitm fdiss
[Ga] (Me]  [Ms] Me] () (%) (B) (%) (%)
1.000 1

2 2997 7.66 9.54 26 15 50 21 8
32997  11.24 12.43 28 16 54 14 3
2.000 1
2 2832 7.21 11.67 36 14 41 19 16
3 2832  11.67 14.09 38 16 46 13 5
2.239 1 2791 5.87 7.14 5 10 30 31 46
2 2791 7.44 12.11 38 14 39 18 16
3 2791 11.43 14.50 40 16 45 13 7
2.500 1 2727 6.53 7.78 16 10 26 28 41
2 27.27 7.92 14.18 47 13 32 16 15
32727 1141 16.38 47 15 38 12 8
3.000 1 2572 8.04 10.29 34 8 19 21 34
2 2572 9.05 14.09 49 12 29 16 18
3 2572 1233 16.23 50 15 36 12 9
3.500 1 24.64 9.07 10.88 38 7 16 20 33
2 2464 9.84 15.05 53 12 25 15 19
3 2464 13.18 17.61 55 14 30 11 10
4.000 1 2391 9.74 11.74 40 7 14 18 33
2 2391 10.36 16.36 56 11 22 14 19
3 2391 13.83 20.27 58 13 25 10 11
5.000 1 2026 1332 11.16 45 6 11 16 33
2 2026 13.66 18.43 61 9 15 11 20
32026 17.37 20.24 65 5 17 9 13
6.000 1 19.01 14.44 12.22 42 6 9 15 37
2 19.01 14.70 18.99 64 4 11 11 22
3 19.01 18.43 19.01 61 6 16 10 17
7.000 1 18.44  14.80 11.38 35 6 9 16 42
2 1844 1515 18.41 59 4 11 12 27
3 18.44  18.68 18.43 57 6 15 10 21
8.000 1
2 18.79  14.71 18.30 50 6 11 12 32
3 1879 17.67 18.40 52 7 16 11 26
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Table A.3. Constraints obtained on Z, as a function of age and sources of uncertainties.
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Age #o  Zy 02, 07y fu Joo e Jam o Jais
[Ga] (%) () (P) (%) (%)
1.000 1

2 0.55 0.07 0.11 46 26 4 27 0
3 0.55 0.10 0.14 51 29 4 20 0
2.000 1
2 0.52 0.07 0.16 54 22 3 22 7
3 0.52 0.11 0.19 60 25 4 15 0
2.239 1 0.51 0.06 0.09 8 18 3 39 51
2 0.51 0.08 0.17 56 21 3 21 8
3 0.51 0.11 0.20 61 24 4 15 1
2.500 1 0.50 0.07 0.10 24 15 2 32 39
2 050 0.08 0.21 64 17 3 17 8
3 0.50 0.11  0.25 66 21 3 13 2
3.000 1 047 0.09 0.15 46 10 2 22 29
2 047 0.10 0.22 64 16 3 16 10
3 047 0.13 0.26 67 20 3 12 3
3.500 1 045 0.11 0.17 49 9 2 20 29
2 045 0.12 025 65 14 2 14 11
3 045 0.14 0.30 69 18 3 11 4
4.000 1 044 0.12 0.19 51 8 1 17 30
2 044 0.13 0.28 67 13 2 12 13
3 044 0.15 035 71 16 2 9 5
5.000 1 037 0.19 0.18 54 7 1 15 30
2 0.37 0.19 0.32 69 11 2 10 14
3 037 021 0.37 80 6 1 8 7
6.000 1 0.35 020 0.20 51 6 1 14 36
2 035 021 035 73 5 1 9 17
3 035 023 035 75 7 2 9 12
7.000 1 034 021 0.19 42 7 1 15 46
2 034 022 034 68 5 1 9 22
3 034 024 0.34 71 7 1 9 17
8.000 1
2 035 020 033 56 11 2 10 31
3 035 023 034 64 8 2 9 23
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Table A.4. Constraints obtained on Z. as a function of age and sources of uncertainties.

Age #o Zc 6+Zc 6" ZC f * ﬁ f Mot ﬁitm f diss
[Ga] () () (B) (%) (%)
1.000 1

2 055 010 013 37 21 5 29 11
3 055 013 017 42 23 5 21 5
2.000 1
2 052 012 018 41 16 4 22 18
3 052 016 021 48 20 5 16 7
2.239 1 051 008 0.11 6 13 4 40 60
2 051 013 019 43 16 4 20 18
3 051 017 023 48 19 5 16 9
2.500 1 050 009 012 19 12 3 33 49
2 050 0.14 024 50 13 4 17 17
3 050 018 028 53 17 4 14 9
3.000 1 047 0.2 018 39 9 3 24 38
2 047 017 024 51 13 3 16 18
3047 021 028 54 16 4 13 10
3.500 1 045 014 019 43 8 2 22 37
2 045 019 027 53 11 3 15 19
3045 022 032 57 15 4 11 10
4.000 1 044 015 021 45 7 2 20 37
2 044 020 030 55 11 3 13 19
3 044 024 037 60 13 3 10 11
5.000 1 037 021 020 48 7 2 18 35
2 037 026 034 59 9 2 11 19
3 037 030 037 67 5 2 10 13
6.000 1 035 023 022 45 6 2 17 39
2 035 028 035 62 4 1 11 22
3 035 031 035 63 6 2 10 17
7.000 1 034 024 021 37 6 2 17 45
2 034 029 034 S8 4 1 11 26
3 034 031 034 60 6 2 11 22
8.000 1
2 034 027 034 50 6 2 12 32
3 034 030 034 54 7 2 11 26
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Table A.5. Constraints obtained on Mz}, /My, as a function of age and sources of uncertainties.
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Age #o  Mzy/Mz. 6 Mzp/Mz. 0 Mzy/Mz.  fx Soo S Jam o Sais
[Ga] () () () (%) (%)
1.000 1

2 1.47 0.34 0.23 1 27 88 8 17
3 1.47 0.53 0.35 1 30 88 5 11
2.000 1
2 1.47 0.38 0.24 3 33 86 9 18
3 1.47 0.58 0.36 3 36 86 5 11
2.239 1 1.48 0.20 0.21 0 23 64 15 29
2 1.48 0.39 0.24 4 34 85 9 18
3 1.48 0.60 0.36 3 38 86 5 11
2.500 1 1.48 0.21 0.22 1 23 62 14 28
2 1.48 0.42 0.24 6 40 82 9 18
3 1.48 0.64 0.37 5 47 84 6 11
3.000 1 1.49 0.23 0.23 6 26 59 14 27
2 1.49 0.43 0.26 8 43 81 9 18
3 1.49 0.67 0.38 7 52 82 5 11
3.500 1 1.50 0.24 0.24 9 28 58 15 26
2 1.50 0.48 0.26 11 50 78 9 17
3 1.50 0.77 0.39 10 69 80 6 10
4.000 1 1.50 0.26 0.24 11 30 57 15 26
2 1.50 0.55 0.27 15 58 75 9 16
3 1.50 2.08 0.41 10 86 42 3 5
5.000 1 1.58 0.25 0.31 18 35 54 15 23
2 1.58 2.34 0.39 18 76 33 3 5
3 1.58 158.46 1.58 21 78 22 0 0
6.000 1 1.60 0.34 0.31 25 42 51 15 18
2 1.60 191.56 1.34 8 73 54 0 0
3 1.60 191.56 1.55 8 73 54 0 0
7.000 1 1.69 0.24 0.40 22 43 53 17 17
2 1.69 110.30 1.08 10 14 88 0 0
3 1.69 302.37 1.68 31 55 21 0 0
8.000 1
2 1.65 197.99 0.69 1 15 97 0 0
3 1.65 198.07 1.46 9 79 89 0 0
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Table A.6. Constraints obtained on Z,/Z. as a function of age and sources of uncertainties.

Age #o Zb /Zc 6+Zb /Zc 6" Zb /Zc f* ﬁ me[ fatm ﬁliss
[Ga] () () (B) (%) (%)
1.000 1

2 1.00 0.10 0.14 2 45 10 14 27
3 1.00 0.14 0.16 3 58 11 11 21
2.000 1
2 1.00 0.14 0.16 5 47 12 13 26
3 1.00 0.20 0.19 5 61 13 9 19
2.239 1 1.00 0.08 0.11 0 34 11 22 42
2 1.00 0.15 0.16 6 48 12 12 25
3 1.00 0.21 0.19 6 62 14 9 19
2.500 1 1.00 0.09 0.12 2 32 10 20 40
2 1.00 0.19 0.17 9 51 12 11 23
3 1.00 0.28 0.20 8 68 13 8 16
3.000 1 1.01 0.11 0.13 8 34 10 19 36
2 1.01 0.21 0.17 10 54 13 11 22
3 1.01 0.33 0.21 9 70 13 8 15
3.500 1 1.01 0.12 0.13 11 36 10 19 34
2 1.01 0.27 0.18 13 57 13 10 20
3 1.01 0.50 0.21 12 71 13 6 12
4.000 1 1.02 0.14 0.13 14 38 11 19 32
2 1.02 0.36 0.18 16 61 13 9 17
3 1.02 1.43 0.23 10 88 8 3 5
5.000 1 1.07 0.15 0.17 22 42 12 17 27
2 1.07 1.60 0.26 18 76 10 3 5
3 1.07 108.16 1.07 21 78 15 0 0
6.000 1 1.08 0.24 0.16 28 47 13 17 21
2 1.08 119.62 0.91 9 80 48 0 0
3 1.08 119.62 1.05 9 80 48 0 0
7.000 1 1.14 0.17 0.22 25 48 14 19 19
2 1.14 63.74 0.73 12 16 86 0 0
3 1.14 206.39 1.14 31 55 14 0 0
8.000 1
2 114.58 0.46 2 18 97 0 0
3 120.91 0.98 10 89 83 0 0
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