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Figure 1.4: Large sunspot group from October 2014, the largest over the past 2 Solar cycles,

observed by the space-based Solar Dynamics Observatory. Image from NASA/SDO.

Parviainen, H. et al.: Transiting exoplanets from the CoRoT space mission

Fig. 11. Transit radius of CoRoT-27b as a function of age, as computed
by SET. The 68.3%, 95.5% and 99.7% confidence regions are denoted
by black, dark grey, and light grey areas respectively. The curves rep-
resent the thermal evolution of a 10.39 MJup planet with an equilibrium
temperature of 1500 K. Text labels indicate the amount of heavy ele-
ments in the planet (its core mass, in Earth masses). Dashed lines repre-
sent planetary evolution models for which 0.25% of the incoming stellar
flux is dissipated into the core of the planet, whereas plain lines do not
account for this dissipation (standard models).

The young solution can be reliably ruled out based on plane-
tary contraction models, while the older solution can explain the
measured mass density and radius for a range of planetary core
masses.

6.3. Stellar rotation period

An attempt was made to measure the stellar rotation period using
the autocorrelation function (ACF) -based method by McQuillan
et al. (2013). The analysis was carried out using a jump-corrected
version of the light curve, but no periods could be detected reli-
ably. The result is not surprising given the amount of systematics
in the light curve (see Fig. 2).

6.4. CoRoT-27b in context

CoRoT-27b’s mass places it inside the overlapping mass regime
between low-mass brown dwarfs and massive planets (Leconte
et al. 2009; Bara↵e et al. 2010). The exact nature of objects
in this mass range is not straightforward to establish, and, in-
deed, depends on the definition of a planet (see Schneider et al.
2011, for an overview). Definition by mass—whether the object
is massive enough to have sustained deuterium fusion at some
point of its history—has ambiguities, since the deuterium burn-
ing mass limit can vary from 11 to 16 MJup depending on the
object’s metal and helium content (Spiegel et al. 2011). Also,
systems exists with multiple companions likely on both sides of
the deuterium burning limit (Marcy et al. 2001). The definition
by formation history—whether the object formed by accretion or
gravitational collapse—is not without problems either, since we
have no reliable means to probe the formation history of an indi-
vidual object. However, the planet and brown dwarf populations
may show some systematic di↵erences on measurable proper-
ties, but if such di↵erences exists, more objects are required for
any groupings to become discernible.

Fig. 12. CoRoT-27b mass, period and density compared with the pop-
ulation of confirmed transiting exoplanets. Planets with masses larger
than 20 MJup and densities higher than 15 g/cm3 have been excluded.

Considering deuterium burning, CoRoT-27b’s 2� upper
mass limit exceeds the minimum deuterium burning mass limit
of 11 MJup (Spiegel et al. 2011), but is well below the conven-
tional 13 MJup limit. Thus, it is unlikely, but not completely ex-
cluded, that CoRoT-27b would have ever sustained deuterium
fusion.

Given the dearth of known massive short-period planets, any
statistical analyses are fated to be dominated by small num-
ber statistics. Keeping this in mind, massive short-period plan-
ets show a tentative preference to be found orbiting relatively
rapidly rotating stars on eccentric orbits (Bakos et al. 2011;
Southworth et al. 2009, also Fig. 14), without significant corre-
lation between planetary mass and host-star metallicity (Bakos
et al. 2011). They are also more common around binary systems
than single stars (Udry et al. 2002). We show the CoRoT-27b
mass, density and period compared with the population of tran-
siting exoplanets in Fig. 12, planetary masses and eccentricities
for massive close-in planets in Fig. 13, and the average v sin i ,
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2010). Assuming that the transit timing precision can be forced
down to 5 sec in the future, this O − C value will be reached in
45 years from now.

Turning to the evolution of the eccentricity during the cir-
cularization process, it has two consequences. First the occur-
rence of the secondary eclipse will change. The displacement
D of the secondary from phase 0.5 is given by (eqn 1 and 2
Borkovits, 2004, e.g.). The previous results of the tidal evo-
lution calculations indicated ė = −4.5 10−5 1/Myr and Ṗ =
−1.5 10−3 days/Myr. Assuming a constant ω, we have that
Ḋ = −37.56 10−5 days/Myr or Ḋ = −9.53 10−12 days/cycle.
This variation is of the same order as the previous one caused by
the decreasing semi-major axis, so it would be observable within
a century, too.

For the second effect, that is the circularization of the or-
bit, one can also consider the occurrence of a small precession
of the orbit. This effect is hardly observable, but interesting on
the theoretical side, since the transit occurs at the true anomaly
v = 90◦ − ω where ω is the argument of periastrion. The later is
also subject to variations because of theory of general relativity
but also because the tidal effects force the apsidal line to rotate.
However, this variation has a different time-scale. We thus do
not take this into account here, even if tidal forces also cause a
small precession of the orbit showing that ω̇ is not zero. So if e
decreases due to circularization, and even if ω is constant, then
at the epoch of transit the eccentric anomaly will increase and
hence the mean anomaly at transit will occur later. However, a
first estimation shows that this effect may be negligible in a ten
year timescale.

6.2. Internal structure

CoRoT-20b is a massive hot-Jupiter with a mass of 4.24 MJup and
a radius of 0.84 MJup. Given the large planetary mass, this small
size is surprising. Among Jupiter-mass planets, only HAT-P-20b
(Bakos et al., 2010) has a comparable size, i.e. 0.867 ± 0.033
RJup.

To investigate the internal structure of CoRoT-20b, we com-
puted planetary evolution models with CEPAM (Guillot &
Morel, 1995), following the description in Guillot & Havel
(2011), and Havel et al. (2011) for a planet of a total mass 4.24
MJup. We derived a time-averaged equilibrium temperature of the
planet to be Teq = 1002 ± 24 K. The results for Teq = 1000 K
are shown in Fig. 10 in terms of the planetary size as a function
of the system age. The coloured regions (green, blue, yellow) in-
dicate the constraints derived from the CESAM stellar evolution
models (Morel & Lebreton, 2008) at 1, 2, and 3σ level, respec-
tively. For preferred ages between 100 Ma and 1 Ga, we find that
CoRoT-20b should contain between 680 and 1040 M⊕ of heavy-
elements in its interior (i.e. between 50 and 77% of the total
planetary mass), at 1σ level. While this result is qualitatively in
line with the observed correlation between star metallicity and
heavy elements in the planet (e.g. Guillot et al., 2006; Miller &
Fortney, 2011, and references therein), the derived amounts are
extremely surprising. They would imply that all the heavy ele-
ments of a putative gaseous protoplanetary disk of 0.1 to 0.15 M⊙
were filtered out to form CoRoT-20b, and then that an extremely
small fraction of hydrogen and helium in that disk was accreted
by the planet. This is at odds with todays formation models (e.g.
Ida & Lin, 2004; Mordasini et al., 2009).

We investigated the possibility that changes in the atmo-
spheric model would yield more ”reasonable” values for the
planetary enrichment. As can be seen from a similar study in the
brown dwarf regime (Burrows et al., 2011), the consequences

Fig. 10. Evolution of the size of CoRoT-20b (in Jupiter units) as a func-
tion of age (in billion years), compared to constraints inferred from
CoRoT photometry, spectroscopy, radial velocimetry and stellar evo-
lution models. Green, blue and yellow regions correspond to the plan-
etary radii and ages that result from stellar evolution models matching
the inferred ρ⋆ - Teff - [Fe/H] uncertainty ellipse within 1σ, 2σ and
3σ, respectively. Planetary evolution models for a planet with a solar-
composition envelope over a central dense core of variable mass (0, 400,
800, and 1000 M⊕ as labelled) are shown as dashed lines. These mod-
els also assume that 1% of the incoming stellar irradiation is dissipated
deep into the interior of the planet.

of modified atmospheric properties are limited for objects with
the mass of CoRoT-20b (i.e. standard radii for objects of this
mass range from 1.05 to 1.20 RJup). By artificially lowering the
infrared atmospheric opacity by a factor 1000 (not shown), we
were able to decrease the 1σ upper limit to the core mass from
650 to 390 M⊕, a small change compared to huge and unphysical
decrease in the opacity.

On the other hand, one strong assumption in our study is that
heavy elements are embedded into a central core. When rela-
tively small amounts of heavy elements are considered, it is not
very important whether they are considered as being part of a
core or mixed in the envelope (e.g. Ikoma et al., 2006). However,
as shown by Baraffe et al. (2008), when 0.5 MJup of ices are
mixed in the envelope of a 1 MJup planet, its radius is smaller by
∼ 0.1 RJup than when one considers that these elements are part
of a central core. It is thus very likely that the mass of heavy el-
ements required to explain the radius of CoRoT-20b is high but
significantly smaller than considered here. Estimates based on
the Baraffe et al. (2008) calculations indicate that if mixed in the
envelope, a mass of heavy elements 2 to 3 times smaller than
estimated in Fig. 10 would explain the observed planetary size.
This would alleviate the problem of the formation of the planet,
although it would still require relatively extreme/unlikely sce-
narios.

7. Summary

In this article we presented the discovery of CoRoT-20b. The
object belongs to the population of massive planets with or-
bital semi major axes below 0.1 AU, a domain of orbital peri-
ods where low and high eccentricity systems co-exist in a nar-
row range of orbital period. We examined the tidal stability of
CoRoT-20 and found that, within the observational uncertain-
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CoRoT-20b

700 - 1000 M♁

Mp = 4.24 ± 0.23 MJ

Rp =  0.84 ± 0.04 RJ

ρp = 8.87 ± 1.10 g/cm3

Mp = 5.06 ± 0.36 MJ

Rp =  1.16 ± 0.26  RJ

ρp = 4.02 ± 2.7 g/cm3

Southworth, 2012

Super dense planets: real or not real?



Issue : the age

increases unlike the stellar mass which remains nearly constant. Whilst a difference of a few Myears
does not imply a meaningful difference in terms of stellar radius, a difference of a few Gyears does.
Consequently, the radius of the more evolved star of Southworth, is bigger. Our analysis, done without
any assumption on the stellar age, seems in agreement with this argument: it gives a stellar age in
between the two studies and consequently, a stellar radius also in between those derived from the
previous works.
Then, knowing planetary radius is the product of the radii ratio and the stellar radius, an older star
implies a longer planetary radius. Hence a lower planetary density.
To go one step further, we used the possibility that PASTIS offers to investigate the impact of stellar
age on the inferred planetary radius. Indeed, as aforementioned, the final chain contains the
distribution of values for each parameters from all converging merged chains. The final result of each
parameter is the median of the distribution of each parameter. It thus possible to plot all solutions for
the planet’s density as a function of all stellar ages so as to assess the impact(Figure 11).

Figure 11: Planetary density as a function of stellar age

Figure 12 shows the clear dependency of the density with the stellar age, illustrating how critical this
parameter is.
In the case of CoRoT-13b, a combined analysis was performed by considering only solutions which
stellar age is inferior to 3.15 Gyears. The aim of this analysis was to try reproducing the Cabrera et.
al. results, by just changing the stellar age. Results are given in Table 11:

Analyses Stellar age < 3.15 Gyears Cabrera et al. (2010) Southworth (2011)
Star mass (M�) 1.098± 0.038 1.09± 0.02 1.086± 0.077
Star radius (R�) 1.071± 0.065 1.01± 0.03 1.274± 0.077

Stellar age (Gyear) 2.3± 0.8 0.12� 3.15 5.8+1.4
�6.2

Planet mass (M
J

) 1.318± 0.079 1.308± 0.066 1.312± 0.092
Planet radius (R

J

) 0.908± 0.082 0.885± 0.014 1.252± 0.075
Planet density(⇢

J

) 1.67± 0.42 1.76± 0.17 0.62± 0.11

Table 11: Summary of CoRot-13 results of our analysis by considering a young stellar age
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Fig. 7. CoRoT-20 spectrum in a spectral region around the Li i lines at
6708Å.

consistent with the strong interstellar absorption observed in the
Na i (D1) and (D2) lines.

6. CoRoT-20 system properties
Compared to the sample of known transiting planets, CoRoT-
20b is unusual in many respect. With an orbital period of 9.24
days it joins the group of transiting planets with periods out-
side the pile-up at 3 days. It is the fifth planet discovered by
CoRoT in this period domain which currently accounts for 25
planets (see http://exoplanet.eu/), 9 out of these belonging to
multi-planet systems : Kepler-9 (Holman et al., 2010), Kepler-
10 (Fressin et al., 2011) and Kepler-11 (Lissauer et al., 2011).
However all these Kepler-planets have a mass which is less than
∼ 0.3MJup and could not be directly compared to the giant planet
population. Excluding these planets in multiple systems, for the
17 remaining objects of the sample that do not have a detected
companion, 8, that is 47%, have a significant eccentric orbit with
e in the range 0.15 to 0.9.

Planets with highly eccentric orbit appear to be found pref-
erentially among the high-mass and/or long period planet popu-
lation. With a mass of 4.13MJup which places it at the border of
the gap in mass between the regular hot-Jupiter population and
the very massive planet one, CoRoT-20b is consistent this trend.
In the mass-period diagram they are clearly separated from the
lighter planets with circular orbits (Pont et al., 2011). This di-
chotomy and in particular the lack of massive close-in planets at
circular orbit suggest that tidal evolution should play an impor-
tant role in the fate of the planet population.

6.1. Tidal evolution

Following Levrard et al. (2009) approach we checked the sta-
bility of CoRoT-20b to tidal dissipation. The authors calculated
the ratio between the total angular momentum of a given system
Ltot and the critical angular momentum Lcrit for some transit-
ing systems. According to Hut (1980), tidal equilibrium states
exist when the total angular momentum is larger than this crit-
ical value Lcrit. However, this equilibrium state could be stable
or unstable, depending whether the orbital angular momentum
Lorb is more than three time the total spin angular momentum
Lspin, or not. Levrard et al. (2009) demonstrated that for none
of the systems but HAT-P-2b the stable tidal equilibrium state,
that corresponds to Ltot/Lcrit > 1, exists. Further the fate of these
close-in planets is ultimately a collision with their host-star. The
study has been recently reexamined and extended to more than
60 transiting systems byMatsumura et al. (2010) who achieved a
similar conclusion, showing that the vast majority of these close-
in planets will spiral-in to their host star and will be destroyed by

Fig. 8. Tidal evolution of the orbital semi-major axis and eccentricity.
The figure is displayed on a time interval larger than the expected life-
time of the star to show the triple synchronization characteristic of a
Darwin-stable system.

tides. Using equations (1) and (2) given by Levrard et al. (2009)
that neglect any effect of a possible magnetized stellar wind, we
found for CoRoT-20b:

Ltot/Lcrit = 1.057 and Lspin⋆/Lorb = 0.0458

It shows that, within the current observational uncertainties, the
planet has a tidal equilibrium state. It is worth noticing that our
approach also assumes the stellar obliquity is small. The later is
poorly constrained as the star’s rotation period could not be de-
rived from the light curve. We simply assumed that the rotation
axis is perpendicular to the line of sight and derived the star’s
rotation period from the v sin i (Table 3), a regular method for
transiting systems. This gives a rotational period of the star of
11.5 ± 3.1 days, that is of the same order than the planet’s orbital
period. In the case of CoRoT-20b, Lspin⋆/Lorb < 1/3 and most of
the angular momentum of the system is in the orbit. According
to Matsumura et al. (2010),CoRoT-20b belongs to the very small
subgroup of Darwin-stable systems that evolve toward a stable
tidal equilibrium state where migration will stop.

From the Roche-limit separation, the planet thus lies well
beyond two times the Roche limit distance. Using (Faber et al.,
2005) :

aR = (Rp/0.462)(M⋆/Mp)1/3

we found that the Roche limit aR of the system is 0.0057
AU. This further supports the migration scenario over the
scattering/Kozai-cycle scenario as proposed by Ford & Rasio
(2006).

We performed a complete calculation of the tidal evolution
of the system formed by the star and the planet assuming a lin-
ear tidal model (Mignard, 1979; Hut, 1981). The main difficulty
here is to choose the values of the dissipation in the star and in
the planet. For the main semi-diurnal tides of the star, we have
adopted the value Q′s = 107 as found for hot Jupiters (Hansen,
2010; Benı́tez-Llambay et al., 2011). Because of the close val-
ues of the orbital period and the rotation of the star, the compo-
nents of the tides raised on the star by the planet related to the
orbital eccentricity are also equally important, but the values of
the current dissipation obtained with them are of the same order
of magnitude. For the planet, we have derived one value on the
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3.4 Results

Thereby, results from combined analyses of CoRoT-13 and CoRoT-20 are summarized in table 8 and
table 9 respectively. For the sake of clarity, results from previous works were added.

Analyses Current analysis Cabrera et al. (2010) Southworth (2011)
Star mass (M�) 1.075± 0.046 1.09± 0.02 1.086± 0.077
Star radius (R�) 1.21± 0.13 1.01± 0.03 1.274± 0.077

Stellar age (Gyear) 5.2± 2.0 0.12� 3.15 5.8+1.4
�6.2

Planet mass (M
J

) 1.304± 0.082 1.308± 0.066 1.312± 0.092
Planet radius (R

J

) 1.10± 0.16 0.885± 0.014 1.252± 0.075
Planet density(⇢

J

) 0.90± 0.52 1.76± 0.17 0.62± 0.11

Table 8: Summary of CoRoT-13 results

Analyses Current analysis Deleuil et al. (2012) Southworth (2012)
Star mass (M�) 1.085± 0.067 1.14± 0.08 1.11± 0.10
Star radius (R�) 1.19± 0.21 1.02± 0.05 1.34± 0.37

Stellar age (Gyear) 4.9± 2.0 0.1+0.800
�0.040 5.9+1.6

�11.4

Planet mass (M
J

) 4.18± 0.26 4.24± 0.23 5.06± 0.36
Planet radius (R

J

) 1.03± 0.22 0.84± 0.04 1.16± 0.26
Planet density(⇢

J

) 3.8± 2.1 6.69± 0.83 3.0± 2.5

Table 9: Summary CoRot-20 results

3.5 Discussion

3.5.1 The stellar radius as a source of discrepancy

In the case of CoRoT-13, Southworth tried to explain the origin of such discrepancies by mentioning
that he did not take into account the 512-s sampled data when Cabrera et. al did. In order to confirm
or infirm this theory, we conducted a combined analysis without the 512-s sampled data. Table 10
shows the results of both analyses. Both analysis gave the same results, showing that the 512 sec data
are not at the origin of the difference between the two studies.

Combined analyses With 512-s sampled data Without 512-s sampled data
Star mass (M�) 1.075± 0.046 1.076± 0.046
Star radius (R�) 1.21± 0.13 1.23± 0.12

Stellar age (Gyear) 5.2± 2.0 5.4± 1.7
Planet mass (M

J

) 1.304± 0.082 1.305± 0.083
Planet radius (R

J

) 1.10± 0.16 1.12± 0.14
Planet density(⇢

J

) 0.90± 0.52 0.87± 0.40

Table 10: Summary of results of analyses using 512-s sampled data or not

Another lead is the huge discrepancy on stellar age between Cabrera et. al. and Southworth, and
between Deleuil et. al. and Southworth. Indeed, on the main sequence, the stellar radius steadily
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Figure 3. Ternary diagram of the core, mantle, and water mass
fractions. Several compositions, including those of the Earth, Mer-
cury, and Titan, are shown. The lines parallel to one side give the
mass fraction of a main layer in the [0, 100%] range.

In our approach, the planet’s mass is first set to its
measured value. The compositional parameters f

alloy

,⇣
Mg

Si

⌘

P

, and Mg# do not have any significant influence

on the planet’s radius compared to its mass, the CMF
and the WMF (Sotin et al. 2007; Valencia et al. 2006).
They are then fixed by default to the Earth’s values. The
CMF and WMF are then the remaining free parameters
as they cannot be measured. They are both varied within
the [0–1] range of values and related by the relation
x

core

+x

mantle

+x

water

= 1. The parameter space formed
by the variation of these three variables is represented
by a ternary diagram (see Figure 3) displaying the mass
fractions of the three main layers forming an exoplanet:
core, mantle, and hydrosphere (or water). Each point on
the ternary diagram corresponds to a unique planet com-
position given by the pair (CMF,WMF). For instance,
an Earth-like composition corresponds to (CMF,WMF)
= (32.5%,0.05%) (Stacey 1992, 2005), and a Mercury-
like composition to (CMF,WMF) = (68%,0%), even if
these values are still under debate (Schubert et al. 1988;
Harder & Schubert 2001; Spohn et al. 2001; Stacey 2005).
Mercury is completely dry, and the Earth’s WMF is as-
sumed to be zero, as for all terrestrial planets in our so-
lar system. Several moons of Jupiter and Saturn are not
dry, and present a significant water amount, like Titan,
with (CMF,WMF) = (0%,50%) (Tobie et al. 2006). In
the ternary diagram, the corners represent planets only
composed by the corresponding main layer (mantle on
top, water on the bottom left, and core on the bottom
right). Consequently, a planet located on one side does
not contain any fraction of the main layer corresponding
to the opposite corner (see the cases of the Earth and
Mercury illustrated by Figure 3).
An appropriate numerical scheme allows the model

to explore the entire domain of planetary compositions
formed by the ternary diagram. This exploration can
be translated into a colormap of the resulting planet’s
radii, as shown by Figure 4. The minimum radius is ob-
tained for a planet with a CMF of 1, whereas the largest

Figure 4. Colormap of the planet’s radius on the ternary diagram,
as a function of its composition for a given mass (here M

P

= 1M�).
The computed planet radii range from 0.79 R� to 1.40 R�. The
black lines represent isoradius curves with a separation of 0.1 R�.

planet has a WMF of 1. It is also possible to draw iso-
radius curves on the colormap, on which the computed
planet radius is constant. For instance, a 1 M� planet
with 15% CMF and 13% WMF has the same radius as a
planet with the same mass, but a di↵erent composition
(CMF,WMF)=(50%, 32%), showing that there is a de-
generacy when using our interior model. In the case of
an exoplanet whose mass M

P

has been measured with
an error �M

P

, it is possible to plot a ternary diagram for
each value of M

P

in the range [M
P

� �M

P

;M
P

+ �M

P

].
The complete parameter space can then be represented
by a triangular prism and a cross-section of this volume
at a given mass is a ternary diagram.

2.6. Physical limitations on the ternary diagram

The set of allowed compositions can be reduced by ex-
cluding areas of the ternary diagram that cannot physi-
cally exist. For instance, it is di�cult to imagine a planet
with a WMF of 1. In our case, we set an upper limit of
50% for the WMF, a value derived from our knowledge
of the interiors of large icy satellites such as Titan (Tobie
et al. 2006). Moreover, we assume that the upper limit of
the CMF is ⇠65%, a value derived from the assumption
that the bulk Fe/Si ratio in the planet is protosolar (Va-
lencia et al. 2007b). The compositions that do not fulfill
these conditions are thus excluded, and the correspond-
ing areas on the ternary diagram are shaded (see Fig-
ure 4). This changes the minimum allowed radius R

min

,
which is now obtained from (CMF,WMF)=(0.65,0) in-
stead of CMF = 1, and the maximum allowed radius
R

max

now obtained from (CMF,WMF)=(0,0.5) instead
of WMF = 1. Interestingly, Mercury lies out of this
exclusion region but its current state could result from
a post-formation alteration such as mantle evaporation
due to strong melting (Cameron 1985) or a giant im-
pact during the early phases of its evolution (Benz et al.
1988). Moreover, one must not forget that the planets
considered in this work are made from a limited num-
ber of materials. Planets harboring a thick gaseous at-
mosphere can easily be larger than the maximum value
allowed with water.
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Figure 3. Ternary diagram of the core, mantle, and water mass
fractions. Several compositions, including those of the Earth, Mer-
cury, and Titan, are shown. The lines parallel to one side give the
mass fraction of a main layer in the [0, 100%] range.

In our approach, the planet’s mass is first set to its
measured value. The compositional parameters f

alloy

,⇣
Mg

Si

⌘

P

, and Mg# do not have any significant influence

on the planet’s radius compared to its mass, the CMF
and the WMF (Sotin et al. 2007; Valencia et al. 2006).
They are then fixed by default to the Earth’s values. The
CMF and WMF are then the remaining free parameters
as they cannot be measured. They are both varied within
the [0–1] range of values and related by the relation
x

core

+x

mantle

+x

water

= 1. The parameter space formed
by the variation of these three variables is represented
by a ternary diagram (see Figure 3) displaying the mass
fractions of the three main layers forming an exoplanet:
core, mantle, and hydrosphere (or water). Each point on
the ternary diagram corresponds to a unique planet com-
position given by the pair (CMF,WMF). For instance,
an Earth-like composition corresponds to (CMF,WMF)
= (32.5%,0.05%) (Stacey 1992, 2005), and a Mercury-
like composition to (CMF,WMF) = (68%,0%), even if
these values are still under debate (Schubert et al. 1988;
Harder & Schubert 2001; Spohn et al. 2001; Stacey 2005).
Mercury is completely dry, and the Earth’s WMF is as-
sumed to be zero, as for all terrestrial planets in our so-
lar system. Several moons of Jupiter and Saturn are not
dry, and present a significant water amount, like Titan,
with (CMF,WMF) = (0%,50%) (Tobie et al. 2006). In
the ternary diagram, the corners represent planets only
composed by the corresponding main layer (mantle on
top, water on the bottom left, and core on the bottom
right). Consequently, a planet located on one side does
not contain any fraction of the main layer corresponding
to the opposite corner (see the cases of the Earth and
Mercury illustrated by Figure 3).
An appropriate numerical scheme allows the model

to explore the entire domain of planetary compositions
formed by the ternary diagram. This exploration can
be translated into a colormap of the resulting planet’s
radii, as shown by Figure 4. The minimum radius is ob-
tained for a planet with a CMF of 1, whereas the largest

Figure 4. Colormap of the planet’s radius on the ternary diagram,
as a function of its composition for a given mass (here M

P

= 1M�).
The computed planet radii range from 0.79 R� to 1.40 R�. The
black lines represent isoradius curves with a separation of 0.1 R�.

planet has a WMF of 1. It is also possible to draw iso-
radius curves on the colormap, on which the computed
planet radius is constant. For instance, a 1 M� planet
with 15% CMF and 13% WMF has the same radius as a
planet with the same mass, but a di↵erent composition
(CMF,WMF)=(50%, 32%), showing that there is a de-
generacy when using our interior model. In the case of
an exoplanet whose mass M

P

has been measured with
an error �M

P

, it is possible to plot a ternary diagram for
each value of M

P

in the range [M
P

� �M

P

;M
P

+ �M

P

].
The complete parameter space can then be represented
by a triangular prism and a cross-section of this volume
at a given mass is a ternary diagram.

2.6. Physical limitations on the ternary diagram

The set of allowed compositions can be reduced by ex-
cluding areas of the ternary diagram that cannot physi-
cally exist. For instance, it is di�cult to imagine a planet
with a WMF of 1. In our case, we set an upper limit of
50% for the WMF, a value derived from our knowledge
of the interiors of large icy satellites such as Titan (Tobie
et al. 2006). Moreover, we assume that the upper limit of
the CMF is ⇠65%, a value derived from the assumption
that the bulk Fe/Si ratio in the planet is protosolar (Va-
lencia et al. 2007b). The compositions that do not fulfill
these conditions are thus excluded, and the correspond-
ing areas on the ternary diagram are shaded (see Fig-
ure 4). This changes the minimum allowed radius R

min

,
which is now obtained from (CMF,WMF)=(0.65,0) in-
stead of CMF = 1, and the maximum allowed radius
R

max

now obtained from (CMF,WMF)=(0,0.5) instead
of WMF = 1. Interestingly, Mercury lies out of this
exclusion region but its current state could result from
a post-formation alteration such as mantle evaporation
due to strong melting (Cameron 1985) or a giant im-
pact during the early phases of its evolution (Benz et al.
1988). Moreover, one must not forget that the planets
considered in this work are made from a limited num-
ber of materials. Planets harboring a thick gaseous at-
mosphere can easily be larger than the maximum value
allowed with water.
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fractions. Several compositions, including those of the Earth, Mer-
cury, and Titan, are shown. The lines parallel to one side give the
mass fraction of a main layer in the [0, 100%] range.

In our approach, the planet’s mass is first set to its
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alloy
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, and Mg# do not have any significant influence

on the planet’s radius compared to its mass, the CMF
and the WMF (Sotin et al. 2007; Valencia et al. 2006).
They are then fixed by default to the Earth’s values. The
CMF and WMF are then the remaining free parameters
as they cannot be measured. They are both varied within
the [0–1] range of values and related by the relation
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core
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mantle
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= 1. The parameter space formed
by the variation of these three variables is represented
by a ternary diagram (see Figure 3) displaying the mass
fractions of the three main layers forming an exoplanet:
core, mantle, and hydrosphere (or water). Each point on
the ternary diagram corresponds to a unique planet com-
position given by the pair (CMF,WMF). For instance,
an Earth-like composition corresponds to (CMF,WMF)
= (32.5%,0.05%) (Stacey 1992, 2005), and a Mercury-
like composition to (CMF,WMF) = (68%,0%), even if
these values are still under debate (Schubert et al. 1988;
Harder & Schubert 2001; Spohn et al. 2001; Stacey 2005).
Mercury is completely dry, and the Earth’s WMF is as-
sumed to be zero, as for all terrestrial planets in our so-
lar system. Several moons of Jupiter and Saturn are not
dry, and present a significant water amount, like Titan,
with (CMF,WMF) = (0%,50%) (Tobie et al. 2006). In
the ternary diagram, the corners represent planets only
composed by the corresponding main layer (mantle on
top, water on the bottom left, and core on the bottom
right). Consequently, a planet located on one side does
not contain any fraction of the main layer corresponding
to the opposite corner (see the cases of the Earth and
Mercury illustrated by Figure 3).
An appropriate numerical scheme allows the model

to explore the entire domain of planetary compositions
formed by the ternary diagram. This exploration can
be translated into a colormap of the resulting planet’s
radii, as shown by Figure 4. The minimum radius is ob-
tained for a planet with a CMF of 1, whereas the largest
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planet has a WMF of 1. It is also possible to draw iso-
radius curves on the colormap, on which the computed
planet radius is constant. For instance, a 1 M� planet
with 15% CMF and 13% WMF has the same radius as a
planet with the same mass, but a di↵erent composition
(CMF,WMF)=(50%, 32%), showing that there is a de-
generacy when using our interior model. In the case of
an exoplanet whose mass M

P

has been measured with
an error �M

P

, it is possible to plot a ternary diagram for
each value of M

P

in the range [M
P

� �M

P

;M
P

+ �M

P

].
The complete parameter space can then be represented
by a triangular prism and a cross-section of this volume
at a given mass is a ternary diagram.

2.6. Physical limitations on the ternary diagram

The set of allowed compositions can be reduced by ex-
cluding areas of the ternary diagram that cannot physi-
cally exist. For instance, it is di�cult to imagine a planet
with a WMF of 1. In our case, we set an upper limit of
50% for the WMF, a value derived from our knowledge
of the interiors of large icy satellites such as Titan (Tobie
et al. 2006). Moreover, we assume that the upper limit of
the CMF is ⇠65%, a value derived from the assumption
that the bulk Fe/Si ratio in the planet is protosolar (Va-
lencia et al. 2007b). The compositions that do not fulfill
these conditions are thus excluded, and the correspond-
ing areas on the ternary diagram are shaded (see Fig-
ure 4). This changes the minimum allowed radius R

min

,
which is now obtained from (CMF,WMF)=(0.65,0) in-
stead of CMF = 1, and the maximum allowed radius
R

max

now obtained from (CMF,WMF)=(0,0.5) instead
of WMF = 1. Interestingly, Mercury lies out of this
exclusion region but its current state could result from
a post-formation alteration such as mantle evaporation
due to strong melting (Cameron 1985) or a giant im-
pact during the early phases of its evolution (Benz et al.
1988). Moreover, one must not forget that the planets
considered in this work are made from a limited num-
ber of materials. Planets harboring a thick gaseous at-
mosphere can easily be larger than the maximum value
allowed with water.

 15%,13% 

(50%, 32%)

Brugger et al.  2017
1 M⊕ planet



Constraints from stellar abundances
4

Water
Core

Mantle

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

10
0%

90
%

80
%

70
%

60
%

50
%

40
%

30
%

20
%

10
%

0%100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Earth

Mercury

Titan

(33%,33%)

(20%,70%)

(50%,10%)

(10%,10%)

Figure 3. Ternary diagram of the core, mantle, and water mass
fractions. Several compositions, including those of the Earth, Mer-
cury, and Titan, are shown. The lines parallel to one side give the
mass fraction of a main layer in the [0, 100%] range.

In our approach, the planet’s mass is first set to its
measured value. The compositional parameters f

alloy

,⇣
Mg

Si

⌘

P

, and Mg# do not have any significant influence

on the planet’s radius compared to its mass, the CMF
and the WMF (Sotin et al. 2007; Valencia et al. 2006).
They are then fixed by default to the Earth’s values. The
CMF and WMF are then the remaining free parameters
as they cannot be measured. They are both varied within
the [0–1] range of values and related by the relation
x

core

+x

mantle

+x

water

= 1. The parameter space formed
by the variation of these three variables is represented
by a ternary diagram (see Figure 3) displaying the mass
fractions of the three main layers forming an exoplanet:
core, mantle, and hydrosphere (or water). Each point on
the ternary diagram corresponds to a unique planet com-
position given by the pair (CMF,WMF). For instance,
an Earth-like composition corresponds to (CMF,WMF)
= (32.5%,0.05%) (Stacey 1992, 2005), and a Mercury-
like composition to (CMF,WMF) = (68%,0%), even if
these values are still under debate (Schubert et al. 1988;
Harder & Schubert 2001; Spohn et al. 2001; Stacey 2005).
Mercury is completely dry, and the Earth’s WMF is as-
sumed to be zero, as for all terrestrial planets in our so-
lar system. Several moons of Jupiter and Saturn are not
dry, and present a significant water amount, like Titan,
with (CMF,WMF) = (0%,50%) (Tobie et al. 2006). In
the ternary diagram, the corners represent planets only
composed by the corresponding main layer (mantle on
top, water on the bottom left, and core on the bottom
right). Consequently, a planet located on one side does
not contain any fraction of the main layer corresponding
to the opposite corner (see the cases of the Earth and
Mercury illustrated by Figure 3).
An appropriate numerical scheme allows the model

to explore the entire domain of planetary compositions
formed by the ternary diagram. This exploration can
be translated into a colormap of the resulting planet’s
radii, as shown by Figure 4. The minimum radius is ob-
tained for a planet with a CMF of 1, whereas the largest

Figure 4. Colormap of the planet’s radius on the ternary diagram,
as a function of its composition for a given mass (here M

P

= 1M�).
The computed planet radii range from 0.79 R� to 1.40 R�. The
black lines represent isoradius curves with a separation of 0.1 R�.

planet has a WMF of 1. It is also possible to draw iso-
radius curves on the colormap, on which the computed
planet radius is constant. For instance, a 1 M� planet
with 15% CMF and 13% WMF has the same radius as a
planet with the same mass, but a di↵erent composition
(CMF,WMF)=(50%, 32%), showing that there is a de-
generacy when using our interior model. In the case of
an exoplanet whose mass M

P

has been measured with
an error �M

P

, it is possible to plot a ternary diagram for
each value of M

P

in the range [M
P

� �M

P

;M
P

+ �M

P

].
The complete parameter space can then be represented
by a triangular prism and a cross-section of this volume
at a given mass is a ternary diagram.

2.6. Physical limitations on the ternary diagram

The set of allowed compositions can be reduced by ex-
cluding areas of the ternary diagram that cannot physi-
cally exist. For instance, it is di�cult to imagine a planet
with a WMF of 1. In our case, we set an upper limit of
50% for the WMF, a value derived from our knowledge
of the interiors of large icy satellites such as Titan (Tobie
et al. 2006). Moreover, we assume that the upper limit of
the CMF is ⇠65%, a value derived from the assumption
that the bulk Fe/Si ratio in the planet is protosolar (Va-
lencia et al. 2007b). The compositions that do not fulfill
these conditions are thus excluded, and the correspond-
ing areas on the ternary diagram are shaded (see Fig-
ure 4). This changes the minimum allowed radius R

min

,
which is now obtained from (CMF,WMF)=(0.65,0) in-
stead of CMF = 1, and the maximum allowed radius
R

max

now obtained from (CMF,WMF)=(0,0.5) instead
of WMF = 1. Interestingly, Mercury lies out of this
exclusion region but its current state could result from
a post-formation alteration such as mantle evaporation
due to strong melting (Cameron 1985) or a giant im-
pact during the early phases of its evolution (Benz et al.
1988). Moreover, one must not forget that the planets
considered in this work are made from a limited num-
ber of materials. Planets harboring a thick gaseous at-
mosphere can easily be larger than the maximum value
allowed with water.
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fractions. Several compositions, including those of the Earth, Mer-
cury, and Titan, are shown. The lines parallel to one side give the
mass fraction of a main layer in the [0, 100%] range.

In our approach, the planet’s mass is first set to its
measured value. The compositional parameters f

alloy

,⇣
Mg

Si

⌘
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, and Mg# do not have any significant influence

on the planet’s radius compared to its mass, the CMF
and the WMF (Sotin et al. 2007; Valencia et al. 2006).
They are then fixed by default to the Earth’s values. The
CMF and WMF are then the remaining free parameters
as they cannot be measured. They are both varied within
the [0–1] range of values and related by the relation
x

core

+x

mantle

+x

water

= 1. The parameter space formed
by the variation of these three variables is represented
by a ternary diagram (see Figure 3) displaying the mass
fractions of the three main layers forming an exoplanet:
core, mantle, and hydrosphere (or water). Each point on
the ternary diagram corresponds to a unique planet com-
position given by the pair (CMF,WMF). For instance,
an Earth-like composition corresponds to (CMF,WMF)
= (32.5%,0.05%) (Stacey 1992, 2005), and a Mercury-
like composition to (CMF,WMF) = (68%,0%), even if
these values are still under debate (Schubert et al. 1988;
Harder & Schubert 2001; Spohn et al. 2001; Stacey 2005).
Mercury is completely dry, and the Earth’s WMF is as-
sumed to be zero, as for all terrestrial planets in our so-
lar system. Several moons of Jupiter and Saturn are not
dry, and present a significant water amount, like Titan,
with (CMF,WMF) = (0%,50%) (Tobie et al. 2006). In
the ternary diagram, the corners represent planets only
composed by the corresponding main layer (mantle on
top, water on the bottom left, and core on the bottom
right). Consequently, a planet located on one side does
not contain any fraction of the main layer corresponding
to the opposite corner (see the cases of the Earth and
Mercury illustrated by Figure 3).
An appropriate numerical scheme allows the model

to explore the entire domain of planetary compositions
formed by the ternary diagram. This exploration can
be translated into a colormap of the resulting planet’s
radii, as shown by Figure 4. The minimum radius is ob-
tained for a planet with a CMF of 1, whereas the largest

Water Core

Mantle

Earth

Mercury

Radius (R⊕)
Mass (M⊕)
1.00

 0.7
 0.8
 0.9
 1
 1.1
 1.2
 1.3
 1.4
 1.5

0.9

1.0

Rmin

1.11.21.3

Rmax

Figure 4. Colormap of the planet’s radius on the ternary diagram,
as a function of its composition for a given mass (here M

P

= 1M�).
The computed planet radii range from 0.79 R� to 1.40 R�. The
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planet has a WMF of 1. It is also possible to draw iso-
radius curves on the colormap, on which the computed
planet radius is constant. For instance, a 1 M� planet
with 15% CMF and 13% WMF has the same radius as a
planet with the same mass, but a di↵erent composition
(CMF,WMF)=(50%, 32%), showing that there is a de-
generacy when using our interior model. In the case of
an exoplanet whose mass M

P

has been measured with
an error �M

P

, it is possible to plot a ternary diagram for
each value of M

P

in the range [M
P

� �M

P

;M
P

+ �M

P

].
The complete parameter space can then be represented
by a triangular prism and a cross-section of this volume
at a given mass is a ternary diagram.

2.6. Physical limitations on the ternary diagram

The set of allowed compositions can be reduced by ex-
cluding areas of the ternary diagram that cannot physi-
cally exist. For instance, it is di�cult to imagine a planet
with a WMF of 1. In our case, we set an upper limit of
50% for the WMF, a value derived from our knowledge
of the interiors of large icy satellites such as Titan (Tobie
et al. 2006). Moreover, we assume that the upper limit of
the CMF is ⇠65%, a value derived from the assumption
that the bulk Fe/Si ratio in the planet is protosolar (Va-
lencia et al. 2007b). The compositions that do not fulfill
these conditions are thus excluded, and the correspond-
ing areas on the ternary diagram are shaded (see Fig-
ure 4). This changes the minimum allowed radius R

min

,
which is now obtained from (CMF,WMF)=(0.65,0) in-
stead of CMF = 1, and the maximum allowed radius
R

max

now obtained from (CMF,WMF)=(0,0.5) instead
of WMF = 1. Interestingly, Mercury lies out of this
exclusion region but its current state could result from
a post-formation alteration such as mantle evaporation
due to strong melting (Cameron 1985) or a giant im-
pact during the early phases of its evolution (Benz et al.
1988). Moreover, one must not forget that the planets
considered in this work are made from a limited num-
ber of materials. Planets harboring a thick gaseous at-
mosphere can easily be larger than the maximum value
allowed with water.

 (CMF, WMF) = 15%,13% 

(CMF,WMF)=(50%, 32%)
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These restrictions on the ternary diagram, based on
our current knowledge of the solar system bodies, do not
break the degeneracy existing on a planet’s composition.
This would however be possible if the Fe/Si ratio of the
planet is known, since it is strongly related to the CMF
value. With our assumptions, the Fe/Si ratio of a planet
is independent from its mass, and is essentially governed
by the CMF and WMF (see Appendix). Thus, as for
the radius, we can draw isolines of constant Fe/Si ra-
tios in the ternary diagram (see Figure 5). The intersec-
tion of the isoline of a planet’s Fe/Si with its isoradius
curve would then be the only composition allowed for this
planet. The Fe/Si and Mg/Si bulk ratios of an exoplanet
cannot be directly measured but it has been shown that
their host star’s values could provide a good approxima-
tion (Thiabaud et al. 2015). If known, the Fe/Si ratio of
an exoplanet’s host star can therefore be used to break
the degeneracy on the planet’s composition.
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Figure 5. Isolines of constant planetary Fe/Si ratio in the ternary
diagram. The Earth’s value is shown in red.

3. RESULTS

3.1. Mass-radius relationships

Our model allows the computation of R
P

as a function
of M

P

for di↵erent compositions. Comparing these val-
ues to the measured physical parameters then provides
a first estimate of the exoplanet’s composition. Here we
chose six typical compositions, namely 100% water, 50%
mantle–50% water, 100% mantle, Earth-like, Mercury-
like, and 100% core. We explore planetary masses up to
20 M� (see Figure 6), which corresponds to the upper
limit of validity of the Vinet EOS (pressures of the order
of 1–10 TPa; Hama & Suito 1996).
Previous studies found that, for an Earth-like compo-

sition, the planet radius grows proportional to M

0.274
P

(Sotin et al. 2007) or M0.267–0.272

P

(Valencia et al. 2006)
for M

P

2 [1–10]M�. When considering ocean planets
(with a 50% CMF) the power exponent remains simi-
lar, but the radius increases faster (R

P

= 1.262 M

0.275
P

;
Sotin et al. 2007) because of the lower density of the
water phases. For a Mercury-like composition, the
power exponent becomes ⇠0.3 (Valencia et al. 2006).

Figure 6. From top to bottom, mass-radius curves for di↵erent
planet compositions: 100% water, 50% mantle–50% water, 100%
mantle, Earth-like, Mercury-like, and 100% core. Solar system
planets that have a mass in the explored range are shown. Three
exoplanets, with the measurement errors on their physical param-
eters, are also shown: CoRoT-7b with original (1) and updated (2)
values (see Section 3.2), Kepler-10b, and Kepler-10c (Dumusque
et al. 2014; Weiss et al. 2016). The data used for this figure are
available online (see text).

Here, when fitting our mass-radius curves, we obtain
R

P

= 1.00 M

0.270
P

for an Earth-like composition and
M

P

2 [1–10] M�. The power exponent is lowered for
ocean planets (R

P

= 1.27 M

0.261
P

) and for Mercury-like
planets (R

P

= 0.90 M

0.268
P

). The value close to 0.3
found by Valencia et al. (2006) is only retrieved within
the 0.1–1 M� range. Overall, we obtain lower values
compared to Valencia et al. (2006) and Sotin et al. (2007).
This discrepancy originates from the extrapolation di↵er-
ences between the Vinet EOS and the BM3 EOS, since
the latter results in an overestimation of the planet ra-
dius. Because the power laws detailed here do not pro-
vide perfect fits of the mass-radius curves represented in
Figure 6, we recommend the use of the machine-readable
table available online.

3.2. Compositions of Super-Earths

In the following, when investigating the composition
of an exoplanet, we draw three ternary diagrams corre-
sponding to the minimum (M

P

� �M

P

), central (M
P

),
and maximum (M

P

+ �M

P

) values of its mass range. To
explore the impact of the uncertainties �R

P

on the planet
radius R

P

, we draw the three isoradius curves R
P

��R

P

,
R

P

, and R

P

+ �R

P

on each ternary diagram. On one
diagram, the domain included within the R

P

� �R

P

and
R

P

+ �R

P

curves corresponds to the set of compositions
allowed for the considered planet’s mass, with respect
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Figure 7. Ternary diagrams displaying the investigated compositional parameter space of CoRoT-7b for the minimum, central, and
maximum masses inferred by Haywood et al. (2014), using 1� uncertainties. Also shown are the isoradius curves denoting the planet radius
measured by Barros et al. (2014) with the 1� extreme values. Two areas of the diagrams are excluded from the study, based on assumptions
on the solar system’s present properties (darkened zones; see Section 2.6 for details). The Fe/Si ratio assumed for CoRoT-7b, with its
associated uncertainties, delimits an area represented as a red triangle.

Figure 8. Ternary diagrams displaying the investigated compositional parameter space of Kepler-10b for three values of the planet’s mass:
the minimum, central, and maximum values inferred by Weiss et al. (2016), using 1� uncertainties. Also shown are the isoradius curves
denoting the planet radius measured by Dumusque et al. (2014) with the 1� extreme values. Two areas of the diagrams are excluded from
the study, based on assumptions on the solar system formation (darkened zones; see Section 2.6 for details). The Fe/Si ratio of Kepler-10,
with its uncertainties, delimits an area in the diagram represented as a red triangle.

Weiss et al. (2016). With a 1� decrease on the planet’s
mass, this range becomes 0–13%. On the other hand,
with a 1� increase of the mass, the CMF becomes 24–
38%, a range of values becoming closer to those esti-
mated for the Earth or Venus. In particular, a fully rocky
Kepler-10b with M

P

= 4.14 M� and R

P

= 1.47 R�
presents the same CMF as for the Earth (32%). When
considering the limitations imposed by the Fe/Si ratio,
the CMF ranges for a 1� decrease and increase in mass
are considerably reduced, to 10–13% and 24–33%, re-
spectively. The overall upper limit on the CMF is thus
much closer to the Earth’s value. The range evaluated
for the central mass is not a↵ected by the considera-
tion of the planet’s Fe/Si ratio. The incorporation of
water in our simulations yields the following ranges for
Kepler-10b’s WMF, considering the planet’s bulk Fe/Si
ratio: 0–14%, 0–8%, and 0–3% for M

P

= 3.30, 3.72, and
4.14 M�, respectively. The overall maximum WMF of
Kepler-10b, namely 14%, is lower than half the corre-
sponding value for CoRoT-7b. Without consideration of
the Fe/Si ratio, the WMF of Kepler-10b could go as high
as 26%. In all considered cases, the high precision on
Kepler-10b’s radius, coupled to the estimated bulk Fe/Si
ratio, shows that a completely dry compositions is more
suitable for this planet, compared to CoRoT-7b. Indeed,
the WMF of Kepler-10b is restrained within 0 to 14%.

The possible CMF range is found to be 10–33%, which
is in good agreement with the results from Weiss et al.
(2016). However, their results ruled out an Earth-like
composition for Kepler-10b, whereas we show here that
this composition is possible.
Kepler-10b appears to be one of the best cases for the

study of exoplanetary composition, thanks to both i) the
high precision on its radius and ii) the measurement of
its host star’s elemental abundances. These two features
indeed allow to clearly reduce the set of compositions
allowed in the ternary diagrams of this planet.

3.2.3. Proxima Centauri b

Proxima Centauri b, a low-mass planet orbiting
the Sun’s closest neighbor, was recently discovered by
Anglada-Escudé et al. (2016). The planet’s radius
remains unknown because no evidence of transit has
been found yet (Kipping et al. 2017), and the only
known physical parameter is the planet’s minimum mass
M

P

sin i found to be 1.27+0.19
�0.17 M� (Anglada-Escudé et

al. 2016). Brugger et al. (2016) have performed a study
of the possible interiors and compositions of Proxima b
as a rocky body, with possible addition of water, assum-
ing that sin i = 1. In their study, the computed radius of
Proxima b spans the 0.94–1.40 R� range, the minimum
value being obtained in the case of a 1.10 M� dry planet

CoRoT-7b 

CMF: 10–37% 

Brugger et al.  2017
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Fig. 1. A comparison of 5 (3) different limb darkening models. We plot-
ted only the coefficients of the quadratic limb darkening-law. From top
to bottom one can see the models for different metallicities ([M/H] =
−0.5, 0.0, 1.0). For the sake of correct comparison, we used the same
logg and turbulent velocity vt values for all the curves. Solid lines rep-
resent the u1 coefficients, dotted lines the u2 coefficients. The model
of Sing (2010) is denoted by cyan lines. Red lines show the mod-
els of Claret & Bloeman (2011), which are based on the ATLAS
synthetic spectra and their “flux conservation method” (FCM). Green
lines were obtained by them using the same spectra, but applying their
“least square method” (LSM) for calculating the limb darkening co-
efficients. For solar metallicity ([M/H] = 0.0), they also calculated
the limb darkening coefficients with these two methods, but from the
PHOENIX spectra, too (violet and magenta lines). The figure only hows
the CoRoT white light passband coefficients; the discrepancies are sim-
ilar for Kepler’s response function and for other photometric systems.

they propagated the stellar parameter uncertainties to the limb
darkening prediction. In most of the cases the stellar paramater
uncertainties cause less than ±0.03 uncertainty in the prediction
of the limb darkening coefficients; (iii) although the spectro-
scopic effective temperature determination is not significantly
affected by stellar spots in the case of a solar-like activity, the
stellar surface effective temperature determination can be sys-
tematically affected when the spot coverage is about 10−20%
(Hatzes, priv. comm.; Ribas et al. 2008), and this can lead to
systematic errors in the limb darkening predictions and to un-
derestimation of the uncertainties of such a prediction. Thus, the
uncertainties mentioned in point (ii) might be underestimated. It
is quite difficult to characterize these kinds of error sources, but
fortunately they have an impact only for very active stars, which
are usually avoided by planet hunters; (A remarkable excep-
tion is CoRoT-2.) (iv) the inhomogeneties of the stellar surface
temperature distribution (e.g. spots, faculae, gravity darkening-
effects, etc.) are not included in the prediction of limb darkening
coefficients.

Now we consider the uncertainty in the planet-to-stellar ra-
dius ratio caused by the uncertainty of the limb darkening coeffi-
cients. After straightforward calculation we have (cf. Eq. (B1)):

∆k
k
=

1
2

!
∆u1δ + ∆u2δ2

1 − u1δ − u2δ2 +
2∆u1 + ∆u2

6 − 2u1 − u2

"
(1)

where we abbreviated δ = 1−µ, and ∆x means the uncertainty of
quantity x. The variation in the relative error in the radius ratio
of the star and the planet from Eq. (1) is shown in Fig. 2.

First we consider the temperature region 5000 K < T <
7500 K. Here the different limb darkening theories agree more
closely. Substituting the uncertainties of the theory discussed in
the previous section, we can easily conclude that the uncertain-
ties in the relative radius ratio of the planet and the star varies be-
tween 1% and 10%, but it can be around 8% at the high temper-
ature. Below 5000 K, where the curves of different theories are
very divergent, we have uncertainties of up to 20% in the radius
ratio. These uncertainties only come from the inconsistencies of
the theoretical limb darkening calculations. The aforementioned
two additional factors increase these uncertainties further, but
one needs a case-to-case study to characterize them.

These uncertainties are unacceptable if radii and therefore
internal structure of the planets are being studied, because to
distinguish between different planet models and to study them
in detail we require ±1% precision in planetary radii below
five Earth-masses. The consistency of the limb darkening-tables
should be improved in all temperature regions and should be
checked via observations, to obtain more concordant limb dark-
ening tables in the near future.

Since we do not have reliable limb darkening theories it
seems questionable to fix the limb darkening coefficients for
transit light curve analysis. For instance, CoRoT and Kepler
are able to determine the transit depth with a precision of 10−4

in general or sometimes even better, which can be translated
to 0.5% relative error for the radius ratio k – in the absence of
limb darkening. Since the error due to the poor knowledge of the
limb darkening may be as big as 20% at low host-star surface
temperatures (T < 5000 K), this can cause ∼40−50 times larger
error in the radius than the error stemming from the quality of
photometry alone! This error source is also two to ten times big-
ger at the higher host-star’s surface temperatures (T > 5000 K)
than the error stemming from the photometry. This is the case
when one fixes the limb darkening coefficients during the transit
light curve fit procedure.
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Fig. 4. CoRoT-8’s normalized light curves vs. time in Heliocentric Julian Date (HJD) minus 2 451 545 (January 1st, 2000). Sampling
period is 512 s. The actual median fluxes are 14 724, 15 677, 80 528, and 110 408 e�/32 s for the blue, green, red, and white LCs,
respectively.

Fig. 5. CoRoT-8b’s best transit model for the white LC (solid
line) with individual measurements (small dots) and averaged
measurements inside 10-min bins (big dots). Fit residuals are
displayed around 0.985.

using our own reduction software to optimize the spectrum ex-
traction. The spectra were divided by the blaze function and put
at rest by subtracting the systemic radial velocity. We obtained a

signal-to-noise ratio (S/N) of about 170 per resolution element
at 550 nm.

The fundamental parameters of the star were first estimated
with this spectrum. Later, we took advantage of the series of
HARPS spectra to refine the estimates of v sin i and the micro
and macro-turbulent velocities, which all benefit from the much
higher spectral resolution of HARPS. To that purpose, among
the HARPS spectra collected for the radial velocity analysis
(Sect. 5), we selected those that were not contaminated by Moon
light. Nine spectra were finally co-added, yielding an average
spectrum with S/N ⇠ 150 per resolution element at 550 nm.

The star is a slow rotator since the rotational broadening is
lower than the spectral resolution of HARPS. Using the synthe-
sis of a set of isolated lines, we determined a projected rotational
velocity of v sin i = 2 ± 1 km s�1, and a macroturbulent velocity
of vmac = 2 ± 1 km s�1. For the spectroscopic analysis, we fol-
lowed the same methodology as for the previous CoRoT planets
since CoRoT-3b. The analysis was performed using two spectral
synthesis packages, VWA (Bruntt et al. 2002) and SME (Valenti
& Piskunov 1996; Valenti & Fischer 2005) as described in de-
tails by Bruntt (2009).

For such a late type star that is metal rich, the continuum
placement could be a serious issue at wavelengths shorter than
550 nm owing to molecular bands and the high level of blend-
ing of weak metal lines. We therefore concentrated our spectro-
scopic analysis on well-defined spectral lines at longer wave-
lengths. We used the Ca i lines at 612.2, 616.2, and 643.9 nm
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Fig. 7. Folded transit of CoRoT-13b, best fit and its residuals
using the values of solution A in Table 5.

(Sing 2010 gives 0.156± 0.022) the agreement between theoret-
ical predictions and measurements is withing 2 sigma error bars,
which is satisfactory. We accept solution A as the definitive one
(the fit is shown in Fig. 7).

5. Discussion

5.1. Stellar properties

The spectroscopic analysis of CoRoT-13 reveals a G0V star with
an age between 0.12 and 3.15 Gyr, solar metallicity ([M/H] =
+0.01 ± 0.07), a high relative abundance of lithium (+1.45 dex),
and a low activity level according to the analysis of activity in-
dicators such as the H-K Ca ii lines (where no emission is de-
tected).

The rate of lithium depletion of solar like stars is related to
the age of the star and to the depth of the convective zone, as it
is destroyed at a temperature of approximately ⇠ 2.5 · 106 K in
the radiative region of a star (Chaboyer 1998). Given the spec-
tral type of CoRoT-13, we expect a lower lithium depletion rate
than in solar analogs (Castro et al. 2009). Using the value of the
Li i abundance, we compute a log n(Li) = 2.55. From Fig. 7 of
Sestito & Randich 2005 and with the value of the e↵ective tem-
perature (Te↵ = 5945 ± 90 K) we estimate the age of the star
in the range 300 Myr to 1 Gyr, consistent with the range from
the evolutionary models. In a recent paper, Israelian et al. (2009)
claim a lithium depletion in solar like stars with orbiting planets,
although it is not clear that previous observations support this
conclusion (Meléndez et al. 2009b). CoRoT-13 is not depleted
in lithium, albeit we call the attention to the fact that the e↵ec-
tive temperature of this star is slightly higher than the upper limit
for depletion given in Israelian et al. (2009).

The v sin i value indicates a rotational period of the star of
around 13 days1. Gyrochronology (Barnes 2007) could be used
as an age estimator. Using the improved gyrochronology rela-
tions from Mamajek & Hillenbrand (2008) we derived a gy-
rochronologic age of 1.66 Gyr well within the range of age given
by evolutionary models. No emission feature is seen at the bot-
tom of the Ca ii H and K lines nor in the H↵ line showing that the
star belongs to the inactive population with log R0H K < �5.0.
We thus didn’t derive any chromospheric age for the star. Other

1 a lower limit, as the value of sin i for the spin axis of the star is
unknown.

Table 6. Planet and star parameters.

Ephemeris
Planet orbital period P [days] 4.035 190 ± 0.000 030
Primary transit epoch Ttr [HJD-2 450 000] 4 790.809 1 ± 0.000 6
Primary transit duration dtr [h] 3.14 ± 0.01

Results from radial velocity observations
Orbital eccentricity e 0 (fixed)
Radial velocity semi-amplitude K [ m s�1] 157.8 ± 7.7
Systemic velocity Vr [ km s�1] 22.4536 ± 0.0060
O-C residuals [ m s�1] 20.2

Fitted transit parameters
Scaled semi-major axis a/R⇤ 10.81 ± 0.32
Radius ratio k = Rp/R⇤ 0.090 9 ± 0.001 4
Quadratic limb darkening coe�cientsa u+ 0.81 ± 0.07

u� �0.09 ± 0.09
Impact parameterb b 0.374 ± 0.054

Deduced transit parameters
M1/3
⇤ /R⇤ [solar units] 1.014 ± 0.030

Stellar density ⇢⇤ [ g cm�3] 1.468 ± 0.131
Inclination i [deg] 88.02+0.34

�0.36

Spectroscopic parameters
E↵ective temperature Te↵ [K] 5 945 ± 90
Surface gravity log g [dex] 4.30 ± 0.10
Metallicity [Fe/H] [dex] 0.01 ± 0.07
Stellar rotational velocity v sin i [ km s�1] 4 ± 1
Spectral type G0V

Stellar and planetary physical parameters from combined analysis
Star mass [M�] 1.09 ± 0.02
Star radius [R�] 1.01 ± 0.03
Surface gravity log g [dex] 4.46 ± 0.05
Age of the star t [Gyr] 0.12 � 3.15
Distance of the system [pc] 1 060 ± 100
interstellar extinction AV [mag] 0.20 ± 0.10
Stellar rotation period Prot [days] 13+5

�3
Orbital semi-major axis a [AU] 0.0510 ± 0.0031
Planet mass Mp [MJup]c 1.308 ± 0.066
Planet radius Rp [RJup]c 0.885 ± 0.014
Planet density ⇢p [ g cm�3] 2.34 ± 0.23
Planet surface gravity log g [dex] 3.62 ± 0.03
Average surface temperatured Tp [K] ⇠ 1 700

Notes.

(a) I(µ)/I(1) = 1 � µ + uaµ + ub(1 � µ)2, where I(1) is the
specific intensity at the center of the disk and µ = cos �, � being the
angle between the surface normal and the line of sight; u+ = ua + ub
and u� = ua � ub. (b) b = a·cos i

R⇤
(c) Radius and mass of Jupiter taken

as 71 492 km and 1.8992 ⇥ 1030 g, respectively (Lang 1999). (d) Zero
albedo equilibrium temperature for an isotropic planetary emission.

G0V stars are found with similar rotation rates and low activity
levels (Noyes et al. 1984).

We have looked for signs of stellar rotation in the light
curve (LC) observed by CoRoT to make a comparison with the
clear signs of spot modulation found in the cases of CoRoT-2b
(Lanza et al. 2009b), CoRoT-4b (Lanza et al. 2009a), CoRoT-
6b (Fridlund et al. 2010) or CoRoT-7b (Lanza et al. 2010).
The Lomb-Scargle periodogram of the LC, once the planetary
transits have been removed and the hot-pixel events have been
treated, shows indeed a significant broad peak around 77 days;
but not any significant peak at the expected rotational frequen-
cies. The 77 days period is comparable with the length of the
run (115 days), so it might be that we are observing an irregular
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Data Jump parameters Normal prior distributions

MCMC1 CoRoT transits (Rp/Rs)2,W, b′, u1 ∼ N(0.47, 0.032)
HARPS (EGGS+HAM) P, T0, K2, c1, c2, u2 ∼ N(0.22, 0.022)
HIRES (not transit) e cosω, e sinω

MCMC2 idem MCMC1 idem MCMC1 u1 ∼ N(0.47, 0.032)
+ CoRoT occultations + occultation depth dF2 u2 ∼ N(0.22, 0.022)

MCMC3 idem MCMC1 idem MCMC1 u1 ∼ N(0.47, 0.032)
+ 47 TTVs u2 ∼ N(0.22, 0.022)

TTVi∈[1:47] ∼ N(0,σ2TT,i)

Table 4. Specificities of the three MCMC runs performed during our global analysis. See text for details

on the radii), and more observations are required to thoroughly
characterize this system. In this context, improving significantly
the precision on the stellar density (about 20%) is desirable.
Such an improvement could be achieved mostly through a bet-
ter characterization of the orbital parameters e cosω and e sinω
with more RV measurements (and possibly occultation photom-
etry). Indeed, an new MCMC analysis assuming a perfectly cir-
cular orbit leads > 2 times smaller error bars on the planet’s and
star’s radii. The characterization of the system would also bene-
fit from an improved determination of the transit parameters with
more high-precision transit photometry, if possible acquired in a
redder bandpass (less significant limb-darkening).

The results of the run MCMC2 show that the occultation of
the planet is not detected in the CoRoT data. We can only put an
upper limit on its depth (3-σ upper limit = 680 ppm).

As expected, the errors on T0 and P are significantly larger
for the run MCMC3, but the posterior distributions obtained for
the other parameters agree well with ones of the other MCMC
runs. The resulting TTVs are shown in Fig. 6. No transit shows a
significant timing variation. Still, the resulting TTV series seems
to show a correlated structure. Fitting a sinusoidal function in
this series leads to a best-fit period of about 24 epochs , i.e. of
about 68 days. Nevertheless, the resulting false alarm probability
is high, about 15%, indicating that this correlated structure is
not very significant. Still, it is interesting to notice that, if we
assume a rotational period of 68 days for the star and sin i =
1, and using R∗ = 1.1 R⊙, we obtain a value of 1.2 km s−1 for
v sin i, in excellent agreement with the value derived from our
spectroscopic analysis (see Table 3). In this context, a possible
interpretation of the low-amplitude structure visible in the TTV
series is that it is caused by the rotation of the surface of the star
and its influence on the transit barycenters.

6. Discussion
The position of CoRoT-12b in a planetary mass-radius diagram
is shown in Fig. 7. While being denser than the extremely
inflated planets WASP-17b (Anderson et al. 2010a), TrES-4b
(Mandushev et al. 2007) and WASP-12b (Hebb et al. 2009),
CoRoT-12b appears to be a very low-density ‘hot Jupiter’. Using
the hypothesis that the planet is a core-less gazeous planet of so-
lar composition, we used the planetary evolution code CEPAN
(Guillot & Morel, 1995) to assess the ability of standard irra-
diated planet models to explain the low-density of CoRoT-12b.
Several models were used: a standard model with no extra heat
source, a model for which the opacities were artificially mul-
tiplied by 30, and three models with a constant energy deposit
(1026, 1027 and 1028 erg.s−1) at the planet’s center. Our results in

Fig. 5. Top: CoRoT transit photometry period-folded and binned per
2 minutes time intervals, with the best fit transit model superimposed.
Bottom: residuals. Their standard deviation is 592 ppm.

Fig. 6. Top: median value and 1-σ limits of the TTV posterior distribu-
tions obtained in MCMC3. Bottom: same curve obtained after binning
the TTVs per three (error of each bin = error on the mean).
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CoRoT-8b: agreement 
Bordé et al., 2010

CoRoT-13b: no agreement 
Cabrera et al., 2010

theoretical predictions versus fitted limb darkening

CoRoT-12b: no constrain 
Gillon et al., 2010

Csizmadia  et al, 2013 ➙ fit the LD coefficients 

Müller et al. 2013 ➙ do not fit the LD coefficients 

Espinoza & Jordan 2015 ➙ fit the LD coefficients
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Figure 1.4: Large sunspot group from October 2014, the largest over the past 2 Solar cycles,

observed by the space-based Solar Dynamics Observatory. Image from NASA/SDO. Stellar activity 

Silva-Valio et al., 2009

CoRoT-2b: 
Mp=  3.31 ±  0.16 Mjup    

Rp = 1.465 ±  0.029 RJup   

Porb = 1.743 jours 

ρ = 1.31 ± 0.04 g/cm3 
Alonso et al. , 2008 A&A, 482, 21 

77 transits
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Figure 1.4: Large sunspot group from October 2014, the largest over the past 2 Solar cycles,

observed by the space-based Solar Dynamics Observatory. Image from NASA/SDO.Effect on the planet’s parameter

Silva-Valio et al., 2009 Wolter et al., 2009, Huber et al., 2009, 2010;  Lanza et al. 2010

• At least 18 spots in total  
• Average of 7 spots covered per transit 
• spot size : 0.3 - 0.6 Rp 
• Temperature : 4600 to 5400 K  (R� =5625K) 
• rise & decay ~ 30 days

Neglecting the activity results can lead to 
under estimate the transit depth and thus  
the planet’s radius

K. F. Huber et al.: A planetary eclipse map of CoRoT-2a 905
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Fig. 3. Upper panel: CoRoT data for rotational phases 1.85 to 3.85
(2016 s binning for the global lightcurve and 128 s for the transits, red
symbols) and our model lightcurve (dashed blue curve). Lower panel:
residuals of our model.

transit residuals are “overweighted” by a factor of ten to avoid
them to be prevailed by the much larger global residuals.
Although, the deviations can be as large as 10σ, the mean de-
viation of the global lightcurve from the model amounts to
620 × 10−6 not far from the theoretical limit of 560 × 10−6 (cf.
Sect. 3.4).

The lightcurve presented in Fig. 3 contains six transits (la-
beled “T1 − 6”). The associated transit lightcurves are shown in
detail with our models in Fig. 4. Each individual panel shows
the same transit twice: the lower curve represents a transit recon-
struction from the full data sample (phases 1.85−3.85), and the
upper curve denotes a reconstruction from only the first (T1−3)
or second (T4−6) half of the sample data (shifted up by 0.03).
The dotted lines show the transits as we would observe them
without any activity on the eclipsed section of the surface, where
we assume a brightness of 1 for the underlying photosphere.

The transit reconstructions obtained from half of the sam-
ple data reproduce the transit substructure very accurately. The
resulting surface reconstructions are, however, unreliable where
the surface is insufficiently covered (cf. Fig. 2, around longitudes
of 180° and 320°). Interestingly, those reconstructions based on
data from two rotation phases also recover most of the transit
substructure and are by no means off the mark. When both rota-
tion periods are used, χ2 typically increases by 10−20%, a dif-
ference hardly visible in Fig. 4. As an exception, the fit quality
of the third transit (T3) decreases dramatically, with χ2 increas-
ing by a factor of ≈2.5. This is, however, mainly a consequence
of the observed surface evolution shifting the continuum level.
The overall stability of the fit quality indicates that lifetimes of
surface features are a few stellar rotations, which agrees with the
results of Lanza et al. (2009).

In Fig. 5 (lower and middle panels) we present the strip
brightness distribution pertaining to the lightcurve model shown
in Figs. 3 and 4, i.e., a 1D-reconstruction of the surface. We
estimated mean and errors by recording the distribution of the
parameter values obtained from 50 reconstructions with ran-
domized starting points, and the respective distributions are in-
dicated by the color gradients in Fig. 5. The error bars corre-
spond to the associated standard deviations. They reflect the abil-
ity of the fitting algorithm to converge to a unique extremum,
which is determined by both the characteristics of the algorithm
and the structure of the fit statistics. Investigating the brightness
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Fig. 4. Close-up of the six individual transits (128 s binning).
Observations are drawn as red points (including 1σ errors). The up-
per curve (black) in each panel shows the fit obtained from 1 rotation
(phases 1.85 to 2.85 for T 1−3 and 2.85 to 3.85 for T 4−6); the lower
curve (blue) gives the fit obtained by modeling both rotations (as seen
in Fig. 3). The dashed lines show the undisturbed transit profile for
comparison.

distribution of the noneclipsed strips, we notice a slight degen-
eracy in some of the 12 noneclipsed strips; i.e., a fraction of the
brightness may be redistributed without considerable loss of fit
quality. The averaging of the 50 reconstructions flattens out such
features, thus acting like a regularization of the brightness distri-
bution. No such effect is observed for the eclipsed strips.

We compared our results to the reconstructions given by
Lanza et al. (2009, their Fig. 4) and find our longitude scale to
be shifted by ≈70° with respect to the Lanza et al. scale. Our re-
constructions show the same bright band at a longitude of ≈260°
(330° in our work). Tentatively averaging over an appropriate
“time band” in their Fig. 4, we also find qualitative agreement
for the remaining spot distribution.

Clearly, the flux fraction contributed by the eclipsed strips
is less than that of the noneclipsed strips, because the area they
cover is smaller by a factor of five. In the upper panel of Fig. 5
we show the lightcurve model contributions provided by the
eclipsed and the noneclipsed section with their sum making up
the model for the CoRoT data, which is also shown. The median
flux level was subtracted from all curves to emphasize the mod-
ulation amplitude in favor of flux level. Obviously, the modula-
tion amplitudes induced by the eclipsed and noneclipsed section
balance approximately. This indicates that their influence on the
stellar variability is about the same despite their large difference
in size.
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Figure 1.4: Large sunspot group from October 2014, the largest over the past 2 Solar cycles,

observed by the space-based Solar Dynamics Observatory. Image from NASA/SDO.
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planets (14, 15) that are between Earth
and Neptune sizes with no solar system
counterpart and formation that is not yet un-
derstood (e.g., ref. 16); circumbinary planets
(17); compact multiple planet systems (18),
including at least one with five planets
orbiting interior to what would be Mer-
cury’s orbit (19); and hot rocky worlds that
are expected to have surfaces heated by
their star to over 2,000 K, which is hot
enough to create liquid lava surfaces
[Kepler 10b (20) and Kepler 78b (21, 22)].
The diversity of exoplanet masses, sizes,

and orbits illustrates the stochastic nature of
planet formation, and we expect this diversity
to extend to exoplanet atmospheres in terms
of both atmospheric mass and composition.
The atmospheric mass and composition of
any specific exoplanet are not predictable
(23), and in addition, observations are not yet
able to measure atmospheric composition or
yield estimates of atmospheric mass. It is
nonetheless worth summarizing some key
factors controlling a planet atmosphere. A
planet’s atmosphere forms from outgassing
during planet formation or is gravitation-
ally captured from the surrounding pro-
toplanetary nebula. The amount of gas
captured or outgassed is not known and may
vary widely. For terrestrial planets, the pri-
mordial atmosphere may be completely
changed by escape of light gases to space,
continuous outgassing from an active young

interior, and bombardment by asteroids and
comets. At a later stage, the physical processes
operating at the top or bottom of the atmo-
sphere still sculpt the atmosphere, including
thermal and nonthermal atmospheric escape
of light gases, volcanism, and plate tectonics. A
review of Earth’s atmospheric evolution is in
ref. 24.
The diversity of exoplanets, both observed

and theorized, motivates a revised view of
exoplanet habitability (25) (Fig. 1). A habit-
able planet is generally defined as one that
requires surface liquid water, because all life
on Earth requires liquid water. Surface liquid
water, in turn, requires a suitable surface
temperature. Because the climates (and
hence, surface temperature) of planets with
thin atmospheres are dominated by external
energy input from the host star, a star’s
habitable zone (26, 27) is based on distance
from the host star. Small stars, with their
relatively low luminosity outputs, have a
habitable zone much closer to them com-
pared with Sun-like stars. In addition to the
energy from the host star, it is the greenhouse
warming effects of rocky planet atmospheres
that control the surface temperature. The
revised view is that planet habitability is
planet-specific, because the huge range
of planet diversity in terms of masses,
orbits, and star types should extend to
planet atmospheres based on the stochastic

nature of planet formation and subsequent
evolution.
The habitable zone for solar type stars has

been described to range from about 0.5 (for
dry planets) (refs. 28 and 29 but cf. ref. 30) to
10 AU [for predominantly rocky planets with
hydrogen atmospheres (31) orbiting a Sun-
like star or even beyond, depending on the
planet interior and atmosphere character-
istics (32)]. The extension of the habitable
zone is somewhat controversial, because at
the small planet–star separation end, there is
limited understanding of planetary processes,
such as volcanism, plate tectonics, and hy-
dration rates, on low-water reservoir exo-
planets. At the larger planet–star separation
end, there is an inability to determine which
of the many thermal and nonthermal at-
mospheric escape processes are dominant
on planets with unknown compositions and
host star UV radiation history.
Extreme caution should be taken with the

quantitative predictability of exoplanet hab-
itable zone models based on the complicated
physics and the imposed model input con-
ditions (including but not limited to planet
obliquity and planet atmosphere mass). In
particular and as a good example, there is
serious disagreement in the literature about
the inner edge of the habitable zone. For
example, information in ref. 28, which finds
an inner edge of 0.5 AU, differs substantially
from information in ref. 29, which finds an
inner edge of 0.77 AU. Although ref. 28 used
a 1D model and ref. 29 used a 3D model, the
most significant difference is likely the rela-
tive humidity (28), because a 1D model must
impose a globally averaged relative humidity
(1% imposed by ref. 28), whereas a general
circulation model (GCM) can calculate the
relative humidity (which appears closer to
10% in ref. 29). The 1% value originates from
an order of magnitude estimate based on
very dry equatorial regions and moist poles
that will have liquid precipitation, a case that
should apply for very dry planets that have
reasonably fast rotation rates. This basic
postulate is being further investigated with
the MIT 3D GCM. One possible reconcilia-
tion between refs. 28 and 29 is that a 3D
model could yield a much lower global rela-
tive humidity with an increased range of
parameter space, such as that investigated in
ref. 28 (including surface gravity, surface al-
bedo, and stellar type). Ultimately, observa-
tions of a rocky planet with water vapor at
a small planet–star separation will be needed
to try and settle this debate.
Regardless of model-based opinion, we

must keep an open mind in the choice of
exoplanets to search for signs of life simply to
increase the chances of success.
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planets (14, 15) that are between Earth
and Neptune sizes with no solar system
counterpart and formation that is not yet un-
derstood (e.g., ref. 16); circumbinary planets
(17); compact multiple planet systems (18),
including at least one with five planets
orbiting interior to what would be Mer-
cury’s orbit (19); and hot rocky worlds that
are expected to have surfaces heated by
their star to over 2,000 K, which is hot
enough to create liquid lava surfaces
[Kepler 10b (20) and Kepler 78b (21, 22)].
The diversity of exoplanet masses, sizes,

and orbits illustrates the stochastic nature of
planet formation, and we expect this diversity
to extend to exoplanet atmospheres in terms
of both atmospheric mass and composition.
The atmospheric mass and composition of
any specific exoplanet are not predictable
(23), and in addition, observations are not yet
able to measure atmospheric composition or
yield estimates of atmospheric mass. It is
nonetheless worth summarizing some key
factors controlling a planet atmosphere. A
planet’s atmosphere forms from outgassing
during planet formation or is gravitation-
ally captured from the surrounding pro-
toplanetary nebula. The amount of gas
captured or outgassed is not known and may
vary widely. For terrestrial planets, the pri-
mordial atmosphere may be completely
changed by escape of light gases to space,
continuous outgassing from an active young

interior, and bombardment by asteroids and
comets. At a later stage, the physical processes
operating at the top or bottom of the atmo-
sphere still sculpt the atmosphere, including
thermal and nonthermal atmospheric escape
of light gases, volcanism, and plate tectonics. A
review of Earth’s atmospheric evolution is in
ref. 24.
The diversity of exoplanets, both observed

and theorized, motivates a revised view of
exoplanet habitability (25) (Fig. 1). A habit-
able planet is generally defined as one that
requires surface liquid water, because all life
on Earth requires liquid water. Surface liquid
water, in turn, requires a suitable surface
temperature. Because the climates (and
hence, surface temperature) of planets with
thin atmospheres are dominated by external
energy input from the host star, a star’s
habitable zone (26, 27) is based on distance
from the host star. Small stars, with their
relatively low luminosity outputs, have a
habitable zone much closer to them com-
pared with Sun-like stars. In addition to the
energy from the host star, it is the greenhouse
warming effects of rocky planet atmospheres
that control the surface temperature. The
revised view is that planet habitability is
planet-specific, because the huge range
of planet diversity in terms of masses,
orbits, and star types should extend to
planet atmospheres based on the stochastic

nature of planet formation and subsequent
evolution.
The habitable zone for solar type stars has

been described to range from about 0.5 (for
dry planets) (refs. 28 and 29 but cf. ref. 30) to
10 AU [for predominantly rocky planets with
hydrogen atmospheres (31) orbiting a Sun-
like star or even beyond, depending on the
planet interior and atmosphere character-
istics (32)]. The extension of the habitable
zone is somewhat controversial, because at
the small planet–star separation end, there is
limited understanding of planetary processes,
such as volcanism, plate tectonics, and hy-
dration rates, on low-water reservoir exo-
planets. At the larger planet–star separation
end, there is an inability to determine which
of the many thermal and nonthermal at-
mospheric escape processes are dominant
on planets with unknown compositions and
host star UV radiation history.
Extreme caution should be taken with the

quantitative predictability of exoplanet hab-
itable zone models based on the complicated
physics and the imposed model input con-
ditions (including but not limited to planet
obliquity and planet atmosphere mass). In
particular and as a good example, there is
serious disagreement in the literature about
the inner edge of the habitable zone. For
example, information in ref. 28, which finds
an inner edge of 0.5 AU, differs substantially
from information in ref. 29, which finds an
inner edge of 0.77 AU. Although ref. 28 used
a 1D model and ref. 29 used a 3D model, the
most significant difference is likely the rela-
tive humidity (28), because a 1D model must
impose a globally averaged relative humidity
(1% imposed by ref. 28), whereas a general
circulation model (GCM) can calculate the
relative humidity (which appears closer to
10% in ref. 29). The 1% value originates from
an order of magnitude estimate based on
very dry equatorial regions and moist poles
that will have liquid precipitation, a case that
should apply for very dry planets that have
reasonably fast rotation rates. This basic
postulate is being further investigated with
the MIT 3D GCM. One possible reconcilia-
tion between refs. 28 and 29 is that a 3D
model could yield a much lower global rela-
tive humidity with an increased range of
parameter space, such as that investigated in
ref. 28 (including surface gravity, surface al-
bedo, and stellar type). Ultimately, observa-
tions of a rocky planet with water vapor at
a small planet–star separation will be needed
to try and settle this debate.
Regardless of model-based opinion, we

must keep an open mind in the choice of
exoplanets to search for signs of life simply to
increase the chances of success.
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Small stars parameters
A&A 519, A51 (2010)

Fig. 8. BASTI isochrones with different ages and metallicities. Filled
circles and boxes mark selected mass points. The determined L/M ratios
for CoRoT-7, α Cen B, and the Sun are plotted as open symbols.

log g. These are our final estimates for the parameters of CoRoT-
7 as summarised in Table 5.

Our new results for the fundamental parameters are in good
agreement with LRS09. They find Teff = 5275± 75 K as a mean
value of different groups using different spectroscopic analyses
of the UVES spectrum. They also use a calibration with 2MASS
infrared photometry, taking interstellar reddening into account,
yielding 5300 ± 70 K. They find log g = 4.50 ± 0.10 using
the Fe I-II equilibrium criterion and the Mg I b and Na ID lines,
which is also in good agreement with our value. LRS09 found
a slightly lower metallicity, [M/H] = +0.03 ± 0.06 (our revised
value for the same spectrum is [M/H] = +0.11 ± 0.06). Several
strong lines were included in that analysis, while in this study we
only use Fe I lines with EW < 90 mÅ. For other elements (and
Fe II), we included lines with EW < 140 mÅ. This choice was
made because the strong lines start to be saturated and are there-
fore less sensitive to changes in the atmospheric parameters. For
comparison, 250 Fe I and 18 Fe II lines were used by LRS09
while we used only 143 and 16, respectively. In our analysis
we used Fe lines in the wavelength range 4880–6865 Å, while
LRS09 included several lines in the blue region (4515–6865 Å).
The current version of VWA does not take molecular lines into
account, which start to become a problem for such a cool star,
especially at short wavelengths.

6.2. Stellar mass, luminosity, and radius

In some cases the modelling of the transit light curve can be
used to obtain the mean density of the star. However, as pointed
out by LRS09, the shallow eclipse combined with stellar activ-
ity modulating the light curve seriously hampers such analyses.
From the spectroscopic value of log g we have an estimate of
g = GM/R2. Multiplying this with the relation L ∝ R2T 4

eff, we
can eliminate the radius, i.e. L/M ∝ T 4

eff/g. Thus, we determine
the luminosity-mass ratio: (L/L⊙)/(M/M⊙) = 0.62 ± 0.08. The
uncertainty is dominated by the uncertainty on the surface grav-
ity.

Fig. 9. Four ASTEC evolution tracks for different masses and metallic-
ities. A track for 1.00 M⊙ and [Fe/H] = −0.02 is shown near the Sun.
The determined L/M ratios for CoRoT-7, α Cen B, and the Sun are
plotted as open symbols. Dashed lines are used for ages higher than the
adopted limits on the age, i.e. 4.6 Gyr for the Sun, 2.3 Gyr for CoRoT-7,
and 6.5 Gyr for α Cen B, while the maximum possible age is 14 Gyr.

In Figs. 8 and 9, we compare this estimate with isochrones
from BASTI (Pietrinferni et al. 2004) and evolution tracks from
ASTEC (Christensen-Dalsgaard 2008). These models do not in-
clude overshoot, but this has no impact on low-mass stars such as
CoRoT-7. The mixing-length parameter for the ASTEC grid is
αML = 1.8. The models express metallicity in terms of the heavy
element mass fraction, Z. To convert each Z to spectroscopic val-
ues, we adopt the solar value Z⊙ = 0.0156 (Caffau et al. 2009)
with an assumed uncertainty of 0.002. This corresponds to an
increase in the uncertainty of [Fe/H] by 0.05 dex.

In Fig. 8 we show two sets of isochrones with metallicity
[Fe/H] = +0.10 and +0.28 for ages of 2 and 7 Gyr, with sev-
eral mass points indicated in the range 0.8 to 1.1 M⊙. The lower
metallicity is close to that of CoRoT-7, and the higher metallic-
ity represents α Cen B. The uncertainty on L/M for CoRoT-7
is relatively large, so we cannot constrain the mass without fur-
ther constraints. Fortunately, LRS09 estimate the age of CoRoT-
7 from the rotation period and the activity index of the Ca H & K
lines: 1.2–2.3 Gyr. By adopting this age limit, we can estimate
the mass and radius from the isochrones: M/M⊙ = 0.89 ± 0.03
and R/R⊙ = 0.80 ± 0.04.

In Fig. 9 we show four selected ASTEC evolution tracks
that represent the Sun, CoRoT-7 (two tracks), and α Cen B. The
dashed part of each track is for ages above these adopted limits:
4.6 Gyr for the Sun (1.00 M⊙ track), 2.3 Gyr for CoRoT-7 (0.92
and 0.86 M⊙), and 6.5 Gyr for α Cen B (0.94 M⊙, see Miglio
& Montalbán 2005, for discussion of the age of α Cen A+B).
Furthermore, the tracks all end at 14 Gyr. It is seen that the
Sun is quite well represented, although the L/M ratio is quite
high at 4.6 Gyr, but this is explained by the available track hav-
ing slightly too low metallicity. The 0.94 M⊙ track for α Cen B
agrees with L/M within the 1-σ limit. For CoRoT-7, the 0.86 M⊙
track does not reach the determined Teff and L/M in 2.3 Gyr.
However, the 0.92 M⊙ track agrees with the Teff and L/M. From
similar tracks we determine these limits on the mass and radius

Page 8 of 10

Age of CoRoT- 7 from the rotation period and the activity index of the Ca H & K lines: 1.2–2.3 
Gyr. 
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Figure 1: a, b: Long cadence K2 light curve detrended with EVEREST and with stellar variability
removed. Data points are in black, and our highest likelihood transit model for all seven planets
is plotted in thin grey. Coloured diamonds indicate which transit belongs to which planet. Four
transits of planet h are observed (light blue diamonds). c The top four curves show short-cadence
detrended data from K2 in light blue, with a transit model based on the Spitzer parameters in dark
blue. Binned data is over-plotted in white for clarity. The folded light curve is displayed at the
bottom. d View from above (observer to the right) of the TRAPPIST-1 system, at the date when
the first transit was obtained for this system. The grey region is the surface liquid-water habitable
zone10.
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M-dwarfs habitability…

weather applications that estimates the solar irradiance at
wavelengths from 1 to 1900Å at 10Å resolution with a time
cadence of 60 s. We also reconstructed the XUV spectrum of a
moderately old and inactive M1.5 dwarf, GJ 832, that hosts a
super-Earth planet at 0.16 au using the Measurements of the
Ultraviolet Spectral Characteristics of Low-mass Exoplanetary
Systems (MUSCLES) Treasury Survey data (Loyd et al. 2016).
Finally, to approximate the spectrum of the young Sun at
0.7 Gyr, we used the data obtained from the parameterization of
the two young solar analogs of the Sun at around 0.7 Gyr, k1

Cet, and EK Dra (Claire et al. 2012). The total XUV flux from
the young Sun and the red dwarf are 8.3 F0 (at 1 au) and 7.7 F0
(at 0.16 au), respectively. The XUV flux from the young Sun,
and GJ 832 are comparable in magnitude and shape at
wavelengths shorter (and including) Lyα emission line. This
suggests the contribution of X-type flare activity flux is
dominant in the “quiescent” fluxes from the young Sun and
inactive M dwarfs. This conclusion is consistent with the
estimate of the frequency of occurrence of energetic X-type
flares from the young Sun derived from Kepler data (Airapetian
et al. 2016). Because X-type white-light flares from the Sun are
usually associated with fast and energetic CMEs, it is
reasonable to assume that the young Sun and quiet dwarfs
should produce frequent CMEs (and associated solar energetic
particle events). The dynamic pressure from CMEs can
significantly modify the planetary magnetic field and cause
energy dissipation in its polar regions (Airapetian et al. 2015).

2. Effects of XUV–EUV Driven Mass Loss of O+

XUV radiation induces non-thermal heating via photo-
absorption and photoionization raising the temperature of the
exosphere, and therefore its pressure scale height. At high XUV
fluxes, this process initiates hydrodynamic atmospheric escape
of neutral atmospheric species, with the loss rate dependent on
the molecular mass of atmospheric species. Hydrogen, as the
lightest component, escapes more readily than any other
species by this mechanism (Lammer et al. 2008; Tian et al.
2008). For the environments of active solar-type stars and M
dwarfs, much of the hydrogen likely escapes from a planet’s
atmosphere during the system’s early evolution, leaving behind
an atmosphere enriched in heavier elements such as N and O.

These species are difficult to remove unless dense and fast
stellar winds or the processes of photochemical escape are
invoked (Lammer et al. 2003; Lee et al. 2015; Lichtenegger
et al. 2016). Therefore, models of atmospheric ionization and
loss via non-thermal mechanisms are critical for predicting the
evolution of oxygen and nitrogen-rich atmospheres as well the
efficiency of atmospheric loss of water as a critical factor of
exoplanetary habitability.
In the region above an Earth-size planet’s exobase, the layer

where collisions are negligible, the incident XUV flux ionizes
atmospheric atoms and molecules and produces photoelectrons.
The upward propagating photoelectrons outrun ions in the
absence of a radially directed polarization electric field and
forms the charge separation between electrons and atmospheric
ions. Thus, a radially directed polarization electric field is
established that enforces the quasi-neutrality and zero radial
current. For ionospheric ions with energies over 10 eV, the
polarization electric field cancels a substantial part of the
Earth’s gravitational potential barrier, greatly enhancing the
flux of escaping ions and forming an ionospheric outflow.
Modeling of these effects requires coupling the hydrody-

namic ion and superthermal electron kinetic equations with the
polarization electric field (Liemohn et al. 1997). We apply this
approach to couple the ion hydrodynamics of the Polar Wind
Outflow Model (PWOM) to the latest version of the Super-
Thermal Electron Transport (STET) code (Glocer et al.
2009, 2012; Khazanov 2011; Khazanov et al. 2015). Full
details of the model coupling will appear in a separate
publication (Glocer et al. 2016). To treat the XUV driven
photoelectron production and transport properly, we apply
STET to calculate the superthermal particle population formed
via photoionization and its collisional coupling with the
thermal population and the neutral atmosphere.
Our coupled PWOM and STET model uses MSIS-90 (mass

spectrometer and incoherent scatter) empirical model devel-
oped for the Earth atmosphere (Hedin 1987) as an input for
PWOM and STET to obtain the neutral densities including O,
O2, and N2 and temperatures. In this study, we did not consider
the processes of photolysis of water molecules that can provide
atomic oxygen through formation of hydroxyl molecules and
hydrogen atoms that thermally escape from the atmosphere. In
essence, we assume that water in the lower atmosphere is
photolyzed into H, O, and O2 before reaching the upper
atmospheric domain of our simulations.
To properly treat photodissociation and photoionization of

major species we used the XUV emission input in the range
between 5 and 1750Å. Specifically, O+ ions form due to
photoionization of atomic oxygen via photons with wave-
lengths ∼300–600Å and collisions with photoelectrons. The
processes of collisional ionization of O and N atoms due to
precipitating electrons formed during magnetic storms from a
host star provide additional sources of O+ production and will
be modeled in the near future.
We have developed four models with the stellar XUV input

flux expressed in terms of the total XUV flux, F0, of the Sun at
the average level of magnetic cycle. Figure 2 shows the steady-
state solution for the production of superthermal photoelectrons
with the energies extending to 70 eV. A prominent emission
feature of the XUV spectra in Figure 1, the He II 304Å
resonance emission line, produces a series of spikes of
photoelectrons within the 20–30 eV energy range due to the
various ionization states of atmospheric constituents. The figure

Figure 1. Spectral energy distribution (SED); reconstructed for the solar X5.4
flare (blue curve) and the young Sun’s SED (orange curve) and the quiet Sun at
the average magnetic activity (dotted orange curve) scaled to 1 au and GJ 832
SED (red curve) scaled to 0.16 au.
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recovery limits defined within that portion of the light curve.
These are shown in the two examples in Figure 6 color coded
by cadence type. To combine data from these different
cadence modes, every FFD is sampled at a fixed set of
energies using log-uniform bins of =Elog 0.1 erg. The mean
flare rate is computed in each FFD bin that has any valid data
(flares above the 68% completeness threshold). This results
in a single FFD for each star, which is overlaid for the two
examples in Figure 6. Uncertainties in the flare frequency in
this combined FFD are computed for each energy bin using
the asymmetric Poisson confidence interval approximations
from Gehrels (1986). Each combined FFD is then fit with a
weighted least-squares power law, and the coefficients saved
for future ensemble analysis.

The FFD for the highly active, rapidly rotating M4 dwarf, GJ
1243, has been previously studied using Kepler data (Ramsay
et al. 2013; Davenport et al. 2014a; Hawley et al. 2014). These
studies have found that a constant power-law slope describes
the FFD up to energies of 1033 erg using only the short-cadence

Kepler data. In Figure 6 I find that this power law extends more
than an order of magnitude higher in energy due to the addition
of studying the 14 quarters of long-cadence data. Unfortunately
the iterative flare-finding algorithm does not sufficiently
recover flares with energies lower than ~Elog 31.5 erg for
GJ 1243. The break in the power law reported in the human-
validated sample from Hawley et al. (2014) below

~Elog 31 erg can therefore not verified.
The FFD for the flaring G dwarf, KIC 11551430, shows a

remarkable rate of superflares of nearly one per day in the
analysis. The highest energy flares for this star are in excess of
1036 erg. Interestingly, the weighted least-squares power-law fit
to the FFD for KIC 11551430 in Figure 6 shows a significant
deviation from a single power law at the high-energy end. Such
a break has been suggested for superflare stars previously
(Chang et al. 2015; Hudson 2015), and lends weight to the
indication by Wu et al. (2015) of a maximum flare energy
around 1037 erg for G dwarfs.

Table 1
Summary Statistics for the Final 4041 Flare Star Sample

KID # g−i Mass Prot Nflares Nflares L Lfl Kp s L Lfl Kp( ) α β
(mag) :M( ) (days) >E E68( )

10000490 K 1.38 K 241 45 4.31×10−5 1.48×10−7 18.83 −0.55
10001145 0.013 1.60 K 271 61 5.18×10−5 1.43×10−8 48.85 −1.40
10001154 1.404 0.72 K 118 115 1.43×10−5 1.64×10−8 17.34 −0.56
10001167 1.151 0.77 K 147 131 7.24×10−5 2.67×10−8 12.79 −0.41
10002792 1.393 0.73 1.165 225 210 4.10×10−4 3.38×10−7 16.81 −0.52
10002897 0.079 1.49 K 155 146 6.35×10−5 4.56×10−7 11.18 −0.28
10004510 1.449 0.71 1.373 142 128 7.23×10−4 2.40×10−7 13.82 −0.43
10004660 −0.252 1.88 K 135 68 2.19×10−5 6.49×10−9 64.71 −1.83
10005966 1.318 0.74 K 175 143 3.26×10−5 1.27×10−8 25.21 −0.79
10006158 1.184 0.77 K 279 237 5.61×10−5 1.40×10−8 27.63 −0.85

Note. Masses are determined from isochrone fits using the g−K color provided in the KIC, as described in Section 3.3. Rotation periods come from McQuillan et al.
(2014). α and β are the power-law fit coefficients to the FFDs.

(This table is available in its entirety in machine-readable form.)

Figure 4. Fraction of stars that pass the final flare sample cuts as a function of
their g−i color. Horizontal bars show the range of color within each bin.
Vertical uncertainties shown are computed using the 1-σ (68%) binomial
confidence interval. A general but weak trend of increasing total flare
occurrence with decreasing stellar temperature (redder g − i) is seen.

Figure 5. Maximum flare energy per star vs. g−i color for the 4041 stars in
the final sample. The discretization of flare energies, apparent as “stripes” in
flare energy in the figure, is due to binning of the flare sample used to combine
flare rates between light curve segments.
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! The fraction of (super)-Earths in the habitable zone of 
stars is not known.

η Earth: The fraction of stars hosting Earth-like planets in their habitable zone

Batalha et al., 2014                                        7 – 22%                     Sun-like stars

Values for η-Earth

From Kepler and radial velocity surveys:                           



In conclusion
We need from you: 
• precise stellar parameters, especially the age (even for small 

size stars without asteroseismology) 
• accurate stellar parameters  
• detailed elementary abundances 
• rotation periods 
• a good understanding (and modeling) of the surface features 

- might impact the planet’s parameters 
• a good understanding of the erruptive events, their frequency 

and dependancy with the stellar masses and ages


