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Goal: To obtain exoplanetary parameters accurate enough 
to constrain their internal structure.

Valencia et al. (2006) : δRp = 2% Fressin et al. (2012)

INTRODUCTION
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Radial Velocity Transits

mp and Rp depend on M★and R★. However, δR★≈ 5% and δM★≈ 10%. 

➔ Obtain stellar parameters with 2% accuracy 
➔ Need stellar parameters to determine planetary parameters (Ligi et al. 2012a) 

accuracy on mp /M★ << 1% accuracy on Rp /R★ << 1% 

INTRODUCTION
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Guillot & Havel (2011)

3 parameters to be determined 
from models 
➔ 3 free parameters, 3D: 

R★, M★ and age★

INTRODUCTION
T. Guillot and M. Havel: CoRoT-2

Fig. 5. Constraints obtained for the age and radius of CoRoT-2 with different assumptions. The left panels correspond to results obtained by
neglecting the effect of spots. The right panels assume an additional uncertainty in the derived Teff due to a 0% to 20% fraction of spots. From top
to bottom, the panels are: a) Results obtained with the full CESAM calibrated evolution grid; b) results obtained with CESAM with a mixing length
parameter α = 0.85α⊙; c) same as previously but with α = 1.15α⊙; d) results obtained with the calibrated CESAM evolution grid but a constraint
on the stellar density obtained from Alonso et al. (2008) instead of Gillon et al. (2010); e) results obtained with the YY tracks (Demarque et al.
2004); f) results obtained with the BCAH98 tracks (Baraffe et al. 1998). The colored area corresponds to constraints derived from stellar evolution
models matching the stellar density and effective temperature within a certain number of standard deviations: less than 1σ (red), 2σ (blue), or 3σ
(yellow).
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Fig. 6. Constraints obtained for the age as a function of mass of
CoRoT-2. The left panels correspond to results obtained by neglecting
the effect of spots. The right panels assume an additional uncertainty
in the derived Teff because of the presence of up to 20% of spots. The
upper panels are calculated from CESAM evolution tracks. The lower
panels are calculated from BCAH98 evolution tracks. Colors have the
same meaning as in Fig. 5.

panels correspond to our preferred solutions using our calibrated
CESAM evolution model and including all metallicities. At 3σ,
a wide range of solutions is found that extends from ages be-
tween 30 Ma and more than 10 Ga. Within 1σ, two classes of
solutions are found, either on the PMS (30–40 Ma) or on the
MS (for ages >800 Ma with no spots, or >100 Ma when includ-
ing spots). The range of stellar radii (which are directly propor-
tional to the planetary radii that are inferred) extend from 0.88
to 0.93 R⊙ at 1σ, but the smallest values are obtained for either
the youngest or oldest solutions.

The other panels in Fig. 5 highlight the consequences of the
different hypotheses on the solutions, when considering only so-
lar composition models. Varying the mixing length parameter
has consequences for the 1σ solutions: a lower α value leads to
a wider range of solutions at intermediate ages, while a higher α
increases the separation between the very young and the very
old solutions. However, when considering the global 3σ enve-
lope and accounting for spots, the solutions are very similar.

The solutions obtained by using the ρ⋆ value of Alonso et al.
(2008) are quite similar to the nominal ones, but are regarded
as slightly over-constrained due to the assumption of a circular
orbit.

The last four panels in Fig. 5 provide another test of the ro-
bustness of the solutions by a comparison with YY and BCAH98
evolution models. All models appear to be in excellent agree-
ment at least to the 2σ level. A minor difference is the absence
of 1σ PMS solutions in the no-spot case for BCAH98, contrary
to the CESAM and YY results.

Additional constraints on the stellar age may be derived
from CoRoT-2 being a rapid rotator. According to Mamajek &
Hillenbrand (2008), the 4.5 day rotation period with B − V =
0.854 (Lanza et al. 2009) implies an age typical of that of the
Pleiades, i.e., ∼130 Ma. Given the absence of stars with similar
B−V and periods shorter than 8 days in the Hyades (∼625 Ma),
we estimate that CoRoT-2 is less than 500 Ma old, which thus
restricts the ensemble of solutions from Fig. 5 quite significantly.

We now focus on the young (<500 Ma) solutions and com-
pare CESAM with BCAH98 in the (R⋆, M⋆, age) parameter
space. (We do not show the comparisons with YY, since it
closely ressembles CESAM). Figure 6 shows that in the no-spot

Fig. 7. Constraints obtained on the mass and radius of CoRoT-2. The
panels and colors are as in Fig. 6, except that the solutions are separated
between those at young (0–50 Ma) and old (50–500 Ma) ages. Solutions
obtained for ages above 500 Ma are indicated in grey.

case, the 1σ solutions are limited to the PMS phase for CESAM,
and there are no solutions when using the BCAH98 models. At 2
and 3σ, the solutions span the entire age range and both models
yield very similar results. We note that MS solutions imply stel-
lar masses slightly above that of the Sun, whereas PMS solutions
are distributed between ∼0.9 and 1.0 M⊙.

Figure 7 compares the solutions in the (R⋆, M⋆) space. There
is a clear positive correlation between the two quantities. For
ages older than 50 Ma, the solutions are confined to high mass
values and there is a very good agreement between CESAM and
BCAH98. At young ages however, as seen in previous diagrams,
the CESAM and BCAH98 solutions differ. The influence of the
presence of spots is relatively small.

The results in terms of the stellar mass and radius are sum-
marized in Table 2 for the different age classes. When no solu-
tions were found within 1σ, the 2σ solutions are indicated.

2.5. Constraints on the planet’s physical parameters

Physical parameters for the planet are derived from the solu-
tion for the star using the orbital period Porb, the radii ratio
k = Rp/R⋆, and the semi-amplitude star velocity K (see Table 1)
using the following equations (e.g. Sozzetti et al. 2007; Beatty
et al. 2007)

Rp = kR⋆, (4)

Mp =
! Porb

2πG

"1/3
(M⋆ + Mp)2/3K

√
1 − e2

sin i
, (5)

where G is the gravitational constant, e the orbital eccentricity,
and i the orbital inclination projected along the line of sight.

The results in terms of the inferred planet mass and radius are
shown in Fig. 8 and listed in Table 3. Our inferred planet masses
are slightly higher than obtained by Alonso et al. (2008) but in
good agreement with the Gillon et al. (2010) results. The corre-
sponding planetary sizes are larger than in both studies because
we account for the effect of spot occultations by the transiting
planet. The new classes of solutions for the star on the PMS, at
ages of between 30 and 40 Ma allow however for slightly smaller
Rp values than the standard MS solutions.
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Fig. 6. Constraints obtained for the age as a function of mass of
CoRoT-2. The left panels correspond to results obtained by neglecting
the effect of spots. The right panels assume an additional uncertainty
in the derived Teff because of the presence of up to 20% of spots. The
upper panels are calculated from CESAM evolution tracks. The lower
panels are calculated from BCAH98 evolution tracks. Colors have the
same meaning as in Fig. 5.

panels correspond to our preferred solutions using our calibrated
CESAM evolution model and including all metallicities. At 3σ,
a wide range of solutions is found that extends from ages be-
tween 30 Ma and more than 10 Ga. Within 1σ, two classes of
solutions are found, either on the PMS (30–40 Ma) or on the
MS (for ages >800 Ma with no spots, or >100 Ma when includ-
ing spots). The range of stellar radii (which are directly propor-
tional to the planetary radii that are inferred) extend from 0.88
to 0.93 R⊙ at 1σ, but the smallest values are obtained for either
the youngest or oldest solutions.

The other panels in Fig. 5 highlight the consequences of the
different hypotheses on the solutions, when considering only so-
lar composition models. Varying the mixing length parameter
has consequences for the 1σ solutions: a lower α value leads to
a wider range of solutions at intermediate ages, while a higher α
increases the separation between the very young and the very
old solutions. However, when considering the global 3σ enve-
lope and accounting for spots, the solutions are very similar.

The solutions obtained by using the ρ⋆ value of Alonso et al.
(2008) are quite similar to the nominal ones, but are regarded
as slightly over-constrained due to the assumption of a circular
orbit.

The last four panels in Fig. 5 provide another test of the ro-
bustness of the solutions by a comparison with YY and BCAH98
evolution models. All models appear to be in excellent agree-
ment at least to the 2σ level. A minor difference is the absence
of 1σ PMS solutions in the no-spot case for BCAH98, contrary
to the CESAM and YY results.

Additional constraints on the stellar age may be derived
from CoRoT-2 being a rapid rotator. According to Mamajek &
Hillenbrand (2008), the 4.5 day rotation period with B − V =
0.854 (Lanza et al. 2009) implies an age typical of that of the
Pleiades, i.e., ∼130 Ma. Given the absence of stars with similar
B−V and periods shorter than 8 days in the Hyades (∼625 Ma),
we estimate that CoRoT-2 is less than 500 Ma old, which thus
restricts the ensemble of solutions from Fig. 5 quite significantly.

We now focus on the young (<500 Ma) solutions and com-
pare CESAM with BCAH98 in the (R⋆, M⋆, age) parameter
space. (We do not show the comparisons with YY, since it
closely ressembles CESAM). Figure 6 shows that in the no-spot

Fig. 7. Constraints obtained on the mass and radius of CoRoT-2. The
panels and colors are as in Fig. 6, except that the solutions are separated
between those at young (0–50 Ma) and old (50–500 Ma) ages. Solutions
obtained for ages above 500 Ma are indicated in grey.

case, the 1σ solutions are limited to the PMS phase for CESAM,
and there are no solutions when using the BCAH98 models. At 2
and 3σ, the solutions span the entire age range and both models
yield very similar results. We note that MS solutions imply stel-
lar masses slightly above that of the Sun, whereas PMS solutions
are distributed between ∼0.9 and 1.0 M⊙.

Figure 7 compares the solutions in the (R⋆, M⋆) space. There
is a clear positive correlation between the two quantities. For
ages older than 50 Ma, the solutions are confined to high mass
values and there is a very good agreement between CESAM and
BCAH98. At young ages however, as seen in previous diagrams,
the CESAM and BCAH98 solutions differ. The influence of the
presence of spots is relatively small.

The results in terms of the stellar mass and radius are sum-
marized in Table 2 for the different age classes. When no solu-
tions were found within 1σ, the 2σ solutions are indicated.

2.5. Constraints on the planet’s physical parameters

Physical parameters for the planet are derived from the solu-
tion for the star using the orbital period Porb, the radii ratio
k = Rp/R⋆, and the semi-amplitude star velocity K (see Table 1)
using the following equations (e.g. Sozzetti et al. 2007; Beatty
et al. 2007)

Rp = kR⋆, (4)

Mp =
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, (5)

where G is the gravitational constant, e the orbital eccentricity,
and i the orbital inclination projected along the line of sight.

The results in terms of the inferred planet mass and radius are
shown in Fig. 8 and listed in Table 3. Our inferred planet masses
are slightly higher than obtained by Alonso et al. (2008) but in
good agreement with the Gillon et al. (2010) results. The corre-
sponding planetary sizes are larger than in both studies because
we account for the effect of spot occultations by the transiting
planet. The new classes of solutions for the star on the PMS, at
ages of between 30 and 40 Ma allow however for slightly smaller
Rp values than the standard MS solutions.
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neglecting the effect of spots. The right panels assume an additional uncertainty in the derived Teff due to a 0% to 20% fraction of spots. From top
to bottom, the panels are: a) Results obtained with the full CESAM calibrated evolution grid; b) results obtained with CESAM with a mixing length
parameter α = 0.85α⊙; c) same as previously but with α = 1.15α⊙; d) results obtained with the calibrated CESAM evolution grid but a constraint
on the stellar density obtained from Alonso et al. (2008) instead of Gillon et al. (2010); e) results obtained with the YY tracks (Demarque et al.
2004); f) results obtained with the BCAH98 tracks (Baraffe et al. 1998). The colored area corresponds to constraints derived from stellar evolution
models matching the stellar density and effective temperature within a certain number of standard deviations: less than 1σ (red), 2σ (blue), or 3σ
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the effect of spots. The right panels assume an additional uncertainty
in the derived Teff because of the presence of up to 20% of spots. The
upper panels are calculated from CESAM evolution tracks. The lower
panels are calculated from BCAH98 evolution tracks. Colors have the
same meaning as in Fig. 5.

panels correspond to our preferred solutions using our calibrated
CESAM evolution model and including all metallicities. At 3σ,
a wide range of solutions is found that extends from ages be-
tween 30 Ma and more than 10 Ga. Within 1σ, two classes of
solutions are found, either on the PMS (30–40 Ma) or on the
MS (for ages >800 Ma with no spots, or >100 Ma when includ-
ing spots). The range of stellar radii (which are directly propor-
tional to the planetary radii that are inferred) extend from 0.88
to 0.93 R⊙ at 1σ, but the smallest values are obtained for either
the youngest or oldest solutions.

The other panels in Fig. 5 highlight the consequences of the
different hypotheses on the solutions, when considering only so-
lar composition models. Varying the mixing length parameter
has consequences for the 1σ solutions: a lower α value leads to
a wider range of solutions at intermediate ages, while a higher α
increases the separation between the very young and the very
old solutions. However, when considering the global 3σ enve-
lope and accounting for spots, the solutions are very similar.

The solutions obtained by using the ρ⋆ value of Alonso et al.
(2008) are quite similar to the nominal ones, but are regarded
as slightly over-constrained due to the assumption of a circular
orbit.

The last four panels in Fig. 5 provide another test of the ro-
bustness of the solutions by a comparison with YY and BCAH98
evolution models. All models appear to be in excellent agree-
ment at least to the 2σ level. A minor difference is the absence
of 1σ PMS solutions in the no-spot case for BCAH98, contrary
to the CESAM and YY results.

Additional constraints on the stellar age may be derived
from CoRoT-2 being a rapid rotator. According to Mamajek &
Hillenbrand (2008), the 4.5 day rotation period with B − V =
0.854 (Lanza et al. 2009) implies an age typical of that of the
Pleiades, i.e., ∼130 Ma. Given the absence of stars with similar
B−V and periods shorter than 8 days in the Hyades (∼625 Ma),
we estimate that CoRoT-2 is less than 500 Ma old, which thus
restricts the ensemble of solutions from Fig. 5 quite significantly.

We now focus on the young (<500 Ma) solutions and com-
pare CESAM with BCAH98 in the (R⋆, M⋆, age) parameter
space. (We do not show the comparisons with YY, since it
closely ressembles CESAM). Figure 6 shows that in the no-spot

Fig. 7. Constraints obtained on the mass and radius of CoRoT-2. The
panels and colors are as in Fig. 6, except that the solutions are separated
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case, the 1σ solutions are limited to the PMS phase for CESAM,
and there are no solutions when using the BCAH98 models. At 2
and 3σ, the solutions span the entire age range and both models
yield very similar results. We note that MS solutions imply stel-
lar masses slightly above that of the Sun, whereas PMS solutions
are distributed between ∼0.9 and 1.0 M⊙.

Figure 7 compares the solutions in the (R⋆, M⋆) space. There
is a clear positive correlation between the two quantities. For
ages older than 50 Ma, the solutions are confined to high mass
values and there is a very good agreement between CESAM and
BCAH98. At young ages however, as seen in previous diagrams,
the CESAM and BCAH98 solutions differ. The influence of the
presence of spots is relatively small.

The results in terms of the stellar mass and radius are sum-
marized in Table 2 for the different age classes. When no solu-
tions were found within 1σ, the 2σ solutions are indicated.

2.5. Constraints on the planet’s physical parameters

Physical parameters for the planet are derived from the solu-
tion for the star using the orbital period Porb, the radii ratio
k = Rp/R⋆, and the semi-amplitude star velocity K (see Table 1)
using the following equations (e.g. Sozzetti et al. 2007; Beatty
et al. 2007)

Rp = kR⋆, (4)

Mp =
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where G is the gravitational constant, e the orbital eccentricity,
and i the orbital inclination projected along the line of sight.

The results in terms of the inferred planet mass and radius are
shown in Fig. 8 and listed in Table 3. Our inferred planet masses
are slightly higher than obtained by Alonso et al. (2008) but in
good agreement with the Gillon et al. (2010) results. The corre-
sponding planetary sizes are larger than in both studies because
we account for the effect of spot occultations by the transiting
planet. The new classes of solutions for the star on the PMS, at
ages of between 30 and 40 Ma allow however for slightly smaller
Rp values than the standard MS solutions.
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Fig. 6. Constraints obtained for the age as a function of mass of
CoRoT-2. The left panels correspond to results obtained by neglecting
the effect of spots. The right panels assume an additional uncertainty
in the derived Teff because of the presence of up to 20% of spots. The
upper panels are calculated from CESAM evolution tracks. The lower
panels are calculated from BCAH98 evolution tracks. Colors have the
same meaning as in Fig. 5.

panels correspond to our preferred solutions using our calibrated
CESAM evolution model and including all metallicities. At 3σ,
a wide range of solutions is found that extends from ages be-
tween 30 Ma and more than 10 Ga. Within 1σ, two classes of
solutions are found, either on the PMS (30–40 Ma) or on the
MS (for ages >800 Ma with no spots, or >100 Ma when includ-
ing spots). The range of stellar radii (which are directly propor-
tional to the planetary radii that are inferred) extend from 0.88
to 0.93 R⊙ at 1σ, but the smallest values are obtained for either
the youngest or oldest solutions.

The other panels in Fig. 5 highlight the consequences of the
different hypotheses on the solutions, when considering only so-
lar composition models. Varying the mixing length parameter
has consequences for the 1σ solutions: a lower α value leads to
a wider range of solutions at intermediate ages, while a higher α
increases the separation between the very young and the very
old solutions. However, when considering the global 3σ enve-
lope and accounting for spots, the solutions are very similar.

The solutions obtained by using the ρ⋆ value of Alonso et al.
(2008) are quite similar to the nominal ones, but are regarded
as slightly over-constrained due to the assumption of a circular
orbit.

The last four panels in Fig. 5 provide another test of the ro-
bustness of the solutions by a comparison with YY and BCAH98
evolution models. All models appear to be in excellent agree-
ment at least to the 2σ level. A minor difference is the absence
of 1σ PMS solutions in the no-spot case for BCAH98, contrary
to the CESAM and YY results.

Additional constraints on the stellar age may be derived
from CoRoT-2 being a rapid rotator. According to Mamajek &
Hillenbrand (2008), the 4.5 day rotation period with B − V =
0.854 (Lanza et al. 2009) implies an age typical of that of the
Pleiades, i.e., ∼130 Ma. Given the absence of stars with similar
B−V and periods shorter than 8 days in the Hyades (∼625 Ma),
we estimate that CoRoT-2 is less than 500 Ma old, which thus
restricts the ensemble of solutions from Fig. 5 quite significantly.

We now focus on the young (<500 Ma) solutions and com-
pare CESAM with BCAH98 in the (R⋆, M⋆, age) parameter
space. (We do not show the comparisons with YY, since it
closely ressembles CESAM). Figure 6 shows that in the no-spot

Fig. 7. Constraints obtained on the mass and radius of CoRoT-2. The
panels and colors are as in Fig. 6, except that the solutions are separated
between those at young (0–50 Ma) and old (50–500 Ma) ages. Solutions
obtained for ages above 500 Ma are indicated in grey.

case, the 1σ solutions are limited to the PMS phase for CESAM,
and there are no solutions when using the BCAH98 models. At 2
and 3σ, the solutions span the entire age range and both models
yield very similar results. We note that MS solutions imply stel-
lar masses slightly above that of the Sun, whereas PMS solutions
are distributed between ∼0.9 and 1.0 M⊙.

Figure 7 compares the solutions in the (R⋆, M⋆) space. There
is a clear positive correlation between the two quantities. For
ages older than 50 Ma, the solutions are confined to high mass
values and there is a very good agreement between CESAM and
BCAH98. At young ages however, as seen in previous diagrams,
the CESAM and BCAH98 solutions differ. The influence of the
presence of spots is relatively small.

The results in terms of the stellar mass and radius are sum-
marized in Table 2 for the different age classes. When no solu-
tions were found within 1σ, the 2σ solutions are indicated.

2.5. Constraints on the planet’s physical parameters

Physical parameters for the planet are derived from the solu-
tion for the star using the orbital period Porb, the radii ratio
k = Rp/R⋆, and the semi-amplitude star velocity K (see Table 1)
using the following equations (e.g. Sozzetti et al. 2007; Beatty
et al. 2007)

Rp = kR⋆, (4)

Mp =
! Porb

2πG
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√
1 − e2

sin i
, (5)

where G is the gravitational constant, e the orbital eccentricity,
and i the orbital inclination projected along the line of sight.

The results in terms of the inferred planet mass and radius are
shown in Fig. 8 and listed in Table 3. Our inferred planet masses
are slightly higher than obtained by Alonso et al. (2008) but in
good agreement with the Gillon et al. (2010) results. The corre-
sponding planetary sizes are larger than in both studies because
we account for the effect of spot occultations by the transiting
planet. The new classes of solutions for the star on the PMS, at
ages of between 30 and 40 Ma allow however for slightly smaller
Rp values than the standard MS solutions.
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Fig. 5. Constraints obtained for the age and radius of CoRoT-2 with different assumptions. The left panels correspond to results obtained by
neglecting the effect of spots. The right panels assume an additional uncertainty in the derived Teff due to a 0% to 20% fraction of spots. From top
to bottom, the panels are: a) Results obtained with the full CESAM calibrated evolution grid; b) results obtained with CESAM with a mixing length
parameter α = 0.85α⊙; c) same as previously but with α = 1.15α⊙; d) results obtained with the calibrated CESAM evolution grid but a constraint
on the stellar density obtained from Alonso et al. (2008) instead of Gillon et al. (2010); e) results obtained with the YY tracks (Demarque et al.
2004); f) results obtained with the BCAH98 tracks (Baraffe et al. 1998). The colored area corresponds to constraints derived from stellar evolution
models matching the stellar density and effective temperature within a certain number of standard deviations: less than 1σ (red), 2σ (blue), or 3σ
(yellow).
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the effect of spots. The right panels assume an additional uncertainty
in the derived Teff because of the presence of up to 20% of spots. The
upper panels are calculated from CESAM evolution tracks. The lower
panels are calculated from BCAH98 evolution tracks. Colors have the
same meaning as in Fig. 5.

panels correspond to our preferred solutions using our calibrated
CESAM evolution model and including all metallicities. At 3σ,
a wide range of solutions is found that extends from ages be-
tween 30 Ma and more than 10 Ga. Within 1σ, two classes of
solutions are found, either on the PMS (30–40 Ma) or on the
MS (for ages >800 Ma with no spots, or >100 Ma when includ-
ing spots). The range of stellar radii (which are directly propor-
tional to the planetary radii that are inferred) extend from 0.88
to 0.93 R⊙ at 1σ, but the smallest values are obtained for either
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has consequences for the 1σ solutions: a lower α value leads to
a wider range of solutions at intermediate ages, while a higher α
increases the separation between the very young and the very
old solutions. However, when considering the global 3σ enve-
lope and accounting for spots, the solutions are very similar.

The solutions obtained by using the ρ⋆ value of Alonso et al.
(2008) are quite similar to the nominal ones, but are regarded
as slightly over-constrained due to the assumption of a circular
orbit.

The last four panels in Fig. 5 provide another test of the ro-
bustness of the solutions by a comparison with YY and BCAH98
evolution models. All models appear to be in excellent agree-
ment at least to the 2σ level. A minor difference is the absence
of 1σ PMS solutions in the no-spot case for BCAH98, contrary
to the CESAM and YY results.

Additional constraints on the stellar age may be derived
from CoRoT-2 being a rapid rotator. According to Mamajek &
Hillenbrand (2008), the 4.5 day rotation period with B − V =
0.854 (Lanza et al. 2009) implies an age typical of that of the
Pleiades, i.e., ∼130 Ma. Given the absence of stars with similar
B−V and periods shorter than 8 days in the Hyades (∼625 Ma),
we estimate that CoRoT-2 is less than 500 Ma old, which thus
restricts the ensemble of solutions from Fig. 5 quite significantly.

We now focus on the young (<500 Ma) solutions and com-
pare CESAM with BCAH98 in the (R⋆, M⋆, age) parameter
space. (We do not show the comparisons with YY, since it
closely ressembles CESAM). Figure 6 shows that in the no-spot

Fig. 7. Constraints obtained on the mass and radius of CoRoT-2. The
panels and colors are as in Fig. 6, except that the solutions are separated
between those at young (0–50 Ma) and old (50–500 Ma) ages. Solutions
obtained for ages above 500 Ma are indicated in grey.

case, the 1σ solutions are limited to the PMS phase for CESAM,
and there are no solutions when using the BCAH98 models. At 2
and 3σ, the solutions span the entire age range and both models
yield very similar results. We note that MS solutions imply stel-
lar masses slightly above that of the Sun, whereas PMS solutions
are distributed between ∼0.9 and 1.0 M⊙.

Figure 7 compares the solutions in the (R⋆, M⋆) space. There
is a clear positive correlation between the two quantities. For
ages older than 50 Ma, the solutions are confined to high mass
values and there is a very good agreement between CESAM and
BCAH98. At young ages however, as seen in previous diagrams,
the CESAM and BCAH98 solutions differ. The influence of the
presence of spots is relatively small.

The results in terms of the stellar mass and radius are sum-
marized in Table 2 for the different age classes. When no solu-
tions were found within 1σ, the 2σ solutions are indicated.

2.5. Constraints on the planet’s physical parameters

Physical parameters for the planet are derived from the solu-
tion for the star using the orbital period Porb, the radii ratio
k = Rp/R⋆, and the semi-amplitude star velocity K (see Table 1)
using the following equations (e.g. Sozzetti et al. 2007; Beatty
et al. 2007)

Rp = kR⋆, (4)

Mp =
! Porb

2πG

"1/3
(M⋆ + Mp)2/3K

√
1 − e2

sin i
, (5)

where G is the gravitational constant, e the orbital eccentricity,
and i the orbital inclination projected along the line of sight.

The results in terms of the inferred planet mass and radius are
shown in Fig. 8 and listed in Table 3. Our inferred planet masses
are slightly higher than obtained by Alonso et al. (2008) but in
good agreement with the Gillon et al. (2010) results. The corre-
sponding planetary sizes are larger than in both studies because
we account for the effect of spot occultations by the transiting
planet. The new classes of solutions for the star on the PMS, at
ages of between 30 and 40 Ma allow however for slightly smaller
Rp values than the standard MS solutions.
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Fig. 6. Constraints obtained for the age as a function of mass of
CoRoT-2. The left panels correspond to results obtained by neglecting
the effect of spots. The right panels assume an additional uncertainty
in the derived Teff because of the presence of up to 20% of spots. The
upper panels are calculated from CESAM evolution tracks. The lower
panels are calculated from BCAH98 evolution tracks. Colors have the
same meaning as in Fig. 5.

panels correspond to our preferred solutions using our calibrated
CESAM evolution model and including all metallicities. At 3σ,
a wide range of solutions is found that extends from ages be-
tween 30 Ma and more than 10 Ga. Within 1σ, two classes of
solutions are found, either on the PMS (30–40 Ma) or on the
MS (for ages >800 Ma with no spots, or >100 Ma when includ-
ing spots). The range of stellar radii (which are directly propor-
tional to the planetary radii that are inferred) extend from 0.88
to 0.93 R⊙ at 1σ, but the smallest values are obtained for either
the youngest or oldest solutions.

The other panels in Fig. 5 highlight the consequences of the
different hypotheses on the solutions, when considering only so-
lar composition models. Varying the mixing length parameter
has consequences for the 1σ solutions: a lower α value leads to
a wider range of solutions at intermediate ages, while a higher α
increases the separation between the very young and the very
old solutions. However, when considering the global 3σ enve-
lope and accounting for spots, the solutions are very similar.

The solutions obtained by using the ρ⋆ value of Alonso et al.
(2008) are quite similar to the nominal ones, but are regarded
as slightly over-constrained due to the assumption of a circular
orbit.

The last four panels in Fig. 5 provide another test of the ro-
bustness of the solutions by a comparison with YY and BCAH98
evolution models. All models appear to be in excellent agree-
ment at least to the 2σ level. A minor difference is the absence
of 1σ PMS solutions in the no-spot case for BCAH98, contrary
to the CESAM and YY results.

Additional constraints on the stellar age may be derived
from CoRoT-2 being a rapid rotator. According to Mamajek &
Hillenbrand (2008), the 4.5 day rotation period with B − V =
0.854 (Lanza et al. 2009) implies an age typical of that of the
Pleiades, i.e., ∼130 Ma. Given the absence of stars with similar
B−V and periods shorter than 8 days in the Hyades (∼625 Ma),
we estimate that CoRoT-2 is less than 500 Ma old, which thus
restricts the ensemble of solutions from Fig. 5 quite significantly.

We now focus on the young (<500 Ma) solutions and com-
pare CESAM with BCAH98 in the (R⋆, M⋆, age) parameter
space. (We do not show the comparisons with YY, since it
closely ressembles CESAM). Figure 6 shows that in the no-spot

Fig. 7. Constraints obtained on the mass and radius of CoRoT-2. The
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obtained for ages above 500 Ma are indicated in grey.

case, the 1σ solutions are limited to the PMS phase for CESAM,
and there are no solutions when using the BCAH98 models. At 2
and 3σ, the solutions span the entire age range and both models
yield very similar results. We note that MS solutions imply stel-
lar masses slightly above that of the Sun, whereas PMS solutions
are distributed between ∼0.9 and 1.0 M⊙.

Figure 7 compares the solutions in the (R⋆, M⋆) space. There
is a clear positive correlation between the two quantities. For
ages older than 50 Ma, the solutions are confined to high mass
values and there is a very good agreement between CESAM and
BCAH98. At young ages however, as seen in previous diagrams,
the CESAM and BCAH98 solutions differ. The influence of the
presence of spots is relatively small.

The results in terms of the stellar mass and radius are sum-
marized in Table 2 for the different age classes. When no solu-
tions were found within 1σ, the 2σ solutions are indicated.

2.5. Constraints on the planet’s physical parameters

Physical parameters for the planet are derived from the solu-
tion for the star using the orbital period Porb, the radii ratio
k = Rp/R⋆, and the semi-amplitude star velocity K (see Table 1)
using the following equations (e.g. Sozzetti et al. 2007; Beatty
et al. 2007)

Rp = kR⋆, (4)
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where G is the gravitational constant, e the orbital eccentricity,
and i the orbital inclination projected along the line of sight.

The results in terms of the inferred planet mass and radius are
shown in Fig. 8 and listed in Table 3. Our inferred planet masses
are slightly higher than obtained by Alonso et al. (2008) but in
good agreement with the Gillon et al. (2010) results. The corre-
sponding planetary sizes are larger than in both studies because
we account for the effect of spot occultations by the transiting
planet. The new classes of solutions for the star on the PMS, at
ages of between 30 and 40 Ma allow however for slightly smaller
Rp values than the standard MS solutions.

Page 6 of 15

Age★

R★/R⦿
7

The radius R★  is a very important parameter 

If we get R★, we need Teff,★ and L★ to derive  
M★ and age★ 

INTRODUCTION

Guillot & Havel (2011)



T. Guillot and M. Havel: CoRoT-2

Fig. 5. Constraints obtained for the age and radius of CoRoT-2 with different assumptions. The left panels correspond to results obtained by
neglecting the effect of spots. The right panels assume an additional uncertainty in the derived Teff due to a 0% to 20% fraction of spots. From top
to bottom, the panels are: a) Results obtained with the full CESAM calibrated evolution grid; b) results obtained with CESAM with a mixing length
parameter α = 0.85α⊙; c) same as previously but with α = 1.15α⊙; d) results obtained with the calibrated CESAM evolution grid but a constraint
on the stellar density obtained from Alonso et al. (2008) instead of Gillon et al. (2010); e) results obtained with the YY tracks (Demarque et al.
2004); f) results obtained with the BCAH98 tracks (Baraffe et al. 1998). The colored area corresponds to constraints derived from stellar evolution
models matching the stellar density and effective temperature within a certain number of standard deviations: less than 1σ (red), 2σ (blue), or 3σ
(yellow).
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Fig. 6. Constraints obtained for the age as a function of mass of
CoRoT-2. The left panels correspond to results obtained by neglecting
the effect of spots. The right panels assume an additional uncertainty
in the derived Teff because of the presence of up to 20% of spots. The
upper panels are calculated from CESAM evolution tracks. The lower
panels are calculated from BCAH98 evolution tracks. Colors have the
same meaning as in Fig. 5.

panels correspond to our preferred solutions using our calibrated
CESAM evolution model and including all metallicities. At 3σ,
a wide range of solutions is found that extends from ages be-
tween 30 Ma and more than 10 Ga. Within 1σ, two classes of
solutions are found, either on the PMS (30–40 Ma) or on the
MS (for ages >800 Ma with no spots, or >100 Ma when includ-
ing spots). The range of stellar radii (which are directly propor-
tional to the planetary radii that are inferred) extend from 0.88
to 0.93 R⊙ at 1σ, but the smallest values are obtained for either
the youngest or oldest solutions.

The other panels in Fig. 5 highlight the consequences of the
different hypotheses on the solutions, when considering only so-
lar composition models. Varying the mixing length parameter
has consequences for the 1σ solutions: a lower α value leads to
a wider range of solutions at intermediate ages, while a higher α
increases the separation between the very young and the very
old solutions. However, when considering the global 3σ enve-
lope and accounting for spots, the solutions are very similar.

The solutions obtained by using the ρ⋆ value of Alonso et al.
(2008) are quite similar to the nominal ones, but are regarded
as slightly over-constrained due to the assumption of a circular
orbit.

The last four panels in Fig. 5 provide another test of the ro-
bustness of the solutions by a comparison with YY and BCAH98
evolution models. All models appear to be in excellent agree-
ment at least to the 2σ level. A minor difference is the absence
of 1σ PMS solutions in the no-spot case for BCAH98, contrary
to the CESAM and YY results.

Additional constraints on the stellar age may be derived
from CoRoT-2 being a rapid rotator. According to Mamajek &
Hillenbrand (2008), the 4.5 day rotation period with B − V =
0.854 (Lanza et al. 2009) implies an age typical of that of the
Pleiades, i.e., ∼130 Ma. Given the absence of stars with similar
B−V and periods shorter than 8 days in the Hyades (∼625 Ma),
we estimate that CoRoT-2 is less than 500 Ma old, which thus
restricts the ensemble of solutions from Fig. 5 quite significantly.

We now focus on the young (<500 Ma) solutions and com-
pare CESAM with BCAH98 in the (R⋆, M⋆, age) parameter
space. (We do not show the comparisons with YY, since it
closely ressembles CESAM). Figure 6 shows that in the no-spot

Fig. 7. Constraints obtained on the mass and radius of CoRoT-2. The
panels and colors are as in Fig. 6, except that the solutions are separated
between those at young (0–50 Ma) and old (50–500 Ma) ages. Solutions
obtained for ages above 500 Ma are indicated in grey.

case, the 1σ solutions are limited to the PMS phase for CESAM,
and there are no solutions when using the BCAH98 models. At 2
and 3σ, the solutions span the entire age range and both models
yield very similar results. We note that MS solutions imply stel-
lar masses slightly above that of the Sun, whereas PMS solutions
are distributed between ∼0.9 and 1.0 M⊙.

Figure 7 compares the solutions in the (R⋆, M⋆) space. There
is a clear positive correlation between the two quantities. For
ages older than 50 Ma, the solutions are confined to high mass
values and there is a very good agreement between CESAM and
BCAH98. At young ages however, as seen in previous diagrams,
the CESAM and BCAH98 solutions differ. The influence of the
presence of spots is relatively small.

The results in terms of the stellar mass and radius are sum-
marized in Table 2 for the different age classes. When no solu-
tions were found within 1σ, the 2σ solutions are indicated.

2.5. Constraints on the planet’s physical parameters

Physical parameters for the planet are derived from the solu-
tion for the star using the orbital period Porb, the radii ratio
k = Rp/R⋆, and the semi-amplitude star velocity K (see Table 1)
using the following equations (e.g. Sozzetti et al. 2007; Beatty
et al. 2007)

Rp = kR⋆, (4)

Mp =
! Porb

2πG

"1/3
(M⋆ + Mp)2/3K

√
1 − e2

sin i
, (5)

where G is the gravitational constant, e the orbital eccentricity,
and i the orbital inclination projected along the line of sight.

The results in terms of the inferred planet mass and radius are
shown in Fig. 8 and listed in Table 3. Our inferred planet masses
are slightly higher than obtained by Alonso et al. (2008) but in
good agreement with the Gillon et al. (2010) results. The corre-
sponding planetary sizes are larger than in both studies because
we account for the effect of spot occultations by the transiting
planet. The new classes of solutions for the star on the PMS, at
ages of between 30 and 40 Ma allow however for slightly smaller
Rp values than the standard MS solutions.
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CoRoT-2. The left panels correspond to results obtained by neglecting
the effect of spots. The right panels assume an additional uncertainty
in the derived Teff because of the presence of up to 20% of spots. The
upper panels are calculated from CESAM evolution tracks. The lower
panels are calculated from BCAH98 evolution tracks. Colors have the
same meaning as in Fig. 5.

panels correspond to our preferred solutions using our calibrated
CESAM evolution model and including all metallicities. At 3σ,
a wide range of solutions is found that extends from ages be-
tween 30 Ma and more than 10 Ga. Within 1σ, two classes of
solutions are found, either on the PMS (30–40 Ma) or on the
MS (for ages >800 Ma with no spots, or >100 Ma when includ-
ing spots). The range of stellar radii (which are directly propor-
tional to the planetary radii that are inferred) extend from 0.88
to 0.93 R⊙ at 1σ, but the smallest values are obtained for either
the youngest or oldest solutions.
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lar composition models. Varying the mixing length parameter
has consequences for the 1σ solutions: a lower α value leads to
a wider range of solutions at intermediate ages, while a higher α
increases the separation between the very young and the very
old solutions. However, when considering the global 3σ enve-
lope and accounting for spots, the solutions are very similar.

The solutions obtained by using the ρ⋆ value of Alonso et al.
(2008) are quite similar to the nominal ones, but are regarded
as slightly over-constrained due to the assumption of a circular
orbit.

The last four panels in Fig. 5 provide another test of the ro-
bustness of the solutions by a comparison with YY and BCAH98
evolution models. All models appear to be in excellent agree-
ment at least to the 2σ level. A minor difference is the absence
of 1σ PMS solutions in the no-spot case for BCAH98, contrary
to the CESAM and YY results.

Additional constraints on the stellar age may be derived
from CoRoT-2 being a rapid rotator. According to Mamajek &
Hillenbrand (2008), the 4.5 day rotation period with B − V =
0.854 (Lanza et al. 2009) implies an age typical of that of the
Pleiades, i.e., ∼130 Ma. Given the absence of stars with similar
B−V and periods shorter than 8 days in the Hyades (∼625 Ma),
we estimate that CoRoT-2 is less than 500 Ma old, which thus
restricts the ensemble of solutions from Fig. 5 quite significantly.

We now focus on the young (<500 Ma) solutions and com-
pare CESAM with BCAH98 in the (R⋆, M⋆, age) parameter
space. (We do not show the comparisons with YY, since it
closely ressembles CESAM). Figure 6 shows that in the no-spot
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case, the 1σ solutions are limited to the PMS phase for CESAM,
and there are no solutions when using the BCAH98 models. At 2
and 3σ, the solutions span the entire age range and both models
yield very similar results. We note that MS solutions imply stel-
lar masses slightly above that of the Sun, whereas PMS solutions
are distributed between ∼0.9 and 1.0 M⊙.

Figure 7 compares the solutions in the (R⋆, M⋆) space. There
is a clear positive correlation between the two quantities. For
ages older than 50 Ma, the solutions are confined to high mass
values and there is a very good agreement between CESAM and
BCAH98. At young ages however, as seen in previous diagrams,
the CESAM and BCAH98 solutions differ. The influence of the
presence of spots is relatively small.

The results in terms of the stellar mass and radius are sum-
marized in Table 2 for the different age classes. When no solu-
tions were found within 1σ, the 2σ solutions are indicated.

2.5. Constraints on the planet’s physical parameters

Physical parameters for the planet are derived from the solu-
tion for the star using the orbital period Porb, the radii ratio
k = Rp/R⋆, and the semi-amplitude star velocity K (see Table 1)
using the following equations (e.g. Sozzetti et al. 2007; Beatty
et al. 2007)

Rp = kR⋆, (4)
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where G is the gravitational constant, e the orbital eccentricity,
and i the orbital inclination projected along the line of sight.

The results in terms of the inferred planet mass and radius are
shown in Fig. 8 and listed in Table 3. Our inferred planet masses
are slightly higher than obtained by Alonso et al. (2008) but in
good agreement with the Gillon et al. (2010) results. The corre-
sponding planetary sizes are larger than in both studies because
we account for the effect of spot occultations by the transiting
planet. The new classes of solutions for the star on the PMS, at
ages of between 30 and 40 Ma allow however for slightly smaller
Rp values than the standard MS solutions.
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FROM INTERFEROMETRY TO ANGULAR DIAMETERS

9

❖ Selection of exoplanet host stars and potential hosts 
(Ligi et al. 2012b, SPIE): 
❖ F, G, K 
❖ 0.3 mas < θ★ < 3 mas 
❖ mV < 6.5 and mK < 6.5 
❖ -30° < δ < +90° 

❖ Spread over the H-R diagram 
❖ From exoplanet.eu 
❖ Result: 42 accessible stars with VEGA/CHARA. 

❖ Final sample:  
❖ 18 stars 

❖ 10 exoplanet hosts 
❖ Observations from 2010 to 2013



STELLAR PARAMETERS  
FROM DIRECT MEASUREMENTS

❖ Examples of visibility curves from VEGA instrument 

❖ Average accuracy: 1.9 % on diameters (θLD) and 3% on radii (R
★

).

10

RADIUS

Ligi et al.: Radii, masses, and ages of 18 bright stars using interferometry

Fixed parameters Fitted parameters Calculated parameters
HD AV [Fe/H] log(g) Te↵ ✓SED Fbol Fbol

[cm · s2] [K] [mas] (AV = 0)
3651 0.060 0.1 4.4 ± 0.17 5297 ± 27 0.715 ± 0.014 13.409 ± 0.236 13.163 ± 0.169
9826 0.185 0.1 4.2 ± 0.14 6494 ± 39 1.073 ± 0.016 68.200 ± 2.310 58.448 ± 0.493
19994 0.090 0.2 4.2 ± 0.14 6039 ± 26 0.767 ± 0.011 25.798 ± 0.654 24.980 ± 0.291
75732 0.0075 0.3 4.4 ± 0.12 5219 ± 26 0.709 ± 0.012 12.435 ± 0.168 12.399 ± 0.168
167042 0.103 -0.1 3.2 ± 0.10 4774 ± 33 0.958 ± 0.028 15.886 ± 0.551 12.927 ± 0.429
170693 0.052 -0.5 2.1 ± 0.54 4460 ± 24 1.933 ± 0.023 49.180 ± 0.600 49.723 ± 0.102
173416 0.047 -0.2 2.5 ± 0.10 4735 ± 23 0.917 ± 0.013 13.179 ± 0.265 13.733 ± 0.148
185395 0.328 0.0 4.3 ± 0.15 7181 ± 28 0.775 ± 0.010 49.400 ± 0.460 40.372 ± 0.403
190360 0.044 0.2 4.3 ± 0.09 5577 ± 26 0.669 ± 0.011 14.405 ± 0.195 13.987 ± 0.213
217014 0.078 0.2 4.3 ± 0.11 5804 ± 27 0.689 ± 0.011 17.965 ± 0.238 16.939 ± 0.241
221345 0.046 -0.3 2.4 ± 0.29 4692 ± 25 1.359 ± 0.023 27.983 ± 0.447 27.055 ± 0.418
1367 0.588 0.0 3.0 ± 0.10 5488 ± 23 0.725 ± 0.009 15.959 ± 0.432 9.750 ± 0.060
1671 0.473 -0.1 3.7 ± 0.10 7047 ± 27 0.619 ± 0.007 31.473 ± 0.259 21.401 ± 0.185
154633 0.046 -0.1 3.0 ± 0.10 4934 ± 24 0.788 ± 0.010 12.243 ± 0.211 11.937 ± 0.087
161178 0.408 -0.2 2.4 ± 0.25 5158 ± 26 0.885 ± 0.018 19.799 ± 0.343 15.748 ± 0.078
168151 0.129 -0.3 4.1 ± 0.50 6563 ± 38 0.679 ± 0.016 28.519 ± 0.674 25.442 ± 0.625
209369 0.116 -0.2 3.8 ± 0.10 6447 ± 41 0.682 ± 0.017 26.737 ± 0.686 24.166 ± 0.560
218560 0.059 0 1.5 ± 0.10 4631 ± 24 0.929 ± 0.014 13.375 ± 0.138 12.800 ± 0.134

Table 4: Fixed input parameters to determine the bolometric flux. Fbol is expressed in 108 erg · s�1· cm�2, and the error adopted in
the rest of the study on [Fe/H] is 0.1 dex. We adopt a minimum of 0.1 dex for the error in log(g) (see Sect. 3.1).

HD ✓UD ± �✓UD µ� ✓LD ± �✓LD(%) �2
red

3651 0.687 ± 0.007 0.537 0.722 ± 0.007 (0.97) 0.97
9826 1.119 ± 0.026 0.425 1.161 ± 0.027 (2.34) 6.95
19994 0.731 ± 0.010 0.448 0.761 ± 0.011 (1.41) 0.67
75732 0.687 ± 0.011 0.561 0.724 ± 0.012 (1.64) 0.36
167042 0.998 ± 0.013 0.616 1.056 ± 0.014 (1.28) 0.30
170693 1.965 ± 0.009 0.634 2.097 ± 0.009 (0.41) 0.20
173416 0.937 ± 0.033 0.608 0.995 ± 0.034 (3.45) 0.59
185395 0.726 ± 0.007 0.355 0.749 ± 0.008 (1.01) 8.47
190360 0.596 ± 0.006 0.480 0.622 ± 0.007 (1.08) 1.00
217014 0.624 ± 0.013 0.458 0.650 ± 0.014 (2.14) 2.27
221345 1.404 ± 0.029 0.614 1.489 ± 0.032 (2.16) 2.73
1367 0.719 ± 0.013 0.505 0.754 ± 0.014 (1.84) 0.44
1671 0.582 ± 0.006 0.359 0.600 ± 0.006 (0.92) 0.42
154633 0.763 ± 0.011 0.569 0.804 ± 0.012 (1.44) 0.33
161178 0.897 ± 0.040 0.545 0.944 ± 0.043 (4.50) 1.89
168151 0.642 ± 0.014 0.386 0.664 ± 0.015 (2.20) 0.61
209369 0.601 ± 0.017 0.380 0.621 ± 0.018 (2.85) 1.72
218560 0.875 ± 0.020 0.600 0.927 ± 0.022 (2.38) 0.64

Table 5: Angular diameters of our targets (in mas). Errors in %
are given in parenthesis (see Sect. 3.2).

in [Fe/H]. Since we observed around 720 nm, we had to consider
both R and I filters (in the Johnson-Cousin system).

We first computed linear interpolations over the coe�cients
corresponding to [Fe/H] and log(g) surrounding the stellar pa-
rameters for each filter R and I and each temperature surround-
ing the initial photometric temperature (determined from Fbol)
by ±250 K. (We took the closest values to our stars available
on the tables.) Then, we averaged the resulting LD coe�cients
on the filters to have one coe�cient per temperature. Finally, we
computed linear interpolations until the derived ✓LD calculated
with the LD coe�cient converge with the values of Te↵,? and
Fbol. The final interferometric parameters are given in Table 5.
We used the final LD coe�cient to estimate the final ✓LD using
the LITpro software. Then, the final Te↵,? is directly derived
from the LD diameter and Fbol :

Te↵,? =

0
BBBB@

4 ⇥ Fbol

�SB✓2LD

1
CCCCA

0.25

, (4)

where �SB is the Stefan-Boltzmann constant.
The stellar radius is obtained by combining the LD diame-

ter and the distance d (from Hipparcos parallaxes, van Leeuwen
2007) :

R?[R�] =
✓LD[mas] ⇥ d[pc]

9.305
. (5)

To determine the errors on Te↵,? and R?, we consider that the
parameters on the righthand side of each equation are indepen-
dent random variables with Gaussian probability density func-
tions. For any quantity X, the uncertainty on its estimate is noted
�X , and the relative uncertainty �X/X is noted �̃X . Then, the
standard deviation of each parameter that we want to estimate
is given analytically to first order by a classical propagation of
errors, following the formula :

�̃T e↵,? =

q
((1/2) ⇥ �̃✓LD)2 + ((1/4) ⇥ �̃F bol)2

�̃R? =
q
�̃✓2LD + �̃

2
d ,

(6)

where �✓LD, �Fbol, and �d are the errors on the LD diameter,
bolometrix flux, and distance, respectively. Then, we calculate
the stellar luminosity L? by combining the bolometric flux and
the distance :

L? = 4⇡d2Fbol , (7)

and its error
�̃L? =

q
(2 ⇥ �̃d)2 + �̃F

2
bol . (8)

Finally, we calculate the gravitational mass Mgrav,? using log(g)
and R?

Mgrav,? =
R2
? ⇥ 10log(g)

G
(9)

and its error

�̃Mgrav,? =

r
(2 ⇥ �̃R?)2 +

⇣
�log(g) ⇥ ln(10)

⌘2
. (10)

The parameters and their errors are shown in Table 6.

5

Spatial frequency (in 108/rad) Spatial frequency (in 108/rad)

θLD=0.724 ± 0.012 θLD=0.722 ± 0.007 



STELLAR PARAMETERS  
FROM DIRECT MEASUREMENTS

❖ Photometry from VizieR Photometry 
Viewer 

❖ Fit from BASEL library spectra 

❖ Take into account log(g), Av, [Fe/H] 

❖ Average accuracy on Teff,★: 57K in 
average
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Ligi et al.: Radii, masses, and ages of 18 bright stars using interferometry

Fixed parameters Fitted parameters Calculated parameters
HD AV [Fe/H] log(g) Te↵ ✓SED Fbol Fbol

[cm · s2] [K] [mas] (AV = 0)
3651 0.060 0.1 4.4 ± 0.17 5297 ± 27 0.715 ± 0.014 13.409 ± 0.236 13.163 ± 0.169
9826 0.185 0.1 4.2 ± 0.14 6494 ± 39 1.073 ± 0.016 68.200 ± 2.310 58.448 ± 0.493
19994 0.090 0.2 4.2 ± 0.14 6039 ± 26 0.767 ± 0.011 25.798 ± 0.654 24.980 ± 0.291
75732 0.0075 0.3 4.4 ± 0.12 5219 ± 26 0.709 ± 0.012 12.435 ± 0.168 12.399 ± 0.168
167042 0.103 -0.1 3.2 ± 0.10 4774 ± 33 0.958 ± 0.028 15.886 ± 0.551 12.927 ± 0.429
170693 0.052 -0.5 2.1 ± 0.54 4460 ± 24 1.933 ± 0.023 49.180 ± 0.600 49.723 ± 0.102
173416 0.047 -0.2 2.5 ± 0.10 4735 ± 23 0.917 ± 0.013 13.179 ± 0.265 13.733 ± 0.148
185395 0.328 0.0 4.3 ± 0.15 7181 ± 28 0.775 ± 0.010 49.400 ± 0.460 40.372 ± 0.403
190360 0.044 0.2 4.3 ± 0.09 5577 ± 26 0.669 ± 0.011 14.405 ± 0.195 13.987 ± 0.213
217014 0.078 0.2 4.3 ± 0.11 5804 ± 27 0.689 ± 0.011 17.965 ± 0.238 16.939 ± 0.241
221345 0.046 -0.3 2.4 ± 0.29 4692 ± 25 1.359 ± 0.023 27.983 ± 0.447 27.055 ± 0.418
1367 0.588 0.0 3.0 ± 0.10 5488 ± 23 0.725 ± 0.009 15.959 ± 0.432 9.750 ± 0.060
1671 0.473 -0.1 3.7 ± 0.10 7047 ± 27 0.619 ± 0.007 31.473 ± 0.259 21.401 ± 0.185
154633 0.046 -0.1 3.0 ± 0.10 4934 ± 24 0.788 ± 0.010 12.243 ± 0.211 11.937 ± 0.087
161178 0.408 -0.2 2.4 ± 0.25 5158 ± 26 0.885 ± 0.018 19.799 ± 0.343 15.748 ± 0.078
168151 0.129 -0.3 4.1 ± 0.50 6563 ± 38 0.679 ± 0.016 28.519 ± 0.674 25.442 ± 0.625
209369 0.116 -0.2 3.8 ± 0.10 6447 ± 41 0.682 ± 0.017 26.737 ± 0.686 24.166 ± 0.560
218560 0.059 0 1.5 ± 0.10 4631 ± 24 0.929 ± 0.014 13.375 ± 0.138 12.800 ± 0.134

Table 4: Fixed input parameters to determine the bolometric flux. Fbol is expressed in 108 erg · s�1· cm�2, and the error adopted in
the rest of the study on [Fe/H] is 0.1 dex. We adopt a minimum of 0.1 dex for the error in log(g) (see Sect. 3.1).

HD ✓UD ± �✓UD µ� ✓LD ± �✓LD(%) �2
red

3651 0.687 ± 0.007 0.537 0.722 ± 0.007 (0.97) 0.97
9826 1.119 ± 0.026 0.425 1.161 ± 0.027 (2.34) 6.95
19994 0.731 ± 0.010 0.448 0.761 ± 0.011 (1.41) 0.67
75732 0.687 ± 0.011 0.561 0.724 ± 0.012 (1.64) 0.36
167042 0.998 ± 0.013 0.616 1.056 ± 0.014 (1.28) 0.30
170693 1.965 ± 0.009 0.634 2.097 ± 0.009 (0.41) 0.20
173416 0.937 ± 0.033 0.608 0.995 ± 0.034 (3.45) 0.59
185395 0.726 ± 0.007 0.355 0.749 ± 0.008 (1.01) 8.47
190360 0.596 ± 0.006 0.480 0.622 ± 0.007 (1.08) 1.00
217014 0.624 ± 0.013 0.458 0.650 ± 0.014 (2.14) 2.27
221345 1.404 ± 0.029 0.614 1.489 ± 0.032 (2.16) 2.73
1367 0.719 ± 0.013 0.505 0.754 ± 0.014 (1.84) 0.44
1671 0.582 ± 0.006 0.359 0.600 ± 0.006 (0.92) 0.42
154633 0.763 ± 0.011 0.569 0.804 ± 0.012 (1.44) 0.33
161178 0.897 ± 0.040 0.545 0.944 ± 0.043 (4.50) 1.89
168151 0.642 ± 0.014 0.386 0.664 ± 0.015 (2.20) 0.61
209369 0.601 ± 0.017 0.380 0.621 ± 0.018 (2.85) 1.72
218560 0.875 ± 0.020 0.600 0.927 ± 0.022 (2.38) 0.64

Table 5: Angular diameters of our targets (in mas). Errors in %
are given in parenthesis (see Sect. 3.2).

in [Fe/H]. Since we observed around 720 nm, we had to consider
both R and I filters (in the Johnson-Cousin system).

We first computed linear interpolations over the coe�cients
corresponding to [Fe/H] and log(g) surrounding the stellar pa-
rameters for each filter R and I and each temperature surround-
ing the initial photometric temperature (determined from Fbol)
by ±250 K. (We took the closest values to our stars available
on the tables.) Then, we averaged the resulting LD coe�cients
on the filters to have one coe�cient per temperature. Finally, we
computed linear interpolations until the derived ✓LD calculated
with the LD coe�cient converge with the values of Te↵,? and
Fbol. The final interferometric parameters are given in Table 5.
We used the final LD coe�cient to estimate the final ✓LD using
the LITpro software. Then, the final Te↵,? is directly derived
from the LD diameter and Fbol :

Te↵,? =

0
BBBB@

4 ⇥ Fbol

�SB✓2LD

1
CCCCA

0.25

, (4)

where �SB is the Stefan-Boltzmann constant.
The stellar radius is obtained by combining the LD diame-

ter and the distance d (from Hipparcos parallaxes, van Leeuwen
2007) :

R?[R�] =
✓LD[mas] ⇥ d[pc]

9.305
. (5)

To determine the errors on Te↵,? and R?, we consider that the
parameters on the righthand side of each equation are indepen-
dent random variables with Gaussian probability density func-
tions. For any quantity X, the uncertainty on its estimate is noted
�X , and the relative uncertainty �X/X is noted �̃X . Then, the
standard deviation of each parameter that we want to estimate
is given analytically to first order by a classical propagation of
errors, following the formula :

�̃T e↵,? =

q
((1/2) ⇥ �̃✓LD)2 + ((1/4) ⇥ �̃F bol)2

�̃R? =
q
�̃✓2LD + �̃

2
d ,

(6)

where �✓LD, �Fbol, and �d are the errors on the LD diameter,
bolometrix flux, and distance, respectively. Then, we calculate
the stellar luminosity L? by combining the bolometric flux and
the distance :

L? = 4⇡d2Fbol , (7)

and its error
�̃L? =

q
(2 ⇥ �̃d)2 + �̃F

2
bol . (8)

Finally, we calculate the gravitational mass Mgrav,? using log(g)
and R?

Mgrav,? =
R2
? ⇥ 10log(g)

G
(9)

and its error

�̃Mgrav,? =

r
(2 ⇥ �̃R?)2 +

⇣
�log(g) ⇥ ln(10)

⌘2
. (10)

The parameters and their errors are shown in Table 6.
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Fixed parameters Fitted parameters Calculated parameters
HD AV [Fe/H] log(g) Te↵ ✓SED Fbol Fbol
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19994 0.090 0.2 4.2 ± 0.14 6039 ± 26 0.767 ± 0.011 25.798 ± 0.654 24.980 ± 0.291
75732 0.0075 0.3 4.4 ± 0.12 5219 ± 26 0.709 ± 0.012 12.435 ± 0.168 12.399 ± 0.168
167042 0.103 -0.1 3.2 ± 0.10 4774 ± 33 0.958 ± 0.028 15.886 ± 0.551 12.927 ± 0.429
170693 0.052 -0.5 2.1 ± 0.54 4460 ± 24 1.933 ± 0.023 49.180 ± 0.600 49.723 ± 0.102
173416 0.047 -0.2 2.5 ± 0.10 4735 ± 23 0.917 ± 0.013 13.179 ± 0.265 13.733 ± 0.148
185395 0.328 0.0 4.3 ± 0.15 7181 ± 28 0.775 ± 0.010 49.400 ± 0.460 40.372 ± 0.403
190360 0.044 0.2 4.3 ± 0.09 5577 ± 26 0.669 ± 0.011 14.405 ± 0.195 13.987 ± 0.213
217014 0.078 0.2 4.3 ± 0.11 5804 ± 27 0.689 ± 0.011 17.965 ± 0.238 16.939 ± 0.241
221345 0.046 -0.3 2.4 ± 0.29 4692 ± 25 1.359 ± 0.023 27.983 ± 0.447 27.055 ± 0.418
1367 0.588 0.0 3.0 ± 0.10 5488 ± 23 0.725 ± 0.009 15.959 ± 0.432 9.750 ± 0.060
1671 0.473 -0.1 3.7 ± 0.10 7047 ± 27 0.619 ± 0.007 31.473 ± 0.259 21.401 ± 0.185
154633 0.046 -0.1 3.0 ± 0.10 4934 ± 24 0.788 ± 0.010 12.243 ± 0.211 11.937 ± 0.087
161178 0.408 -0.2 2.4 ± 0.25 5158 ± 26 0.885 ± 0.018 19.799 ± 0.343 15.748 ± 0.078
168151 0.129 -0.3 4.1 ± 0.50 6563 ± 38 0.679 ± 0.016 28.519 ± 0.674 25.442 ± 0.625
209369 0.116 -0.2 3.8 ± 0.10 6447 ± 41 0.682 ± 0.017 26.737 ± 0.686 24.166 ± 0.560
218560 0.059 0 1.5 ± 0.10 4631 ± 24 0.929 ± 0.014 13.375 ± 0.138 12.800 ± 0.134

Table 4: Fixed input parameters to determine the bolometric flux. Fbol is expressed in 108 erg · s�1· cm�2, and the error adopted in
the rest of the study on [Fe/H] is 0.1 dex. We adopt a minimum of 0.1 dex for the error in log(g) (see Sect. 3.1).

HD ✓UD ± �✓UD µ� ✓LD ± �✓LD(%) �2
red

3651 0.687 ± 0.007 0.537 0.722 ± 0.007 (0.97) 0.97
9826 1.119 ± 0.026 0.425 1.161 ± 0.027 (2.34) 6.95
19994 0.731 ± 0.010 0.448 0.761 ± 0.011 (1.41) 0.67
75732 0.687 ± 0.011 0.561 0.724 ± 0.012 (1.64) 0.36
167042 0.998 ± 0.013 0.616 1.056 ± 0.014 (1.28) 0.30
170693 1.965 ± 0.009 0.634 2.097 ± 0.009 (0.41) 0.20
173416 0.937 ± 0.033 0.608 0.995 ± 0.034 (3.45) 0.59
185395 0.726 ± 0.007 0.355 0.749 ± 0.008 (1.01) 8.47
190360 0.596 ± 0.006 0.480 0.622 ± 0.007 (1.08) 1.00
217014 0.624 ± 0.013 0.458 0.650 ± 0.014 (2.14) 2.27
221345 1.404 ± 0.029 0.614 1.489 ± 0.032 (2.16) 2.73
1367 0.719 ± 0.013 0.505 0.754 ± 0.014 (1.84) 0.44
1671 0.582 ± 0.006 0.359 0.600 ± 0.006 (0.92) 0.42
154633 0.763 ± 0.011 0.569 0.804 ± 0.012 (1.44) 0.33
161178 0.897 ± 0.040 0.545 0.944 ± 0.043 (4.50) 1.89
168151 0.642 ± 0.014 0.386 0.664 ± 0.015 (2.20) 0.61
209369 0.601 ± 0.017 0.380 0.621 ± 0.018 (2.85) 1.72
218560 0.875 ± 0.020 0.600 0.927 ± 0.022 (2.38) 0.64

Table 5: Angular diameters of our targets (in mas). Errors in %
are given in parenthesis (see Sect. 3.2).

in [Fe/H]. Since we observed around 720 nm, we had to consider
both R and I filters (in the Johnson-Cousin system).

We first computed linear interpolations over the coe�cients
corresponding to [Fe/H] and log(g) surrounding the stellar pa-
rameters for each filter R and I and each temperature surround-
ing the initial photometric temperature (determined from Fbol)
by ±250 K. (We took the closest values to our stars available
on the tables.) Then, we averaged the resulting LD coe�cients
on the filters to have one coe�cient per temperature. Finally, we
computed linear interpolations until the derived ✓LD calculated
with the LD coe�cient converge with the values of Te↵,? and
Fbol. The final interferometric parameters are given in Table 5.
We used the final LD coe�cient to estimate the final ✓LD using
the LITpro software. Then, the final Te↵,? is directly derived
from the LD diameter and Fbol :

Te↵,? =

0
BBBB@

4 ⇥ Fbol

�SB✓2LD

1
CCCCA

0.25

, (4)

where �SB is the Stefan-Boltzmann constant.
The stellar radius is obtained by combining the LD diame-

ter and the distance d (from Hipparcos parallaxes, van Leeuwen
2007) :

R?[R�] =
✓LD[mas] ⇥ d[pc]

9.305
. (5)

To determine the errors on Te↵,? and R?, we consider that the
parameters on the righthand side of each equation are indepen-
dent random variables with Gaussian probability density func-
tions. For any quantity X, the uncertainty on its estimate is noted
�X , and the relative uncertainty �X/X is noted �̃X . Then, the
standard deviation of each parameter that we want to estimate
is given analytically to first order by a classical propagation of
errors, following the formula :

�̃T e↵,? =
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((1/2) ⇥ �̃✓LD)2 + ((1/4) ⇥ �̃F bol)2
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(6)

where �✓LD, �Fbol, and �d are the errors on the LD diameter,
bolometrix flux, and distance, respectively. Then, we calculate
the stellar luminosity L? by combining the bolometric flux and
the distance :

L? = 4⇡d2Fbol , (7)

and its error
�̃L? =

q
(2 ⇥ �̃d)2 + �̃F

2
bol . (8)

Finally, we calculate the gravitational mass Mgrav,? using log(g)
and R?

Mgrav,? =
R2
? ⇥ 10log(g)

G
(9)

and its error

�̃Mgrav,? =

r
(2 ⇥ �̃R?)2 +
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⌘2
. (10)

The parameters and their errors are shown in Table 6.
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❖ Masses and ages usually derived from models  
(if no exception case like binaries…) 

❖ We used PARSEC stellar models (Bressan et al. 2012).



STELLAR MASSES AND AGES

❖ Method: Interpolation 

❖ Separation between 2 points of an isochrone are < σT
eff,★

 and < σL
★

 

❖ Step in log(age
★

) are 0.01 from 6.6 to 10.13  

❖ [M/H] goes from 0.5 to -0.8 in steps of ~0.015  
(not always the case!) 

❖ Best fit (least square): minimizing the quantity
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M★, age★?  Not that easy…

R. Ligi et al.: Radii, masses, and ages of 18 bright stars using interferometry and new estimations of exoplanetary parameters

Fig. 3. Upper panel: comparison between angular diameters measured
with VEGA and with other instruments. Bottom panel: estimation of
empirically determined angular diameters versus angular diameters
measured with VEGA. Dwarfs and subgiants stars are plotted in blue,
and giants and bright giants in red (see Sect. 3.3).

Fig. 4. Comparison between interferometric temperatures and tempera-
tures derived from SED. Dwarfs and subgiants stars are plotted with
blue diamonds, and giants and bright giants with red squares (see
Sect. 3.3).

We used the recently published PARSEC stellar models
(Bressan et al. 2012) to determine the masses and ages of the
18 stars. The details of these models are well documented in
Bressan et al. (2012), but here we give a brief summary. Models
are initiated on the pre-main sequence phase and evolve beyond

the horizontal branch, which is sufficient for our purposes. High
temperature opacity tables (OPAL, Iglesias & Rogers 1996) are
used in conjunction with those calculated from their own code
(Aesopus, Marigo & Aringer 2009) for lower temperatures. The
models make use of the FREEEOS code6 to calculate the equa-
tion of state, and the nuclear reaction rates comprise the p-p,
Ne-Na, and Mg-Al chains, the CNO cycle, and some alpha-
capture reactions.

Energy transport in the convective regions is described by the
mixing-length theory of Böhm-Vitense (1958), and the mixing-
length parameter found for the Sun is 1.74. Convective overshoot
from the convective core and below the convective envelope is
a variable parameter that depends on stellar mass and chemi-
cal composition. Microscopic diffusion is included following the
implementation of Salasnich (1999). The reference distribution
of heavy elements is given by Grevesse & Sauval (1998) except
for some species where the Caffau et al. (2011) ones are used,
and this gives a present solar metallicity of Z⊙ = 0.01524 and
Z⊙/X⊙ = 0.0207. A chemical enrichment law is derived from
the solar value using the primordial helium abundance (0.2485),
and this is given as Y = 0.2485 + 1.78Z. The approximation
[M/H] = log(Z/Z⊙) is used to determine the metallicity.

The isochrones span log(age) from 6.6 to 10.13 in steps of
0.01 and [M/H] from 0.5 to −0.8 dex in steps of ∼0.015. We
assume that [M/H] = [Fe/H] because no additional information
is available to differentiate them.

For this data to be appropriate, the points on one single
isochrone should not be separated on the H-R diagram by a large
distance compared to σL⋆ and σTeff,⋆ . As this is generally not the
case, we performed spline interpolations of each isochrone to
produce a refined table for each star around L⋆ and T⋆, except
for HD 1367 and HD 218560 due to their complex position on
the H-R diagram. For these two stars, we did not build any inter-
polation, which gives more consistent results.

4.1. Best fit (least squares)

To find the mass and age of a star, we perform a least squares
algorithm, looking for the parameter combination in our table
that minimizes the quantity:

χ2 =
(L − L⋆)2

σL⋆
2 +

(Teff − Teff,⋆)2

σTeff,⋆
2 +

([M/H] − [M/H]⋆)
σ[M/H]⋆

2 · (11)

Although not intrinsically degenerate (because the number of
constraints equals that of parameters to be determined given a
fixed set of parameters), this problem does not have a unique
solution, especially in some parts of the H-R diagram, where
the isochrones cross, so that a given luminosity and tempera-
ture may correspond to two stars of different ages and masses.
Typically, there is a young (<400 Myr) and an old (>400 Myr)
solution. This is described particularly well by Bonfanti et al.
(2015, Fig. 2), who also show that two solutions are possible
when also using the PARSEC tables, one in the Gyr range and
the other in the Myr range. They show that without knowledge
of the stellar mass, it is not possible to establish the evolutionary
stage of the star. Additional stellar properties may allow one to
rule out one of the two solutions (e.g. chromospheric activity,
Lithium abundance, gyrochronology, or independent measure of
the stellar mass, see discussion about HD 75732 below), but we

6 http://freeeos.sourceforge.net/
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R. Ligi et al.: Radii, masses, and ages of 18 bright stars using interferometry and new estimations of exoplanetary parameters

Fig. 3. Upper panel: comparison between angular diameters measured
with VEGA and with other instruments. Bottom panel: estimation of
empirically determined angular diameters versus angular diameters
measured with VEGA. Dwarfs and subgiants stars are plotted in blue,
and giants and bright giants in red (see Sect. 3.3).

Fig. 4. Comparison between interferometric temperatures and tempera-
tures derived from SED. Dwarfs and subgiants stars are plotted with
blue diamonds, and giants and bright giants with red squares (see
Sect. 3.3).

We used the recently published PARSEC stellar models
(Bressan et al. 2012) to determine the masses and ages of the
18 stars. The details of these models are well documented in
Bressan et al. (2012), but here we give a brief summary. Models
are initiated on the pre-main sequence phase and evolve beyond

the horizontal branch, which is sufficient for our purposes. High
temperature opacity tables (OPAL, Iglesias & Rogers 1996) are
used in conjunction with those calculated from their own code
(Aesopus, Marigo & Aringer 2009) for lower temperatures. The
models make use of the FREEEOS code6 to calculate the equa-
tion of state, and the nuclear reaction rates comprise the p-p,
Ne-Na, and Mg-Al chains, the CNO cycle, and some alpha-
capture reactions.

Energy transport in the convective regions is described by the
mixing-length theory of Böhm-Vitense (1958), and the mixing-
length parameter found for the Sun is 1.74. Convective overshoot
from the convective core and below the convective envelope is
a variable parameter that depends on stellar mass and chemi-
cal composition. Microscopic diffusion is included following the
implementation of Salasnich (1999). The reference distribution
of heavy elements is given by Grevesse & Sauval (1998) except
for some species where the Caffau et al. (2011) ones are used,
and this gives a present solar metallicity of Z⊙ = 0.01524 and
Z⊙/X⊙ = 0.0207. A chemical enrichment law is derived from
the solar value using the primordial helium abundance (0.2485),
and this is given as Y = 0.2485 + 1.78Z. The approximation
[M/H] = log(Z/Z⊙) is used to determine the metallicity.

The isochrones span log(age) from 6.6 to 10.13 in steps of
0.01 and [M/H] from 0.5 to −0.8 dex in steps of ∼0.015. We
assume that [M/H] = [Fe/H] because no additional information
is available to differentiate them.

For this data to be appropriate, the points on one single
isochrone should not be separated on the H-R diagram by a large
distance compared to σL⋆ and σTeff,⋆ . As this is generally not the
case, we performed spline interpolations of each isochrone to
produce a refined table for each star around L⋆ and T⋆, except
for HD 1367 and HD 218560 due to their complex position on
the H-R diagram. For these two stars, we did not build any inter-
polation, which gives more consistent results.

4.1. Best fit (least squares)

To find the mass and age of a star, we perform a least squares
algorithm, looking for the parameter combination in our table
that minimizes the quantity:

χ2 =
(L − L⋆)2

σL⋆
2 +

(Teff − Teff,⋆)2

σTeff,⋆
2 +

([M/H] − [M/H]⋆)
σ[M/H]⋆

2 · (11)

Although not intrinsically degenerate (because the number of
constraints equals that of parameters to be determined given a
fixed set of parameters), this problem does not have a unique
solution, especially in some parts of the H-R diagram, where
the isochrones cross, so that a given luminosity and tempera-
ture may correspond to two stars of different ages and masses.
Typically, there is a young (<400 Myr) and an old (>400 Myr)
solution. This is described particularly well by Bonfanti et al.
(2015, Fig. 2), who also show that two solutions are possible
when also using the PARSEC tables, one in the Gyr range and
the other in the Myr range. They show that without knowledge
of the stellar mass, it is not possible to establish the evolutionary
stage of the star. Additional stellar properties may allow one to
rule out one of the two solutions (e.g. chromospheric activity,
Lithium abundance, gyrochronology, or independent measure of
the stellar mass, see discussion about HD 75732 below), but we
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Fig. 3. Upper panel: comparison between angular diameters measured
with VEGA and with other instruments. Bottom panel: estimation of
empirically determined angular diameters versus angular diameters
measured with VEGA. Dwarfs and subgiants stars are plotted in blue,
and giants and bright giants in red (see Sect. 3.3).

Fig. 4. Comparison between interferometric temperatures and tempera-
tures derived from SED. Dwarfs and subgiants stars are plotted with
blue diamonds, and giants and bright giants with red squares (see
Sect. 3.3).

We used the recently published PARSEC stellar models
(Bressan et al. 2012) to determine the masses and ages of the
18 stars. The details of these models are well documented in
Bressan et al. (2012), but here we give a brief summary. Models
are initiated on the pre-main sequence phase and evolve beyond

the horizontal branch, which is sufficient for our purposes. High
temperature opacity tables (OPAL, Iglesias & Rogers 1996) are
used in conjunction with those calculated from their own code
(Aesopus, Marigo & Aringer 2009) for lower temperatures. The
models make use of the FREEEOS code6 to calculate the equa-
tion of state, and the nuclear reaction rates comprise the p-p,
Ne-Na, and Mg-Al chains, the CNO cycle, and some alpha-
capture reactions.

Energy transport in the convective regions is described by the
mixing-length theory of Böhm-Vitense (1958), and the mixing-
length parameter found for the Sun is 1.74. Convective overshoot
from the convective core and below the convective envelope is
a variable parameter that depends on stellar mass and chemi-
cal composition. Microscopic diffusion is included following the
implementation of Salasnich (1999). The reference distribution
of heavy elements is given by Grevesse & Sauval (1998) except
for some species where the Caffau et al. (2011) ones are used,
and this gives a present solar metallicity of Z⊙ = 0.01524 and
Z⊙/X⊙ = 0.0207. A chemical enrichment law is derived from
the solar value using the primordial helium abundance (0.2485),
and this is given as Y = 0.2485 + 1.78Z. The approximation
[M/H] = log(Z/Z⊙) is used to determine the metallicity.

The isochrones span log(age) from 6.6 to 10.13 in steps of
0.01 and [M/H] from 0.5 to −0.8 dex in steps of ∼0.015. We
assume that [M/H] = [Fe/H] because no additional information
is available to differentiate them.

For this data to be appropriate, the points on one single
isochrone should not be separated on the H-R diagram by a large
distance compared to σL⋆ and σTeff,⋆ . As this is generally not the
case, we performed spline interpolations of each isochrone to
produce a refined table for each star around L⋆ and T⋆, except
for HD 1367 and HD 218560 due to their complex position on
the H-R diagram. For these two stars, we did not build any inter-
polation, which gives more consistent results.

4.1. Best fit (least squares)

To find the mass and age of a star, we perform a least squares
algorithm, looking for the parameter combination in our table
that minimizes the quantity:

χ2 =
(L − L⋆)2

σL⋆
2 +

(Teff − Teff,⋆)2

σTeff,⋆
2 +

([M/H] − [M/H]⋆)
σ[M/H]⋆

2 · (11)

Although not intrinsically degenerate (because the number of
constraints equals that of parameters to be determined given a
fixed set of parameters), this problem does not have a unique
solution, especially in some parts of the H-R diagram, where
the isochrones cross, so that a given luminosity and tempera-
ture may correspond to two stars of different ages and masses.
Typically, there is a young (<400 Myr) and an old (>400 Myr)
solution. This is described particularly well by Bonfanti et al.
(2015, Fig. 2), who also show that two solutions are possible
when also using the PARSEC tables, one in the Gyr range and
the other in the Myr range. They show that without knowledge
of the stellar mass, it is not possible to establish the evolutionary
stage of the star. Additional stellar properties may allow one to
rule out one of the two solutions (e.g. chromospheric activity,
Lithium abundance, gyrochronology, or independent measure of
the stellar mass, see discussion about HD 75732 below), but we
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Fig. 3. Upper panel: comparison between angular diameters measured
with VEGA and with other instruments. Bottom panel: estimation of
empirically determined angular diameters versus angular diameters
measured with VEGA. Dwarfs and subgiants stars are plotted in blue,
and giants and bright giants in red (see Sect. 3.3).

Fig. 4. Comparison between interferometric temperatures and tempera-
tures derived from SED. Dwarfs and subgiants stars are plotted with
blue diamonds, and giants and bright giants with red squares (see
Sect. 3.3).

We used the recently published PARSEC stellar models
(Bressan et al. 2012) to determine the masses and ages of the
18 stars. The details of these models are well documented in
Bressan et al. (2012), but here we give a brief summary. Models
are initiated on the pre-main sequence phase and evolve beyond

the horizontal branch, which is sufficient for our purposes. High
temperature opacity tables (OPAL, Iglesias & Rogers 1996) are
used in conjunction with those calculated from their own code
(Aesopus, Marigo & Aringer 2009) for lower temperatures. The
models make use of the FREEEOS code6 to calculate the equa-
tion of state, and the nuclear reaction rates comprise the p-p,
Ne-Na, and Mg-Al chains, the CNO cycle, and some alpha-
capture reactions.

Energy transport in the convective regions is described by the
mixing-length theory of Böhm-Vitense (1958), and the mixing-
length parameter found for the Sun is 1.74. Convective overshoot
from the convective core and below the convective envelope is
a variable parameter that depends on stellar mass and chemi-
cal composition. Microscopic diffusion is included following the
implementation of Salasnich (1999). The reference distribution
of heavy elements is given by Grevesse & Sauval (1998) except
for some species where the Caffau et al. (2011) ones are used,
and this gives a present solar metallicity of Z⊙ = 0.01524 and
Z⊙/X⊙ = 0.0207. A chemical enrichment law is derived from
the solar value using the primordial helium abundance (0.2485),
and this is given as Y = 0.2485 + 1.78Z. The approximation
[M/H] = log(Z/Z⊙) is used to determine the metallicity.

The isochrones span log(age) from 6.6 to 10.13 in steps of
0.01 and [M/H] from 0.5 to −0.8 dex in steps of ∼0.015. We
assume that [M/H] = [Fe/H] because no additional information
is available to differentiate them.

For this data to be appropriate, the points on one single
isochrone should not be separated on the H-R diagram by a large
distance compared to σL⋆ and σTeff,⋆ . As this is generally not the
case, we performed spline interpolations of each isochrone to
produce a refined table for each star around L⋆ and T⋆, except
for HD 1367 and HD 218560 due to their complex position on
the H-R diagram. For these two stars, we did not build any inter-
polation, which gives more consistent results.

4.1. Best fit (least squares)

To find the mass and age of a star, we perform a least squares
algorithm, looking for the parameter combination in our table
that minimizes the quantity:

χ2 =
(L − L⋆)2

σL⋆
2 +

(Teff − Teff,⋆)2

σTeff,⋆
2 +
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Although not intrinsically degenerate (because the number of
constraints equals that of parameters to be determined given a
fixed set of parameters), this problem does not have a unique
solution, especially in some parts of the H-R diagram, where
the isochrones cross, so that a given luminosity and tempera-
ture may correspond to two stars of different ages and masses.
Typically, there is a young (<400 Myr) and an old (>400 Myr)
solution. This is described particularly well by Bonfanti et al.
(2015, Fig. 2), who also show that two solutions are possible
when also using the PARSEC tables, one in the Gyr range and
the other in the Myr range. They show that without knowledge
of the stellar mass, it is not possible to establish the evolutionary
stage of the star. Additional stellar properties may allow one to
rule out one of the two solutions (e.g. chromospheric activity,
Lithium abundance, gyrochronology, or independent measure of
the stellar mass, see discussion about HD 75732 below), but we
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❖ This corresponds to the approximate likelyhood map in the (M★, age★) for which each 
term of the equation                                                                        is less than 1, 2, 3. 

❖ Then, least squares to give a value.
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Fig. 3. Upper panel: comparison between angular diameters measured
with VEGA and with other instruments. Bottom panel: estimation of
empirically determined angular diameters versus angular diameters
measured with VEGA. Dwarfs and subgiants stars are plotted in blue,
and giants and bright giants in red (see Sect. 3.3).

Fig. 4. Comparison between interferometric temperatures and tempera-
tures derived from SED. Dwarfs and subgiants stars are plotted with
blue diamonds, and giants and bright giants with red squares (see
Sect. 3.3).

We used the recently published PARSEC stellar models
(Bressan et al. 2012) to determine the masses and ages of the
18 stars. The details of these models are well documented in
Bressan et al. (2012), but here we give a brief summary. Models
are initiated on the pre-main sequence phase and evolve beyond

the horizontal branch, which is sufficient for our purposes. High
temperature opacity tables (OPAL, Iglesias & Rogers 1996) are
used in conjunction with those calculated from their own code
(Aesopus, Marigo & Aringer 2009) for lower temperatures. The
models make use of the FREEEOS code6 to calculate the equa-
tion of state, and the nuclear reaction rates comprise the p-p,
Ne-Na, and Mg-Al chains, the CNO cycle, and some alpha-
capture reactions.

Energy transport in the convective regions is described by the
mixing-length theory of Böhm-Vitense (1958), and the mixing-
length parameter found for the Sun is 1.74. Convective overshoot
from the convective core and below the convective envelope is
a variable parameter that depends on stellar mass and chemi-
cal composition. Microscopic diffusion is included following the
implementation of Salasnich (1999). The reference distribution
of heavy elements is given by Grevesse & Sauval (1998) except
for some species where the Caffau et al. (2011) ones are used,
and this gives a present solar metallicity of Z⊙ = 0.01524 and
Z⊙/X⊙ = 0.0207. A chemical enrichment law is derived from
the solar value using the primordial helium abundance (0.2485),
and this is given as Y = 0.2485 + 1.78Z. The approximation
[M/H] = log(Z/Z⊙) is used to determine the metallicity.

The isochrones span log(age) from 6.6 to 10.13 in steps of
0.01 and [M/H] from 0.5 to −0.8 dex in steps of ∼0.015. We
assume that [M/H] = [Fe/H] because no additional information
is available to differentiate them.

For this data to be appropriate, the points on one single
isochrone should not be separated on the H-R diagram by a large
distance compared to σL⋆ and σTeff,⋆ . As this is generally not the
case, we performed spline interpolations of each isochrone to
produce a refined table for each star around L⋆ and T⋆, except
for HD 1367 and HD 218560 due to their complex position on
the H-R diagram. For these two stars, we did not build any inter-
polation, which gives more consistent results.

4.1. Best fit (least squares)

To find the mass and age of a star, we perform a least squares
algorithm, looking for the parameter combination in our table
that minimizes the quantity:

χ2 =
(L − L⋆)2

σL⋆
2 +

(Teff − Teff,⋆)2

σTeff,⋆
2 +

([M/H] − [M/H]⋆)
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2 · (11)

Although not intrinsically degenerate (because the number of
constraints equals that of parameters to be determined given a
fixed set of parameters), this problem does not have a unique
solution, especially in some parts of the H-R diagram, where
the isochrones cross, so that a given luminosity and tempera-
ture may correspond to two stars of different ages and masses.
Typically, there is a young (<400 Myr) and an old (>400 Myr)
solution. This is described particularly well by Bonfanti et al.
(2015, Fig. 2), who also show that two solutions are possible
when also using the PARSEC tables, one in the Gyr range and
the other in the Myr range. They show that without knowledge
of the stellar mass, it is not possible to establish the evolutionary
stage of the star. Additional stellar properties may allow one to
rule out one of the two solutions (e.g. chromospheric activity,
Lithium abundance, gyrochronology, or independent measure of
the stellar mass, see discussion about HD 75732 below), but we
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❖ L shows 2 different peaks for many MS stars:  
❖ an old solution: < 400 Myrs 
❖ a young solution: > 400 Myrs 

Need additional stellar properties 
(gyrochronology, chromospheric activity, 
Lithium abundance…) to validate the age.
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❖ M★ and age★ are not independent 
❖ Clear negative correlation for the old solution 



STELLAR MASSES AND AGES

How to calculate the error on ages and masses? Not easy. 

❖ Monte-Carlo method? 

➡ Bias on ages and masses but not on errors  
(see Jørgensen & Lindgren 2005) 

❖ Independent Gaussian sets of Teff,★ and L★? 

➡ Erase the correlation between Teff,★ and L★ 

➡ Large cloud of points 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How to calculate the error on ages and masses? Not easy. 

Instead: 

❖ 1500 quadruplets {Fbol, d, θ, [M/H]}  
(independent random Gaussian variables) 

❖ Combine them into triplets {L★, Teff,★, [M/H]★} 

❖ Apply the least square procedure ➔ 1500 {M★,age★} pairs 

❖ Compute the standard deviation of the masses and ages = 
errors
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[M/H] ±0.1 dex 
R★±1σ
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Average accuracy on 
masses: 
7.6% for old solutions 
10% for young solutions

Accuracy on ages: Myrs and Gyrs

[M/H] ±0.1 dex 
R★±1σ
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❖ Usually: Radial Velocity (RV) detections 

❖ Thus we obtain mpsin(i) from RV and stellar masses: 

❖ Habitable Zone (HZ) (Jones et al. 2006) ∝ L★/Teff,★
2
 

❖ Semi-major axis ∝ M★
1/3

  

➔ New estimations of HZ, semi-major axis (au) and mpsin(i) from our 
measurements.
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HD170693/42 Dra - We only find an old solution for
HD170693 with a high �2. Bonfanti et al. (2015) used the same
isochrones as we did (PARSEC tables) to characterize this star
and found an age and mass of 9 Gyrs and 1±0.1 M�. However,
the input parameters were not the same in their study, and we
stress here that, unlike them, we bring a direct determination
of the radius that is a free parameter for them and is equal to
20.9±0.6 R�. Our error on Te↵,? is very small, and it is most
likely this parameter that dominates our solution. A better pre-
cision on the parallax would allow verification of the very small
error on the temperature.

HD173416 - There are not many studies concerning this star.
Bonfanti et al. (2015) find that it is younger than our estimation
(1.5±0.6 Gyrs), and this is to our knowledge the only determi-
nation of the age before ours. They found a mass of 1.8 M�,
which is closer to Liu et al. (2009, 2.0±0.3 M�) and Liu et al.
(2010, 2.37 M�) estimations using Yonse-Yale isochrones. None
of them used a direct angular diameter measurement as input in
their model.

HD185395/✓ Cyg - This star has long interested scientists for
the unusual radial velocity variations it presents and make it
a complex system not fully understood yet, suspecting several
planets around the star (see Ligi et al. 2012a, and references
therein for additional information). Guzik et al. (2011) discuss
the solar-like oscillations it shows and the probability of hav-
ing �-Dor pulsations by considering two stellar masses, 1.38
and 1.29 M� with di↵erent metallicities. They state that for so-
lar metallicity (as we consider in our study), � Dor g-mode pul-
sators, expected masses are higher, on the order of 1.6 M�, which
is a value close to the estimation of the mass we found.

HD190360 - A wide range of ages has been found for
HD190360; 11.3 Gyrs (Boyajian et al. 2013) using the Baines
et al. (2008) radius ; 6.7 Gyrs along with a mass of 0.96 M�
(Naef et al. 2003) ; Ibukiyama & Arimoto (2002) gave 12.11
Gyrs; Valenti & Fischer (2005) gave 7.2 Gyrs; and Bensby et al.
(2014) estimated 4.9 Gyrs with an upper limit of 9.4 Gyrs and
a lower limit of 2.8 Gyrs, along with a mass of 0.99+0.05

�0.06 M�,
among others. This is a good example that shows how di�cult
the age and mass determination is and how it depends on in-
put parameters and model. Our mass estimation is in very good
agreement with the Fuhrmann (1998) (1.04 M�) and Bensby
et al. (2014) (0.990.05

�0.06M�) estimations.

HD217014/51 Peg - This star is known as the first solar-
like star around which an exoplanet has been found (Mayor &
Queloz 1995). We find masses consistent with a solar type star,
but younger. Our estimation is closer to the Bonfanti et al. (2015)
(3.3±1.2 Gyrs), in particular concerning the mass (1.1±0.02
M�). The reanalysis of the GCS data in Casagrande et al. (2011)
uses two sets of models, and they find a median age and mass
of 5.33 Gyrs and 1.06 M�, and 7.4 Gyrs and 1.02 M� with
PADOVA and BASTI, respectively.

HD221345/14 And - The only previous age and mass deter-
minations we found for this star are those from Bonfanti et al.
(2015, 3.20 ± 2.10 Gyrs and 1.40 ± 0.20 M�) and Baines et al.
(2009, 4.5 ± 1.9 Gyrs and 1.1 ± 0.2 M�), and this last mass is
in good agreement with our estimation. As shown previously,

the estimation of these parameters is di�cult, and one can find
as many values as there are estimations. Baines et al. (2009)
measured a smaller angular diameter than we did, which trans-
lates into a higher luminosity and might explain the di↵erence.
However, there is a strong discrepancy between empirically
determined angular diameters and our measurement: we found
1.49 ± 0.03 mas but ✓SED = 1.359 ±0.023 mas and ✓Kervella =
1.859 mas. This might be explained by the fact that 14 And is
a giant, so the Kervella et al. (2004) relation is not appropriate
for this star. Also, the infrared photometry is not homogeneous
with the visible part. There also are discrepancies between Te↵
and Te↵,? (4.5% di↵erence).

The comparisons for the non-host stars are more di�cult
since for most of them, we bring here the first estimation of their
mass and age. Casagrande et al. (2011) provide an estimation
of the age and mass of HD1671, HD168151, and HD209369.
For HD1671, we find a slightly younger star than Casagrande
et al. (2011), but the masses are consistent, particularly when
comparing with those obtained with the PADOVA code (1.82
M� for both median and most probable masses). Concerning
HD168151, our age estimation is between the Boyajian et al.
(2013, 5 Gyrs) and Casagrande et al. (2011, ⇠ 2.5 Gyrs) results,
and our mass estimation is a bit lower. Finally, Casagrande et al.
(2011) give very similar results to ours for HD209369.

4.4. On the role of metallicity

Taking the uncertainty on the metallicity into account signifi-
cantly increases the range of the distributions of the masses and
ages, id est the final error bars. To quantify the error bugdet due
to the metallicity, we take the case of HD3651 as an example,
for which we have reasonable errors and low �2. When setting
the error on the metallicity to �([M/H])=0.001 dex (instead of
0.1 dex, see Sect. 3.1), we get errors of 22% and 2.1% on the
age and mass, respectively, for the old solution. Thus, the error
on the metallicity contributes to one third of the total error of the
age and to half of the error on the mass. It is even more signif-
icant for the young solution, where the errors reduce to 3% and
0.43% for the age and mass. If we only consider the uncertainty
on the metallicity (reducing the errors on Fbol, ✓, and d by a fac-
tor 10�5), we get very similar errors on the age and mass than
the ones shown in Table 7: the errors are of 31% and 4.37% on
the age and mass for the old solution, and 9% and 2.5% for the
young solution. This emphasizes the significant contribution of
the error on the metallicity. Standard deviations assuming a fixed
metallicity are therefore underestimated and should be consid-
ered as a lower limit.

5. Exoplanetary parameters

5.1. Planetary masses, semi-major axes, and habitable zone

Radial velocity measurements constitute one of the two most
prolific methods used to discover exoplanets. It gives the the
minimum mass of the exoplanet mp sin(i) :

mp sin(i) =
M2/3
? P1/3K(1 � e2)1/2

(2⇡G)1/3 , (12)

where mp and M? are the planetary and stellar masses, P and
K are the period and the semi-amplitude of the radial velocity
signal, e is the eccentricity of the planet, and G is the gravita-
tional constant. Thus, to determine the minimum mass of the
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HD170693/42 Dra - We only find an old solution for
HD170693 with a high �2. Bonfanti et al. (2015) used the same
isochrones as we did (PARSEC tables) to characterize this star
and found an age and mass of 9 Gyrs and 1±0.1 M�. However,
the input parameters were not the same in their study, and we
stress here that, unlike them, we bring a direct determination
of the radius that is a free parameter for them and is equal to
20.9±0.6 R�. Our error on Te↵,? is very small, and it is most
likely this parameter that dominates our solution. A better pre-
cision on the parallax would allow verification of the very small
error on the temperature.

HD173416 - There are not many studies concerning this star.
Bonfanti et al. (2015) find that it is younger than our estimation
(1.5±0.6 Gyrs), and this is to our knowledge the only determi-
nation of the age before ours. They found a mass of 1.8 M�,
which is closer to Liu et al. (2009, 2.0±0.3 M�) and Liu et al.
(2010, 2.37 M�) estimations using Yonse-Yale isochrones. None
of them used a direct angular diameter measurement as input in
their model.

HD185395/✓ Cyg - This star has long interested scientists for
the unusual radial velocity variations it presents and make it
a complex system not fully understood yet, suspecting several
planets around the star (see Ligi et al. 2012a, and references
therein for additional information). Guzik et al. (2011) discuss
the solar-like oscillations it shows and the probability of hav-
ing �-Dor pulsations by considering two stellar masses, 1.38
and 1.29 M� with di↵erent metallicities. They state that for so-
lar metallicity (as we consider in our study), � Dor g-mode pul-
sators, expected masses are higher, on the order of 1.6 M�, which
is a value close to the estimation of the mass we found.

HD190360 - A wide range of ages has been found for
HD190360; 11.3 Gyrs (Boyajian et al. 2013) using the Baines
et al. (2008) radius ; 6.7 Gyrs along with a mass of 0.96 M�
(Naef et al. 2003) ; Ibukiyama & Arimoto (2002) gave 12.11
Gyrs; Valenti & Fischer (2005) gave 7.2 Gyrs; and Bensby et al.
(2014) estimated 4.9 Gyrs with an upper limit of 9.4 Gyrs and
a lower limit of 2.8 Gyrs, along with a mass of 0.99+0.05

�0.06 M�,
among others. This is a good example that shows how di�cult
the age and mass determination is and how it depends on in-
put parameters and model. Our mass estimation is in very good
agreement with the Fuhrmann (1998) (1.04 M�) and Bensby
et al. (2014) (0.990.05

�0.06M�) estimations.

HD217014/51 Peg - This star is known as the first solar-
like star around which an exoplanet has been found (Mayor &
Queloz 1995). We find masses consistent with a solar type star,
but younger. Our estimation is closer to the Bonfanti et al. (2015)
(3.3±1.2 Gyrs), in particular concerning the mass (1.1±0.02
M�). The reanalysis of the GCS data in Casagrande et al. (2011)
uses two sets of models, and they find a median age and mass
of 5.33 Gyrs and 1.06 M�, and 7.4 Gyrs and 1.02 M� with
PADOVA and BASTI, respectively.

HD221345/14 And - The only previous age and mass deter-
minations we found for this star are those from Bonfanti et al.
(2015, 3.20 ± 2.10 Gyrs and 1.40 ± 0.20 M�) and Baines et al.
(2009, 4.5 ± 1.9 Gyrs and 1.1 ± 0.2 M�), and this last mass is
in good agreement with our estimation. As shown previously,

the estimation of these parameters is di�cult, and one can find
as many values as there are estimations. Baines et al. (2009)
measured a smaller angular diameter than we did, which trans-
lates into a higher luminosity and might explain the di↵erence.
However, there is a strong discrepancy between empirically
determined angular diameters and our measurement: we found
1.49 ± 0.03 mas but ✓SED = 1.359 ±0.023 mas and ✓Kervella =
1.859 mas. This might be explained by the fact that 14 And is
a giant, so the Kervella et al. (2004) relation is not appropriate
for this star. Also, the infrared photometry is not homogeneous
with the visible part. There also are discrepancies between Te↵
and Te↵,? (4.5% di↵erence).

The comparisons for the non-host stars are more di�cult
since for most of them, we bring here the first estimation of their
mass and age. Casagrande et al. (2011) provide an estimation
of the age and mass of HD1671, HD168151, and HD209369.
For HD1671, we find a slightly younger star than Casagrande
et al. (2011), but the masses are consistent, particularly when
comparing with those obtained with the PADOVA code (1.82
M� for both median and most probable masses). Concerning
HD168151, our age estimation is between the Boyajian et al.
(2013, 5 Gyrs) and Casagrande et al. (2011, ⇠ 2.5 Gyrs) results,
and our mass estimation is a bit lower. Finally, Casagrande et al.
(2011) give very similar results to ours for HD209369.

4.4. On the role of metallicity

Taking the uncertainty on the metallicity into account signifi-
cantly increases the range of the distributions of the masses and
ages, id est the final error bars. To quantify the error bugdet due
to the metallicity, we take the case of HD3651 as an example,
for which we have reasonable errors and low �2. When setting
the error on the metallicity to �([M/H])=0.001 dex (instead of
0.1 dex, see Sect. 3.1), we get errors of 22% and 2.1% on the
age and mass, respectively, for the old solution. Thus, the error
on the metallicity contributes to one third of the total error of the
age and to half of the error on the mass. It is even more signif-
icant for the young solution, where the errors reduce to 3% and
0.43% for the age and mass. If we only consider the uncertainty
on the metallicity (reducing the errors on Fbol, ✓, and d by a fac-
tor 10�5), we get very similar errors on the age and mass than
the ones shown in Table 7: the errors are of 31% and 4.37% on
the age and mass for the old solution, and 9% and 2.5% for the
young solution. This emphasizes the significant contribution of
the error on the metallicity. Standard deviations assuming a fixed
metallicity are therefore underestimated and should be consid-
ered as a lower limit.

5. Exoplanetary parameters

5.1. Planetary masses, semi-major axes, and habitable zone

Radial velocity measurements constitute one of the two most
prolific methods used to discover exoplanets. It gives the the
minimum mass of the exoplanet mp sin(i) :

mp sin(i) =
M2/3
? P1/3K(1 � e2)1/2

(2⇡G)1/3 , (12)

where mp and M? are the planetary and stellar masses, P and
K are the period and the semi-amplitude of the radial velocity
signal, e is the eccentricity of the planet, and G is the gravita-
tional constant. Thus, to determine the minimum mass of the
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❖ 55 Cnc: 5 exoplanets 

❖ 55 Cnc e transits its star, and is a super-Earth (Winn et al. 2011, Demory et al. 2011)
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b c de f

Solar system 

55 Cnc system



❖ Well studied star 

❖ Photometry (transit) + the direct estimate of R★  
(this work) 

➔ direct estimate of Rp 

❖ Maxted et al. (2015) measured the stellar density  
𝜌★of 55 Cnc from photometry: 
 

➔ R★ + 𝜌★ = direct estimate of the stellar mass! 

➔ direct estimate of mp 

❖ Direct estimate of the planetary density!
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exoplanet itself, one has to know the stellar mass. In the pre-
vious section, we give the stellar masses of ten exoplanet host
stars (see Table 7), which yields the semi-major axes and the
masses of their exoplanets using the observables P and K given
in Table 8. For half of the stellar sample, there are two solu-
tions concerning the age and mass (an old one and a young one),
thus we give the corresponding semi-major axes and planetary
masses for each solution. Our errors on a account for the un-
certainty in the stellar mass (which is not always the case in the
literature) derived from the MC method. The planetary param-
eters are given in Table 9. The old and young sets of planetary
parameters are generally very close to each other, sometimes al-
most identical, because the young and old stellar masses are not
dramatically di↵erent. Thus, Fig. 9 only shows the solutions de-
rived from the old solution for the stellar masses. However, a
planet of a given mass has a di↵erent structure after a few dozen
Myrs or a few Gyrs of evolution, so the fact that a young solution
exists matters. The system of 55 Cnc does not appear in Table 9
since it has a direct determination of the mass that does not cor-
respond to either a young or an old solution. The parameters of
this system are thus given in Table 10.

The habitable zone (HZ) is defined as a range of distances
where liquid water can be found on an exoplanet. We used the
method described by Jones et al. (2006) to calculate it. We first
calculate the critical flux at the inner boundary

S b,i(Te↵,?) = (4.190 ⇥ 10�8T 2
e↵,?) � (2.139 ⇥ 10�4Te↵,?) + 1.296

(13)
and at the outer boundary

S b,o(Te↵,?) = (6.190⇥10�9T 2
e↵,?)�(3.319⇥10�5Te↵,?)+0.2341 ,

(14)
where S b(Te↵) is given in units of the solar constant and Te↵ in
K. We can then calculate the inner and outer distances of the HZ
in au:

ri =

"
L?

S b,i(Te↵,?)

#

ro =

"
L?

S b,o(Te↵,?)

#
,

(15)

where L? is the luminosity of the star in L� from Table 6. The
resulting values are given in Table 9 for each star. Jones et al.
(2006) specify that this method is based on a simplified model
that neglects enhanced cloud formation and the formation of
CO2 clouds, which results in a conservative HZ. Thus, the HZ
could in reality be wider. As expected, the values of HZ found by
Jones et al. (2006) are close to our estimations when the stellar
parameter estimations are in good agreement. This is the case for
HD9826, HD217014, and HD19994. For HD75732, HD3651,
and HD190360, we found HZ to be closer to their star than what
is given by Jones et al. (2006). It is the same for the planetary
masses, which depend on the stellar masses and thus explain dif-
ferences between di↵erent estimations. As noted in Sect. 4.3, for
example, our estimation of the mass of HD221345 is lower than
what is estimated in Paper I. This directly translates into a lower
minimum mass for HD221345 b.

According to our values, only HD9826 c and HD75732 f lie
in their HZ. They are large exoplanets (of the Jupiter type), thus
life as we know it could hardly been found on them. However,
their moons could be terrestrial bodies with water on their sur-
face and possibly an atmosphere, if these planets have a system
similar to those of the solar system giant planets (think of Titan
and Europa).

In Fig. 9, we see that small exoplanets lie closer to their stel-
lar host than large planets. This is of course due to an instrumen-
tal bias, but our sample is quite representative of the population
of known exoplanets.

5.2. The case of 55 Cnc e

The system of 55 Cnc holds a transiting super-Earth, 55 Cnc e,
which was independently discovered by Winn et al. (2011) and
Demory et al. (2011). The transit method provides the ratio of
the planetary to the stellar radius and the density of the star.
Thus, to correctly determine the planetary radius Rp, one has
to know the stellar radius. This method also provides the incli-
nation of the system. If RV measurements are also performed,
which is the case for the system of 55 Cnc, the true planetary
mass Mp can then be derived, contrary to the minimum mass
that is currently found. Then, the density ⇢p of the planet can be
derived. Von Braun et al. (2011) give a complete review of this
system using at first interferometric measurements to determine
55 Cnc’s radius. Here, we consider our interferometric measure-
ment for the radius and our direct determination of the mass to
derive 55 Cnc e’s radius, mass, and density.

The results are given in Table 11. We calculated them using
the transit parameters given by Dragomir et al. (2014). For the
planetary mass, we do not consider the error on the inclination
i since it is negligible (it implies a variation on the order of 1‰
on the error on the mass). Since the stellar radius and density are
known, we can express the planetary density as

⇢p =
31/3

2⇡2/3G1/3 ⇢
2/3
? R�1

? T D�3/2 P1/3 K (1 � e2)1/2 , (16)

where TD refers to the transit depth caused by the planet. This
expression of ⇢p is independent of M? and directly linked to
measured quantities. It therefore allows for a precise estimate
of the planetary density with small uncertainties from a standard
propagation of errors. The mass we find (8.631 ± 0.495 M�)
places 55 Cnc e just below the no-iron line in Fig.7 of Demory
et al. (2011) and between the 50% water and the Earth-like lines
of Fig.3 in Winn et al. (2011). Our results are also in good agree-
ment with the radius and density given by Dragomir et al. (2014)
and Winn et al. (2011), but are more accurate thanks to an accu-
rate and direct determination of the stellar radius and density,
since the error bar on ⇢p is dominated by the error on TD. We
thus confirm that 55 Cnc e can be classified as a super-Earth or
a mini-Neptune.

These results illustrate that the knowledge of exoplanet char-
acteristics pass through the knowledge stellar parameters. Their
accuracy are decisive in detecting exoplanets potentially hosting
life.

6. Conclusion

We performed interferometric measurements with the
VEGA/CHARA instrument in visible wavelentgth to mea-
sure the angular diameter of 18 stars. Our measurements are
very constraining for adjustments as we reach low V2, and we
got many data points. We thus reached an average of 1.9%
accuracy on angular diameters. These angular diameters are
generally consistent with previous interferometric measure-
ments or with the estimations using the Kervella et al. (2004)
empirical law. However, a bigger discrepancy is found toward
giant stars and stars with angular diameters larger than 1 mas.
Using photometry, we derived the luminosity and e↵ective
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IMAG2E, Planterary science

Written exam 1, 3 pages

A. Crida

28th of september, 2015

1 Problem : Exoplanets

and new results on 55Cnc e

In this problem, we consider the planetary system
around the star 55Cnc, and in particular planet e.
Planet e transits the host star ; we assume that its or-
bit is seen perfectly edge-on (i = π/2). Below, the
index p refers to the planet and the index ⋆ to the
star. M is the mass, ρ the density, R the radius, a
the semi major axis, D the transit depth, P the orbital
period, K the semi amplitude of the radial velocity sig-
nal. G = 6.67 · 10−11 kg−1 m3 s−2 is the gravitational
constant. σ = 5.67 · 10−8 W.m−2 K−4 is the Stefan-
Boltzmann constant.

1. Noting T the duration of one transit, show that the
density of the star can be given by :

ρ⋆ =
P

T 3

3

π2G
.

2. Application : In the case of 55Cnc e, P =
0.7365 days, T = 1h 35min 36 s (Maxted et al.
2015). Deduce the mean density of 55Cnc.
Ligi et al. (2015, submitted) have measured using
interferometry R⋆ = 0.960 × R⊙ = 6.68 · 108 m.
Deduce the mass of the star M⋆ (result wanted in
kg and in solar mass M⊙).

3. Figure 1 shows the light curve corresponding to
the transit of 55Cnc e in front of 55Cnc. Deduce
from this figure D (taking the lowest point, not the
curve), the ratio Rp/R⋆, and Rp. Compare to the
radius of known planet(s) of the Solar System.

Figure 1: Lightcurve of 55Cnc, as planet e transits
(Dragomir et al. 2014).

4. Figure 2 shows the radial velocity curve correspond-
ing to the effect of 55Cnc e on 55Cnc (the effects of
the other planets have been removed). Determine
a, K and the mass of 55Cnc e (Mp) in kg.
Compare with the mass of solar system planets.

Figure 2: Radial velocity curve of 55Cnc, with the effect
of the other planets removed (Mac Arthur al. 2004).

5. Combining Kepler’s law and the relation between
the semi amplitude of the radial velocity oscilation
K, a and Mp/M⋆, show that

Mp = M 2/3
⋆ P 1/3 K (2πG)−1/3.

6. Using the above relation and the relation between
Rp, R⋆ andD, find an expression of ρp as a function
of ρ⋆, R⋆, D, P and K only.

7. Use this expression (or the values of Mp and Rp

found above) to compute the density of 55Cnc e.
Compare with the densities of planets of the Solar
System.

8. 55Cnc has an effective temperature of 5165 K (Ligi
et al. 2015). Assuming it behaves as a black body,
what is its luminosity L⋆ ?

9. Bonus : In the light of all the above results, discuss
the habitability of 55Cnc e.

1
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Stellar Results

❖ Using the stellar density: M★ = 0.96 ± 0.067 M⦿ 

❖ From isochrones:  
❖ Young solution: M★ = 0.968 ± 0.018 M⦿, 30.0 ± 3.028 Myrs 
❖ Old solution: M★ = 0.874 ± 0.013 M⦿, 13.19 ± 1.18 Gyrs
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Star Planet ! P K e Ref.
[deg] [days] [m· s�1]

HD3651 b 233.3 ± 7.4 62.21 ± 0.02 16.0 ± 1.2 0.62 ± 0.05 Butler et al. (2006)
HD9826 b 324.9 ± 3.8 4.617 ± 2.3e-5 70.51 ± 0.45 0.0215 ± 7.e-4 Curiel et al. (2011)

c 258.8 ± 0.43 1276.46 ± 0.57 68.14 ± 0.45 0.2987 ± 0.0072
d 241.7 ± 1.6 241.26 ± 0.06 56.26 ± 0.52 0.2596 ± 0.0079
e 367.3 ± 2.3 3848.86 ± 0.74 11.54 ± 0.31 0.00536 ± 0.00044

HD19994 b 41.0 ± 8.0 535.7 ± 3.1 36.2 ± 1.9 0.300 ± 0.040 Butler et al. (2006), Mayor et al. (2004)
HD75732. b 110 ± 54 14.65 ± 0.0001 71.11 ± 0.24 0.004 ± 0.003 Endl et al. (2012)

c 356 ± 22 44.38 ± 0.007 10.12 ± 0.23 0.07 ± 0.02
d 254 ± 32 4909 ± 30 45.2 ± 0.4 0.02 ± 0.008
e 90 ± 0 0.736546 ± 3.e-6 6.30 ± 0.21 0. ± 0.
f 139 ± 8 261.2 ± 0.4 6.2 ± 0.3 0.32 ± 0.05

HD167042 b 82 ± 52 417.6 ± 4.5 33.3 ± 1.6 0.101 ±0.066 Sato et al. (2008)
HD170693 b 218.7 ± 10.6 479.1 ± 6.2 110.5 ± 7. 0.38 ± 0.06 Döllinger et al. (2009)
HD173416 b 254 ± 11 323.6 ± 2.2 51.8 ± 2.0 0.21 ±0.04 Liu et al. (2009)
HD190360 b 12.4 ± 9.3 2891 ± 85. 23.5 ± 0.5 0.36 ± 0.03 Vogt et al. (2005)

c 153.7 ± 32 17.10 ± 0.015 4.6 ± 1.1 0.01 ± 0.1
HD217014 b 58 ± 0 4.23 ± 3.6e-5 55.94 ± 0.69 0.013 ± 0.012 Butler et al. (2006)
HD221345 b 0 ± 0 185.84 ± 0.23 100.0 ± 1.3 0 ± 0 Sato et al. (2008)

Table 8: Orbital parameters of planets (see Sect. 5.1).

Old solution Young solution
Star Planet a mp sin(i) a mp sin(i) HZ

[AU] [MJup] [AU] [MJup] [AU]
HD3651 b 0.2908 ± 0.0045 0.220 ± 0.021 0.2955 ± 0.0026 0.227 ± 0.021 0.62 - 1.23
HD9826 b 0.0594 ± 0.0116 0.692 ± 0.027 0.06010 ± 0.00040 0.708 ± 0.010 1.56 - 3.14

c† 2.521 ± 0.049 4.16 ± 0.16 2.551 ± 0.017 4.257 ± 0.064
d 0.830 ± 0.016 1.994 ± 0.079 0.8401 ± 0.0056 2.041 ± 0.033
e 5.26 ± 0.10 1.066 ± 0.050 5.324 ± 0.035 1.091 ± 0.033

HD19994 b 1.415 ± 0.029 1.658 ± 0.111 1.4639 ± 0.0096 1.775 ± 0.098 1.64 - 3.29
HD167042 b 1.281 ± 0.089 1.67 ± 0.24 - - 3.24 - 6.42
HD170693 b 1.148 ± 0.031 3.61 ±0.31 - - 11.15 - 22.14
HD173416 b 1.016 ± 0.066 2.08 ± 0.28 - - 8.46 - 16.79
HD190360 b 4.02 ± 0.11 1.573 ± 0.073 4.067 ± 0.098 1.61 ± 0.06 0.88 - 1.76

c 0.1314 ± 0.0025 18.97±4.58⇤ 0.1331 ± 0.0019 19.42±4.69⇤
HD217014 b 0.0532 ± 0.0010 0.480 ± 0.019 0.0534 ± 0.0011 0.485 ± 0.021 0.95 - 1.90
HD221345 b 0.615 ± 0.015 2.61 ± 0.14 - - 7.02 - 13.9

Table 9: Semi-major axes and minimum masses of exoplanets, and habitable zones of host stars derived from orbital parameters
(found in the literature) and stellar parameters estimated in this work from isochrones (see Sect. 5.1). We took MJup = 1.8986 ·
1027 kg.
⇤Expressed in Earth mass, with M� = 5.9736 · 1024 kg.
†Lie in the HZ.

Planet a mp sin(i)
[au] [MJup]

b 0.1156 ± 0.0027 0.833 ± 0.039
c 0.2420 ± 0.0056 0.1711 ± 0.0089
d 5.58 ± 0.13 3.68 ± 0.17
e 0.01575 ± 0.00037 8.66 ± 0.50⇤
f† 0.789± 0.018 0.180 ± 0.012

Table 10: Semi-major axes and minimum masses of exoplanets
of the 55 Cnc system derived from orbital parameters (found in
the literature, see Table 8) and a direct estimation of the stellar
mass (see Sect. 4.3).
⇤Expressed in Earth mass, with M� = 5.9736 · 1024 kg.
†Lies in the HZ, located between 0.67 and 1.33 au.

temperatures with an average precision of 57 K, which allowed
us to place the stars in the H-R diagram. Then, we used
PARSEC models to derive stellar masses and ages. To do so,
we used two di↵erent methods: a best fit approach and a Monte

55 Cnc e
Rp [R�] 2.031+0.091

�0.088
Mp [M�] 8.631 ± 0.495
⇢p [g.cm�3] 5.680+0.709

�0.749

Table 11: Parameters of 55 Cnc e derived from this work using
the transit values given by Dragomir et al. (2014) (see Sect. 5.2).

Carlo approach, which give consistent results except for the few
stars whose L? and Te↵,? appear to not be consistent with the
models. For those stars, a better estimation of the metallicity
or a di↵erent mixing-length parameter should lead to a better
match with the models.

We showed that for the same luminosity and temperature,
several solutions can be found, especially for MS stars. Each
time, an old solution and a young solution gave ages in the Myrs
and the Gyrs range, respectively, in agreement with Bonfanti
et al. (2015). However, the masses are generally similar for the
two solutions. In any case, finding the age of a star is not an
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d 241.7 ± 1.6 241.26 ± 0.06 56.26 ± 0.52 0.2596 ± 0.0079
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HD75732. b 110 ± 54 14.65 ± 0.0001 71.11 ± 0.24 0.004 ± 0.003 Endl et al. (2012)

c 356 ± 22 44.38 ± 0.007 10.12 ± 0.23 0.07 ± 0.02
d 254 ± 32 4909 ± 30 45.2 ± 0.4 0.02 ± 0.008
e 90 ± 0 0.736546 ± 3.e-6 6.30 ± 0.21 0. ± 0.
f 139 ± 8 261.2 ± 0.4 6.2 ± 0.3 0.32 ± 0.05

HD167042 b 82 ± 52 417.6 ± 4.5 33.3 ± 1.6 0.101 ±0.066 Sato et al. (2008)
HD170693 b 218.7 ± 10.6 479.1 ± 6.2 110.5 ± 7. 0.38 ± 0.06 Döllinger et al. (2009)
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d 5.58 ± 0.13 3.68 ± 0.17
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of the 55 Cnc system derived from orbital parameters (found in
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us to place the stars in the H-R diagram. Then, we used
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Carlo approach, which give consistent results except for the few
stars whose L? and Te↵,? appear to not be consistent with the
models. For those stars, a better estimation of the metallicity
or a di↵erent mixing-length parameter should lead to a better
match with the models.

We showed that for the same luminosity and temperature,
several solutions can be found, especially for MS stars. Each
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Planetary results

❖ Super-Earth 
❖ All stellar parameters come from 

direct measurements 
❖ better accuracy 

❖ Better accuracy on the density: 
❖ compared to Winn et al. (2011) and 

Demory et al. (2011) 
~25% ➔ 12% 

❖ error on 𝜌p dominated by error on TD. 
❖ 55 Cnc e has a terrestrial density! 

Credits: NASA

THE MULTIPLANETARY SYSTEM 55 CNC

M⊕
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TOWARD A BAYESIAN APPROACH

❖Add hypothesis on the distribution of the parameters: 
➔ add a « prior » to the distribution 

❖Take into account the physics of the parameters 

❖ In the case of 55 Cnc 
➔ « prior » on M★ and age★



❖ Direct observables (especially the radius) are necessary to 
improve the accuracy of stellar ages and masses. 

❖ In any case, the estimation of the error is very important, 
and can be obtained with MC. 

❖ Bayesian approach to be compared to interpolation. 

❖ Taking [M/H] it into account increases the error on M★ 
and age★, but leads to more realistic results.
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CONCLUSIONS



❖ Stellar parameters are needed to derive planetary 
parameters. 

❖ Direct stellar density gives a direct estimates of stellar 
masses (ex.: 55 Cnc). 

❖ Extend to HD189733, HD209458… 

❖ 55 Cnc system 

❖ new estimation of stellar masses and ages  

❖ new and more accurate estimations of planetary radius, 
mass and density for the transiting planet 55 Cnc e.
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