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Solar system 

55 Cnc system

• 55 Cnc: 5 exoplanets 

• 55 Cnc e transits its star, and is a super-Earth (Winn et al. 2011,  
Demory et al. 2011) 

• Well studied stars
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55 CNC AND ITS TRANSITING EXOPLANET



• From isochrones: 2 solutions 
• 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

Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

3

VEGA/CHARA PARSEC models

Spatial frequency (in 108/rad)

Interferometric observations 
55 CNC AND ITS TRANSITING EXOPLANET



Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω

P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)
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Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

Stellar parameters 
55 CNC AND ITS TRANSITING EXOPLANET



• From isochrones: 2 solutions 
• 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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VEGA/CHARA PARSEC models

Spatial frequency (in 108/rad)

• Using the stellar density + interferometric radius: M★ = 0.96 ± 0.067 M⦿

Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

Stellar parameters 
55 CNC AND ITS TRANSITING EXOPLANET



Observations: 𝜽, π (parallax), m → Fbol, the bolometric flux.

L = 4 Fbol (1[pc] / π)2      Likelihood 
Teff = (4 Fbol / σSB 𝜽 )1/4     (analytic)

Prior: density of stars 
in the HR diagram  
of the Hipparcos 
sample (color). level curves

Correlation

}
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Crida, Ligi, Dorn & Lebreton, arXiv:1804.07537. 
Crida & Ligi, EPSC 2017

Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

Stellar parameters 
55 CNC: A BAYESIAN APPROACH



Observations: 𝜽, π (parallax), m → Fbol, the bolometric flux.

L = 4 Fbol (1[pc] / π)2      Likelihood 
Teff = (4 Fbol / σSB 𝜽 )1/4     (analytic)

Prior: density of stars 
in the HR diagram  
of the Hipparcos 
sample (color).

Interferometry is precise! 
The prior does not bring much. level curves

With prior 
No prior Correlation

}
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Crida, Ligi, Dorn & Lebreton, arXiv:1804.07537. 
Crida & Ligi, EPSC 2017
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55 CNC: A BAYESIAN APPROACH



Correlation

0.9 M☉, 108 yrs 
→ L and T: ruled out

+

Results:  

• Bayesian or not: 2 solutions 

• But Lithium detection rules out the old 
solution! Consistent with young 
solution (age and mass) of Ligi et al. 
(2016). 

• Still, different parameters in the model 
→ different, inconsistent masses for the 
young solution: CES2MO (Lebreton & 
Goupil 2014) gives M★ from 0.950 ± 
0.015 to 0.989 ± 0.020 M☉
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Getting the most out of it: 55 Cnc 
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Stellar parameters 
55 CNC: A BAYESIAN APPROACH



Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω
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→ Strong correlation (0.85) !  
→ Different M★ than von Braun et 
    al. (2011) based on isochrones.

From the PDF of R★ and ρ★ , 
analytic joint likelihood of M★ - R★  .

P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)
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Stellar parameters 
55 CNC: A BAYESIAN APPROACH



Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω

Taking the values of R★ and M★ 
from Ligi et al. (2016), one gets 

the large, wrong blue ellipse.
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P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)

Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

Stellar parameters 
USING STELLAR DENSITY AND ANGULAR DIAMETERS

From the PDF of R★ and ρ★ , 
analytic joint likelihood of M★ - R★  .



RV measurements:  
mp sin(i) = M★ K (P/2πGM★)1/3

Transit light curve: 
 Rp = R★ x √TD

Rp mp

sin(i)

ρp

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

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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Some calculation to decrease  
the error bar…

Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω
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P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)

Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

Planetary parameters 
55 CNC AND ITS TRANSITING EXOPLANET



RV measurements:  
mp sin(i) = M★ K (P/2πGM★)1/3

Transit light curve: 
 Rp = R★ x √TD

Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω

→ Analytic PDF of ρp 

→ Joint PDF of mp-Rp 
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P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)

Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

Planetary parameters 
55 CNC AND ITS TRANSITING EXOPLANET



RV measurements:  
mp sin(i) = M★ K (P/2πGM★)1/3

Transit light curve: 
 Rp = R★ x √TD

Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω

→ Analytic PDF of ρp 

→ Joint PDF of mp-Rp 

Neglecting stellar 
uncertainties

Wrong!

If TD and K were  
exactly known

Dream!
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P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)

Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

Planetary parameters 
55 CNC AND ITS TRANSITING EXOPLANET



Internal structure model developed by Dorn et al. (2017). 

   Input: 
Original data : mp, Rp (uncorrelated), a, L★. 
Correlation between mp and Rp (0.30).  
Hypothetical correlation (0.85). 
Abundances : stellar Fe/Si, Mg/Si.

   Output: 
PDF (or CDF) of all the internal parameters. 
We test the importance of the various data 
O, C, H, A.
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Getting the most out of it: 55 Cnc 
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Planetary parameters 
55 CNC E: INTERNAL COMPOSITION



Input : 
Original data mp, … 
Correl. mp-Rp (0.30) 
Hypothetical corr. (0.85) 
Abundances

 Results : 
A → composition of 

the mantle 
C → gas layer 
H → could rule out pure  

solid composition

OCA case: our best constrains on all the parameters.
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Crida, Ligi, Dorn & Lebreton, ApJ, arXiv:1804.07537.
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55 CNC E: INTERNAL COMPOSITION



Combining interferometry with other methods, we: 

• reduced the uncertainties on the parameters of 55 
Cnc, using direct measurements and an analytical 
approach, 

• reduced the possible range of internal structures of 55 
Cnc e using correlations and abundances. 

➔ Is it possible to perform a similar analysis with other 
systems?

Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

Prospectives 
INTERFEROMETRY FOR FAINTER STARS
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Stars harbouring transiting exoplanets

55 Cnc

HD209458

HD189733

Current CHARA limit

HD75784

HD97658

HD10442

HD219134
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Getting the most out of it: 55 Cnc 
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• Few systems are currently 
accessible with 
interferometers 

Prospectives 
INTERFEROMETRY FOR FAINTER STARS



Stars harbouring transiting exoplanets

55 Cnc

HD209458

HD189733

Current CHARA limit

HD75784

HD97658

HD10442

HD219134
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Transits

Others

• Few systems are currently 
accessible with 
interferometers 

Prospectives 
INTERFEROMETRY FOR FAINTER STARS



Stars harbouring transiting exoplanets

55 Cnc

HD209458

HD189733

Current CHARA limit

HD75784

HD97658

HD10442

HD219134
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Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

• Few systems are currently 
accessible with 
interferometers 

• This will change soon with the 
development of future 
facilities (see talk of L. Bigot) 

• Still, some stars will be too 
faint.

Transits

Others

➜ The SPICA project

Prospectives 
INTERFEROMETRY FOR FAINTER STARS



 agẹ Ṛ ṂTeff,̣

Evolutionnary models

π 
Gaia

Astero 
seismologie

STAR

! cal

V2(cal) V2 (sci, raw)

Transfert function

!UD (sci)

!LD (sci)

HAR

LD (Teff, log(g), Z, vt)
Atmosphere models  
(Kurucz, Atlas…)V(sci)ȼTF[I(μ)]

Activity? Spectral type?

Activité  
Environment
Spots
Granulation  
Wind
Binarity

Analytical LD laws

SBC relations :  
bands, e.g. V, K  
SED :  
All bands
Extinction

Rp Mp

"p

Transits
"̣ RV

Planetary models
PLANET

Life?
Habitability?

Bias on diameters
• limb-darkening 
• rotation  
• pulsation 
• circumstellaire environment 
• activity 

But need for an accurate and 
precise estimation

• to improve surface brightness-
color (SBC) relations, 

• to have reliable measurements 
of stellar diameters and  stellar 
parameters 

• SED fitting

Complementarity between PLATO and interferometry 
THE SPICA PROJECT: PROBLEMATICS

(See talk of L. Bigot)
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not very precise 
relations (7%) and 
inconsistent (8%)

precise relations 
(1-2%) but 
inconsistent (6%)

2% precision

Examples of SBC relations GJ504: the age determines the nature of 
the detected companion

Complementarity between PLATO and interferometry 
THE SPICA PROJECT: PROBLEMATICS

0 1 2 3 4 5
Spatial frequency (in 108/rad)

0.0

0.2

0.4

0.6

0.8

1.0

V2

550 nm, ws
710 nm, ws
730 nm, ws

no spot

p=0.22

GJ504, Bonnefoy et al., accepted, 
using COMETS code  (Ligi et al. 2015)

Effects of spots on the visibility curve  
could change the diameter.
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Complementarity between PLATO and interferometry 
THE SPICA PROJECT: GOAL

θ>0.7 mas

θ>0.2 mas

Diameters and stellar populations of CHARA
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A large program for: 
• interferometric measurements of angular 

diameters of stars compatible with 
PLATO/TESS/CHEOPS →brights stars  
(mag~8, then 9) 

• improving SBC relations→ faint stars 
• imaging stellar surfaces → effects of 

activity, rotations…

Requirements: 
• Coverage of class I-V and spectral types 

OBAF + K-IV/V et M-IV/V 
• Host stars ans seismic stars 
• Expected to measure the limb-darkening 
• Taking into account stellar activity 
• Precision of ~1% on diameters and SBC 

relations



A large program for: 
• interferometric measurements of angular 

diameters of stars compatible with 
PLATO/TESS/CHEOPS →brights stars  
(mag~8, then 9) 

• improving SBC relations→ faint stars 
• imaging stellar surfaces → effects of 

activity, rotations…

Requirements: 
• Coverage of class I-V and spectral types 

OBAF + K-IV/V et M-IV/V 
• Host stars ans seismic stars 
• Expected to measure the limb-darkening 
• Taking into account stellar activity 
• Precision of ~1% on diameters and SBC 

relations

Complementarity between PLATO and interferometry 
THE SPICA PROJECT: GOAL

θ>0.7 mas

θ>0.2 mas

Diameters and stellar populations of CHARA

23

Use of AO recently installed on CHARA  
+ 

6 telescopes at the same time



Complementarity between PLATO and interferometry 
THE SPICA PROJECT: CONCLUSION

Interferometry is complementary to PLATO data:

• Asteroseismology cannot be applied to every stellar types 
• Ex: not possible for sp. types K ➜ M 

• Stellar models: difficulties for some stellar types (see talks of yesterday) 
• Ex: M stars 

Interferometry can be applied to all type of stars, given that:

• they are bright (direct measurements; PLATO/TESS/CHEOPS targets) 
• we have a good photometry (SBC relations) 

Most direct technique for the measurement of stellar diameters. 
➜ Expected to follow-up many PLATO targets.
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