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Relative uncertainty on planetary radius

INTRODUCTION
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Relative uncertainty on planetary mass

More than 4000 exoplanets known
→  revolution for planet formation theories
→  search for other habitable (habited) worlds.

Relative uncertainty on planetary parameters
(mass & radius) generally huge.
→  difficulty in characterizing the exoplanets.

INTRODUCTION
Formation ? Habitability ? Diversity of the population ?
→  Need 3-5 % precision on mass and radius to infer
the internal structure of a planet,
and thus constrain its nature and origin.
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(Fulton et al. 2017)

Gas: H, He →  When?
Ice →  Where?
Metals
Silicates

Ex: The « evaporation valley » or « Fulton gap »
observed in the distribution of planetary radii.
→  Super-Earths ≠ Mini-Neptunes ?

INTRODUCTION
Transit method

Radial velocity method

→  Rp and Mp depend critically on R★ and M★.
In many cases, the ratios are better known than the stellar parameters.
Often, the stellar mass and radius are derived through stellar evolution
models. Precise, but questionable accuracy (see later)...
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Our method / Outline :
0) Use existing transit and radial velocity data.
1) Measure the stellar diameter by interferometry
(<2% precision).
2) Derive the stellar density from the transit light-curve.
3) Deduce the Probability Density Function of R★ and M★ ,
independently of stellar models.
4) Derive Rp and Mp , and infer the planetary properties.
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Observe a star with two telescopes, and
combine the light from the two apertures → 
interference fringes.
Point source →  contrast = 1 (Young).
Extended source →  several fringe patterns
which don’t overlap exactly →  contrast < 1,
depends on telescope separation (baseline).
=> Measuring the contrast gives directly the
angular diameter of the star, θ.
Stellar radius: R★ = θ/2π . ( π = parallax)
Probability Density Function f :

1) Interferometry – results
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We (R. Ligi, F. Morand, D. Mourard, N. Nardetto) used the VEGA/CHARA instrument at
Mount Wilson in California, piloted in remote from Calern, on 2 transiting exoplanet
host stars: 55 Cnc (aka HD75732) and HD219134.

55 Cnc: θ = 0.724 ± 0.012 mas
→  R★ = 0.960 ± 0.018 R⦿ (Ligi + 2016)

HD219134: θ = 1.035 ± 0.021 mas
→  R★ = 0.726 ± 0.014 R⦿ (Ligi+ 2019)

2) Stellar density

6
Kepler’s 3rd law : P2 = (4π2/GM★)a3 .
Transit duration: T = 2R★/v , where v = 2πa/P .

→  P/T3 = (π2G/3) ρ★

(Seager & Mallén-Ornelas 2003)

A fine transit light-curve allows to measure the
density of the host star!
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Kepler’s 3rd law : P2 = (4π2/GM★)a3 .
Transit duration: T = 2R★/v , where v = 2πa/P .

→  P/T3 = (π2G/3) ρ★

(Seager & Mallén-Ornelas 2003)

A fine transit light-curve allows to measure the
density of the host star!
55 Cnc: ρ★ = 1.079 ± 0.005 ρ⦿

(Crida+ 2018)

;

HD219134: ρ★ = 1.82 ± 0.19 ρ⦿

(Ligi+ 2019)

(Gillon et
al. 2017)

(Bourrier et al. 2018)

Our method / Outline :
0) Use existing transit and radial velocity data.
1) Measure the stellar diameter by interferometry
(<2% precision).
2) Derive the stellar density from the transit light-curve.
3) Deduce the Probability Density Function of R★ and M★ ,
independently of stellar models.
4) Derive Rp and Mp , and infer the planetary properties.
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3) Mass and Radius of the stars
M★ = (4π/3) ρ★ R★3 → 
M★ being an explicit function of R★ ,
they are not independent, but
correlated.

Ex: HD219134: level curves of the
joint PDF.
Correlation (M★ - R★) = 0.46
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3) Mass and Radius of the stars
Comparison with stellar models:
Fit (L★ ,Teff ) →  M★, R★, age.
55 Cnc:

Age [year]

2 solutions: young and old.
+ Mass – age degeneracy (Ligi+ 2016).
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3) Mass and Radius of the stars
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Comparison with stellar models:

Stellar evolution models:

Fit (L★ ,Teff ) →  M★, R★, age.

Provide a small error bar = internal error of
the model.

55 Cnc:

But depend on many (unknown?) parameters:
He initial abundance, solar mixture,
metalicity, rotation, magnetic field, external
boundary condition, mixing length …
For HD219134, we measure
M★ = 0.696 ± 0.078 M⦿ ; ρ★ = 1.82 ± 0.19 ρ⦿ .

Age [year]

2 solutions: young and old.
+ Mass – age degeneracy (Ligi+ 2016).

Models with different input physics give
M★ = 0.755 to 0.810 ± 0.04 M⦿ (or 0.719 with
large initial Helium abundance), and
ρ★ = 1.96 – 2.09 ± 0.22 ρ⦿ .

3) Mass and Radius of the stars
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Conclusion:

Stellar evolution models:

Stellar evolution models are great
to understand stellar physics and/
or stellar populations.

Provide a small error bar = internal error of
the model.

They are not adapted to derive the
parameters of 1 given star of
unknown other parameters.
The small uncertainty is only the
internal one, and neglects the
external source of error.
We rather use our measurements.
We may lose in precision,
but we gain in accuracy!

But depend on many (unknown?) parameters:
He initial abundance, solar mixture,
metalicity, rotation, magnetic field, external
boundary condition, mixing length …
For HD219134, we measure
M★ = 0.696 ± 0.078 M⦿ ; ρ★ = 1.82 ± 0.19 ρ⦿ .
Models with different input physics give
M★ = 0.755 to 0.810 ± 0.04 M⦿ (or 0.719 with
large initial Helium abundance), and
ρ★ = 1.96 – 2.09 ± 0.22 ρ⦿ .

Our method / Outline :
0) Use existing transit and radial velocity data.
1) Measure the stellar diameter by interferometry
(<2% precision).
2) Derive the stellar density from the transit light-curve.
3) Deduce the Probability Density Function of R★ and M★ ,
independently of stellar models.
4) Derive Rp and Mp , and infer the planetary properties.
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4) Mass and Radius of the planet 55 Cnc e
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55 Cnc e:
White: our first estimate, with Hipparcos
parallax + poor transit light-curve.
Correlation: 0.3
→  ρp = 1.06 ± 0.13 ρ⊕ .
Blue: our second estimate, with Gaia parallax
+ refined HST light-curve and radial velocity.
Correlation: 0.54.
→  ρp = 1.164 ± 0.062 ρ⊕ = 6421 ± 342 kg.m-3 .

4) Infer the planets’ properties : 55 Cnc e
Input:
Original data Mp
Correl. Mp-Rp (0.30)
Hypothetical corr. (0.85)
Abundances
Model by Dorn et al. (2017a,b) → 
Results:
A →  composition of
the mantle
C →  gas layer
H →  could rule out pure
solid composition
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4) Infer the planets’ properties : 55 Cnc e
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OCA case: our best
constrains on all the
parameters.
Atmosphere thickness
= 3% of Rp
rsolid / Rp = 0.97 ± 0.02
rgas / Rp = 0.03 ± 0.02

➔  not a good target for
transmission spectroscopy
➔  chemistry of the interior
non necessarily carbon-rich

4) Mass and Radius of HD219134’s planets

HD219134 b & c:
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PLANET
PLANET B
B

PLANET
PLANET C
C

Radius
Radius [R
[R⊕⊕]]

1.50
1.50 ±± 0.06
0.06

1.41
1.41 ±± 0.05
0.05

Mass
Mass [M
[M⊕⊕]]

4.27
4.27 ±± 0.34
0.34

3.96
3.96 ±± 0.34
0.34

Density
Density [ρ
[ρ⊕⊕]]

1.27
1.27 ±± 0.16
0.16

1.41
1.41 ±± 0.17
0.17

Corr.
Corr. (M
(Mpp--R
Rpp))

0.22
0.22

0.23
0.23

These new radii put
them on the small side
of the evaporation
valley, while they were
thought in the gap.

4) Planets’ properties : HD219134 b & c
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ρb/ρc = 0.905 ± 0.131 (0.95 for Venus/Earth) →  50 % chance that their densities differ more
than two times more than those of Venus and Earth...
The more massive one (b) is the less dense.
Different core/mantle ratio ? Thick gas envelope ? Enrichment in refractory elements ?
Bower et al. (2019): a molten mantle is 25% less dense
than a solid one. Could HD219134b be partially molten ?

4) Planets’ properties : HD219134 b & c

15

N-body simulations of the system:
eb oscillates between 0.005 and 0.037.
→  tidal heating up to 100 times more than Io!
HD219134c: less tidal heating than Io (because further
from the star).

eccentricity

Tidal heating from the host star dissipates energy and circularizes the orbit.
→  Sustainable energy source if and only if the
eccentricity is pumped by other planets (ex: Io).

Semi-major-axis [AU]

ρb/ρc = 0.905 ± 0.131 (0.95 for Venus/Earth) →  50 % chance that their densities differ more
than two times more than those of Venus and Earth...
The more massive one (b) is the less dense.
Different core/mantle ratio ? Thick gas envelope ? Enrichment in refractory elements ?
Bower et al. (2019): a molten mantle is 25% less dense
than a solid one. Could HD219134b be partially molten ?

Time [Myr]

4) Planets’ properties : HD219134 b & c
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eccentricity

Conclusion
N-body simulations of the system show that planet b’s
eccentricity is excited despite not measurable.
Assuming a dissipation (k2/Q) inside this planet
equivalent to that of Earth, this strongly suggests that
this planet could be at least partially molten,
explaining its lower density than its neighbor
HD219134 c, even if they
have identical composition.

Semi-major-axis [AU]

ρb/ρc = 0.905 ± 0.131

Time [Myr]

Our method / Outline :
0) Use existing transit and radial velocity data.
1) Measure the stellar diameter by interferometry
(<2% precision).
2) Derive the stellar density from the transit light-curve.
3) Deduce the Probability Density Function of R★ and M★ ,
independently of stellar models.
4) Derive Rp and Mp , and infer the planetary properties.
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CONCLUSIONS & PERSPECTIVES
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OK, « Discovery of a molten lava world » was more a catchy title than a real thing.
Nonetheless, our method combining interferometry with transit light-curve to
measure the radius and mass of stars is powerful:
- characterization of transiting exoplanets, independently of stellar models
- benchmark stars for testing stellar models

TESS, CHEOPS, & PLATO are going to discover plenty of transiting exoplanets in front
of bright stars, accessible by interferometry (1st release of TESS: already 7 planets
around 4 four stars accessible with VEGA, if in northern hemisphere) + SPICA/CHARA
will push the limits of interferometry →  promising future for this method...
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