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More than 4000 exoplanets known
—> revolution for planet formation
theories

— search for other habitable
(habited) worlds.
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Relative uncertainty on M,

Relative uncertainty on planetary
parameters (mass & radius)
generally huge.

—> difficulty in characterizing the
exoplanets.




Formation?

Need 3-5% precision on M, and R;, to infer

Habitability? & the internal structure of a planet, and

Diversity?

Dorn et al. (2015)
Valencia et al. (2007)
CHEOPS Redbook
PLATO Science Managment Plan (2017)
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Gas: H, He = When?

lce — Where?

Metals

Silicates
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thus constrain its nature and origin.
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Fulton et al. (2017)

Ex: The « evaporation valley » or « Fulton
gap » observed in the distribution of
planetary radii.

—> Super-Earths # Mini-Neptunes ?
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Transit method Radial velocity measurements

Doppler Shift due to
Stellar Wobble

Unseen planet

—> R, and M depend critically on and

In many cases, these 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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Squared Visibility
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Observation of a star with 2 or more
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, 6.

Stellar radius: Ry = 6/2m. ( T = parallax)
Probability Density Function f:

fr (B = 8 f e () oo



Angular diameter measured with the VEGA/CHARA interferometer,
for two stars hosting transiting exoplanets: 55 Cnc and HD219134.

1O —
2 08" HD75732 [
E i 0.8 —
n 0.6 . >
> 2 06 f
o 0.4 - s 3
0 :
S 0.2 : |
A | g
0.0 $ " |HD219134
O Sp1atia|freque2ncy (in 10873rad) 4 o0 o Spatialfrequ;ﬁcc):y(in108/rad) e 20
Ligi et al. (2016) Ligi et al. (2019)
6 =0.724 £0.012 mas 6 =1.035+0.021 mas
Ry = 0.960 + 0.013 Re Ry =0.726 £ 0.014 Re



II. STELLAR D}

Transit duration 3rd Kepler law
P2 Cl3 Cl3
2 ; 472 G(My+ M)  GMy

- P/T3 = (1t2G/3)
(Seager & Mallén-Ornelas 2003)

.
< > ZR*
\ / '~ ra/P) o
— A fine transit light-curve allows to measure the

density of the host star!

55Cnc: p4 =1.079 + 0.005 p,, (Crida, Ligi et al. 2018) HD219134: p, =1.82 + 0.19 p, (Ligi et al. 2019)

HD 219134 b HD 219134 ¢
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Bourrier et al. (2018) 5 Gillon et al. (2017)
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lIl; STELLAR

:(41T/3)R*3

My being an explicit function of Ry,

they are not independent, but
correlated.

Ex: HD219134: level curves of the
joint PDF.

Correlation (Mg - Ry) = 0.46

- Lyr«(M,R) =

47 R3

IM
47TR3 X fR*(R) X fP* ( )

0.75
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— 0.73
0.72
0.71

0.70
069 .
05 06 07 08 0.9

R

Radius

Ligi et al. (2019)
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* Interferometry+transit 3
11F < Model E
‘IO— % . E
D oo 3-6% difference Comparison with Stellar models:
% 0 8_ . _ Provide a small error bar = internal error of the
= : model.
14% difference
0.6F ' 3
: g 1.10| " |
OB5E . . . o ] § Direct estimate of the mass x'results + |
55 Cnc HD219134 i 1.05¢
< 1.00 - | f
For 55 Cnc = |
5 899
. 0 I
Fit (Ly ,Terr) > Mx, Ry, age. 0 0.90|
From BASTI isochrones: 2 solutions L
. 083
« Young solution: , S
« Old solution: , 10 10 10 10
13.1921.18 Gyrs Age [yrs]

We measure:

Ligi et al. (2016, 2019)
Crida, Ligi et al. (2018a,b) 11



1E ) mLeJ;?rome"y*tra”S'tg Comparison with Stellar evolution models:
1_0§_ % : Provide a small error bar = internal error of the
- 3-6% difference model.
= 09F E
2 . 8§ g But depend on many (unknown?) parameters: He
() .OF = o ege R o o
= : initial abundance, solar mixture, metalicity,
0.7 , X E rotation, magnetic field, external boundar
14% difference o g Y
0.6EF - E condition, mixing length ...
05 . . .. .
55 Cnc HD219134 )
For HD219134
» We measure and We rather use our

. . ) i i measurements.
» Models with different input physics give:

We may lose in precision,
but we gain in accuracy!

(or with large initial Helium abundance),
and

Ligi et al. (2016, 2019)
Crida, Ligi et al. (2018a,b) 12
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IV. MASS ANDR JHE PLANET 55 CNC e

_p\2
fP(Mp’Rp)chfexp(—%(K(Mp,M*) K)) < RV measurements

Ok

( 1 (AF(M,,,M*) — AF
Xexp|—=

U AF
X Lyre(My, Ry) dM, AR, .

2
)] < transit measurements

55 Cnc e 2.2F E
White: our first estimate, with Hipparcos — 2.1¢ _
parallax + poor transit light-curve. cz@ : ]
Correlation: 0.3. - 2.0 3 E
— pp =1.06+0.13 p, e §
1.9¢ E
Blue: our second estimate, with Gaia 1.8 _ =
parallax + refined HST light-curve and P T E T S S
radial velocity. Correlation: 0.54. 70 75 80 85 90 95 100
- pp, =1.164+0.062 p,, = 6421+342 kg.m3 M, Mg

Crida, Ligi et al. (2018a,b)
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IV. PLANETS PRE

Best constrains on all the parameters with
Original data + Correlation + Abundances

Atmosphere thickness
= 3% of R,
lsolide/Rp=0.97 = 0.02 -> not a good target for
. 'gaz/Rp = 0.03 + 0.02 transmission spectroscopy

tle rcore+mantle/Rp IOg(Lint [erg/s])

/r
core core+man

r

mantle

Fe/Si

=> chemistry of the interior
non necessarily carbon-rich

mantle

G ST .
S Y o] £ s s
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Mg/Si

- = = prior
— OCA

A I e

Iog(Lint lerg/s])) r /R r__/r Fe/Si Mg/Si

20 24 0 0.5 1 0.5 10 5 0 2

core+mantle  p core core+mantle mantle mantle

Crida, Ligi et al. (2018a,b)
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IV. MASS AND DEHD219134'S PLANETS

:‘———HD219‘134‘-b‘ ‘/‘/——~\‘ | ]
16 - HD219134c/////,’:—_:\\\\\ ]
I e ¢ i
///////////f///////:\:\;;;k\]’\\ | Smaller planets than previous
8 1.5 LA =TT ) estimates
a“ oo S=< %) 7,0 7]
— \ D ‘\\,{*"\~;—:—,’,////”/’ N s ]
a - X XS S~ 2517 7 y
e - / >\”\’\ = :t IS 1 : d E ..
1.4 Ll == | —> These new radii put the planets on
7 : the small side of the evaporation
L2 I valley, while they were thought in the
3.5 4.0 4.5 5.0
’ gap.
I\/Ip [MGB]

PLANETB PLANETC or2f T T T T

Radius [Re] | 1.50 £ 0.06 | 1.41 + 0.05 oo
Mass [Me] | 4.27 £0.34 | 3.96 £ 0.34

©
—
o

o
o
®

Number of Planets per Star
(Orbital period < 100 days)
o
o
(0)]

Density [pe] | 1.27 £0.16 | 1.41 +0.17
= (Mp- Rp) — %23 007 10 13 18 24 35 45 60 80 l1§.oé-_é60
Ligi et al. (2019) "7 PlanetSize [Earthradi]

16 Fulton et al. (2017)



HD219134 b & ¢
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Mp [MGB]

PLANETB PLANETC

Radius [Re] | 1.50 £ 0.06 | 1.41 + 0.05

Mass [Me] | 4.27 £0.34 | 3.96 £ 0.34
Density [pe] | 1.27 £0.16 | 1.41 + 0.17
Corr. (Mp-Rp) 0.22 0.23

Ligi et al. (2019)
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Pu/ P = 0.905 * 0.131 (0.95 for Venus/Earth)

— 50 % chance that their densities differ more
than 2x 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 HD219134 b
be partially molten ?



IV. PLANETS PRE $HD219134 b & ¢

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: 10).

N-body simulations of the system:
ep, oscillates between 0.005 and 0.037.

0.04 T T T T T T T T T T
— tidal heating up to 100 times more than lo!
HD219134 c: less tidal heating than lo (because
further from the star).

T
|

0.039

HD219134¢c/2%®
HD219134b —
0.0369 —— |

T
|

0.038

semi-major axis [AU]

0.037 L

T
|

] 0036 I N | L | L | L | N | N
Conclusion 0 20 40 60 80 100 120

0.25 [ - T ' T

 HD219134b — ]
HD219134 ¢ ]

—> N-body simulations: planet b’s eccentricity is 02|

excited despite not measurable. :
0.15 |

eccentricity

—> Assuming a dissipation inside this planet >

equivalent to that of Earth, this strongly suggests 0.05
that this planet could be at least partially molten, | , , , |
explaining its lower density than its neighbor 0 0 0 timeB[i/Iyr] 50100 120
HD219134 c, even if they have identical composition.

Ligi et al. (2019)
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V. concLUsIONINBIRERS PECTIVE

Stellar parameters
» Should be precise and accurate: R4, P4, and M; directly determined + correlations

 Direct determination diverges > Direct impact on planetary parameters

Plan'gtary‘_teriors :

e 55.Cnce: |
Tiny atmosphere (3%
Non necessarily carbo

= thanks to very pre elations

« HD219134 b and c:
Validation of the Super-Earths
High molten fraction of the mantle of planet b to explain its lower density

—> need more accuracy on the-transit parameters to confirm the different densities
in general.
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V. COICLUSI—PECTIVE

In the near future...

. Measurements of 4 stars with VEGA/CHARA and analy5|s with the same method:
expect some new planetary parameters! . :

« Measurement of TESS target:
asteroseismology! (NOAO

In the future...

er with VEGA/CHARA + combi

. Mémber,of the CHA
~+Onthe CHARA a

"« The future spatial miss
stars hosting transiting exof

= Insights on stellar masses (mez ents vs models) = calibrations of stellar
models. g

= Refine population of exoplanets = confirmation (or not) of planetary formatlon
theories, discovery of new rocky planets habitable for life? -

21



V. concLUsIONISNBIRERSPECTIVE

And also direct imagin;g for exoplanets detection...

. New data on HD169142 with SPHERE/VLT (ngl et al. 2018a Gratton, Ligi et al. 2019
- + Media INAF) -

S targets (1 accepted, 1 submitted;
i et al. 2018b) |

« Proposal SPHERE/VLT on t

Pl Desidera): detection ¢
« Member of the DS ots in disks with SPHERE

.'Member of the GA up of exoplanets with RV

22
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