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EXOPLANETS: where do we stand?

Mass (M;yp)

~ 5000 exoplanets detected so far
Wide diversity of methods
Raise many questions!
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EXOPLANETS: where do we stand?

~ 5000 exoplanets detected so far
Wide diversity of methods
Raise many questions!
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EXOPLANETS: where do we stand?

~ 5000 exoplanets detected so far
Wide diversity of methods
Raise many questions!
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Jeveral propliematics

Possible Interiors of TRAPPIST-1 Exoplanets
Based on precise measurements of the planet densities

Mantle + Core Ocean + Mantle + Large Core

e Nature of the planets?
- Composition, size...

®* Formation?
-> Place of birth, migration...

e « Habitability »?
-> Distance to the star
(temperature), tectonic...

® |s our solar system unique?
= Need to probe many systems!

3
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Transit method
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inairect gdetection metnoas

Radial velocity method

HARPS/La Silla

(mp sin i)3 P

- _K3(1-e)2
2
(M* _|_mp) 2l

— Knowing depends on

HARPS-N/TNG



inairect gdetection metnoas

Radial velocity method

HARPS/La Silla

(mp sin i)3 P

- _K3(1-e)2
2
(M* _|_mp) 2l

— Knowing depends on

HARPS-N/TNG



vlrect getection metnoad
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Internal composition of exoplanets

The internal composition of exoplanets is inferred from planetary
interior models:

e Need parameters as inputs (stellar and planetary)

e Hint toward formation and habitability
e Suffer from degeneracy

> Gas: H, He = When?

\ [ lce — Where?
/ P Metals
[> Silicates .

Valencia+ 2013
(Bulk Composition of GJ 1214b and
Other Sub-Neptune Exoplanets)

Need ~2-3% precision on R, to derive an internal structure
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Habitable zone

Jupiter Saturn-'  Uranus Neptune

Stellar Mass (solar masses)-

0.1

et Q0L t it MOl o e s e Sl
Image Credit: Chester Harman ¢ ° . < K . . - :
Planets: PHL at UPR Arecibo, NASA/JPL/APUArizona Distance from Star (AU)

Find planets with suitable
atmosphere and liquid water in the
habitable zone

— Teff, L




LINKS betweel exopianetls occurernce ana siars

Planet Occurrence (P = 2-50 days)

Metallicity [Fe/H]
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Stellar parameters dependence

Stellar parameters our knowledge of

* Direct and indirect methods do not provide the same observables.

e Need of stellar parameters to derive exoplanets properties.

® The « basic » planetary parameters depend on the stellar mass, radius, density...

e Often, need of a model to derive additional parameters, that are important to
characterize the system (like the stellar age).

* Open questions on the link between stellar parameters and exoplanets population.

E

. . TenV: Te =

Interferometry can help in this context by TN 2
providing - (mysin) _ P sty gyt

_=
(M, +m,)" 270

AF (RP)Z
See Dan and Orlagh’s talks! F R,
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INTERFEROMETRY




Interferometers worldwide
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nterferometer

Principles of interferometry ..

Classical telescope

Angular' resolution l AngUlar resolution

=MD _ ~ \/B
‘I A/D | “m“. Inter-fringes A/B

=¥ larger sensitivity , =% larger resolution
=» fainter objects y =» smaller objects
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Principles of interferometry

— ¢
| = ®
Contrast of fringes | = O ® PSF
= Complex visibility (V)
= FT of the surface brightness TE(I) = TE(O) x TF(PSF)
distribution of the star Phase ©
(van Cittert-Zernike theorem) TFD = V(B) = ly(0) \
Modulus |V|

In the case of a uniform disk:
B YA 2 D
i (B)=4 PO 2= Bl

A Z
angular diameter of the star
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Principles of interferometry

Squared Visibility
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15

“oint source — contrast = 1
(Young).

Extended source

— several fringe patterns which
don’t overlap exactly

— contrast < 1, depends on
telescope separation (baseline).
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Principles ot interterometry
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Principles of interrerometry
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rrinciples or interrerometry
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Principles of interferometry

CHARA - 5152 W1 W2 E1 E2

@ Stations
$1-52 34.08 m
~—S51-W1 278.50 m
S1-W2 210.97 m
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The problem of limb-darkening

l

N

«D

I

Claret & Bloemen 2011

the linear law

Iw
E—l u(l — p),

the quadratic law

W
T = e =0 = b1 =2

the square root law

(1) o
E—l—c(l W —d(1 = ),

the logarithmic law
I(u)

ok I —e(l = p) = fuln(p),

different laws

e Impact on final radius

e e e —

ifficult to measure the LD |
® Discrepancies between

transit/interferometry and
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Fig. 9. Comparison of the best-fit power law intensity profiles of
a Cen A and B (red curves) with the observed solar profile in the H band
(orange curves) measured by Pierce et al. (1977). The horizontal scale
is the same for both diagrams to show the difference in size of the two
stars.
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Fig. 2. Comparison of different parametric limb darkening models of the
Sun with the observed limb darkening profile measured by Pierce et al.
(1977) in the H band. The residuals in percentage of the observed in-
tensity profile are shown in the lower panel.
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Gaia and INTERF .---;‘ETRY ,
The magic combo




Stellar radius

Inteferometers measure the anqular diameter of stars. Coupled with the distance, we get the stellar

radius!
Interferometric angular diameter —~ e Gaia distance
R _ QLD[mas] X d[pc]
* Il 9.305
1.0~~~ i
> 0.8 HD75732 |
= : |
‘» 0.6° y
> I ]
o 0.4 ;
O : | D
O B ]
5 0.2 ]
A nn i
0.0 - L
| B.p=0.724 + 0.012 mas ¢ |
0 1 2 3 4

Spatial frequency (in 108/rad) 9 X D — R*

Ligi+ 2016 r‘



Stellar effective temperature

The angular diameter is also used to derive the effective temperature of stars.

2.5x107°1 i
2.0x107° - — Catalogues:
~ ! i Gaia
£ ; i
N{ 1.5x107"°— — ZMASS
£ - i
N : i
S : i
A 1  — see Photometric Viewer (CDS)
= [ i e.g.
5.o><10'”_— | 100
- - CoRot-9
ol 1 e . . ]
100 1000 10000 o
Wavelength (nm)
SED — 10e-12
0.25 £ oo .
=
T 4 X Fiol p¥ -
eﬁ,* - 2 10e-14 ’ ’
U'SB HLD .
/ , 1
10183 1 10I 10¢

: : 20
Interferometric angular diameter Wavelength (um)



Stellar density and mass

Planetary transit

3rd Kepler law

P2 a’ a’

Y

o, a2 GMy + M,)  GMs

/

Measure of stellar density py : P/T° = (m2G/3) py
(Maxted et al. 2015, Seager & Mallén-Ornelas 2003)

lime—0

F no transit

—— . 3/2

M>I< 4772 (1 + AF)Z - b2 [1 - SlIl2(ZT7T/P)] i _ Fnotransit — Ftransit

Px=—3 = | 554 — with  AF = —
R P G sin”(¢7m/P)
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Stellar density and mass

Planetary transit

3rd Kepler law

P? a’ a’
o1, 472 G(Myx + M,)  GM;
k(27ra/P)
lime—0

/

Measure of stellar density py : P/T° = (m2G/3) py
(Maxted et al. 2015, Seager & Mallén-Ornelas 2003)

F no transit

: 3/2
My ( 472 ) {(1 + VAF)® = b2 [1 — sin’(t7m/ P)] } g o Frotnsit = Fuansit _ (Rp>2

Px = R\ PG sin’ (t77/ P) R

Measure of stellar mass M, =(41/3)R,3p4

\ Interferometry
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Stellar density and mass

From the PDF of R, and py, analytic
joint PDF of M, - R, .

Corne(M,R) = — XfR*(R)Xfp*<3M>

— Strong correlation: 0.85!
(Crida+ 2018a)
— Different M,_than von Braun+ 2011

based on isochrones.

Radius |Rsol]
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Stellar density and mass

From the PDF of R, and py, analytic
joint PDF of M, - R, .

3 3M

— Strong correlation: 0.85!
(Crida+ 2018a)

— Different My than von Braun+ 2011

based on isochrones.

Taking the values of Ry and Mx
from Ligi+ 2016, one gets the
large, wrong blue ellipse.

Radius |Rsol]
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Stellar density and mass

Probability Distribution Function of M, and R,

_p\2
fp(MpaRp)OCffeXp(—%(K(MP,M*) K)) < RV measurements

Ok

| (AF(M,,M,) - AF
X exp ) -

X Lyre(My, Ry) dM . dR, .

Blue: our first estimate, with

parallax + poor transit light-curve.

Correlation: 0.3. 5

= p, =1.06%0.13 pg —
= 20

Black: our second estimate, with o | 9 :

parallax + refined HST light-curve and l:

radial velocity. 18

Correlation: 0.54.
= pp =1.164£0.062 pe = 6421342 kg.m*3

2
)) < transit measurements

7 Bourrier+ 2018

on

/.0 /7.5 80 85 9.0 9.0 10.0

Mo [Me]

Crida+ 2018a,b



Stellar density and mass

W.OOf
0.983
0.963
O.94f

Radius |Rsol]

0.92 -4
0.90¢t

0.800.850.900.951.001.051.101.15
Mass [Msol]
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Stellar density and mass
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Stellar density and mass

INeglecting stellar
i uncertainties
/.0 7.5 80 85 9.0 9.5 10.0
2.2£c=0.30 1 Uncertaintieson TD | !
: ' nd K r he & ;
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3 : 5 correlation o :
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Stellar density and mass

iNeglecting stellar 20F
{ uncertainties :

1ot
fTD and K were |

exactly known

1.8¢

2.2£c=0.30 1 Uncertaintieson TD | !
: | and K degr he = :
21 and deggdete 5 o5l
3 : 5 correlation o :
Z 20¢F 1 - , 0.96]
o T 0.94]
1.9F ; 2 .
5 0.92
1.8F 0.90t
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Stellar abundances and exoplanet interiors

1

Input : ) 0 9
Original data mp 08 [ ||
- 0.6
Correl. mp-Rp (0.30) 5
Hypothetical corr. (0.85) 0.4 T T —
- 0C
Abundances 0.2} . o —on
OH
O L L L L
0 0.5 1 20 25 0 0.1 0.2
gas log1 O(Lint [erg/s]) rgaS/RIO
Results : 1
" ) 9 h)
A — composition of | | lo.s
the mantle lo.s
G
_}
C — gas layer S o4
_}
H — could rule out pure o
solid composition ~ | _— .
0.8 1 0.2 04 0.6 0 2 4 0 1 2 3
r /R r /r Fe/Si Mg/Si
core+mantle  p core core+mantle mantle mantle

Model from Dorn+ 2017
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Stellar abundances and exoplanet interiors

Atmosphere thickness
= 3% of R,

=> not a good target for
transmission spectroscopy

=> chemistry of the interior
non necessarily carbon-rich

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

/r
Ccore core+man

OCA case: our best
constrains on all the

parameters.

’j
—4

-0

rsolide/Rp=0.97 + 0.02
rqaz/Rp = 0.03 + 0.02

= = = prior
— OCA

0.
A /\

1

20 24 0
Iog(Lint [erg/s))

r
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Stellar abundances and exoplanet interiors

Gaia also provides stellar abundances in a homogeneous way for millions of stars.
Stellar abundances are introduced into planetary models to derive exoplanet internal

|

structure.
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Parameter Prior range Distribution

Core radius 7¢ore (0.01-1) 7eoresmante ~ Uniform in 72

Fe/Simantle 0 — Fe/Sigg,, Uniform

Mg/Simante Mg/Sigar Gaussian

Smantle 0.-0.2 Uniform

Size of rocky interior rcore+mantle (0.01-1) R, Uniform in rgore +mantle

Pressure imposed by gas envelope Peyy 20 mbar—100 bar Uniform in log-scale

Temperature of gas envelope 0.5-1 Uniform

Mean molecular weight of gas envelope u 1650 g mol~! Uniform

Ligi+ 2019
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Stellar density and mass

HD219134

Smaller planets than previous estimates

— These new radii put the planets on
the left side of the evaporation valley,
while they were thought to be in the

gap.

PLANET B PLANETC

Radius [Rs] | 1.50 + 0.06 | 1.41 + 0.05
Mass [Mo] | 4.27 £ 0.34 | 3.96 + 0.34

Density [po]| 1.27 £ 0.16 | 1.41 £ 0.17
Corr. (M, - 0.22 0.23
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Stellar density and mass

HD219134

Smaller planets than previous estimates

— These new radii put the planets on
the left side of the evaporation valley,
while they were thought to be in the

gap.

PLANET B PLANETC

Radius [Rg] | 1.50 £ 0.06 | 1.41 £ 0.05
Mass [Mo] | 4.27 £ 0.34 | 3.96 + 0.34

Density [pe]| 1.27 £ 0.16 | 1.41 £ 0.17
Corr. (M, - 0.22 0.23
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PL/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 ?



Stellar density and mass

HD219134

Smaller planets than previous estimates

— These new radii put the planets on
the left side of the evaporation valley,
while they were thought to be in the

gap.

PLANET B PLANETC

Radius [Rg] | 1.50 £ 0.06 | 1.41 £ 0.05
Mass [Mo] | 4.27 £ 0.34 | 3.96 + 0.34

Density [pe]| 1.27 £ 0.16 | 1.41 £ 0.17
Corr. (M, - 0.22 0.23
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PL/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+ 2019: a molten mantle is 25% less dense than a solid one. Could HD219134 b be

partially molten?



Stellar density and mass

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: o).

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

— tidal heating up to 100 times more than lo!
HD219134 c: less tidal heating than lo (because
further from the star).
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Stellar density and mass

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: o).

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

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

Result
— N-body simulations: planet b’s eccentricity
is excited despite not measurable.

— Assuming a dissipation 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 ¢, even if they

have identical composition.
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Error budget |
_ | ‘e

~ relative error

Error budget for p, of HD219134 and 55 Cnc . "
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Error budget o
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Stellar models

Integration of the stellar radius from interferometry

HD97658 (Ellis+ 2020)

/

Planetary Properties

Transit Depth [ppm] 712438 §4 Exofast
Period [days| 9.48971157 £+ 0.00000077 §4 Exofast 1.2F —— T T T T
To [BID] 2458904.9366 & 0.0008 §4 Exofast S * Interferometry+transit 3
Rp/Rx 0.02668+£0.0007 §4 Exofast 1.1E < Model =
Inclination [deg] 89.051901 §4 Exofast - ]
Impact Parameter 0.39701% §4 Exofast 1.0 E % E
Eccentricity 0.05470:039  §4 Exofast T o ' 3
Mass [ Mg] 7.52:&%.0836 84 Exofast ; 2 3-6% difference -
a/R, 24.16 £0.69 §4 Exofast = 0.9 3 3
R, [Re] 2.124+0.061 §4 7 = -
pp g cm™?] 3.681 +0.51 §4 c 08¢ %) E
Tiq K] 749 £ 12 §4 =2 : E
Stellar and Planetary Properties from Transit Observables 0.7 ;— —;
ps [g em™3] 3.11£0.27 § 14% difference
M, [Mg] 0.85+0.08 §4 06E 3
log(g) [ces] 4.64+0.04 §4 - E
Corr(R,,M,) 0.41 §4 0.5E o L :
pp [g cm™3] 4.835 +£0.70 §4
1 ot 55 Cnc HD219134
Mass [Mg] 8.25+1.01 §4
Corr(Ry, M,) 0.09 §4

e Discrepancies between models, methods, measures
e Need measures to calibrate models
e — [nterferometry + planetary transits can bring very important information on usually
non-measurable properties
32



Stellar models

Integration of the stellar radius from interferometry

HD97658 (Ellis+ 2020)

/

Planetary Properties

Lebreton & Goupil 2014

Transit Depth [ppm] 712438 §4 Exofast
Period [days| 9.48971157 £ 0.00000077 §4 Exofast
To [BJD] 2458904.9366 + 0.0008 §4 Exofast
Ry /R« 0.02668+0.0007 §4 Exofast
Inclination [deg] 89.051901 §4 Exofast
Impact Parameter 0.39‘:%% §4 Exofast
Eccentricity 0.054f8:8§?l §4 Exofast
Mass [ Mg] 7.52+0.86 84 Exofast
a/ Ry 24.16 £ 0.69 §4 Exofast
R, [Rg] 2.1240.061 84
pp [g cm ™3 3.681+0.51 §4
Tiq K] 749+ 12 §4
Stellar and Planetary Properties from Transit Observables
px g em™3] 3.114+0.27 §4
M, [Mg] 0.85+0.08 §4
log(g) [cgs] 4.644+0.04 §4
Corr(R,,M,) 0.41 §4
pp [g cm™3] 4.835 +£0.70 §4
R, [Rg] 2.11£0.059 §4
Mass [Mg] 8.254+1.01 §4
Corr(Ry, M,) 0.09 §4

e Discrepancies between models, methods, measures

* Need measures to calibrate models
e — [nterferometry + planetary transits can bring very important information on usually

non-measurable properties

33
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Stellar models
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— |nconsistency In stellar parameters perturbs the exoplanet composition
— Composition of planets that we do not find in our solar system?
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Surface-brightness color relationship

e \We can’t measure the angular diameter of all stars
e SBCR are here for that!
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Surface-brightness color relationship

e \We can’t measure the angular diameter of all stars
e SBCR are here for that!

Before

4.40

— Fouque+97 (Ceph)
— van Belle 1999 (Variables)
41| = Nordgren+02 (Ceph)
4| = Nordgren+02 (Ceph)
—— Kervella+04a (Ceph)
— di Benedetto 1993 (1, II)
di Benedetto 1993 (I, Il unred)
1| = Fouque+97 (I, Il)
—— van Belle 1999 (I, Il, IIl)
- = Groenewegen 2004 (1, Il)
= = di Benedetto 1993 (lll)
= = Fouque+97 (lll)
= = Nordgren+02 (IIl)
- = Groenewegen 2004 (llI)
= = van Belle 1999 (V)
Kervella+04b (IV, V)
- Groenewegen 2004 (V)
- Boyajian+14 (V)
= Graczyk+17 (V)
- di Benedetto 1998 (All)
- di Benedetto 2005 (All)
= Bonneau+06 (All)
Challouf+14 (All)

420}

4.00

3.20

3.00

2.801

10 00 1.0 20 30 40 50 60 70 80 90
V — K (mag)

Discrepancy up to 18%
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Surface-brightness color relationship

e \We can’t measure the angular diameter of all stars
e SBCR are here for that!

Before After

4.40 ; ; : . . . . . . 4.20 ; .
S A A — Fouque+97 (Ceph) —— This work F5/K7-I11lI
— van Belle 1999 (Variables) 410 —— This work F5/K7-IV/V
— Nordgren+02 (Ceph) YT " —— Thiswork M-I/l |
4.20} — Nordgren+02 (Ceph) N —— This work M-V
g ~—— Kervella+04a (Ceph) 4.00+ N Boyajian+14 (V)
— di Benedetto 1993 (1, II) \\ - = Kervella+04 (IV, V)
400/ - ;il Bened:t;olﬂi% (I, Il unred) 3.90} \\ Adams+18 (/1)
ouc$1e”+ 19(9‘9 ()I 11, 1 ' ~ =S Poamarto (M)
YAl Eels » T — Pi Ki+19 (/11
- - Groenewegen 2004 (I, II) 3.80+ SR (U
3.80} JJ ]| = = diBenedetto 1993 (lll)
' = = Fouque+97 (lll) 3.70+
- = = Nordgren+02 (IIl)
(@)} - = Groenewegen 2004 (llI) a |
g 3.60 1| = = van Belle 1999 (V) g 3.60
= Kervella+04b (IV, V) ~
<3 - Groenewegen 2004 (V) == 3.50¢
- Boyajian+14 (V) -
3.40+ - Graczyk+17 (V) 3.40+
- di Benedetto 1998 (All)
- di Benedetto 2005 (All)
3.20} - Bonneau+06 (All) 3.30}
Challouf+14 (All)
3.20}
3.00¢ 3.10f
3.00+
2.80¢} .
-10 00 10 20 30 40 50 60 70 80 90 2.90 ' * '

20 10 00 1.0 20 30 40 50 60 70 80

V — K (mag) Vo — Ko (mag)

Precision between 1 and 2% with

Discrepancy up to 18% , o
photometric precision better than 0.04 mag

OLp = 103439270-2V0=2Fy, Salsi+ 2020, 2021
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e Stellar parameters are very

- _—

—_——

important for exoplanetary

I/l
)/

/

characterization

' \
\ X ‘\\_’\ /
XA N/ X/

OInterferometr, can help in many?
_direct and indirect ways |

e The most important parameter
derived from_interferometry plus distances
(Gaia) is the stell@r radius:

©
o

* Mandatory for determining exoplanet
radius

o
N

>
=
0
0
S
- 0.4
)
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o
35
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©
o

e Incorporated in stellar models that is used
for exoplanets characterization
* [ncorporated in exoplanet interior models
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® Gaia brings unprecedented . -

precisions on distances, which'
brings very p‘acise radii 3
*New interferometric developments
like will allow the study
of a bench of exoplanet host stars.

*Gaia is not only®useful for
interferometry, but also for detection
through astrometry and transits.

©
o

0.2

Squared visibility
o
N

* Gaia also provides stellar abundances

©
o

that are used to determine exoplanet
Interiors.
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