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L’observation des ofisclues Jorowjo[anémires

Protoplanetary Disks HST - WFPC2

Orion Nebula

PRC95-45b - ST Scl OPO - November 20, 1995
M. J. McCaughrean (MPIA), C. R. O'Dell (Rice University), NASA

Orion Nebula Mosaic HST - WFPC?2

PACBH5-45a - ST Scl OPO - November 20, 1895
C.R. O’Dell and S. K. Wong (Rice University), NASA



Les principales techniques de détection

es vitesses radiales (spectroscopie Doppler)
es transits planétaires

'Imagerie directe

‘astrométrie

es lentilles gravitationnelles

a « chronometrie «
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* les vitesses radiales (spectr



Detection of plahet.s' via Doppler spectroscopy
- Present sensitivity OA/A = | 03

I

The spectkograph HARPS uses simultaneously. 6000 spectral -
lines (cross-correlation technique)
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HARPS : Un spectrographe pour la recherche des exoplan




HD10180 : Un systeme avec plus de 7 planetes

|

P, = 1.18 day P, = 49.7 days P, = 2150 days
e, =0 e, = 0.06 e, = 0.15
m, sini = 1.5 Mg m, sini = 24.8 Mg m;, sini = 67 M,

WY

P, = 5.76 days P. = 122.7 days
e, = 0.07 e; = 0.13
m, sini = 13.2 M m; sini = 23.4 M

-y

P; = 16.4 days Ps = 595 days
e; = 0.16 g = 0.0

ms sini = 11.8 M Mg sini = 22 M
g
Lovis et al. 2010 .
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Mass sini (M)
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Fig. 5. Plot of the 169 plancts of the considered HARPS+CORALIE
sample in the m, sini — log P plane. The superimposed curves indi-

cate the completeness of the survey. These detection probabilities
arc valid for the whole sample of 822 stars. After corrccting for the
detection bias, the fraction of stars with at least one planet more

massive than S0 M, and with a period smaller than 10 years is es-

Mayor et al. 2011
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Fig. 6. Same as Fig. 5 but only tor the HARPS subsample of 376 stars.
The occurrence rate of planetary systems in the limited region between
3 and 100 Mg, and with P < 1 year, is 51 + 8 %. Again, only one planet
per system (represented hy the red dots) have heen considered for
the computation of the occurrence rate.
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Distribution des masses planetaires

...et pour P < 100 jours
, : : , . prépondérance des
Detections quelque soit la péeriode :
planetes avec des masses
< 30 fois celle de la Terre

# planets
# planets

W

| | | | | | | | I I | |
10.0 100.0

10.0 100.0 1000.

M2sini [Earth Mass] M2sini [Earth Mass]







* les lentilles gravitationne
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Mission spatiale .

Planétes de masse terrestre peuvent étre détectées

Mais probabilité de détection tres faible >>> étoiles tres lointaines donc études
ultérieures impossibles.




- les transits planétaire



L Une méthode de détection ]aﬁotométrique: tmnsit}

Rayon
—_ Masse

Densité — Gazeuse



Ameélioration des réesultats depuis I'espace




One: 1425

* Two: 490
e Three: 252

Four: 108
Five: 40

e Six:6

100

10

40

4

Period [days]

Batalha,N.M., et al. 2013, ApJS 204,24
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A closely packed system of low-mass,
low-density planets transiting Kepler-11

T TN TR I T T TN

Dol ended Mux
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¢[BJD] 2,436,000

Figure 1/ Ligh! curves uf Kepler-11, mw and detremded. Kegple-11i5a G
dwarfsiarwit Keple magnttode of 13.7, visual magnitude of 14.2 magntades,

src celeshal ronrcmates RA = Whasmmisbl s der = =31 "5 20"
zlier mtive designat cns vsedin caalogues are KIEZ€541920 and KOL-157.

Kepler 11 is about 2,000 kgkt years from Earta Variations in the brghtness of

Kepler-11 Eave been monitored with an ¢Becive duty ovde of 21% overtac
tiae fnher vel bac yLCIIk [JdiarCale (B0 )2 454964511 0 245546229, wilh
dzta rerurnad to Farth 2t a Jong cadence of 29426 min Shown are Kepler
photometric daa, raw from the sacecref with each crarer normaltzed to Is
median (a) and ader detrend g wirka ynomIa’ filter (h)*" f represr s time

iadays siiwe BID 255000, Tlese datsarcavalalic fom e MAST a diiveat
krp: Yarchive stscl edu'kepler. Wore the dtffexence In verdcal sceles berween
e twn panes The ax stz of wenadic tranaits are indicated with dots of
cittering co.ours. Feur phctometric dasa points reprasenting tae triovy
concarren: transt of plenes Keoler 11h, Keoler 11d and Keper 1lect

B)D 2,455 4352 (Sasplemantary Fig 12) arc nor shown beczvs thd- valucs i
Ledow tie suted rage Daa have dlso Dovn colanad fur Cos begel s.a ala
@dence of 38,87 s since B/ D 2 455.093.2 15 dut our zralvsls s basec exclustvdy
cn ke loag cadence dena.

Lissauer J.J. et al. 2011, Nature 470,53
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transit-fitting method and Supplementary Table 2 for transit times) minus
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Consortium
Geneva Observatory (Head),
CfA, Harvard University.
INAF-TNG,
University of St. Andrews,
University of Edinburgh,

Queens University Belfast
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Figure 2 | Mass~radius relationship for small planets with precisions on
the masses better than 20%. The solid lines are theoretical mass-radius
curves from previous wark<,




Orbital periods < 50 days:
=> increase of f(m) towards low masses

=

I Howard et al. (2010)
IMayor etal. (2011)
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Fraction of stars with planets (close-in orbits)
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Planet size (relative to Earth)

b. Mass

+ Howard et al. (2010)

+ Mayor et al. (2011
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Comparison RV surveys and
Kepler results:

Kepler size distribution

Keck and HARPS RV
Surveys:
Mass distributions
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Quelques instruments en construction

- ESPRESSO (VR)

- NIRPS (VR IR)

- CARMENES (VR VIS+IR)

- NGTS (transits sol)

- CHEOPS (satellite pour transits)

- TESS (satellite pour transits)

- PLATO (satellite pour transits et asterosismologie)
- les imagiers (SPHERE, GPI,...)
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ESPRESSO on ESO VLT

«Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic Observations»

e Ultra-stable spectrograph for the VLT
*R=120’000

e visible: blue + red arms

e can use any of the UTs (coudé train)

e Consortium : CH, Italy, Portugal, Spain
e FDR in June 2013
e On the sky : 2017

® Precisionin RV : < |0 cm/s
e Goal :Very low-mass planets




A red arm for HARPS on the 3.6m/ESO

SCIENCE:

* search for habitable worlds around M stars
* follow up of space missions (TESS, PLATO)
* atmosphere characterisation

LOSKING FOE RLUSF FLANFTS ARCLING RRS STARS

Brazil-Can-CH-F-P-S-UK

CONTEXT:

e Large GTO (>700 nights)

e No harm on HARPS + simultaneous use

e TESS => quickly on the sky (=> 2019)

e ESO policy: 3.6m “dedicated” to exoplanets, 2025+

Contract bemg 51gned W1th ESO



E-ELT

Un projet de
telescope europeen
de 39 m de diametre.

2020

Cerro Armazones
Désert d’ Atacama
Chil







JWST -
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» Successful “classical” programmes

WASP

Programs that have discovered TEP’s
include:

HATNET 56 Planets
OGLE 8 Planets
QATAR 2 Planets
TRES 5 Planets
X0 5 Planets

WASP 106 Planets

Factory TEP discovery
=> WASP-150b

42



Push to smaller planets

NEXT-GENERATION TRANSIT SURVEY







Une demi orbite de HD 189333b
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Knutson,H.A et al, 2007, Nature,447, 183




Des “vraies” Terres ?

De la vie?
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A terrestrial planet candidate in a temperate orbit around Proxima Centauri

Cutlle m Angladks - Bwcadé, Pedra ) amado. [chn Sames, Zora M Serdinas, R Fagd Butler, Gavin A, 1L Colemnan, leracio de la Coeea, Stefan Geezber, Michael Bndl, Senpomin

Ciesers, Senvea V. Jeflers, James 5. Jenkins, Hugh R AL Jones, Marcin Kirage, Martin KOrster, Ma-ia |, Lopez-Gonezlez, Christopher ). Marvin, Nicolés Moreles, [ulien Morin
Richard ?. Nelson, José L. Ortlz, Aviv Ofir, SIme-Jan Paardekooper, A1sgar Relners, Eloy Radriguez, Cristira Rodriguez-Ldpez, Luls F. Sarmlerta. john P, Strachan, Yiannis
I<apras, Mikka Tuami, Mathias Zechmeister

Suheiuea e 12 S 20 )a)

A adistance of 1 255 parsses, the rent damrt Praxirs: Ceatace Oz Cenmaard T, GL 557 HIF 70250, or simpy Proxima) s the Su™s chose st <tellar reignkar snd ane of he hesr stedind

ow mass stars. It has on effective tamperature of or y ~ 305C K, 2 uminos 1y of ~0.1 aor cons solar, @ measured radius of 3.24 R and 2 mass of 2bout 12 per coat ke mass of tke Sun.
N ihough Proxima Is cony dered a moderatey act e star, 13 rotzilon perlod Is -~ 33 cays, and its quiescent aziivity levels and X-ray luminosity ars comperab e 10 the Sun's. Nea
obsenvatians revadl the presence of 8 small planet erbiirg Prox rn with & mirimur mass of L 3-Earth massas and an oraita periac of ~1L1.2 d2¢s. Its arkitsl sami-rsajor axis is ~ D05
AJ, with ar equili arium temperstace in the ~ange Al 2 waler cou ¢ be Squ ¢ cn s surface,

Anglada-Escudé,G. et al. Nature 2016, 536,437
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| I |
A UVES
o HARPS pre-2016 -

© HARPSPRD

10
Phase [days]

Figure 2: All datasets folded to the 11.2 days signal. Radial velocity measurements phase [olded
at the 11.2 day period ol the planet candidate for 16 years of observations. Although its nature is
unclear, a second signal at P~ 200 days was fitted and subtracted from the data to produce this plot
and improve visualization. Circles correspond 0 HARPS PRD, squares are HARPS pre-2016 and
triangles are UVES observations. The black line represents the best Keplerian fit to this phase folded
representation of the data. Error bars correspond to formal 1-o uncertainties.
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Prospects for Characterizing the Atmosphere of Proxima Centaur: b
Rreidberg, Laura; Loch, Abraiem:

AA(Harvard Scchety of Fellows, H:-.na:d Univarsity, 78 Mt Aubarn Sureet, Cambridge, MA 02138, USA ; Harvard-Smithsonlar Center for
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The Astruphysical Joumzl Letters, Volume 832 Issue |, articke id. L1286 op. (2016) (ApJL. Homepage)

1172016

0P
plancts and satellites: aimospheres. plancts and satellites: individual: Proxima Certeuri 5

10.3847/204 162058521112
201 hApL. RA2L. 12K

Abstract

The newly detected Earth-mass plaret in the habitabla zooe of Proxima Ceniaur. could potential'v hos: life —if it has an atmosphere tha: supports surfaca liquid waer.
W= show that thermel phase curve nbsesvations with the James Webb Spece Telescope (JWST) from 5-12 pm can be used to test for the existence of siach an
atmosphere, We pracict the thermal vanation for a bare rock versus & planet wath 35% neat redistribution to the mghtside eénd show that & JWS T phase curve
measurement can distinguish between thase cases ar 40 confldence, assuming photon-limired precision. We alio consider the case of an Eanh-like aumespher2, and
fird that the 9.8 pm ozone band could be det=ctec with longer integratsion times (a few months). Sve conclude tat JWET observations have the potential to put the first
constraints on the possibility of lifc around the the solar systom™s ncercst star.
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Figure 5: Left: Reflectance and linearly polarized spectra of plant samples containing various assemblies
of biopigments: chlorophyll (green), anthocyanins (red), carotenoids (yellow), phycobiliproteins (purple)
[25]. Note that the higher polarization occurs at the wavelengths where these biopigments most efficiently
absorb photons. The so-called red edge near 700 nm is clearly visible. Also, polarization and reflectance
are clevated if the surface of the plant is glossy (wavelength independent), cf., in the red and vellow
samples. Right: Modelled reflectance spectra (top) and lincar polarization degree spectra (bottom) for
planets with the Earth-like atmosphere, 80% surface coverage by cither of the four pigmented organisms
shown on the left and 20% ocean surface coverage (visible hemisphere only). The high linear polarization

degree clearly distinguishes the presence of the biopigmenis in contrast to the flux spectra. Black curve
represents a planet with an ocean only [27]. The glint from its surface is highly polarized.




The habitability of Proxima Centaari b. II. Ppssidle climates and observability

Turbet, Masting Leconte, Jérémy; Selsis, Franck; Bolmont, Emcline; Farget, Francois; Ribas, Ignasi; Reymoad, Scan N Anglada-Escudé, Cuillem
AALaboratoirz de Météoralogie Dynamiqaz. Socbonre Universitgs, UPMC Univ. Paris 05, CNRS, 4 place Jassieu, 75003, Paris, France
mrurbet@|md. jussien.fr), A3(Laborzolre d'asrophysique de Borceaux, Univ. Bardeaux, CNRS, B18N, Allée GecfTray Saint-Hilaire, 33615,
Pessac, France), AC(Lahoraroira d'asrroprysique de Bordeanx, ['riv. Rordesux, CNRS, BI&N, Allée Genffrowy Saint-Hilalre, 336795, Pessac,
France), AN(NaXys, Department of Mathemar cs, ['nivarsity of Namur, 8 remparr de la Vierge, S000, Namur, Relghom), AR Laboratoire de
NMéworologie Dynzmique, Sorhonn2 Universirés, TIPMC [nlv, Parls 06, CNRS , < place Juss'en, 75008, Parls, France), AF(Instinm de Cléncies de
I'Bspa’ (IEEC.CSIC), C/Can Magrans, s, Campns [TAR, OR193, Bellarerra, Spain), AG(TLaharasoire Aasmophysicue de Bord2any, Univ. Rordeanx
CNRS, B IEZN, Allée Genffray Saint-Hi zire, 33615, Pessac, France |, AH(S=nh00] of Physcs ard Astronomy, Queen Nary University of [oandon, 32
Aile End Rd, London, E | aNS, 1K)

Astronomy & Astrophysics, Volume 596,1d AL12,29 oo (ASA Homepags)
1271016

EDP Scicnecs

stars: individual: Proximez Cen, plenets and satellites: individual: Froxima Cen b, plenets and satellites: atmospaeres, planets and satellites: terrastrs
planets, plan2:s and satellites: detection, astrodiclogy

10.1051/0004-6361/201629577

Bibliographic 2015A&A .. 595A.1.2T
Code:

Abstract

adial veclocity meritoring has found the sigraturc of a Msini = 1 2Mg plenct located within the habitable zone (HZ) of Proxima Centawsi. Despite & hotter past and
n active 70st star, the planet Proxima b could have retgined enoagh volatiles t susizin surace habilebilily. Here we use 2 30 Global Climate Mode! (GCM) o
Rimulate the armosphzre aad water cycle of Proxima b foe i1s two likely rotation modes (1:1 and 3:2 soin-orbit r2sonznces), whilz vary:ng the unconsrrainad sarface
wvater inventory and aimospheric greennnise effect. Aay low-paliquity, ‘ow-eccentricity planet witain the HZ of its star skould ke in one of the climare r2g mes
iscussed herz. We ‘nd tha1 a hroad range of armnspheric compositinns allow surface liquid warer. On a tidally locked planet with sa'ficiznt surface water inventn:y,
lquid warer is always present, at least in the subsrellar region. With a non-synchronons roverion, this requires 8 minimom greerhcuse warming ( 10 mbar of CO; and
2ar o7 N3). If the planat :s dryer, 0.5 bar or 1.5 bars of CO; (for asynchronouns ar synchronous rotation, respeciivaly) suffice to prevent the trapping of any arbitrary,
all wate: inventory into polar or nightside ice caps. We produce reflection and cmission spectra and phase curves for the simulated clmates. We find thar
htmesphesic characterization will be possible via direct imaging with fortacoming large telescopes. The anguler scparation of 7D at | pm (with the E-ELT) and 2
cntrast of 1077 will enzhble high-resolution spectroscody and the search for molzcular signstures, including HyO, Oy, and CO;. The obsarvat.on of thermal phas2

urves can be aterpiec with the Jzmes Webb Space Telescope, thenks i & contrastof 2 x 10 5 at 10 um. Proxima b will also be an exceptional target for faure IR
nrerferomer=2rs. Within a decade ir will be possinle o image Prox'ma b and possibly derermine wherher the su-faca of this exoplanar (s hahirahlz




Seven temperate terrestrial planets around the nearby ultracool dwarf star

TRAPPIST-1

Gillon et al. 2017 Nature (22 février)
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I'he planets of TRASPINT 1 reoeive a compareble

amount of stellor energy (numbers on the vertical uxis)

s Lhe inner planels of te solar sysLeon, The llusalion

alsn shaws the relatve szes of the plarets Crerdil:

Adapted from diagram by [0A /Amanda Smith
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