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) A Decade of Transiting Planets’ Atmospheres

ll) Comparative Exoplanetology

lll) Ground Based Challenges

V) New Astrophysical Opportunities




Transits Allow Studies of Atmospheres That Are
Not Possible for Non-Transiting Exoplanets
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Transmission Spectroscopy of GJ1214b

Désert et al. (201 1)

CH4s4

O
N
N

IIII

Cloud-Free Models By E. Kempton :

—— : Solar metalicity
ceeeess - 00 X Solar metalicity
: Solar metalicity with no CH4

0.122

0.120

0.118

0.116

Planet—to—star radius ratio [Rp/R¥]

SRR g a0 [ b T [T T

—: 100% H20

'''''''''

-
e g,s" 8,
ooooo

N ol

Wavelength [microns]

o

samedi 13 octobre 2012



GJ1214b: Distinguishing H-rich/H-poor atmospheres

Désert et al. (201 1)

CH4s4

O
N
N

IIIII

0.122

0.120

0.118

0.116

Planet—to—star radius ratio [Rp/R#]

SRR g a0 [ b T [T T

S——

Cloud-Free Models By E. Kempton :

: Solar metalicity

: 50 X Solar metalicity

: Solar metalicity with no CH4
: 100% H20

- -
................

L bt

Wavelength [microns] Sma” H

o

samedi 13 octobre 2012



GJ1214b: Distinguishing H-rich/H-poor atmospheres

Désert et al. (201 1)
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GJ1214b: Distinguishing H-rich/H-poor atmospheres

Désert et al. (201 1)
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Wavelength-Dependent Transit Depths

GJ1214b
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Wavelength-Dependent Transit Depths
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Necessity of a Multi-Wavelength Approach
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Transiting Exoplanet’s Atmospheres :
10 Years of Breakthrough

Planet

Atmosphere___ |

Very low
pressures

Moderate
pressures

Wavelength uv Visible Infrared

samedi 13 octobre 2012



Transiting Exoplanet’s Atmospheres :
10 Years of Breakthrough

Planet
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What dowe ~ Lyman alpha, Sodium, Water, methane,
measure? lonized metals potassium, TiO €O: CO;

[E Charbonneau et al. 2002]
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Transiting Exoplanet’s Atmospheres :
10 Years of Breakthrough

Planet

Atmosphere___ |

Very low
pressures

Moderate
pressures

Wavelength uv Visible Infrared
What dowe ~ Lyman alpha, Sodium, Water, methane,
measure? lonized metals potassium, TiO €O: CO;

[E Deming et al. 2005]
[E Vidal-Madjar et al. 2003] [E Charbonneau et al. 2002] [E Charbonneau et al. 200 5]
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres:
- Temperature and Thermal inversion for a subset of planets
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres:
- Temperature and Thermal inversion for a subset of planets

- Spitzer Giant Exoplanet Surveys (Eclipses)
- Joseph Harrington’s program
- Heather Knutson’s program
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® Emission Measurements

(IR)
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres:
- Temperature and Thermal inversion for a subset of planets

- Spitzer Giant Exoplanet Surveys (Eclipses)

- Pushing the limit to Super-Earth
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres:
- Temperature and Thermal inversion for a subset of planets
- High altitude optical absorbers / transparent atmospheres
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres:
- Temperature and Thermal inversion for a subset of planets
- High altitude optical absorbers / transparent atmospheres
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres:
- Temperature and Thermal inversion for a subset of planets
- High altitude optical absorbers / transparent atmospheres
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres:

- Temperature and Thermal inversion for a subset of planets
- High altitude optical absorbers / transparent atmospheres
- Longitudinal winds, Atmospheric dynamics, Evaporation
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres:
- Temperature and Thermal inversion for a subset of planets

- High altitude optical absorbers / transparent atmospheres
- Longitudinal winds, Atmospheric dynamics, Evaporation

- Large variety of albedo (0.03 - 0.3)
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres:

- Temperature and Thermal inversion for a subset of planets
- High altitude optical absorbers / transparent atmospheres
- Longitudinal winds, Atmospheric dynamics, Evaporation

- Large variety of albedo (0.03 - 0.3)

- Non-equilibrium chemistry, weather variability, etc...
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres:
- Temperature and Thermal inversion for a subset of planets

- High altitude optical absorbers / transparent atmospheres
- Longitudinal winds, Atmospheric dynamics, Evaporation

- Large variety of albedo (0.03 - 0.3)
- Non-equilibrium chemistry, weather variability, etc...

Difficulties:
- Instrumental and observational systematics

- Several “firsts” molecular detections in NIR challenged
- Astrophysical systematics (stellar variability, limb-darkening)
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A Decade of Transiting Planets Atmospheres:
What Have We Learnt ?

Diversity of hot-Jupiter Atmospheres:
- Temperature and Thermal inversion for a subset of planets

- High altitude optical absorbers / transparent atmospheres
- Longitudinal winds, Atmospheric dynamics, Evaporation

- Large variety of albedo (0.03 - 0.3)
- Non-equilibrium chemistry, weather variability, etc...

Difficulties:
- Instrumental and observational systematics

- Several “firsts” molecular detections in NIR challenged
- Astrophysical systematics (stellar variability, limb-darkening)

=> Multi-Wavelength Surveys Are Required
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Transiting Exoplanets
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® Emission Measurements

(IR)
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e Iransmission Measurements
(XEUV -> |R)
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HST-WFC3 |3 Hot-Jupiters
(Pl: D. Deming)

HST-STIS |3 Hot-Jupiters
(Pl: D. Sing)

Spitzer 600 hours
(Pl: D. Desert)

Ground-based Surveys:

NIR: Magellan (PI:JM Désert / J. Bean)

Optical: Gemini (Pl:JM Désert)
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H Ot'J U Space-based Surveys:

Transmis s T_WEc3 13 Hot-Jupiter
(Pl: D. Deming)

HST-STIS |3 Hot-Jupiters
(Pl: D. Sing)

o

Spitzer 600 hours
(Pl: D. Desert)

Ground-based Surveys:

Planet Radius ( Rg)

| 60| NIR: Magellan (PI:JM Désert / J. Bean)
Seml-'Opi:icaI: Gemini (PI:JM Désert)
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Transmission Spectroscopy of GJ1214b
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Transmission Spectroscopy of GJ1214b
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Transmission Spectroscopy of GJ1214b
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Hot-Jupiters Survey with HST/WFC3

Sukrit Ranjan (CfA)

Uncorrected WASP-4b Transit
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Hot-Jupiters Survey with HST/WFC3

Sukrit Ranjan (CfA)

Uncorrected WASP-4b Transit

2.28)(107_ ............................. q
tﬂ' L oy

22610’ ¢, o b » o

TR s 3 § 1
N 7 % o ]
N 2.24x107 S § -
s ] 8 2 :
2.22x10" 3 ; 5
77137 (| 1 e D N S

000 005 010 015 020 025 030
Sample Time Relative to First Observation (Days)

l Corrected WASP-4b Transit l

e 5 Ranjan et al. (in prep)
& 8 5
> 5 E
g 0.99 % i 3
) 8
4

0.98 § j 3

0.97

0.00 0.05 0.10 0.15 0.20 0.25
Sampling Time Relative to Start of Observations (Days)

samedi 13 octobre 2012



ISSION
mission Spectrum

WASP-4b Transm

b Trans

B,

WAS

—4

Water-rich
Water-poor,

..................

Wavelength (um)

samedi 13 octobre 2012



10

TrES-3b Emission

Cryo-Spitzer

F'-plonet/[:smr (IO-3)
o
i:; f

B 1.4 1.6 1.8 u
4 .

Croll et

al.2010
Our data l

ok |

h
" 1
P | ¥
il ¥ :

oll|/

-—

1

A (um)

samedi 13 octobre 2012



Ground-based Survey
Of hot-Jupiters

e Optical: Gemini (Pl:JM Désert)
® NIR: Magellan (PI:JM Désert / J. Bean)




Ground-Based Observations

Redfield et al. (2008) Croll et al. (2010)
Transit HD189733b Eclipse TrES-2b
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Transmission GTC
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Transmission GTC
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Ground-Based Observations

Redfield et al. (2008) Croll et al. (2010)
Transit HD189733b Eclipse TrES-2b
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Ground-Based Observations

Redfield et al. (2008)

Transit HD 189733b

Croll et al. (2010)
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The Multi-Object Spectroscopy Technique

VLT/FORS Bean etal.(2010)
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The Multi-Object Spectroscopy Technique
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Multi-Object Spectroscopy |
(GJ1214b, Magellan/MMIRS)

Bean, Désert et al. (2011)
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Multi-Object Spectroscopy |
(GJ1214b, Magellan/MMIRS)

Bean, Désert et al. (2011)
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Multi-Object Spectroscopy |
(GJ1214b, Magellan/MMIRS)

Bean, Désert et al. (2011)
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Multi-Object Spectroscopy

(GJ1214b, Magellan/MMIRS)

Bean, Désert et al. (2011)

Control systematics
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(GJ1214b, Magellan/MMIRS)

Bean, Désert et al. (2011)

Control systematics
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Multi-Object Spectroscopy
(GJ1214b, Magellan/MMIRS)

Bean, Désert et al. (2011)

Control systematics
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Multi-Object Spectroscopy

(GJ1214b, Magellan/MMIRS)

Bean, Désert et al. (2011)
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Multi-Object Spectroscopy
(GJ1214b, Magellan/MMIRS)
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Multi-Object Spectroscopy |
(GJ1214b, Magellan/MMIRS)
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Multi-Object Spectroscopy
(GJ1214b, Magellan/MMIRS)
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Multi-Object Spectroscopy
(GJ1214b, Magellan/MMIRS)
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WASP-19b with Magellan/MMIRS (NIR)
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WASP-19b with Magellan/MMIRS (NIR)
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WASP-19b with Magellan/MMIRS (NIR)
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GEMINI North & South /GMOS (Optical)

WASP-4b WAGSP-12b

—TrT T T T T T T T T T T T T T T T T 1R Py [T LR T ST LT W
ey ' ). KL . S0 SN NS IR L. sFrrrr [ 8 L [ rrr s 1.00 ':‘ SRR — "_‘ — —nw‘}’mw-\oﬂg'h‘— —]
1.00 - A RPN - R - - o o s D - L © - | f ". 'b o _1 - 4 . 1 o Py FNy T8 3 .A L4 ¥ b ‘ 5 R
- g ol— —_ — ‘% —.-L'w .r q.—— p— e — — L 4 .
B8 -« 433 nm | reng = 1528 ppm . mvm— 10- »‘?' o ' ! I,d ! 4
P A - 4 .. » 9 ™ " 1 9 e — *Mw‘ 9 A —
i - -5 1 llnntllnnnllln 098 % § - _1'..;ﬁ’."".11;;1.'.71;..:.‘
. e e M - - PR UL I, L T LA, PR L L R N : '\ J : 10 —r—v— T—r—r—r—T pe—p——
- \ B T . 1 - \ 4 - s S ~ 1
0.98 [ 433 -~ 479 nm 1 J s = 677 ppen” ] oF = v oo it T F 817 340 nre \ ! ppen 18 = 'W?x"l’r- rw‘-l .,Ml%\\ﬂ,\p-r -]
“ L 4 . . .. . L ™ . .g B . . - —_ il i i el PR i i
: ..-..m..a-'-.'-.a.‘ ~ A '.M : - -5 i (R NP0 [ TON M TAY Tk T Y MR T L [ TR YO y 0.86 : M — | e i 3 - 10F '_:‘, S '-; B P _' > .r NIRRT
A e B8 o ? 5 L JSU BT Rewl (Y BN NN XE DN (UL DN NN NRY [T PR RER | . <35 ae Sl .\ o P '. . . V@"" e, “W"'ﬂ"_ ,'."' o Vo _"
- 0.96 482 « 528 om \ ¢ [y = 482 ppen o d N ’ p o -1 P -] RPN P 2N
— — b \IIJ
- . . < 4 -— LS - . * - s, ARSI 5 X - w - - . 1 RIS IR R Y RS T L S L
= L "-“h““v"‘“"‘.‘.. -‘-wd"‘ .‘-—-""-" ; 3 0 ﬂ'\-.-h,ﬂ VW e e A NS e E 0.94 [ 885 - 888 nm % fron 244 ppen o = §_ %NM‘WM AN —]
- - . h 2 . . e 3 K
o L o W 'y 3 e -SL a2 1 Rig g p.-g.ifl g g g g fiip . g o L ., =1
2 [em-oeme W\ Jmewee] o e LT ] RF ;‘u&
s ERESINES) N o (I, [ : ] § 092[-** \ ki S W1 Q%H-WWI*Ww-—
+ 0.94 [ ey . -t 1 3 Of = e Bt b i B e e e ] 2 K \____j ] R -1 .
= - LR f - 4 “a= 3 4 - 915 - Q18 am 28T neen b4 10-'{"‘ v v v ~—v— v
Dt bonct 1 ¥ I oot o Y QR 1 NG L P Y e PO P o - & SF -"’ﬁ'v\v\%ﬁ-ﬁ‘-‘-ﬂ M“‘""ﬁ’“
"mo "‘\-f" I pastohge Ayt x 5 Bt de o R R B Nl U B e ¥ ] AR 8 0.90 -1 " PR P Wl ST T T S 1 I
» | o | Y 3 “ : 938 - 96! nm \ ’"_s 299 0 10 v —— —p— v
= - 3 . . & 9] ) - 299 ppm < L > p
0-92 625 - 672 nm L"\ " .m - 3% ppm o - —"w—'#"\”‘ e -!-'-&"M — — e 5 » - .....é w " W§ ’.v“ pa—
L \ \s\./ | 3 - 1 . 9 -100_ -l T e i o T
X 0‘ | ’ -5l 1 3 1 3 -y 3 p 3 by g3 9lgq g 0.88 :‘ 963 - 986 nm !,,—,, - 457 pp'“-: 10 ST v T TRV ' ™)
¥ \ J 3 | o v e 2 o T L ] \ / 1 18-‘-‘*':’,&.. -ﬁ!”"-\*:"':#c% o
E i o . { o M ’W’W b - L 8¢ 8 N .
0.90 :' \"/ "' O = e d e i st il iy e 0.86 LQE‘O - 1008 nm \ !rr'\s = 479 ppm 7 100 VT;. 'Y": Ty Y TNV U',l ™)
L - . - - L EN 3 % .’-'$ —
| g ... 2 o J o g 2. g-“f-a. 4 ., 28§ . o208 —5 gig gl g g p.tgrifligli gt gt ginl eyt gt g : , 31 9 %L ‘W 823 oy | d _1§- -'.‘.‘ 1‘.' .’:'."l'ﬁ .?;l'f "" e 2% -: -

1
-4 -2 0 2 : =4 -2 o 2 -4 -2 0 2 4 -6 -4 =2 0 2 4
Time from mid—transit (hours) Time from mid—-tronsit (hours)

|
o

g2'5 'll"lll’lll"'l"llll"lllll'llll"'ll'
o | i 1.44 :
N .
A i T 1 } 1.42 Wasp—12b Gemini—N + GMOS -
o jes = ]
\2‘4. —_— ‘| 5 1.40 ~ _"
x Q. p N
- B q, - —
¥ L | I , o 1.38 R =
e e e Sy e e ,1, e 35 x ol ST x n
2 2.3 + ‘m 1.36 T _i__‘ o o v
& = > S\ 0 oty o
A EREL 2
8 = - 1.32 llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll-I
h 2.2 lllllllllllllllllllll‘lllllllll!lllllll

300 400 500 600 200 400 500 600 700 800 900 1000
Wavelength (nm) Wovelength (nm)

69

samedi 13 octobre 2012



GEMINI North & South /GMOS (Optical)
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Ground-Based Surveys

Immediate Goals:
Comparative exoplanetology of Hot-Giants:

Surveys of a dozen objects on Magellan (NIR) and Gemini (Visible)

Ultimate Goals:
Low-Mass Planets Around Low-Mass-Stars

Main Challenges:

Understanding and Controlling Instrumental and
Astrophysical Systematics.




V) New Astrophysical
Opportunities




New Frontier For Atmospheric Studies
in the Era of CoRoT/Kepler

* Hot Jupiters (Reflected light, Phase-curves, etc...)

¢ Comblnlng IR+VIS. . (Désert et al. 2011¢,d, Fortney et al. 2011)

* Hot Super-Earth (e.g. Batalha et al. 2010: Kepler-10b)

e (Gas giants at larger orbital distances than HJs




Finding transiting planets
around bright stars

® MEarth
e MOST

e KELT (KELT 2Ab :Beatty et al. 2012), TERMS, Spitzer

® c.g. MASCARA (Pl Snellen)
® ExoplanetSat (S. Seager)
e TESS/PLATO




Finding transiting planets
around bright stars

® MEarth

Unlikely to apply the MOS technique!

® c.g. MASCARA (Pl Snellen)
® ExoplanetSat (S. Seager)
e TESS/PLATO




Transit Exoplanetology in the Next Decade

CoRoT/Kepler
Spitzer TESS/PLATO JWST
HST FINESSE/ECHO

2012 20167 2020

Ground-based
with MOS:
GMT/TMT
Gemini, Magellan,
Keck,VLT, LBT




The End
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