Carbon-rich Exoplanets

Nikku Madhusudhan

Princeton University




Overview

. WASP-12b and the need for a second dimension
for atmospheric characterization of exoplanets

. The new territory of carbon-rich (C/O > 1) planets:
formation, interiors, atmospheres

. New observations in the pre-JWST era
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Primary Eclipse
Measure size of planet
See star's radiation
transmitted through the
planet atmosphere

Secondary Eclipse
See planet thermal radiation
__ disappear and reappear

Learn about atmospheric
circulation from thermal phase

Seager et al. 2008

Image credit: NASA/JPL-Caltech




Two Theoretical Expectations for WASP-12b

WASP-12b
10— _ . . .
10:\’73 721 1.Strong thermal inversion
I OGLE-TR-56 0.015 AU ]
f S
Sor= 4 2. Abundant H,0, scarce CH,
& OGLE-TR-13% 2 0,02 AUT. |
E Q i 10—5| T | | T T T | T T T
o WASP— =
i TrES—4% &ID149026 0.025 AU| ... »
%) HAT—P—4, . 1074
o eS-% | 0.03Au]. .
- OGLE-TR-1Qy  &AT-P-5 s
L e HD20945 Jres-2 10T
< 10°F o D 147508y ]
> &GLE—TF -113 —2
= I 0-2 ] . 1072}
= HAT-p- P QasP=2 11 0.05 AU ] 5
c X0- 40189733 | | 5
Y TES—ogAT-P=3 | |9 0,06 AUL - 107
g I OGLE-TR-11 i QQ7.A9....; (]
- o S 0,08 AU 10T
51715 0.09 AU .
TR ooy 10"
10%h i e : 1o I AN
1000 10000 1000 1500 2000 2500
T (K)

Planet Gravity (cm s2)

Hubeny et al. (2003), Fortney et al. (2008), Madhusudhan & Seager (2010, 2011)
(but cf. Spiegel et al. 2009; Knutson et al. 2010)



Observations of Thermal Emission
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Exploration of Atmospheric Phase Space
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Atmospheric Retrieval Technique
Grid-based:

(Madhusudhan & Seager, 2009)
Bayesian:

(Madhusudhan & Seager, 2010 & 2011)



No Evidence for a Strong Thermal Inversion
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A Carbon-rich Atmosphere

v v T

. ARER ol

107> 107 907 107%
[CH.)/[H,]

S—
.5
s
i3 ;
%

¥

107!
1074
1072}
-6 '_‘N
10 £
N 107%F o
O ¥,
1078t 2
1074¢
10-'0 - <
o Stk s v AL . 10'5 i
107 107 107* 1077 107 1078
[CH,]/[H,]
10
1072}
10-3 3 —
o,
e
(&]
1074 =
1
107 % E
1073 1074 1073 {072 1073

(C1/[H]

16". 16" 16'2
(C1/[H]

Madhusudhan et al. 2011, Nature, 469, 64

Key Molecular Constraints
*H,0/H, <6 x10°
*CH, /H,28 x10°

C/0>1
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Need for a Second Dimension



Follow-up Required!!
* New observations are critical to confirm the C/0O>1.
* New absorbers that we haven’t thought about.

* Atmospheric Variability in WASP-12b.

* Does the atmospheric composition of WASP-12b
reflect its interior composition? Photochemistry?
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CRP spectra
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Observational Constraints

NEED NEW GROUND BASED DATA



Comparative Study of Exoplanet Atmospheres
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Cloudy Atmospheres



HR 8799b: Cloud-free models
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Cloudy Models

2T T (A ] T ]
10F £60.800.15.94.0 1 10F A60.800.15.94.0
i E60.1000.15.94.0 ] i AB0.1000.15.g4.0 ]
[ E60.1100.15.94.0 [ A60.1100.15.g4.0 ]
. 8r 1 .~ B8 ]
> 1 3 1
é 6r ] \E/ 6 T
“ 4l A | T 1% 4L i
| Wl : :
i | I . [
LA |
o AN }ﬂ:liu‘u\&‘\l ol 0t <8
1 2 3 4 5 6 7 1 2 3 4 5 6 7
A(um) A(um)
LR (11 (A0 1Y ] LR 1)1 'SV ]
10F AEE60.800.15.94.0 1 10F AE60.800.15.94.0
i AEEG0.1000.15.4.0 ] i AE60.1000.15.94.0 ]
] st AE60.1110.15.94.0
6F ]
4 - | ,.‘l ]
2} '
ot Lo
1 2 3 4 5 6 7 1 2 3 4 5 6 7
A(um) A(um)

Madhusudhan, Burrows, & Currie, 2011 (submitted, arXiv: 1102.5089)



Thick Cloud Models for HR 8799 b,c,d

Madhusudhan, Burrows, & Currie (2011), Currie et al. 2011
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Summary

The C/O ratio offers a second dimension for
atmospheric characterization of exoplanets.

. Carbon-rich (C/O > 1) planets present a new

territory in planetary formation, interiors, and
atmospheres.

Near-IR observations with current instruments have
immense potential to constrain C/O ratios in the
pre-JWST era.



"NASA's Spitzer Reveals First Carbon-Rich Planet" -
NASA/JPL News

“Exoplanet Strikes Carbon Pay Dirt”
Scientific American

Sted

oY "Astronomen staunen (iber zwei ferne Exoten”
Der Spiegel

“Carbon is King on a Hot Jupiter”
Sky & Telescope




