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Observing Exoplanetary Atmospheres



Exoplanets Conducive for Atmospheric Characterization

Directly imaged planets
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Image credits: NASA Kepler Team



The Transit Method
mtar

T Plane:c’{./) >

% \ / Light curve




Absorption (%)

Atmospheric Spectra of Transiting Planets

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
curves
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Design Considerations for Transit Spectroscopy
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Secondary Eclipse
See planet thermal radiation
___ disappear and reappear

e Large Signal:
— Large and/or hot planets

— Small and/or cool stars Primary Ecipse

e High Precision:
— Bright host star (but not too bright!)
— Good comparison stars (for ground-based)

e Optimal (and available) spectral bands.



What Do We Learn From Transmission Spectroscopy?

Planet

Atmosphere\\’

Wavelength uv Visible Infrared

What do we ~ Lyman alpha, Sodium, potassium, Molecular chemistry
measure? ionized metals TiO, VO

What do we  Atmospheric Clouds/hazes?

learn?

mass loss



Fplonet/ Fstor (10-3)

Spectral Bands available for Transit

Spectroscopy
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Direct Imaging

Marois et al. 2008,2010

size of Saturn's orbit around the Sun
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et

Beta Picb
Lagrange et al. 2008

Fomalhaut System

Hubble Space Telescope * ACS/HRC

Fomalhaut b
Kalas et al. 2008

NASA, ESA, and P. Kalas (University of California, Berkeley)

STScl-PRC08-39a



Atmospheric Spectra of Directly-Imaged Planets
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Logarithm of relative brightness
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Design Considerations for Directly Imaged Planets
Young, Giant, and Wide orbits
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Ultra high resolution spectroscopy of RV planets

RV-Shifted Absorption from HD CO detection in hot JuplEers
209458b During Transit
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Atmospheric Characterization
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Absorption (%)

Atmospheric Spectroscopy of Exoplanets
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1-D models of irradiated atmospheres with line-by-line radiative transfer
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Model Parameters
® Day-night redistribution: P,,, Py, P

® Extra absorber: P, (Ao, \1), e
® Composition (f.) + clouds, etc.

Boundary Conditions

® Stellar Irradiation (Kurucz Model)
® |Intrinsic Energy source

Chemical Equilibrium
[X] = fL X [X]sola:r
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Beo = Ac+ 4o + 2K (T)

Caveats
® Parameters

® Chemical equilibrium and compositions
® Computation time
® Artificial sources and sinks

Seager & Sasselov 1998, Sudarsky et al. 2003
Fortney et al. 2006, Burrows et al. 2007



Steady state : {p, P, T, T|r,z}

Boundary Conditions

dP
B — )
dr . ® Global Energy Balance (Kurucz Model)
dl LB ® Intrinsic Energy source (negligible)
T = — 1) A
drx Perturbations to Chemical Equilibrium
. P — Pt (T=To)"
Py <P <P : P=PFe 3 [B;] = fi x [Bilsolar
P, <P < P3: P = PpexT-T2)7 2 >
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Bey, = 24¢c — Bo BH: 0o=240— Beo
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2 Pf.l:
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Parameters

®* Ty, P1, Py, P3, 00y, p Features

® Computationally fast (can explore parameter space)
® Can explore non-equilibrium concentrations

® Day-night energy redistribution as output

o fz . {l — HzO, CO* CH4, COZ}
® clouds, etc.

Madhusudhan & Seager 2009; Madhusudhan et al. 2011
Also see Lee et al. 2012, Line et al. 2012, Benneke et al. 2012



Gray atmosphere
Low optical depth limit
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Diffusion approximation

Fortney et al, ‘06 Large optical depth limit
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Burrows et al. '08 :

160T%dT 1607 dT
3 kp dz 3 dr

500 1000 1500 2000 F =



0006 F

HD 209458b

1.4 1.5 1.6
(T,e/ 1000 K)

2

fi,obs - fi,model

o Madhusudhan and Seager (2009)




Fplonel/ Fslar (1 0_3)

First measurement of atmosp
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C/0=>1

(H;0]/[H,)

[0]/[H]

107*F

1078}

1078}

107"}

sl

.155; 56;4'”
[CH./[H:]

1072

1073

1072

1072

16" 16"
[c1/[H]

1072

107

1072k

(COJ/[H,)

107*F =

1072 L.
1072

[c]/[0]

1073k

neric C/O in a giant planet

"

107>

16"
[CH.]/[H,]

2,

10~> 1074

1072

16". 16'5
[€1/[H]

1072

Adapted from Madhusudhan et al. 2011,

Nature, 469, 64

Data from Lopez-Morales et al. 2010; Croll

et al. 2010; Campo et al. 2011

But cf Crossfield et al. 2012, Cowan et al. 2012,
Swain et al. 2012, Stevenson et al. 2014



New Advances with HST Transit Spectroscopy

(HST WFC3 Large pilot program: 115 HST Orbits, ~10 planets, Pl: Drake Deming)
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Relative Flux (ppm)

A Hot Jupiter in High Definition

PIanet Emission Spectrum Thermal Profile
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Multi-visit ‘Deep’” HST Observations

(HST WFC3 Treasury program: 150 HST Orbits, 4 planets, Pl: Jacob Bean)
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First Detection of H,O in an Exo-Neptune
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Spectra of Super-Earths
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Future Observational Facilities

NIRSpec and MIRI (0.6-24 um), R~3000
METIS (2.9-5.3 um) R -> 10° + N-band



Atmospheric abundances in Jupiter
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Owen et al 1999; Bolton et al. 2010
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c/021
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Lodders 2004; Kuchner & Seager 2005;
§ Madhusudhan et al. 2011b, Mousis et al. 2012.

H,O0 abundance is not known for Jupiter



Atmospheric Theory



* Equilibrium and non-Equlibrium chemistry (Burrows & sharp 1999;
Lodders & Fegley 2002; Moses et al. 2011)

* Temperature structures in irradiated atmospheres (Hansen et al.
2008; Spiegel et al. 2009; Guillot et al. 2010; Heng et al. 2011)

¢ ClOUdS, hazes, condensates (Helling et al. 2008; Lecavelier des Etangs 2008;
Marley et al. 2013; Morley et al. 2013)

* Atmospheric dynamics (cho et al. 2008; Showman et al. 2008,2009;
Heng et al. 2011; Rauscher & Menou 2012)

* Exospheres and atmospheric escape (vidal Madjar et al. 2003;
Murray-Clay et al. 2009; Koskinen et al. 2012)

e Statistical retrieval codes (Madhusudhan & Seager 2009;
Madhusudhan et al. 2011; Line et al. 2012; Lee et al. 2012; Benneke et al. 2012)

e Carbon-rich atmospheres (Madhusudhan et al. 2011; Madhusudhan 2012)
* Terrestrial-size exoplanets (kaltenegger et al. 2011; Schaffer et al. 2011)

* High-Temperature opacity linelists (rothman et al. 2005,2008;
Freedman et al. 2008; Tennyson & Yurchenko 2012; ExoMol Project) —



1. Theory of Temperature Profiles and Thermal
Inversions
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Some Context

Temperature
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Theory of Thermal inversions in hot Jupiters
(The TiO/VO Hypothesis)

TiO and VO can be very strong absorbers of incident stellar irradiation in the visible high in the
atmospheres of hot Jupiters, and can hence cause thermal inversions.
Hubeny, I. et al. 2003, ApJ, 594, 1011

Fortney et al 2006, ApJ, 642, 495

10—5 T

107*}

1073}

l 1 1 l 1 1 1 1
2000 2500
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Madhusudhan & Seager 2010
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Planet-Star Flux Ratio

Thermal inversions in hot Jupiters
Classification of hot Jupiter atmospheres
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Classifications of hot Jupiters

» (1000 K)
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No Thermal Inversion in HD 209458b
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First Spectroscopic Evidence for a Thermal Inversion
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2. Theory of Atmospheric Chemistry



Chemistry in H,-rich Atmospheres
(Molecular mixing ratios assuming chemical equilibrium)
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Chemistry in H,-rich Atmospheres
(Molecular mixing ratios assuming chemical equilibrium)
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Chemistry in H,-rich Atmospheres
(Molecular mixing ratios assuming chemical equilibrium)

107°
10™
1073
5 1072
S
o 10

10°
10'
10?

For solar composition atmospheres:
1.  H,O should be dominant O carrieratall T
2. CO should be dominant C carrier at high T
3.  CH,should be dominant C carrier at low T
4 Non-equilibrium effects are stronger for lower T
(Hotter planets have simpler chemistry)
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Influence of C/O on Atmospheric Chemistry
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Influence of C/O on Atmospheric Chemistry
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C/O Ratios in Hot Jupiter Atmospheres
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High-precision H,O Measurements
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What is causing the low H,0O abundances in hot
Jupiters?



What is causing the Low H,0 Abundances?

Clouds/Hazes? Low O/H?




3. Clouds and Hazes



Hazes and Clouds in hot Jupiter Atmospheres
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Clouds/Hazes
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4. Signatures of Planet Formation in Atmospheric
Abundances



Signatures of Planet Formation

Image Credits: NASA
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Constraints on Formation Conditions
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Chemical Constraints on hot Jupiter Migration
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Chemical Constraints on hot Jupiter Migration
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5. Habitable Exoplanets and Biosignatures



Exoplanetary Habitability
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What is a Biosighature?

Characteristics of a biosignature gas Model Spectra of Habitable Super-Earths
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5. The Future of Exoplanet Science




Exoplanetary Characterization
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