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We can now consider changes in: Ll —
Planetary mass & orbital elements (a,e )

Stellar type & elemental abundances |! \ G




Stellar Effects on Planets

dagnetosphere & Ionosphere
: Recent work on Titan’s atmosphere indicates:
.~ 1) Haze is formed near ionosphere!
. 2) Haze consists in part of amino acids?

Planetary Insolation:
Temperature & Composition profiles, of atmospheres
Recent work on atmospheri¢iescape ' indicates:
1) The Sun’s strong EUV: stole Mars} atimosphere.’
2) XUV of M stars’ may enhance free oxygen

1: Lavvas et al. 2008, 2: Horst et al. 2010; 3:Tian eti al. 2008 3:Tiametal. 2009




Two Approaches

Models =» Data

Models <€ Data




106 Transiting Planets

"Year of discovery" vs "Planet Mass" (106)
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"Planet Semi-Major Axis" vs "Planet Mass" (101)
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Detection of an

exoplanetary atmosphere

HD209458b

Parent Star: GO
V Magnitude: 7.65
[Fe/H]g,,, : 0.04
Mass: 0.69 M,
Radius: 1.32 R,
Semi-major axis: 0.045 AU

HD189733b

Parent Star: K1
V Magnitude: 7.67
[Fe/H],,, : -0.03
Planet’s Mass: 1.13 M;
Radius: 1.38 R;
Teq ~ 1200 K
Semi-major axis: 0.03 AU
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Some of the First
Measurements of Exoplanetary
Atmospheres

Planetary Atomic Absorption
&
Planetary Emission




Detection of an
exoplanetary atmosphere

Na | HD209458b
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Escape of Hydrogen? | 11po094581

Ro)

Ly a

Nsorption of star’s Ly a

Radius of planet

before
transit
during
tremsit | __—— Contamination from
geocoronal emission

Absorption from H beyond the
Roche limit (Vidal-Madjar)

1215 1218

_ Extinction by hot thermospheric
Wavelength (A)

hydrogen (Koskinen et al. 2010)

Vidal-Madjar et al., Nature, 2003
Ballester, Sing, Herbert, Nature, 2007
Ben-Jaffel, ApJL, 2008




HD189733b |

Exoplanet’s Emission
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Mass of planet (Mg)

8 wm emission

Relative Brightness of Slice

90 W 0 ME
Longitude from Substellar Point (degrees)

Knutson et al. 2007

Emission photometry: Charbonneau et al. 2005, Demming et al. 2005 (HD209458b)




Primary vs Secondary Transits:

Planet approaches
Light curve of brightest “Hot Jupiters”: secondary eclipse
$ 037\ ,—— enabling measurements
of emission spectra of Planet at another
the dayside hemisphere phase init's orbit
exposes a different
hemisphere

Planet in primary eclipse
enables measurements
of transmission spectra ~0.2%

of the terminator \ 4 / }~1.5%

Secondary Transit provides information on Temperature & Composition Profiles




o
Prlmar Planet approaches
secondary eclipse
enabling measurements
of emission spectra of Planet at another

{
E Cll S e the dayside hemisphere phase in it's orbit
exposes a different

hemisphere
Composition &
Atmospheric scale height <

Planet in primary eclipse
enables measurements
of transmission spectra

of the terminator

Depth of the observed light curve:

Integrate the column density along the tangent line:

R, T

mg

N(R,) 1s the density at the tangent line’s Degeneracy of R, .. & composition
ar

closest distance to the planet’s center, R,

[N(r)ds=N(R,) 2R H)'?, where H =

—00




Detection of Molecules
in Extrasolar Planets




Planet/star flux ratio
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Molecules: CH,, CO, & CO

Flux Planet / Flux Star (1073)
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All measurements are space-based




HST/NICMOS
HD189733b 1.4-2.5 um

* Figures taken directly 2.59
from both papers
* Single channel 2.5¢
photometry compared
* Blue (Swain) 24%9
* Black (Gibson)
* Instrument model for
both shown in green
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* Noisy instrument model =
noisy Gibson result (red)
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* The Gibson result with 015y
larger errors is due to a
poorly determined

instrument model.

yyyyyyyyyyyyyyy

counts (electrons = 10?)

* If you can make the
comparison by eye in 2340
these kinds of plots, the
difference is very big. |

¢ time (days) .
Gibson et al. 2010

The XO-1 extracted spectrum does not agree, because Gibson omitted the decorrelation parameters (AX, AY, & 0) which
trace the small motions of the spectrum across the detector, the main source of systematic errors.



Are the detected molecules
expected?

HD 189733b dayside—ave photochemistry model

HD 209458b dayside—ave photochemical model
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But do we derive similar abundance profiles?




Many methane atmospheres Composition &

Temperature Profiles

[CH4J=2x107%; [H,0]=1x10"*; [CO,]=1x10"%; Trop @ 0.001 bar
[CH4]=6x10"°; [H,0]=1x10"%; [CO,]=5x107%; Trop @ 0.01 bar
[CH4)=6x107°; [H,0]=1x10"°; [CO,]=5x10"%; No inversion
[CH,)=2x107%; [H,0]=8x10""; [CO,]=1x10"%; Trop @ 0.1 bar

1 \\111111\111111|11h1|1111|1|1|11
Swain et al. 2009
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10?
500 1000 1500 2000 2500
T (K)

Run ~ 10% models

Explore 10 parameters

Abundances of H,O, CH,, CO,, CO
6 temperature parameters

1 i r 1 1

0.10 0.15 0.20 0.25 0.30

X 2 (One of the 6 temperature parameters)

Madhusudhan & Seager 2009




Principal Component Analysis

Correlations between the n=8 parameters that match the data

Blue diamonds: 500 models that match data
Red line: principal component axis
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Griffith et al. 2010, In prep.

Eigenvalues of covariance matrix, C, , i.e. C; ;=cov(p;,p;) & C;;=var(p;,p;)




System (R janet/Rtar)?  Atmosphere

Transmis Sion HD209458b 0.0132 0.001-0.002

GJ1214b 0.0135 0.003 (H,)

S P e Ctra Earth 8.4x10-5 106

HD209458b

_ Nominal Model

R,y < 1.273R,
[H,0] > 10-3

Absorption

/ h 27r(1 — T(R))dr /T R%,

Rp

Griffith et al. 2010, In prep.

10 bar radius:
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15t & 219 transits probe
different hemispheres
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Thermochemical Equilibrium

HD 209458b dayside—ave equilibrium model
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With Photochemistry

HD 209458b dayside—ave photochemical model
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Greedy H,O unites observations

Blue diamonds: 500 models that match data
Red line: principal component axis

[H,0] > 1073

=103 > [CH,] > 10
2102 < P, g0 < 107!

Griffith et al. 2010, In prep.




Indications

We find that:

HD209458b’s 0.4 um spectrum constrains the
planet’s radius, simply because Rayleigh
scattering dominates.

Transmission & emission spectra can be analyzed
jointly to constrain the composition and thermal
structure because H,O largely dictates the
spectrum, and its abundance is expected to be
constant.

Suggest supersolar abundance of H,O

We need more data...
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Ground- based Exoplanetar /
Spectroso@la :




Detection of Na from Ground-based Facilities

Sodium ‘Doublet’ Absorption Lines
Due to Atmosphere of HD189733b

,-_a,_g., HRS/HET

5890.0A 58959A

Redfield et al., 2008; Snellen et al., 2008; Sing et al., 2010




Detection of CO in HD209458b

HD 209458b dayside—ave equilibrium model

Supersolar abundance:
[CO] = 1-3x1073
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flux ratio [Fpianet / Fstar]

0.006

0.004

2 IRTF
& HST/NICMOS
O Spitzer/IRAC
A Spitzer/IRS
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—— model spectrum
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.0 m primary mirror SpeX instrument

)

Mauna Kea * Cross dispersion grism
zed for NIR "\ ~* 1.9 — 4.2 microns
‘ -« Medium resolution R ~ 2000
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Spectral Analysis

TIME DOMAIN FREQUENCY DOMAIN
T T

s(t) m 1/m S(f)
Y(t)=F! [(Hf[xi(t)]) }

N\ N,
72 VLAV
1T

AT

+f —

s(t)y=A |t <T/2 —> S(f) = AT Sin(TTf )
=A2 |t| =T/2 TTf

=0 |t|>T/2

Use different calibration techniques to extract systematic errors
Use different methods to extract the light curve signal




Principal Component Analysis

m PCA finds a new horthonormal base, which
better represents the dataset

= Y, first principal component, Y, the second




HD 189733b - LL band ground based spectroscopy

Swain et al. Nature 2010
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HD 189733b - LL band ground based spectroscopy

Swain et al. Nature 2010
Waldmann et al.

12" August 2007
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Swain et al. Nature 2010, Deroo et al., Waldmann et al. in prep.




HD 189733b - LL band ground based spectroscopy

12t August 2007
227 June 2009
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HD 189733b - LL band ground based spectroscopy

12 August 2007
2214 June 2009
12t July 2009 |
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HD 189733b - LL band ground based spectroscopy
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Swain et al. Nature 2010, Deroo et al., Waldmann et al. in prep.




It cannot be atmospheric water...

 Mandel et al. suggested that the spectra are due to telluric water

*Using the 235um tau readings obtained at the Caltech Submilimeter
Observatory (CSO) on Manua Kea, we find no correlation between
the spectra obtained and atmospheric effects

12t August 2007 22" June 2009 12 July 2009




Methane Emission

¢ ¢ ¢ 11 August 2007

Jupiter: CH fluorescence : 444 22 June 2000
T T “ Y T [ = == 12 July 2009
Average Spectrum

Flux ratio [Fp/Fs %]

Flux (Jy)
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Saturn: CHA fluorescence
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Drossart et al. 1999 TR
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Status for HD209458b & HD189733b

Pretty Good

Confirmation of spectra on ground-based & space platforms
Confirmation of data analysis through different techniques
Detection of the most abundant C and O molecules
Beginning to constrain temperature & composition profiles
Measurements of temperature fields across planets
Evidence for hot upper atmospheres, possibly fluorescence

Evidence for atmospheric escape.




Little Guys: First GJ436b

(&)}

GJ 436b dayside—ave photochemistry model
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New chemistry regime: CH, & H,O dominate




Radius of planet (Rg)
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Conclusions

» Evidence for atmospheric escape.

 Evidence for CO, CO,, H-O & CH,

¢ Beginning to constraint T &
composition profiles

B Need data at high spectral resolution &e
wavelength coverage.
Need simultaneously observed Vis to IR
Need information on hot CH4 lines
Nonetheless, spectra are beginning to
address interesting questions!




