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Transmission during IR Emission from
primary transit secondary transit

What do @

> A small num\
= Secondary eclip
= Not enough constra

> Variability in the exoplad
= Temporal variability

> [nstrument systematics
= Various transit curve decorrelation methods
= Noisy measurements

> Less matured line data for high temperature applications
= Some data available such as HITEMP2010, CDSD-1000 (for CO,) HITEMP1995, and STDS (for CH,).

> Model assumptions
= Radius of planet (the terminator vs dayside atmosphere)

Motivation : “How to develop an efficient and robust technique for characterising the
atmospheric temperature, composition and aerosol properties from transit spectroscopy”

Jae-Min Lee, Leigh Fletcher, Pat Irwin Exoclimes 2012


http://www.ox.ac.uk/

UNIVERSITY OF

How to characterise remotely sensed atmosphere =) OXFORD
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Retrievals of atmosphere of exoplanets

What lessons can we learn from the exoplanet spectra available to date?

 How to retrieve the best estimates of temperature structure and
composition with reasonable error range

- Solving the inverse problem — probabilistic techniques

- Quantifying the degeneracy between properties — a myriad of
solutions

Maximize information from the given datasets BUT, at the same time,
Retain a conservative approach
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Optimal estimation retrieval & Correlated-k approx. XFORD

« Optimal estimation retrieval (Rodgers 2000, also see Line et al. 2011)
 |terative scheme & Bayesian approach € “Solving the Inverse Problem”

ikali a priori
Bayes’ Theorem likelihood

P(y|x)P(x)
P(x|y) =
P(y)
Posterior probability Esurement

- Covariance matrix analysis — formal quantification of uncertainties
(diagonal elements) and characterizing degeneracy (off-diagonal)

« Tools to understand the sensitivity of spectra to temperature and
composition [i.e. Functional derivatives (or Jacobian), oF(x)/0xX]

« Correlated-k technique for rapid & accurate radiative transfer
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Optimal Estimation Retrieval Scheme

S : Covariance matrix

a priori (Xa) for T, g[mol], ..., Sx, S¢, Ym y : measurement vector
X . state vector (describing the state of

variables)

¢ : cost function
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) ! f I - . ..F
Pne1 > Qpyq Update z,, to be z,, 4
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< : New z,,., with new A and repeat

AO < Dlimit > Optimal state is achieved




Correlated-k vs. line-by-line
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Transmission Transmission

Transmission
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———— line-by-line
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Dayside emission spectrum of HD 189733b
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Dayside emission spectrum of HD 189733b

Dayside emission spectrum of HD 189733b

: O Spitzer IRS (Grillmair et al. 2008)

| O Spitzer IRAC/MIPS (Charbonneau et al. 2008)
6 |- B Spitzer IRS broadband (Deming et al. 2006)

- ¢ HST NICMOS (Swain et al. 2009) 7

Wavelength (um)

Best-fitted spectrum to available observations (Spitzer and HST)
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Dayside emission spectrum of HD 189733b
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Dayside emission spectrum of HD 189733b XFORD

Contribution functions
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Dayside emission spectrum of HD 189733b ' OXFORD

Retrieved temperature profile
(a) T(p) - a priori shape
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(b) T(p) - a priori root temp.
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Dayside emission spectrum of HD 189733b

CO, sensitivity

— Low CO, .
— Differential CO, profile

Sensitivity (Functional derivatives) 8
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Dayside emission spectrum of HD 189733b XFORD

Characterzing degeneracy 7 MMM v st mnce ety
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Dayside emission spectrum of HD 209458b

IVERSITY OF

0.007 - T g
HD209458b
(At Secondary Eclipse)
0.006 [~ by
Richardson et al. (2007), 74! 6
Deming et al. {2005) :
0.005 Knutson et al. (2007c) f [l
Richardson et al. (2003) 1_
s 0004 - i
— Default, P,=0.3
E i - 7%t ~ 3, P,=03
& 0.003

0.002

0.001

‘ 10V
A(pzm)

T — ' -

JE Madhusudhan &
. fEC Seager 2009 i
L = - ' : ||- i
s A
5 1 ' :
iy 3 2 “ ‘ '
= 0. 5
&

L .

A HD 209458b

e — " 2 " 1

1 10
A (um)

Jae-Min Lee, Leigh Fletcher, Pat Irwin

0.005

0.004

« 0.003

0.002

Major findings

- Temperature Inversion?
- High C/O?

—— [CHJ= 2107 %; [HaO 13104 [COJ=1%1075; Trop & 0.001 bar B
—— [CHJ=8x10r5; [HyOf= 131075 [COg}=5x10-%; Trop @ 0.01 bar =
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—— [CHg 210 HeO=Br 10 - [COgl=1x10%; Trop @ 0.1 bar
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Dayside emission spectrum of HD 209458b
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Retrievals using each measurement
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Dayside emission spectrum of HD 209458b XFORD

Retrievals except IRAC3 & MIPS

O Spitzer IRS (Swain et al. 2008)

B Spitzer IRS broadband (D. Deming taken from Madhu&Seager (2009) =

O Spitzer IRAC/MIPS (Knutson et al. 2008)

- 4 ¢ HST NICMOS (Swain et al. 2009)
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1000 ..2.000 gCI)OO » Tinversion at upper atmosphere

» High CO, & CH, emission from upper atmosphere

Temperature (K) » Slight fitting quality improvement by VO at NIR
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Dayside emission spectrum of HD 209458b
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Sensitivity
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Dayside emission spectrum of HD 209458b
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(a) cross-correlation

(b) T vs. all molecules
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Transmission spectrum of HD 189733b ' OXFORD

» HST/NICMOS (Swain et al. 2008) : mostly by H,O + CH,
» HST/ACS spectrum (Pont et al. 2008) : Rayleigh scattering by MgSiO,

» Or extinction effect by haze/cloud?
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Conclusions OXFORD

v'Problem

» Various sources of uncertainty : small number of measurements, variability,

systematics, line data missing, model assumption

» How to define and characterize degeneracy

~ v'Solution
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