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With collaborators D. Spiegel, I. Hubeny, J.
Budaj, L. Ibgui, ....
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(dependence on age, star,
semi-major axis distance,
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planet mass, "core mass,
atmospheric opacities)
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Transit Radius vs. Planet Mass
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Spread in R, (in Optical and IR):

05 o o
Radius “anomalies”: Some are

“small” and some are “large”



oo

QI'): 1 06.55

oo

\ 1
1 0.78 — 7.0
M) 0.77 Q:— 10
( ,J | V) 0 ( ;/ (,3 -
[ A 0.75
: (AT \\0.73
’ VWA YA 0.7
.\..' ";.‘ O / 3 a(AU)
E A ‘ —--0.047, 10xsolar

--- 0.047, 3xsolar
e \ \\\ \ \ \ ---0.047, solar
Sy NAOANNNL Ve 0.085, solar

-4
- —
.~°~.‘ . — 7"5 " —vea — S
o by L ——————p——— e & * =vee —. -—
el L PRSI 0 e Mo Rl L —e — . -—
bl o — \

.- _
’---;-._._,

Teua
........

b b Pud pd pemh Pk Pk b

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

3 x solar opacity atmosphere - fits HD 209458b




Smaller EGPs: Models vs. Data

R, (in R,)

OGLE-TR-132b

TrES-1
XO-1b
OGLE-TR-113b (dashed)

WASP-2b

Radius Deficits: Need “ice/rock” cores?
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Approximate “Core” Mass vs. Stellar Metallicity
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See also Guillot et al. 2006

Note new measurement of HAT-P-1b



Effects of Tidal Heating on EGP Radii
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“Transmission Spectroscopy”
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~ Transit Radius vs. Wavelengt

—

- aka. “transmission spectroscopy” ?-
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Fortney et al. 2003



absorber

Burrows,
Rauscher,
Splegel, &
Menou
2010 P =0.02 mbar, 5.7 mbar, 0.14 bar, 3.6 bar

Central Longitude: -90




Gr aphiCS by P =0.02 mbar, 5.7 mbar, 0.14 bar, 3.6 bar
D. Spiegel Central Longitude: -90




P =0.02 mbar, 5.7 mbar, 0.14 bar, 3.6 bar
Central Longitude: -90




P =0.02 mbar, 5.7 mbar, 0.14 bar, 3.6 bar
Central Longitude: -90




P=14e-05barsand 0.11 bars
Central Longitude: -390
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Fractional Atmosphere vs. Wavelength
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Burrows, Rauscher, Spiegel, & Menou 2010




HD 209458b: Transit Radi

1.4

HD 209458b

|

1.39

1.38 |7

1.26 [~

Burrows, Rauscher, Spiegel, & Menou 2010?

1 10
A (microns)

1.25

see also Fortney et al. 2010
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Charbonneau et al. (2005)
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. — _ Dayside emission spectrum of HD 189733b _

Spectroscopy (this paper) ”

Photometry (Charbonneau et al. 2008)
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Machalek et al. 2008




Temperature (K)
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Strong Absorber at Altltude (m the Optlcal)
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i Hubeny, Burrows, -
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A Toy Model
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T/P Models, with and w/o TiO (0 < X. < 100%
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T/P Models, with and w/o TiO (0 < X; < 100% solar)
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Indices of Upper-Atmosphere
Heating and Inversion:

: IRAC 2/IRAC1 - High “Bump”
at IRAC3 (water in emission?) - “other”
emission features

: “High” planet-star
flux ratios in IRAC 2, IRAC 3, and IRAC 4
bands (and at 24 microns?)

4 What is absorbing in the optical at altitude?



Cold trap!
K, (mixing coefficient) required vs. particle size (a)

Strong Mixing Required
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Cause of Heating in Upper
Atmosphere?

+ Extra absorber in the at (low
pressures)?

4+ Can it be TiO/VO (Hubeny et al. 2003; Burrows et
al. 2008; Fortney et al. 2008)?

Needs
vigorous vertical mixing to work (Spiegel et al. 2009!) - problematic?

Photolytic products? Polyacetyenes? Tholins?

chemistry and photolysis: Thiozone (S5),
allotropes of S, HS (Zahnle et al. 2009) -
2

Only weakly correlated with stellar insolation
(e.g., XO-1b and HD 189733b!) - no simple
parametrization!

Wave heating??
: Need non-equilibrium chemistry & 3D
GCM to resolve?
: Need better and more definitive
optical spectra
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Rowe
et al. 2008; Ag< 0.085 - Burrows, Ibgui,
& Hubeny 2008

Snellen/ Alonso et al. 2009;
Rogers et al. 2009 “Albedo” / thermal
measurement - Fp/ F. ~1.3 x 104 (CoRoT red)

~1.6 x10* (CoRoT white); Bond albedo ~ 0.075
(?)

Snellen et al. 2009b; “Albedo” / thermal
measurement - Fp /F.~1.0x10*

Borucki et al. 2009 et al. 2009b;
FP/F* ~1.3x10*




MOST HD 209458b Albedo: dws, Ibgui, & Hubeny 2008
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Rowe et al. 2007
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CoRoT-1b(Optical and K ban

CoRoT—-1b Fluxes and Atmospheric Models
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CoRoT—1b Fluxes and Best—Fit Atmospheric Model
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— SRR, SN A -

|
i

Fig. 7.~ Top Panel: The measured planet-to-star flux ratios compared to the band-averaged ratios from
atmospheric models that incorporate extra optical absorbers placed near the 0.01 bar level. Three models
shown here in orange, blue, and purple, have absorber opacities ,= 0.0, 0.1, and 0.0 cm? g7, and redistri-
bution parameters P, = 0.1, 0.3, and 0.5, respectively. Bottom Panel: The measured flux ratios compared
to the predicted ratios from the best-fit atmospheric model, with =0.05c¢m” g~ and P, = 0.1, and the
absorber placed near the 0.1 bar level, deeper in the atmosphere than for the other models.
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CoRoT-2b(Optical and IRAC
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Ups And b Phase Curve at 24 um

Contrast ™,
does NQT *

imply weak

day-night !
coupling:

1

hermal
Ision

0.999

Figure 2: Compatison of the phase curve and the No- Redisttibution Madel. The solid points
show our final phase curve. after applying calibtations, in time otdet ftom left totight. The open
points ate repetitions of these, displaced hotizontally by one otbit, to better illustrate the phase
covetage overtwocVcles. Thesolid lineis an analytic model for the planetary emission in which
enetgV absorbed from the star is reradiated locally on the day side with no heat transfer across
the sutface of the planet, the so-called No-Redistribution madel (and in excellent agresment
with the mote detailed vetsion in ([§)). The assumed inclination in this case is 807 from pole-
on. and the telative planet/star amplitude is 2.9 x 1077, If we allow fora phase shift telative to
the radial velocity curve, we obtain a slightly better fit. as shown by the dotted curve. The best
fit is obtained with a phase lag of 11°_but zeto lag is excluded only at the 2.5 level.

Harringtosn et al. 2006
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Varidation of Spectra wildg=Els
Phase
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(“Light Curves”)




HD 209458b: Full-orbit Phase Light
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J-band HD
209458b Ma
(model a03)




] band HD
209458b Map
(model a00)
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I band HD
209458b Map
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HD 209458b: Integrated Phase Light
Withiinversion/hot upper atmosphere
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HD 209458b: Integrated Phase Light
No"upper atmosphere absorber
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From the Ground:

== Precision Radial Velocity
Precision photometry ?
B [ransit searches (many)

g,if?Jj ic Imaging
i NICI; SEEDS)

Future of Direct and Indirect Detection of Extrasolar
Planets

From Space:

HST - NICMOS/ACS/STIS
EPOXI

Spitzer - Warm Spitzer
JWST (MIRI, NIRCam)
SIM(?)/GAIA

Eclipse/TOPS (coronagraph);
PIAA?

Kepler/COROT
WISE

TPF-C; TPF-I/Darwin, TPF-
0?7







P =14e-05barsand 3 bars
Central Longitude: -390
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