








(T. Guillot)

High-Z
 Planet



Radius “anomalies”: Some are
 “small” and some are “large”

Spread in Rp (in Optical and IR):

Transit Radius vs. Planet Mass

HD 149 ..

GJ 436b

WASP-12b
TrES-4



*  Requires custom fit for each
 planet radius (Rp) to project
 out: stellar insolation/orbit,
 age, Mp, Mcore etc.



Smaller EGPs: Models vs. Data

Radius Deficits: Need “ice/rock” cores?



Approximate Core Mass vs. Stellar Metallicity

Burrows et al. 2007Note new measurement of HAT-P-1b

HAT-P-3b



Larger EGPs: Models vs. Data

Higher Opacity/Metallicity Atmospheres increase radii



Effects of Tidal Heating on EGP Radii



Co-evolution of e, a, and Rp with tidal heating:Non-monotonic Rp  evolution!

!

Ibgui & Burrows 2009



Wide-separation



Irradiated EGPs vs. Angular Separation

Burrows 2005; Sudarsky, Burrows, and Hubeny 2003

e.g., 

Hot

!



(T. Guillot)

Jupiter’s Spectrum



Burrows, Sudarsky, and Hubeny 2004

Planet/Star Flux ratio versus Orbital Distance

CIA



N.B.,Jupiter
 at 2 AU
 does not
 have NH3
 clouds, but
 does have
 H2 O
 clouds

Clouds Burrows et al. 2005



Atmospheric
 Composition
 Changes with
 Distance

Burrows et al. 2005



Fomalhaut b

Kalas et al. 2008;    < 3 MJ
a ~ 115 AU !!



HR 8799bcd

Marois et al. 2008

Mb ~ 7 MJ 
 Mc ~10
 MJ 
 Md~10 MJ

D = 24, 38, 68 AU



HR 8799bcd



Planet/Star Contrast: Theory (dashed) versus Capability

Red: H band (1.6 microns); Purple: Mid-IR; Green: Optical
(Burrows 2005)

HR 8799!!



Burrows, Spiegel, & Ibgui 2009

(bright star)



Giant Planet Transits and Secondary Eclipses

Spitzer/IRAC-MIPS!

NICMOS/near-IR!

Look for

variation
/changes
 in
 summed
 light of
 planet
 and star!

Close-in:
 No need
 for
 imaging!



CO

H2O

H2O



Grillmair et al. 2008

IRAC 1 > IRAC 2 ! 

H2O!

CO



Burrows et al. 2007

IRAC 1 > IRAC 2 ! 



< 10%

< 35%

NICMOS



Strong Absorber at Altitude (in the Optical)

Thermal Inversions: Water (etc.) in Emission (!)

Hubeny, Burrows,
 & Sudarsky 2003
Burrows et al. 2007 

OGLE-Tr-56b

Toy Model
 assumed TiO

w. Inversion

w/o Inversion



Burrows et al. 2007

 Temperature Inversion! IRAC 1 < IRAC 2 ! 



T/P Models, with and w/o TiO (0 < Xi < 100% solar)�

Spiegel, Silverio, & Burrows 2009



T/P Models, with and w/o TiO (0 < Xi < 100% solar)�

w/o TiO with 100% solar TiO

Spiegel, Silverio, & Burrows 2009



Burrows et al. 2007

Water in
 Emission!

IRAC 1 < IRAC 2 ! 

!

H2 O



TrES-4: A thermal inversion

Knutson et al. 2008



Machalek et al. 2008

XO-1b

But stellar irradiation
 low; same as HD
 189733b!



XO-2b XO-3b
CoRoT-1b
CoRoT-2b

TrES-2 TrES-3 TrES-4
GJ 436b

HD 80606
HAT-P-7b

HAT-P-1b





?

?

?

pM, pL ??; Fp correlation?? - Burrows, Budaj, & Hubeny 2008

(2008)

TiO/VO ?

TiO/VO? : Hubeny, Burrows, & Sudarsky 2003

Arbitrary demarcation

?

Transitional?



HD 209458b in Transit: Optical

Desert et al. 2008

TiO ??
?



- Can’t be at equilibrium abundances (Fortney et al.): cold trap
 (condenses out), day-night circulation sink; Heavies settle;
 Needs vigorous vertical mixing to work (Spiegel et al. 2009!) -
 problematic? - Desart et al. (?): < ~10-2  -  10-3 solar (HD 209458b) 



JWST - Successor to Spitzer



Burrows et al. 2003

No reflection

Isolated BDs/EGPs

JWST & WISE





Close-in EGPs



MOST HD 209458b Albedo Limit:  Rowe et al. 2008;     
 Ag< 0.085 - Burrows, Ibgui, & Hubeny 2008

!!

CoRoT-Exo-2b:  Snellen/Alonso et al. 2009; Rogers et al. 2009
 “Albedo”/thermal measurement -  Fp/F* ~ 1.3 x 10-4 (CoRoT red)        
 ~1.6 x10-4 (CoRoT white);   Bond albedo ~ 0.075 (?) 

KEPLER HAT-P-7b: Borucki et al. 2009 et al. 2009b;  Fp/F* ~ 1.3 x 10-4    

Optical “Reflection”/”Albedo”/Thermal Measurements of “Hot Jupiters”

CoRoT-Exo-1b:  Snellen et al. 2009; Gillon et al 2009; Alonso et
 al. 2009;                                             Rogers et al. 2009   -  Fp/F* (K
 band) ~ 3.0 x 10-3 ; Fp/F* (opt) ~ 1.3-1.6 x 10-4 



MOST HD 209458b Albedo: Burrows, Ibgui, & Hubeny 2008

!!

Rowe et al. 2007



CoRoT-1b(Optical and K band): Rogers et al. 2009



CoRoT-2b(Optical and IRAC): Snellen et al. 2009





Day/Night
 contrasts; 

Global
 Atmospheric
 Dynamics
 determines
 Dayside
 brightness!

Effect of
 Fe
/
silicateCl
ouds?

Burrows et al. 2006

Contrast vs. Phase and Wavelength

Radius?!

16-µm IRS!
Deming et al. 2006



Ups And b Phase Curve at 24 µm

Harrington et al. 2006

Future:
 Kepler,
 JWST

Contrast
 does NOT
 imply weak
 day-night
 coupling:

Thermal
 inversion



Burrows et al. 2008

With Inversion - No need
 for inefficient heat
 redistribution (small Pn)



Does not require
 cold night side!

Not Transiting



~Same behavior at 24 µm

!

Hot spot and
 cold spot on
 same
 hemisphere!

Multi-D models do not yet improve fits to anything!



Cho et al. 2003

3D GCMs??? - Have not to date been useful, but in the future ...



“The Beginning”



Spitzer:













Burrows et al. 2008



No inversion

Not Transiting



With inversion



Burrows, Sudarsky, and Lunine 2003

Clouds

Isolated EGPs and Y Dwarfs



Luminosity vs. Age vs. Mass

Burrows et al. 1997; Burrows et al. 2001

Planets?



Jupiter? 

Burrows et al. 2001

M



From the Ground: From Space:



Colors:�
Metallicity

Jason Young:

Circa 2002 



Mostly H2 O



Burrows et al. 2007

Night side

Day side (color)

Irradiated planet atmospheres



SIM:




