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Giant Exoplanets
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~ Diversity of Solar Systems
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Exoplanets I





Detection Methods

• Radial Velocity Measurements
• Planetary Transit Measurements
• Gravitational Microlensing Measurements
• Infrared Spectral Signatures
• Direct Imaging Measurements



Lissauer (2002) Nature, 419, 355. 



Radial Velocity Measurements

Konacki et al. (2004) ApJ. 609, L37.



















Lissauer (2002) Nature, 419, 355. 



Lightcurve of HD 209458  observed 
with Hubble space telescope

intensity

Time



Planetary Transit Measurements 
HD 209458 b

Charbonneau et al. (2003) ApJ, 529, L45.
Seagroves et al. (2003) PASP, 115, 1355.



Lulin Observatory



Open Cluster - NGC 381



Gravitational Microlensing
Measurements



The Transisting CGEP OGLE-TR-56b

Udalski et al. (2002) Acta Astron., 52, 115.
Torres et al. (2004) ApJ, 609, 1071.



The Transisting CGEP OGLE-TR-113

Konacki et al. (2004) ApJ. 609, L37.



Burrows et al. (2004) ApJ, 610, L53.



Exo-Kuiper Belt Dust Complexes



Outline





L.M. Ozerrnoy et al. (2000) ApJ, 537, L147-L151.



Direct detection of brown dwarf  
(and exoplanets?)



The Daily Yomiuri – Sept. 15, 2004

WASHINGTON (Reuter) - Blurry image might 
be first picture of exoplanet.

Exoplanet candidate of 5 MJ 
possibly orbiting at distance 
of 55 AU around brown 
dwarf 2M1207 at 70 pc from 
Earth.



Detection with future space observatories



Some Observational
Statistics













Why are the orbital 
eccentricities so large?





Orbital Scattering Mechanisms

• Disk-Planet interaction
• Orbital scattering by passing stars 
• Planet-planet interaction
• ……….



Star Cluster - NGC 381





Gravitational Scattering or Too 
Close for Comfort

•For orbital spacing

➠ Orbital instability

Weidenschilling and Marzari. (1997) Nature, 384, 619.





• Tidal interaction:



How about the close-in 
“Hot Jupiters”?





Orbital Migration in Solar Nebula





Orbital Evolution of CEGPs
• e = 0

• e ≠ 0

Paetzold &Rauer (2002) ApJ, 568, L117.
Jiang et al. (2003) ApJ, 582, 449.



Exoplanets II



Evolution of Earth-like Exoplanets
•Terrestrial ocean          = 1.4 x 1024 g
•Terrestrial atmosphere = 5.1 x 1021 g
• Gradual warming by solar irradiation ➠
H2O Evaporation from Ocean in 1 Gyr.
•Possibility of total evaporation in 3 Gyr
as 
•Venus – like stellar wind interaction with 
atomic hydrogen tail from 
photodissociation of H2O.

•Ask Dr. George Hashimoto!
Jura(2004), ApJ, 605, L65.
Moutou et al(2001), A&A, 371, 260.





Ocean Planets – A New Family of 
Exoplanets

Leger et al. (2004) Icarus 169, 499.



Oceanic Exoplanets in Habitable Zone
• Icy planets (0.1 – 10MEarth) with half 
volatiles and half rocks material(like the 
Jovian moons). Inward orbital migration 
of volatile (H2O) – rich protoplanets into 
the “habitable zone”
•Atmospheric Greenhouse Temperature 

(surface blackbody temperature)

(λ ~ 31 for Venus with TG = 2.4 * TBB)

• TG < 647K (Hot Steam Ocean)
• TG > 647K (Massive evaporation)
• EUV – driven atmospheric loss

Kuchner(2003), ApJ, 596, L105.
Matsui & Abe(1986), Nature, 322, 526.
Zahnle & Walker(1982), Rev. Geophys. Space Phys. 20, 280.





Stellar Irradiation of Close-in 
Giant Exoplanets

• 51 Pegasus b:

Guillot & Showman(2002) A&A, 385, 156.



Atmospheric Dynamic of CGEPs

Showman & Guillot(2002) A+A, 385,  166.



Spectroscopic Search for Atmospheric 
Signatures of HD 209458b

Moutou et al.(2002) A&A, 371, 260.
Moutou et al.(2003) A&A, 405, 341.

•Moutou et al.(2001): VLT UVES 
328-669nm
absorption depth < 1%
•Moutou et al.(2003): VLT ISSAC/ 
HD209458b/ He λ 1083nm/
absorption depth < 0.5 %



Detection of Na λ589.3nm at HD 
209458b

Charbonneau et al.(2002) ApJ, 568, 377.



CGEP-Atmospheric Thermal Structure

Barman et al. (2002) ApJ, 569, L51.
Fortney et al. (2003)  ApJ, 589, 615.
Liang et al. (2004)    ApJ, 605, L61.



Extended Hydrogen Atomic Cloud 
Around HD 209854b

Vidal-madjar et al. (2003) Nature, 422, 143.



HST Detection of Oxygen and Carbon at 
HD 209458b

• HST STIS λλ 119 ~ 171 mm
• Detection of OI* and 
➠ OII*(collisionallly excited emission) 
➠ absorption within a few planetary 
radii.
• Also CII and CII*.
• Roche lobe
• Hydrodynamic 

blow off 

Vidal-Madjar et al.(2004) ApJ, 604, L69.



Oxygen and Carbon in HD 209458b

• (Rabs/R*)2 ~ 1.5%
• Absorption  depth: 10% ➠
Rabs~3.6 RJ



Roche Lobe Overflow

• HST STIS Measurements 
• Lyα absorption depth ~ 15%
• Filling beyond the Roche lobe with 
radius 
• Large-scale atmospheric excape
with 

Vidal-Madjar et al. (2003) Nature, 422, 143.







Open Questions

•Thermal structure of the atmosphere

•Sources of the atomic hydrogen, carbon and oxygen

•Heating mechanisms of the upper atmosphere

•Atmospheric loss rate

•Evolutionary effect



CEGP-Atmospheric Thermal Profile

Liang et al. (2004)    ApJ, 605, L61.
Barman et al. (2002) ApJ, 569, L51.
Fortney et al. (2003)  ApJ, 589, 615.



Photochemistry in the Atmospheres of 
CEGPs

• Chemical equilibrium of H2, CO, 
H2O and CH4 in high temperature  
(>~ 1000K)
➠ CO:H2O:CH4 =

3.6x10-4:4.5x10-4:3.9x10-8

• Major H source from:
H2O + hν ➠ H + OH

• Major Oxygen source from:
CO + hν ➠ C + O

• Very small amount of C2H2(unlike 
in the cold Jovian atmosphere) and 
little photochemical hydrocarbon 
aerosols. Seager & Sasselov (2002) ApJ, 537, 916.

Liang et al. (2003) Apj, 596, L247.



Photochemistry of Hydrocarbon Aerosols

Liang et al. (2004) ApJ, 605, L61.

• CnHm HD 209458b/Jupiter mixing ratio ~ 10-4





Jovian Thermospheric Temperature

• Surface equilibrium temperature at 
➠ Jupiter:

•Jovian thermospheric temp ~ 850 K
• Soft photoelectrons as heat source ?
• Same effect at other outer planets.
• Solar EUV and X-ray flux as 
➠ ionization and photodissociation
agents.

Barthelemy et al. (2004) A&A, 423, 391.
Hunten & Dessler (1977) Planet. Space Scil, 25, 817.



Heating by the Stellar XUV Flux
Bauer(1971, 1973; Bauer and Hantsch, 1989):

Where Ixuv is the XUV intensity at the planet’s orbital distance, Σ is 
the heating efficiency, κ the Boltzmann constant, mi is the mass of 
the atmospheric molecule(H2), k(T) = k0TS is the thermal 
conductivity , g is the gravitational acceleration, T0 is the 
thermospheric temperature at the base, σc and σa are the collision 
and absorption cross sections, respectively.

Bauer (1971) Nature, 232, 101.
Bauer (1973) Physics of Planetary Ionspheres(Heidelberg: Springer)
Bauer & Hantsch (1989) Geophys. Rev. Letter, 16, 373.
Lammer et al (2003) ApJ, 698, L121.



Evolution of the Stellar XUV Flux
• “Sun in time” program (Guinan
& Ribas 2002): XUV flux of 
solar-type stars (~130 Myr - 8 
Gyr) in 0.1 – 100nm interval
➠

• Obs. of HI Lyα fluxes from 
HST
➠

Lammer et al. (2003) ApJ, 598, L121.



Extended Hydrogen Atmosphere Around 
HD 209458b

• HST STIS Measurements 
• Lyα absorption depth ~ 15%
• Filling beyond the Roche lobe with 
radius 
• Large-scale atmospheric excape
with 

Vidal-Madjar et al. (2003) Nature, 422, 143.



Tidal Effect on Atmospheric Escape from 
CEGPs

• HST detection of HI, OI, CI 
and CII in the atmosphere of 
HD 209458b 
➠ Roche lobe filling, with a 
thermospheric temperature of 
5000 ~ 20,000 K.
• Tidal force ➠
•Lyα radiation pressure force to 
be considered in future.

Lecavelier et al. (2004) A&A, 418, L1.



XUV-driven Atmospheric Loss
• Theory of energy-limited 
hydrodynamical outflow in 
hydrogen-dominated 
atmosphere(Watson et al. 1981)

Watson et al. (1981)  Icarus, 48, 150.

r0
r1~3rp

XUV Absorption 
Layer



M-R Relation

Chabrier & Baraffe (2003) Ann. Rev. Astron. Astrophys, 38, 337.



Thermal Evaporation of CGEPs
• Evaporation affects  significantly 
the inner structure and the m-R 
relationship. 
•No irradiation ➠ gradual contraction
•With irradiation ➠ contraction 
countered by envelope expansion
• Existence of critical mass (mcrit) by 
which run away evaporation takes 
place for m < mcrit.
• An extra energy source might be 
required to explain the present radius 
of HD 209458b.

Baraffe et al. (2003) A&A, 402, 701.
Baraffe et al. (2004) A&A, 419, L13.



Exoplanets III



Hot Jupiters



Stellar Interaction with CEGPs

Cuntz et al. (2000) ApJ, 533, L151.
Rubenstein (2001) Arner. Scientist, 89, 38.





Ca II K-line Emission induced by Stellar 
Chromospheric Heating



Magnetic Interaction Important!



MHD Simulations of Exoplanet
Interaction

• Interaction dominated by magnetic field
• Sub-Alfvenic interaction 
➠ No bow shock
• “Open” and “shut” cases determined by 

stellar field direction



Ip et al. ApJ, 602, L53.



• Energy input:

•Energy ~ a typical solar     
flare



Exoplanet – Star Interaction



Scan 3



H alpha Emission Feature?







Okayama HIDES Observations

March 26-April 3, 2004
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Raw data in time series



Spectroscopic Mapping of Hot Spots







There are always new things 
(worlds) to be found.






