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- Exosphere, escape processes 

- Observations of evaporating hot jupiters

- Escape rate, lifetime and remnants
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Exosphere

Heterosphere

Homosphere

Exosphere

• Mainly H

• Constant high Texo (104K) > Teff 

Hexo = kTexo/μg = cte

• Low density ( Nexo < 105 cm-3)



lexo =(nexoQ)-1= Hz

Collisionless exosphere

Homosphere

Exobase

density

collisional cross section
(3x10-15 cm2)

scale height

mean
free path

Heterosphere
Critical level:
No collision above exobase

Exosphere

[Chamberlain 1978; Chamberlain & Hunten 1987]
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exo

Thermal escape (Jeans 1925)

Escape parameter:

λ=(Vesc/U)2=rexo/H

• Maxwellian velocity distribution

• EKinetic > EG + No Collision => Orbits ballistic, satellite, escaping



exo

• Exospheric T => controls escape

Thermal escape (Jeans 1925)

Escape parameter:

λ=(Vesc/U)2=rexo/H

λ >30 => Grav. binded
λ< 5   => hydrodynamic
λ<1.5 => T=Tc “Blow-off”

• Maxwellian velocity distribution

• EKinetic > EG + No Collision => Orbits ballistic, satellite, escaping



Atmospheric structure of hot Jupiters

• CGEP are deeply embedded in host star’s gravitational well
• Tidal forces enhance escape rate

[Lecavelier et al. 2004]
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Atmospheric structure of hot Jupiters

• CGEP are deeply embedded in host star’s gravitational well
• Tidal forces enhance escape rate

[Lecavelier et al. 2004]

homosphere

heterosphere

Geometrical 
blow-off



Thermal escape (Jeans)

• Diffusion-limited process

• Lower limit to the actual escape flux



• Often dominate escape rate

• Neutral particules gain E (Most of them involve 
charged particles) :

– UV photodissociation => products may gain sufficient E
– sputtering: a fast ion/atom meets atmospheric atom
– no magnetic field: solar wind sweeping
– charge exchange: a fast ion meets neutral 
– ion/neutral reaction => fast atom created
– accelerated by electric field

[Hunten 1982; Chamberlain & Hunten 1987]

Nonthermal escaping processes



Observations



HD 209458 at Lyman α
HST/STIS observations 

[ Vidal-Madjar et al. 2003]
[ Désert et al. 2004]



Stellar chromosphere emission
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Stellar chromosphere emission

Interstellar hydrogen absorption
Interstellar deuterium absorption

HD 209458 at Lyman α
HST/STIS observations 

[ Vidal-Madjar et al. 2003]
[ Désert et al. 2004]



Stellar chromosphere emission

Interstellar hydrogen absorption
Interstellar deuterium absorption Earth airglow emission, Geocorona!!!

HD 209458 at Lyman α
HST/STIS observations 

[ Vidal-Madjar et al. 2003]
[ Désert et al. 2004]
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Escape : two observational evidences
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- HD209458b continuum (1.35 RJupiter = 96,500 km)      →  1.6 % absorption
Escape : two observational evidences

→  Beyond the Roche Lobe   
  Hydrogen is escaping

→  Beyond escape velocity    
  Hydrogen is escaping

• Roche Lobe  (2.7 Rplanet = 3.6 RJupiter) →   10 % absorption  

•  Absorption width: Vblue ≤ –100 km/s (Vesc  = 54 km/s)                     
          

• Hydrogen: 15 % absorption   →   3.2 Rplanet= 4.3 RJupiter = 300 000 km

[ Charbonneau et al. 2000]

[ Henry et al. 2000]
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     (15±4)% from -130 to 100 km/s

-100    0  100  (km/s)
    |    |    |  observed:

(5.3±1.8)%

(5.7±1.5)% on the whole line (predicted)

high 
resolution

low 
resolution

    Confirmation of the HI absorption (1)

medium
resolution

[ Vidal-Madjar, Désert et al. 2004]



3 observations in agreement with escape

[ Ehrenreich et al. 2008]

[ Vidal-Madjar et al. 2003]

[ Vidal-Madjar et al. 2004]



3 observations in agreement with escape

HD 189733 b
Spitzer/IRAC @ 3.6

122 000 expos. (0.1s)
[ Désert et al. submitted]

[ Ehrenreich et al. 2008]

[ Vidal-Madjar et al. 2003]

[ Vidal-Madjar et al. 2004]
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Nexo ~ 106 atoms.cm-3

• Estimation of the density: 
 l=(Nπa2)-1 ~ 1016 N-1 cm  ~ Rplanet ~ 100 000 km 

15% => optically depth above Roche lobe τ=N σ L ~ N 10-14 RRoche lobe 

 NRoche lobe ~ 103 atoms.cm-3

• Escape velocity => exospheric T ?
          

ɸesc = N V S
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Hot hydrogen in HD 209458b
Δ

F/
F

Wavelength (Å)
3,000 3,500 4,000 4,500 5,000 5,500

0.986

0.984

0.982

ΔF/F ~ 0.03% at ~ 3700 Å  Balmer Jump

Balmer
jump

HβHγHδ

Excited state (n=2) of neutral H  T~10,000 K
Heating the thermosphere by the deposition of 

energetic photons (LyA, FUV, EUV, X)

[ Ballester et al. 2007]
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Estimation of the escape rate

Nexo ~ 106 atoms.cm-3

• Estimation of the density: 

• Escape velocity => exospheric T 
          

 l=(Nπa2)-1 ~ 1016 N-1 cm  ~ Rplanet ~ 100 000 km 

 NRoche lobe ~ 103 atoms.cm-3

ɸesc = N V S

2 000 K < T < 20 000 K     5 kms-1 < V < 15 kms-1

  ɸesc ~ 1010 g s-1    =>   1% mass / lifetime

15% => optically depth above Roche lobe τ=N σ L ~ N 10-14 RRoche lobe 



3 models to interpret the 
observations

and estimate the escape rate

[ Vidal-Madjar et al. 2003] :

Radiation pressure, FEUV ionization

[ Schneiter 2007] :

[ Holmstrom et al. 2008] :

Interaction between escaping gas and stellar wind

Energetic Neutral Atoms (ENA) from stellar wind 
H + H+* -> H++H*



3 models to interpret the 
observations

and estimate the escape rate

[ Vidal-Madjar et al. 2003] :

Radiation pressure, FEUV ionization

[ Schneiter 2007] :

[ Holmstrom et al. 2008] :

Interaction between escaping gas and stellar wind

Energetic Neutral Atoms (ENA) from stellar wind 

   109.5 g/s (FEUV=1 solar) – 1011.5 g/s (FEUV=4 solar)

  (1.1 ± 0.3) 1010 g/s

  ~ 109 g/s 

H + H+* -> H++H*



 Models to understand the escape rate
• Burrows et al. 1995
• Lammer et al. 2003
• Lecavelier des Etangs et al. 2004, 2007
• Baraffe et al. 2004, 2005, 2006
• Yelle 2004, 2006
• Jaritz et al. 2004
• Tian et al. 2005
• Hubbard et al. 2006
• Garcia-Muñoz 2007
• Erkaev et al. 2007
• Penz et al. 2007, 2008
• Murray-Clay 2008
• Stone 2009

Use X-UV for escape



Which escape mechanism ?

Jeans escape or “blow-off” ?
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Vidal-Madjar et al. 2004 (astro-ph/0401457)

Evidences of carbon and oxygen

Wavelength (Å)

Out of Transit
In Transit

O I

C II

~ 13 %
     ± 4.5 %

~ 7.5 %
     ± 3.5 %

[ Vidal-Madjar, Désert et al. 2004]



 O and C up to the Roche lobe
 Carried by H flow V > 10 km/s (~ sound speed) 

➡ Hydrodynamic escape (« Blow-Off »)

Consequences of exospheric O & C 



 O and C up to the Roche lobe
 Carried by H flow V > 10 km/s (~ sound speed) 

➡ Hydrodynamic escape (« Blow-Off »)

Consequences of exospheric O & C 

 Presence of OI*, OI**, CII*
  N ≈ 106 cm -3 at RRoche

 Escape rate:      ~  N. SRoche lobe.VRoche lobe

        RRoche lobe = 3.6 RJup  &  VRoche lobe > 10 km/s

➡ Escape rate > 1010 g/s !!
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 Blow-off ?
 Temperature ?
 Vertical density distribution ?

What’s next?

➡High Resolution observation (HST/STIS; PI: Désert)
- Escape of heavier elements (FeI, MgII)
- Vertical density distribution
- Temperature at high altitude



Other evaporating 
hot Jupiters ?



A second case of evaporation: HD189733b
HST/ACS Lyman-α observation

• Depth ~ 5.1 ± 0.7 %
⇒ dM/dt ~ few 108 g/s

• No tail of occulting HI

 large ionizing EUV 
from the central K star

5%

[  Lecavelier et al. in prep.]



Evaporation status of 
extrasolar planets ?



The energy diagram

[ Lecavelier 2007] 



The energy diagram~ mass

[ Lecavelier 2007] 



The energy diagram~ mass

~ distance
~ period[ Lecavelier 2007] 
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The energy diagram

[ Lecavelier 2007] 



t < 5 Gyr

The energy diagram

[ Lecavelier 2007] 



Remnants of evaporation?
•  « Hot Neptunes » 

  (hot hydrogen-poor Neptune-mass planets)

•  « Massive Earths » 
  (solid core)

Are some of the Neptune-mass planets 
evaporation-remnants?

 Corot & Kepler should be able to detect 
evaporation remnant at short orbital period.
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Conclusion and next

➡High Resolution observations (HST/STIS; PI: Désert)
- Escape of heavier elements (FeI, MgII)
- Vertical density distribution
- Temperature at high altitude

➡ Intrinsic to Very hot-jupiters? (HST/COS)
- HI, OI, CII
- Survey : HD189733b, Wasp-1b ,12b, HAT-P-1b, 6b etc..

➡Evaporation remnants? (Corot, Kepler)
➡Need transit in front of bright stars 
➡ (PLATO, TESS?) Thank you !

➡2 evaporating hot-jupiters (hd209458b & HD189733b)



Thank you !



Evolution track in the energy diagram

[ Lecavelier 2007] 
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(λ)

(1)

(2)

(3)

(1)+(3)

∆Rp = H ∆ln(σλ)

∆Rp => TRayleigh Scattering α =-4
 =>

H = KT/μg

 Atmospheric temperature with transit spectroscopy

[Fortney et al. 2006]
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[ Sing et al. 2008b]
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[ Lecavelier et al. 2008]

[ Sing et al. 2008b]

NaI

HST/STIS HD209458b

T=2200K
p=30mbar

TiO/VO?
[ Désert et al. 2008]
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Temperature at high altitude
(from transit spectroscopy)

H(Τ)= ∆Rp  
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[ Burrows et al. 2007]
[ Knutson et al. 2008]
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Temperature at high altitude
(from transit spectroscopy)

H(Τ)= ∆Rp  
/ ∆ln(σλ)

[ Burrows et al. 2007]
[ Knutson et al. 2008]

[Sing et al. 2008]
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Two approaches...
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[ Ben-Jaffel 2007]

8.7 ±2 %

15 ±4 %

...the same conclusion 

[ Vidal-Madjar et al. 2003]

All the line
No Lyman α correction

Center of the line
With Lyman-α correction

[ Vidal-Madjar et al. 2008]



Result independent of Geo correction
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Estimation of the escape rate
N-body Particle simulation:

[ Vidal-Madjar et al. 2003] 



Estimation of the escape rate

• Both planetary and stellar gravity taken into account
N-body Particle simulation:

[ Vidal-Madjar et al. 2003] 



Estimation of the escape rate

• Both planetary and stellar gravity taken into account

• Hydrogen atoms sensitive to stellar radiation 
pressure: 

- radiation pressure as a function of the radial 
velocity
- extinction of Ly-α within the escaping hydrogen 
cloud 
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Estimation of the escape rate

• Both planetary and stellar gravity taken into account

• Hydrogen atoms sensitive to stellar radiation 
pressure: 

- radiation pressure as a function of the radial 
velocity
- extinction of Ly-α within the escaping hydrogen 
cloud 

• Neutral hydrogen ionized by EUV photons 
   (lifetime ~ few hours)   

- extinction of ionizing photons within the hydrogen 
cloud

N-body Particle simulation:
[ Vidal-Madjar et al. 2003] 



Interaction between escaping gas 
and stellar wind
(Schneiter et al. 2007)

 dM/dt = 1.1 +/- 0.3 1010 g/s
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Energetic Neutral Atoms (ENA) from 
stellar wind 

• Observed HI atoms from stellar wind 
but escape from the planet is still 
required

• Requires extraordinary condition for 
the  stellar wind: T=106 K, 50 km/s

• Radiation pressure has been 
decreased to 
2-5 times lower than solar value 

• Interpretation of the shape of 
absorption line does not allow 
favoring this model.
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[ Vidal-Madjar et al. 2003]



No correlations with 
stellar nor geocoronal fluxes


