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Outline

— Exosphere, escape processes

— Observations of evaporating hot jupiters

— Escape rate, lifetime and remnants
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Exosphere

Exosphere

 Mainly H

« Constant high Texo (10*K) > Te
Hexo —= kTexo/ug = c'¢

« Low density ( Nexo < 10 cm3)




Collisionless exosphere

Exosphere

Critical level:
No collision above exobase

density scale height

| |
Lexo —(neon ) =

T

mean
free path

collisional cross section
(3x10-15 cm?)

[Chamberlain 1978; Chamberlain & Hunten 1987]
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Thermal escape (Jeans 1925)
 Maxwellian velocity distribution

1
2

2kT
_ Escape parameter:
U = (—m ) _ 2GM, Pe P
A =(Vesc/U)?=rexo/H

exo

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

* Ekinetic > Ec + No Collision => Orbits ballistic, satellite, escaping
« Exospheric T => controls escape




Atmospheric structure of hot Jupiters

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

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

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

[Lecavelier et al. 2004]
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Thermal escape (Jeans)

* Diffusion-limited process

* Lower limit to the actual escape flux




Nonthermal escaping processes

- 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]
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HD 209458 at Lyman o
HST/STIS observations

[E Vidal-Madjar et al. 2003]
[E Désert et al. 2004]
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HD 209458 at Lyman o
HST/STIS observations

[E Vidal-Madjar et al. 2003]
[2 Désert et al. 2004]
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HD 209458 at Lyman o
HST/STIS observations

[E Vidal-Madjar et al. 2003]
[E Désert et al. 2004]
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HD 209458 at Lyman «
HST/STIS observations

[E Vidal-Madjar et al. 2003]
[E Désert et al. 2004]
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Observations of transits at Lyman «
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Observations of transits at Lyman «
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Observations of transits at Lyman «

Velocity (km s-1)
-400 -200 0 200 400

3| —out of transit %Mndent geocoronal emission ]
‘_I/? —i transit '
oL
n —— AF/F — (942)%
N2 0 S
| =
g d
+ 1 L>.é
Io Ll
Z
X
=
=0

1214 1215 1216 1217
Wavelength (A) [© Vidal-Madjar et al. 2003]




Observations of transits at Lyman «
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Detection of exospheric hydrogen
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Detection of exospheric hydrogen
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Escape : two observational evidences

- HD209458b continuum (1.35 R,,... = 96,500 km)  — 1.6 % absorption
[ Charbonneau et al. 2000]
[E Henry et al. 2000]
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Confirmation of the HI absorption (1)

[E Vidal-Madjar, Désert et al. 2004]

(15+4)% from -130 to 100 km/s + (5.7+1.5)% on the whole line (predicted)

100 0 100 (km/s)

Velocity (km/s)

3
. medium
| resolution
before
2 transit
é during
bl transit
El
[
O ____________________________
I | | |

1215 12186 1217
Wavelength (A)

~ 1000 0 000
—loo0 0 1000
low

observed: resolution

(5.3x1.8)%

HI
high
resolution

1210 1215 1220
Wavelength (A)



3 observations in agreement with escape
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3 observations in
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Estimation of the escape rate

(I)esczNVS

e Estimation of the density:

I=(N 7 a2)1 ~ 1016 N cm ~R,  ~ 100 000 km ‘ S N... ~ 106 atoms.cm-3

planet

15% => optically depth above Roche lobe T=N 0 L~N 10-1* Ry . ;..

1M 3
‘-) Nioche 1ope ~ 10° atoms.cm

* Escape velocity => exospheric T ?
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Hot hydrogen in HD 209458b

[2 Ballester et al. 2007]
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0.986 |

0.984

AF/F

0.982

Hot hydrogen in HD 209458b

[2 Ballester et al. 2007]

5.000

" 5500




AF/F

Hot hydrogen in HD 209458b

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

(I)esc::NVS

e Estimation of the density:

I=(N 7 a2)! ~ 1016 N cm ~R, _ ~ 100 000 km ‘ S N... ~ 106 atoms.cm-3

planet

15% => optically depth above Roche lobe T=N 0 L~N 10-"*Rp .. 1.

1M 3
‘-) Nioche 1ope ~ 10° atoms.cm ‘

e Escape velocity => exospheric T
2000 K < T < 20 000 K |5 5kms! <V <15kms! |

=> (I)esc ~ 1010 g Sl => 1% mass/ lifetime




3 models to interpret the
observations
and estimate the escape rate,

oooooooo

[E Vidal-Madjar et al. 2003] : RN
Radiation pressure, F,, ionization

[E Schneiter 2007] :
Interaction between escaping gas and stellar wind

[® Holmstrom et al. 2008] : H 4 H —> Ht+H"
Energetic Neutral Atoms (ENA) from stellar wind




3 models to interpret the
observations
and estimate the escape rate,

[E Vidal-Madjar et al. 2003] : RN
Radiation pressure, F,, ionization

= 10%> g/s (Fg,,=1 solar) - 101> g/s (F,,,=4 solar)

[E Schneiter 2007] :
Interaction between escaping gas and stellar wind

= (1.1 + 0.3) 1010 g/s

[2 Holmstrom et al. 2008] : H 4 H —> Ht+H"
Energetic Neutral Atoms (ENA) from stellar wind

= ~ 107 g/s




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 Use X-UV for escape

Garcia-Munoz 2007

Erkaev et al. 2007
Penz et al. 2007, 2008
Murray-Clay 2008
Stone 2009




Which escape mechanism ?

Jeans escape or “blow-off” ?
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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

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

= Hydrodynamic escape (« Blow-Off »)

= Presence of OI*, OI**, ClI* = N =106 cm 3at Ry_.

= Escape rate:  ~ N. SrocheobesVroche lobe

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

Jup

= Escape rate > 10 g/s !!




What’s next?

= Blow-off ?
* Temperature ?
= Vertical density distribution ?




What’s next?

= Blow-off ?
* Temperature ?
= Vertical density distribution ?

= High Resolution observation (HS"

Escape of heavier elements (Fel, Mgll)
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Other evaporating
hot Jupiters ?
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[E Lecavelier et al. in prep.]



Evaporation status of
extrasolar planets ?




The energy diagram
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— Ass The energy diagram
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The energy diagram

15.0

14.5

14.0

15.0

15.0

12.5

N
|
o
o
LN
&

L

L
L
=
O
Ul
i
=
O
=
L1
|
-
o
O
]

12.0

26 27
[& Lecavelier 2007] Logro dEfuv/dt (erg s7T)




The energy diagram
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The energy diagram
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The energy diagram
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Remnants ot 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

= 2 evaporating hot-jupiters (hd209458b & HD189733b)

= High Resolution observations (HST/STIS; PI: Désert)

Escape of heavier elements (Fel, Mgll)
- Vertical density distribution
- Temperature at high altitude

= Intrinsic to Very hot-jupiters? (HST/COS)

HI, Ol, 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 !







Evolution track in the energy diagram
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Atmospheric temperature with transit spectroscopy

R,(\) = Rpjanetr + 2(7 = 7oq) @

T\, 2) & o(MNn(2)\/ 27T Rptanet H [Forthey et al. 2006]

n(z) = n=oyexp(—z/H)
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Atmospheric temperature with transit spectroscopy
T
Rp()\) — Rplanet + Z(T — Teq) .

T\, 2) & o(MNn(2)\/ 27T Rptanet H [Forthey et al. 2006]
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Atmospheric temperature with transit spectroscopy
T
Rp()\) — Rplanet + Z(T — Teq) .

T\, 2) & o(MNn(2)\/ 27T Rptanet H [Forthey et al. 2006]
3)

n(z) = n=oyexp(—z/H)

Qa st: abs 2
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Atmospheric temperature with transit spectroscopy
T
Rp()\) — Rplanet + Z(T — Teq) .

T\, 2) & o(MNn(2)\/ 27T Rptanet H [Forthey et al. 2006]
3)

n(2) = ngamoyeap(—2/H)

Qa st: abs 2
(D+(3) 2(A) = H In (5 - _ 090 : <@)

o pg (dino\ 7T dz())
Tk O\ dA d\

0.58

0.56

o

ARP - H Aln(o-)\) H= KT/Mg ) 0.54:—

0.52F

o = 00(A/Ag)? T

R / H
Rayleigh Scattering & =-4 =5 ARP =>T




HST/STIS HD209458b
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HST/STIS HD209458b
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Temperature at high altitude
(from transit spectroscopy)

H(T)= Agy”/ Aln(oh)




Temperature at high altitude
(from transit spectroscopy)

H(T)= Ag, /Aln(oA)
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Temperature at high altitude
(from transit spectroscopy)

H(T)= Ag, /AIn(oN)
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Flux ratio In/Out transit

Normalized flux

0.9¢

0.8

1.3
1.2

1.1
1 .0
09E
0.8

12¢
1.1
1.0

Two approaches...

All the line

No Lyman o correction
Orbital phase angle (Degrees)

-10

-5 0

%ﬁk 1

8.712 %

-

S

m i

kil

W i A

[.. Ben Jaffel 2007] .

-10000

.the same conclusion

-5000 0
Time from transit (s)

5000

Ratio "/, .

1.2

—

ot
o

Center of the line
With Lyman-o correction

Orbital Phase
0.02 0

| @ First transit (A) | \

B Second transit (B)
| ) Third transit (¢) |2 Vidal-Madjar et all. 2Q03]

-2 0

[E Vidal-Madjar et al. 2008]

2




Result independent of Geo correction
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Estimation of the escape rate

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




Estimation of the escape rate

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

« Both planetary and stellar gravity taken into account




Estimation of the escape rate

[E Vidal-Madjar et al. 2003]

N-body Particle simulation:

« Both planetary and stellar gravity taken into account

« HycC

rogen atoms sensitive to stellar radiation

pressure:

- radiation pressure as a function of the radial

velocity _
- extinction of Ly-a within the escaping hydrogen

cloud




Estimation of the escape rate

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

« Both planetary and stellar gravity taken into account

 Hydrogen atoms sensitive to stellar radiation
pressure:

- radiation pressure as a function of the radial
velocity o |
- extinction of Ly-a within the escaping hydrogen

cloud

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

—Iex’éinction of ionizing photons within the hydrogen
clou




Interaction between escaping gas

and stellar wind
(Schneiter et al. 2007)

= dM/dt=1.1 +/- 0.3 1019 g/s
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Energetic Neutral Atoms (ENA) from
stellar wind
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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

-1.0

-2.0
5.0 —4.0 -3.0

-2.0 -1.0 0.0
X (10% m)

1.0




Energetic Neutral Atoms (ENA) from
stellar wind

* Observed HI atoms from stellar wind

but escape from the planet is still
required
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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=10° K, 50 km/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=10° K, 50 km/s |
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stellar wind

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

required

Radiation pressure has been

decreased to
2-5 times lower than solar value
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stellar wind

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

required

Radiation pressure has been

decreased to
2-5 times lower than solar value

y{10°m
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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

5.0

Requires extraordinary condition for«
the stellar wind: T=10° K, 50 km/s =

S 2.0

Radiation pressure has been
decreased to
2-5 times lower than solar value
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Interpretation of the shape of
absorption line does not allow
favoring this model.
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No correlations with
stellar nor geocoronal fluxes

Figure D Figure F
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