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To remember from this talk:

 Atmospheric escape is observed in various exoplanets
“hot” and “warm”, Jupiter-mass and Neptune-mass
(HD209458b, HD189733b, WASP-12, GJ436b, 55 Cnc b)

e Simultaneous UV — X-Ray observations provided
key-information on Star-Planet Interaction
=>» Space weather variations

 Atmospheric escape sculpts the populations of super-Earth
and sub-Neptunes at short orbital distance:

=» some planets are evaporation-remnants
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Planetary Mass, Mjup
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The Lyman-a line at 1216A
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Absorption signature :
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Summary of the HI detection
of HD209458b exosphere

* (15+4)% From -130 to 100 km/s (Med-res data; Vidal-Madjar et al. 2003)

«(8.9£2.1)% From -200 to 200 km/s (Med-res data; Ben-Jaffel 2007)
«(5.7£1.5)% On the whole line (Low-res data; Vidal-Madjar et al. 2004)
*(8.0£5.7)%  On the whole line (ACS data; Ehrenreich et al. 2008)

«(6.6£2.3)% On the whole line  (Low-res data; Benjaffel & Hosseini 2010)



4 models to interpret the observations
and estimate the escape rate

Vidal-Madjar 2003; Bourrier, Lecavelier et al. 2013:
Radiation pressure, Fg, ionization

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

Holstrom et al. 2008, Ekenbdick et al. 2010:
Energetic Neutral Atoms (ENA) from stellar wind

Tremblin & Chiang 2012:
Mixing layer between stellar and planetary wind



Estimation of the escape rate
(Vidal-Madjar et al. 2003; Bourrier, Lecavelier et al. 2013)

N-body Particle sitmulation:

* 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-a within the escaping hydrogen cloud

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

- extinction of ionizing photons within the hydrogen cloud



Estimation of the escape rate
(Vidal-Madjar et al. 2003; Bourrier, Lecavelier et al. 2013)

N-body Particle sitmulation:
AF/F=15% :

Fguy =3 solar: dM/dt~10° g/s

Frpuy 2 4 solar: dM/dt~101">g/s




Interaction between escaping gas

and stellar wind
(Schneiter et al. 2007)

= dM/dt=1.1 +/- 0.3 109 g/s

nght curve of HD 209458
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Energetic Neutral Atoms (ENA)

from stellar wind
(Holmstrom et al. 2008, Ekenback et al. 2010)

Charge exchange between stellar wind
protons and planetary exosphere atoms

Holstrom et al. (2008) needed extraordinary
condition for the stellar wind:

T=10° K, 50 km/s

=» Ekenback et al. 2010 solve this issue and
use a solar-type wind

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

Escape from the planet is required
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Mixing layer between

stellar and planetary wind
(Tremblin & Chiang 2012)
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e 2D hydrodynamical simulations

e Use Murray-Clay et al. (2009) as input for planetary escape
(ignore planet orbital motion and radiation pressure)

=2 match of the observations of absorption in Lyman-alpha.



4 models to interpret the observations
and estimate the escape rate

Vidal-Madjar 2003; Lecavelier et al. :
= 10°-1g/s

Schneiter et al. 2007 :
=» (1.1 £0.3) 1019 g/s

Holstrom et al. 2008:
= ~10° g/s

Tremblin & Chiang 2012:
= 1.6 101 g/s



Redshifted absorption ?7?

e | Redshifted absorption

[ HD 209458
is a common feature :
(also in HD189733b and GJ436b):

- lower absorption depth
in red than in blue

Flux .
(10—14 erg 8—1 Cm—E A—1)

- lower terminal velocity
- for redshifted absorption
-400 -200 0 200 400
Velocity (km s™) (<1OO km/S)

=>» Overflow through L1 ??




Overflow through Lagragian points ?
(Bisikalo et al. 2013)

“\\\\\\\\\\“

\\\<\\\\\\m
M\\\\x\\\\\\\“

| | |
—5.00 -4.00 -3.00 -2.00 -1.000 0.00 1.00 2.00 3.00 4.00 5.00

X/Rpl



Overflow through Lagragian points ?
(Bisikalo et al. 2013)
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Overflow through Lagragian points ?
(Bisikalo et al. 2013)
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(Bisikalo et al. 2013)
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HD 189733b



HST/ACS Lyman-a observation of HD 189733b

(Lecavelier des Etangs et al. 2010)

_ Results:
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5% ' Depth ~ 5.1 £0.7 %
0.951
3 oo0f Y dM/dt~ 107 -10'" g/s
0.85 - 1 No tail of occulting HI
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[ 10° /s Faw= Fun Y large ionizing EUV
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HST / STIS HD189733b observations

Before transit April
During transit /’l 2010
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(Lecavelier et al. 2012)



HST / STIS HD189733b observations
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Hydrogen atoms dynamics
(Bourrier et al. 2013)
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radiation pressure (Lecavelier et al. 2008) === 130 km/s (HD209)
stellar wind protons (Holstrém et al. 2008) === 220 km/s (HD189)




Hydrogen atoms dynamics

(Bourrier et al. 2013)
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Temporal variations in HD189733b Lyman-a

(Lecavelier et al. 2012)
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Detection of variation in an exoplanet upper atmosphere
(space-wheather) (Lecavelier et al. 2012, A&A Letter, 543, L4)




Why the observed variations ?
(Lecavelier et al. 2012)



Why the observed variations ?

Clues from simultaneous X-ray observations with Swift:

transit
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Why the observed variations ?

* Clues from simultaneous X-ray observations with Swift:

Detection of a bright X-ray flare
~8 hours before the planetary transit

transit
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Why the observed variations ?
* Clues from simultaneous X-ray observations with Swift:

Detection of a bright X-ray flare
~8 hours before the planetary transit

=» 2 scenarios:

- Change of stellar wind properties
- Burst of evaporation due to increase of stellar energy input

transit
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Other evaporating planets

Inflated hot-Jupiter: Wasp 12 (Rp= 1.7 RJup)

Warm-Jupiter: 55 Cncb (a,=0.11 au; Period= 14.6 days)

Hot-Neptune : GJ436 b (M; =23 Mg,4p)

Super-Earth: 55 Cnc e (M, =8 Mg,41)




Wasp-12b



Mgll in Wasp-12b

(Fossati et al. 2010; Vidotto et al. 2010; 2011; Haswell et al. 2012)

Near-UV COS observations of Wasp-12b transits
Enhanced transit depths due to absorption by resonance

lines of metals in the exosphere /7\ ranit

Early ingress possibly explained
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The 55 Cnc system



Planetary Mass, Mjup
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p~4gcm3 (Gillon et al. 2012)

possible water envelope
(~ 20% by mass)
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55 Cancri e: no absorption detected in Ly-a
(Ehrenreich, Bourrier et al. 2012)

03F " T T T T T
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= Escape rate < 3.108 g/s




Planetary Mass, Mjup
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55 Cancri b : a grazing transit?
(Ehrenreich, Bourrier et al. 2012)

Serendipitus observation of the inferior conjunction
Velocityrange : [-76.5 km/s ; 0 km/s]
Absorption depth . 7.5+£1.8%

(False positive probability : 4.4 %)
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Normalised flux

55 Cancri b : a grazing transit?
(Ehrenreich, Bourrier et al. 2012)

(4T ' ' . .

: Planet 55 Cancri b
13F

E Roche radius
1.2F

s Extended atmosphere
11

S Star 55 Cancri
09F _}:
08E . | P .

-4 -2 0 2 4 6
Time from inferior conjunction (h)
Time (h)

= Escape significant for « warm » exoplanets (a>0.1 au)




GJ 436Db



Planetary Mass, Mjup
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GJ 436b: Evaporation from a hot-Neptune
(Kulow et al. 2014)

Lyman—o 12 164

' SR |
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Phase (h)
Absorption depths :
In Transit Post-Transit
Blue wing 16.6 £ 8.2% 29.9 £ 8.3%
. Red wing 4.5 £5.9% 19.1 £ 5.8% .




GJ 436b: Evaporation from a hot-Neptune
(Kulow et al. 2014)
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Escape of heavy elements



Heavy elements escaping from HD209458b
(Vidal-Madjar et al. 2004; Ben Jaffel & Hosseini 2010)

VMO4 - 12.844.5  VMO04 :: 7.5+£3.6%
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out of transit C
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0.8| =>» High Temperature

Ol (Benjaffel & Hosseini 2010)

Flux (10715 erg cm2 s A-")
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Heavy elements escaping from HD209458b
(Linsky et al. 2010)
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Normalized Flux

Olan Cll in HD189733b

(Ben Jaffel & Ballester 2013)
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Observations in the Mgll line (Mg*)

(Vidal-Madjar et al. 2013)
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No éetection of ionized magnesium in HD209458b atmosphere -



Observations in the Mgl line (Mg°)

(Vidal-Madjar et al. 2013)
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(Bourrier et al. 2014) o o
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Magnesium cloud structure : radiation pressure
(Bourrier et al. 2014)




(Bourrier et al. 2014)
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Magnesium : a new probe of the
exosphere/thermosphere transition region
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Acceleration (m s7)

Yotttk U druarOiss U

(Bourrier et al. 2014)
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Numerous models
to understand the escape rate

e Lammer et al. 2003

* Lecavelier des Etangs et al. 2004, 2007

—

. => 108-10"2gs!

" =» Escape rate is directly related to the
- |efficiency to convert EUV—X flux into
. escape

=» Energy diagram
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The energy diagram
(Lecaveller des Etangs 2007)
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LOgmj _Eplplqnet (erg)

Life-time in the energy diagram
(Lecaveller des Etangs 2007)
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Davis & Wheatley (2009) reach similar conclusions



Log(-E,’ [erg])

Life time for transiting planets
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Incident Flux (Fg)

Lifetime for Kepler Planets

(Lopez et al. 2012)
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Evolution track in the energy diagram
(Lecavelier des Etangs 2007)
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Evolution track for Kepler Planets
Kepler-11b

(Lopez et al. 2012)
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Evolution track for Kepler Planets

Kepler-36b Kepler-36c

(Lopez et al. 2012)
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Mass distribution of detected planet
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Summary

* Atmospheric escape is observed in various exoplanets
“hot” and “warm”, Jupiter-mass and Neptune-mass
(HD209458b, HD189733b, WASP-12, GJ436b, 55 Cnc b)

e Simultaneous UV — X-Ray observations provided
key-information on Star-Planet Interaction
=» Space weather variations

 Atmospheric escape sculpts the populations of super-Earth
and sub-Neptunes at short orbital distance:

=>» some planets dare evaporation-remnants



The end



The end



