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Atmosphere-Interior Evolution

Life-essential elements (CHNOPS)
interact with all layers of a rocky
planet during the process of planet
formation and evolution.

The availability of these elements at
the surface depends on the
integrated history of the planet.
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Why is escape important?

TESS yields (Rp < 4 Rearth), (Bouma et al. 2017) Most exoplanets
o receive more stellar

radiation than any
Solar System planet.

12001 Most exoplanets are
relatively old.
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Planet Mass or Mass*sin(i) vs Orbital Period

exoplanetarchive.ipac.caltech.edu, 2026-03-26

https://exoplanetarchive.ipac.caltech.edu
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Planetary Wind = Hydrodynamic escape
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(b) U>Ugound escape
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Catling & Kasting (2018)

Fig. 5.2b
Hydrogen-rich atmospheres on low-
gravity planets or very hot hydrogen-rich
atmospheres on bigger planets can
escape via hydrodynamic winds.

The solar wind is fully ionized and is driven
by electromagnetic forces. For a planet’s
atmosphere (which is mostly neutral), the
energy must come from somewhere else.

Almost always, it comes from absorption
of Xray and Extreme UltraViolet (EUV)
radiation from the star by the upper layers
of the atmosphere.

In hydrodynamic escape, the whole
atmosphere above the heated layer is
accelerated, leading to a bulk outflow of
gas.
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Stellar XUV evolution

X-ray and Ultraviolet radiation are
emitted by a star most strongly
during the early evolution.

Measurements have shown that
they are a constant (“saturated”)
fraction of the total luminosity of
the star until some cutoff time,
after which they decline
significantly.

The saturation fraction is similar
for all stars, but the saturation time
Is much longer for smaller stars.

t..; (G-star) ~ 100 Myr
t.,; (M-star) ~500 - 1000 Myr
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Stellar Radiation Changes with Time & Mass

Total stellar radiation also
changes with time and stellar
mass.

The brightness of a very small
star changes by a lot more
than the lifetime of a Sun-like
star over the course of their
evolution.
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Energy-limited escape

Energy-limited mass loss

2
exuv TF xuvRpR5 1y
GMpKtide
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The model just says that the energy
needed for escape depends on the
energy deposited into the atmosphere
(Fyyy) at some extended atmospheric

It was first developed to study the loss of radius (Ryyy)- An efficiency factor (exyy)

early atmospheres from Earth and Venus hides all the complicated physics. The
in the 1970s and 1980s. efficiency factor is between 0.01 - 0.2 for

H,-rich atmospheres.

Energy-limited escape is a simplified
mathematical treatment of
hydrodynamic escape.



Mass Fractionation

Hydrodynamic escape is mostly thought to
be driven by atomic H (sometimes
molecular H,) in the upper atmosphere.

However, friction (or drag) due to collisions
between atoms in the escaping region can
lead to the escape of other, heavier atoms
and molecules that wouldn’t otherwise
have sufficient energy to escape.

Upward drag o< (w1—w2)%

Buoyancy force = m, g
(of fluid displaced) @D

m, 1 velocity, w,

Veli‘(:ity’ @ \’ ", G’@
(m) ()

Y
Weight, m, g




Noble gas escape from Mars

Mass Fractionation .
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Escape from young rocky planets

Energy-limited mass loss
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D 04 =
2 | 3 A water-vapor dominated early
Eo 3 i atmosphere, as expected for young
© gaf - rocky planets during a magma ocean
w j < phase, can also go through early
hydrodynamic escape.
| 0.1 XUV would photo-dissociate water
0.01 - 10 molecules into H and O atoms in the
Semimajor axis (AU) upper atmosphere.

Luger & Barnes
(2015)



Abiotic O, build-up

Energy-limited mass loss
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Magma ocean model
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Atmospheric O, uptake by magma ocean

* Photodissociation of H,O in atmosphere
H,0 (g) + hv=H(g) + 20(g)

* escape of H driven by stellar radiation
produces net free O

 Reaction with FeO in magma ocean produces
more Fe3*

FeO(melt) + 0.5 O(g) = FeO, - (melt)



Oxidation of Earth & Venus by atmosphere

: Oxidation of the mantle o Loss of Water
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Abiotic O,

1M,
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e most sensitive to
* Orbit
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Observations of Escape






Escape observations

Atmospheric escape has been Roche radius (= Hill sphere):
observed since nearly the beginning M\ /3
of transit observations in a number RRroche = a< - )

of hot Jupiters. 3M,

Technically, the Roche limit is calculated

Escape can be shown to happen if from the full 3D gravitational potential of the
the radius measured by the transit is star-planet system and extends all the way to
larger than the planet’s Roche limit. the L1 Lagrange point (therefore with a

pointed, not spherical shape).

, 2 _ ) 23 ,p o\ 2 -2/3 ) ) . .

5> (I‘Rm"w) ~ 013 (2 )’ (*”P) (1‘_) (*”* ) But in practice, calculations typically adopt
K, 0.025AU 7 AM, Ro Mo the Hill Sphere, which approximates the

distance to the L1 point when M. >>Mp

If the Roche radius is full of optically thick gas, the
transit depth will be much larger than the planet
radius alone. However, in practice, the escaping flow
is not fully optically thick, so the transit depth is often
smaller than predicted from that assumption.



Hyd rogen esca pe Lyman-a H absorption line
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Y e S | (transmitted) for the electron transition
pOTwawmanetle) | | ¢ . ) 1 between n=1 and n=2 levels of hydrogen

S transg(h) 2 gas. It is very sensitive to low densities of
Vidal-Madjar et al. (2003) hydrogen and transits observed at thIS-
wavelength can be much deeper than in

The first observation of hot Jupiter HD typical optical wavelengths.
209458b in Lyman-a found a 15% transit

depth (only 1.5% in optical), indicating gas

well beyond the planet’s Roche limit.



Hydrogen escape

Flux x 10'? (erg cm~2 s-1 A-1)

Averaged spectra

— Qut-of-transit

— Pretransit
In-transit

— Posttransit

Single out-of-transit
observation

Velocity (kms-")

Owen (2019)

The hot Neptune GJ 436b showed a transit
depth of 56%!!! in Lyman-a, compared to
an optical transit depth of ~0.56%.

The red and blue shifts of the line show that
the escaping material has velocities of ~100
km/s, which is much faster than expected
from hydrodynamic escape models (~5-10
km/s, ~2-5x the sound speed).

Possible explanations include radiation
pressure or charge exchange with stellar
wind protons, which could further
accelerate the escaping gas.



GJ 436b

N\
° T &=
/ i .20
ST B ]
AR \\:.\\\ i y
- A AR~
14.4 2 [ e S8
| ' ~ \ e
g 9 4R N NN SCR R~
£ PV VN NN S SR S
" 1140 & B _o Bt o A N N A SR O
- S R e G SR T T R
Z - A WS- B A SRR RN\
s | . -3 ST AN AR NN NN
e op ’ i o ARk e AR AN N\
Z y - {132 3 _10 B ORI R U NN
= v ! < REES DRl \-f\.\'\\§§\ ,
e o B R N N NN i )
{128 4 -12 -10 8 6 4 -2 0 2
Distance (R,)
1 12.4
- - e — 12.0 A simulation of the escape from the hot
Dist e GJ 436b. The mass loss rate is

Ehrenreich et al. (2

About 2 dozen planets, hot Jupiters and

hot Neptunes, have been detected with
escaping atmospheres using Lyman-aq,
almost all observations using HST.

ed to be ~108 - 10% grams per second,
Yo of its atmosphere in a billion years.

(,-s wy) Ayoojen seiddogg



He escape - models e M

Hydrogen escape detected through Lyman-alphais
somewhat limited.

It can only be observed from space (UV wavelength), it
is strongly affected by absorption by the cold
hydrogen gas of the interstellar medium (ISM), and is
very sensitive to stellar activity.

A metastable He line was theoretically proposed to il \/
also be strongly measurable in hydrodynamic
outflows. It has the benefit of being measurable from
the ground using high resolution near-IR spectroscopy.

While transit depths are somewhat smaller than N
hydrogen, it is much less affected by ISM and by HD 209458b

0.84 4

Ea rth’S atmosphere. 10828.0 10858 5 108}9 0 10829.5 10830.0 ]03;0 5 108?41.0 10831.5 10832.0
wavelength [A]

Oklopci¢ & Hirata (2018)




He escape - observations

WASP-107b
212 ‘ ' ‘ ' ‘ ‘ 11,250 The hot Jupiter WASP-107b was
_ 1,000 € the first with detected He
< 2.10 T2 :
= e B signature of escape.
g 2
$ 2.08 =
i 900 o The observations suggest an
ol -
= 2.06+ 250 3 escape rate of 10'°-10"" g/sec,
or 0.1-4% of its total mass per
13.02 b - 10° . billi
— --- Roche radius = Iiton years.
X 4 Broadband G102 spectrum %
£ 2.71 + He110,830 A channel 10 g
§' 4 Previous G141 spectrum %
B 511 4 L1002 More than 30 planets have been
= W_{?}F + ° detected in He | now, down to
2.05 A + T T - 102 sub-Neptune sizes.

9,000 10,000 11,000 12,000 13,000 14,000 15,000 16,000
Wavelength (A)

Spake et al. (2018)



LHS 1140 b - rocky world with He escape

There has been a recent claim of
He escape detected in the
atmosphere of a rocky planetin
the Habitable Zone of its star.

These observations were done
with the ground-based WINERED
instrument on the Magellan Clay
telescope at Las Campanas
Observatory.

He was detected in 2024 data
but not in data taken in 2025.
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Cherubim et al. (2026)



LHS 1140 b - rocky world with He escape

No Helium Detected in LHS 1140 b from Four JWST NIRISS/SOSS Transits
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Rocky Exoplanet
atmospheres???



Cosmic Shoreline

The Cosmic Shoreline was
proposed in 2017, based on
empirical relationships from the
presence/absence of atmospheres
on Solar System objects.

H,O greenhouse runaway

o
o

The idea is that there is some
critical threshold of XUV insolation
a planet can receive over its
lifetime and still retain an
atmosphere, scaled by the size
(escape velocity) of the planet.
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Observed Cosmic Shoreline

Cosmic Shorelines for 0.1My; <M., < 1M,

Observations of small planets are now 10* g — 2500
testing the predictions of the Cosmic . O s My scnce k
Shoreline model a 0 q°
) ) 3
'_.S 10 E_ G] 367 h x 7 1500
- L )
©
Updates to the model have also been made - 611252 byg X
c orc c c c S OI-1685b - 1000 —
with additional considerations of different ° 10° | % : <
. 2 E 4800
types of escape and different stellar types. % cnsClionee o i | 9
o GI.1132HK x( o) rOl-1468 b - 600
= 6] 3929 b 1=
So far, most small planets seem to be bare S 10F Gonrx  x >00
) © TRAPPIST'1 b e X 1445 A b - 400
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- . esc :
Observations are also problng more planets Q@ w/ Atmosphere Ji+ (2025)-C0O;-0.1 My =M. =<1 M,
close to the shoreline to test its boundaries. X NoThick Atmos Zahnle & Catling (2017)- 0.1 Mo <M. <1 Mo
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The star blocks the light of the planet. A
hotter planet is brighter, so it produces
a deeper secondary eclipse.

the planet moves behind the star

The secondary eclipse occurs when ]

> o
5 — 8

The transit occurs when the
planet moves in front of the star.
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Lava World 55 Cancri e has shown variability!

2.1 pm channel
1600

| Visit 1 (Nov 18, 2022) 47.413L0 pp

1200 1
| Visit2 (Nov 20, 2022) -5.1223 ppm

8004 Visit 3 (Now.23, 2022) 37.3%4I ppm

Visit 4 {Nev 24, 2022) 36.837% pp!
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Patel et al. (2024)




Tidal heating prolongs outgassing — 55 Cnc e
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Tidal locking

Not
Tidally Locked Tidally Locked




Tidal heating

* Tides deform planet, creating
Internal friction

* Dissipates energy via heat
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JWST reveals that 55 Cnc e, one of the hottest
rOCky planets, seems to have an atmosphere!

Blackbody CO,— — CO,-CO

8 9
Wavelength (um)

Hu et al. (2024)
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Irradiation Temperature (K)

Coy et al. (2026)
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The hottest planets show the strongest signatures of atmospheres!




Tidal heating prolongs outgassing — 55 Cnc e
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Nominal Case Volatile-Poor Case Non-Zero Eccen.
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Cosmic Sandbar Airless Valley Cosmic Shoreline
Sustained magma oceans and interior-atmosphere outgassing on lava Escape outpaces all replenishment on bare rocky worlds. Ongoing replenishment and residual outgassed atmospheres
worlds. 55 Cancri e, TOI-561 b, etc. are potential worlds in this regime. Examples include Mercury, TRAPPIST-1 b, and LHS 3844 b. survive. Earth and Venus are the best-known rocky world archetypes.
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equilibrium temperature T4 (K)
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Atmosphere-Interior Evolution

Life-essential elements (CHNOPS)
interact with all layers of a rocky
planet during the process of planet
formation and evolution.

The availability of these elements at
the surface depends on the
integrated history of the planet.
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Recap

* Thermal escape processes have likely sculpted the close-in
planet populations that we see today

* Active escape has been observed from H-dominated
atmospheres of hot Jupiters, Neptunes and mini-Neptunes

* Super-Earths and Sub-Neptunes may have started as a single
population of planets that have been changed by escape.

* Many small rocky exoplanets may have lost all of their atmosphere
(Cosmic Shoreline), especially those orbiting small stars




Ilgnan Earths

Table 4

Candidate Ignan Earth's

Planet Tidal heat flux (W m~2) Possible Ignan Earth?
TRAPPIST-1 d 0.14-1.27 Maybe
TRAPPIST-1 e 0.022-2.4 Maybe
TRAPPIST-1 0.025-0.4 Maybe
Teegarden's Star b 392 No
Teegarden's Star ¢ 5.98 Yes
Proxima Centauri b 3331 Yes
GJ 1061 ¢ 344 No
GJ 1061 d 42.28 Yes
Ross 128 b 8.02 Yes

Note. Tidal heat flux estimates for select planets, all in units of W m~2.

“lgnan Earths” = planets with extreme tidal
heating

We investigated their habitability using a heat
pipe model and a carbonate-silicate climate
model.

We found that planets with < 60 W/m? of tidal
heating are generally habitable!
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