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What is the relevance of a planetary atmosphere”?

Do habitable worlds exist?

Presence of atmosphere: fundamental for
planet to develop life

2021 Sagan Summer Workshop - Effects of stellar irradiation and erosion on planetary atmospheres

How do exoplanets evolve?

Atmospheric loss sculpts planet and changes
mass-radius distribution

Observations with the Kepler satellite
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-

are evaporating”? And why do
they evaporate”

\ 2 The evolution of stellar radiation

Outline \ \
1 How do we know exoplanetas \\\
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& winds (mostly focused on
early ages)

‘ \
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\

\

Stellar wind interaction with
atmospheres of exoplanets




Indirectly: evaporation through population studies
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Possible interpretation:
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Number of Planets per Star
(Orbital period < 100 days)
>
@)

For small exoplanets with Porb<100 d
0.12 -

Fulton & Petigura 2018

O
—h
o

O
o
o

o
(@)
N
rocky
volatile rich

s
0.7 1013 18 24 3545 6.0 80 120 20.0
Planet Size [Earth radii]

ming o (PO

¢ Planets born as big, volatile rich planets
¢ [00 much evaporation = atmosphere is lost very
quickly: Big planets become small rocky cores
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Directly: through transmission spectroscopy

Transmission spectroscopy

During transit, stellar radiation
IS transmitted through the
exoplanet’s atmosphere

i broadlband optical:
shallow transit

A
R Lyman-a:
deep transit é
=
o)
D
®©
1. Take a spectrum of the star at out-of-transit time =
: : O
2. Take a spectrum of the star during transit C .
3. Divide the two to find % of absorption by the >

planetary atmosphere time
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Escaping atmosphere of GJ436b (Ly-q)

Transit depth ~ 60% (!)
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also: Kulow et al 2014; Ehrenreich et al 2015
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Planetary neutrals tail

Coma core

Coma front | /

Bourrier et al 2016

Escape rates =2 x 108 — 10° g/s

Aline Vidotto
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Atmospheric evaporation In Helium lines

WASP-69b
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Transit depth (%

Infrared: Carmenes, HST

WASP-107b
e He 110,833 A
211{ Spake+2018 4 Non-overlapping bins
Allart+2019 - All spectral bins
2.10- '
2.09 -
2.08 -
2.07 -
2.00 -
@ : ®
2.05 - § ¢
2.04 -

10,600 10,700 10,800 10,900 11,000 11,100
Wavelength (A)

Common feature: relatively active stars:
needs EUV to lift the atmospheres

Aline Vidotto 7




What are the physical causes of evaporation in these close-in
planets?



Atmospheric LoSS processes

Gronoff et al 2020

—— _ | « Several loss processes, divided
0y ‘ L into “kinetic” and “fluid” types
h » Kinetic: individual particles are

2 lost

- ' Stellar Wind Stellar EUV Flux _ _
N . M AGNETIZED » fluid (or hydrodynamic): bulk
: outflow

| « Simple “assessment”
Trapped lon

Sidllar Wilnd) - Ny I Bulon  BE | Charge » bloated planet (ie, low gravity)
Exchagge . Escaps : "\ 4 Zeitangs : : : :
o and highly irradiated (ie, close-
~ Thermal Jeans ; | _ .
Escape | | in or active star): bulk outflow
Pho’lchchemicaI lonospheric .. = .- . .
T Thscapel . Outflow | » bulk outflow Is very important
. erima ' .
Ut Hydrodynamic for youngish / close-in
scape _
exoplanets!

» 2 suggested “avenues” of
evaporation for these planets:

*Plus: stellar wind stripping (due to ram pressure), impacts that can blast
atmosphere into space, condensation of atmosphere, stellar tidal forces (Roche

lobe overflow), etc = core heating (internal)

2021 Sagan Summer Workshop - Effects of stellar irradiation and erosion on planetary atmospheres Aline Vidotto

= photo-evaporation (external)



Hydrodynamic escape via photo-evaporation: how does it happen®

lonises Hydrogen uses 13.6eV...

W
Qe
MRS

ol

... and excess energy
converted into thermal
motions

Aline Vidotto 10
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Hydrodynamic escape via core luminosity: how does it happen”?

after formation: planet
IS contracting... ... gravitational energy of
the contracting core is

being released

Aline Vidotto 11



Why Is the high temperature so important”?

High T generates a gradient
of pressure — force that
drives the planetary outflow

pa = planet gravity + tidal 4+ thermal forces

du pGM, N 3pGM,r  dP
puU— = — —

dr 2 a’ dr

Momentum equation does not care
- | | | | | what is causing the gradient of
“in fluid dynamics, mass is replaced by density and forces are given per unit volume.. pressure (core heating, stellar

| photoionisation, or something else!)
** egs assume 1D geometry, spherical symmetry and steady state

. L _ This distinction enters in the energy
Interested in the derivation? https://rdcu.be/cjs9q equation.

Check Section 5.2.1 of Vidotto 2021, Living Reviews in Solar Physics
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Energy-limit escape: a particular limit of hydrodynamic escape

. Eirradiation,input — Ekinetic,output
O
o)
(% a fraction € of the ... and is used to
= energy flux is accelerate the
intercepted by the outflow to its
planet cross-section... terminal velocity
y
eFriv(TR%) = Mlhicrm
EUV eff o

\2

evaporation rate (g/s)

-
. 0 1/2
% The terminal velocity is 2GMP
S on the order of the V.. =
% | €sC
& surface escape velocity Rp
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Cross-section:
TIRef

Reﬁ

Allan & Vidotto 2019

Aline Vidotto

13



Energy-limit escape: a particular limit of hydrodynamic escape

2
Mo = e Feuv(mRr)
E — Cross-section:
GM,/R, TR
Feuy = 22 “AAAY
2 o\ ANTANY/
v = € Leuv(Re/d) NN
"4 GM,R
p==P Feuv at
distance a
MP
p = - Evaporation rate is larger for planets:
3¢ Lpyy/a” 2 7R3 it |
_ 2€ LEUuv 3 T » orbiting at close distances (small a)
B 16 Gnp » smaller average densities (e.g., gas giants)

» orbiting stars that are active (large high-energy
luminosities): usually young(er) stars

» Important form of escape in hot Jupiters & planets
orbiting young stars
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Mass loss estimates for exoplanets

© Maeve Upton

433 exoplanets orbiting low-mass stars - Energy limit
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log(stellar high-energy rate
deposited @ planet [erg/s]) after Enrenreich & Desert 2011
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Stellar irradiation and stellar wind-erosion
shape atmospheric evaporation

photo-evaporation

& winds (mostly focused on

2 The evolution of stellar radiation
early ages)

rlick/U.of Warwick



The BIG picture: evolution of winds/activity of cool dwart stars

activity &
planet detection

1. Wind removes
angular momentum

2. Rotational
evolution of stars

4. Evolution of
magnetism/activity

3. Interior properties

Age of stars
(& planets)

Seismology of stars

2021 Sagan Summer Workshop - Effects of stellar irradiation and erosion on planetary atmospheres Aline Vidotto 17



How do winds, activity & planets evolve”?

4—
‘_o" LR LI R L IR AL R Open questlons
? ¢ ¢ eHow has the solar wind evolved In
S 10* (1 O exoplanets | — the past 4 billion years?
v O astrosphere i ¢ O e
= _ | © prominences ¢ ' ol B . . L
= ® Sun | " *What is the implication for young
= - exoplanetary systems?
=~ 10 l, mostly radio o — P y Sy
=
p = = eHow do stellar winds affect
— exoplanets (magnetosphere and
€ 100 — atmosphere)?
= O
S
- - .
n i ® solar-like stars (MS)
E 102 for solar-like stars only . - O M dwarfs/evolved stars
" ® Sun
% Covod s ol vl i il Jv upper limits
c 100 10° 10* 10° 10° 100 10® 10°

X—ray flux (erg cm”~ 2 s—l) Vidotto 2021, Living Reviews in Solar Physics
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Planetary evaporation in evolutionary timescales: stellar X/EUV flux

Tu et al 2015
Observations of stellar

. . Stellar rotation age Stellar activit
rotation at different ages NI 4

o corrrre corrrrn corrrrn T 3 001 10 :F T . T | 1
., Gallet et al 2015 [ fast . 110%
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The extreme ultraviolet and X-ray Sun in Time: evaporation of
planetary atmosphere

Atmospheric evaporation of a 0.5Me planet @ 1au
Matm,initia=0.5% Me

l C

100 F

10
! fast

Remaining Atmospheric Mass (%)

: slow ]

10

100 1000

Age (Myr)
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Tu et al 2015

H content of the planetary
atmosphere is very different if
orbiting:

* slowly rotating star: 45%
retention of initial atmosphere

 rapidly rotating star: entire
atmosphere is lost < 100 Myr

Aline Vidotto 20



Escape affects the internal structure of the planet

Kubyshkina et al 2020, Kubyshkina & Vidotto 2021

R =198R
| core @
/ f i
— ! N
E.ea : . “SCape
m?)_ 5 : Cney
! i //"77/'1‘
/7-1';0//‘0
i dynam/()s
3 L] | L N | L
10 10° 10
age [year]
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Predicted observational signatures of atmospheres of close-in planets

Evaporation rates higher
at young ages

S 10 0.3 M,
oo \ ~20% mass
© 10
- 1 lost through
-f_,—b- 101 evolution
© fast
8_ 10%° iInterm.
(© slow
q>) 109 1 | lllllll 1 1 lllllll 1 L1

10 100 1000

age (Myr)

planet @
0.045au Symmetric profiles:

Allan & Vidotto 2019

lack of stellar wind
iINnteractions

Ly-a
wavelength (A)

1.0

0.8

It

©
o

©
~
| I

AF(Lya) at mid-trans

I
N

velocity (km s™7)

At younger ages:
e broader (& saturat

1216.0

mid-transit Lya lir
INne-centre
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ed)
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 Ha transits with depths
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geometric transit
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photo-evaporation

Stellar wind interaction with
atmospheres of exoplanets

“k/U.of Warwick



orbital motion

Rho (g/cm®)

Stellar wind
stripping

Carolan, Vidotto et al
N prep.

planet’s
shadow
(nightside)

tail shaped by the stellar
wind interaction + orbital
motion
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Create atmospheres
(HD219134, Vidotto+2018)

Erode

atmospheres

(young Mars, Di—_ P
Kulikov+2007)

How can stellar
winds affect
atmospheres of close-In
exoplanets?

k
Prevent escape

(Vidotto & Cleary 2020,
next slides)

Do nothing?



How stellar outflows Influence planetary mass loss Vidotto & Cleary 2020

Stellar wind shapes planetary outflow, affecting Stellar wind squashes planetary outflow,
observational signatures, but not escape rates reducing/preventing atmospheric escape
stellar ' g
wind steflarwind 1| “would-be”

\/ \/ \/ \/ *-...SoNnic radius

\/

-
--------
- ~

P
~~. -
.----_

sonic radius

iInterface iInterface
between outflows between outflows

Stellar winds can reduce or even suppress mass loss from their exoplanets
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Stellar winds confine atmospheric escape of close-in planets

Vidotto & Cleary 2020
EUV flux (erg/cm°®/s)

3900 3200 2500 1800 1000 300

Le,y = 4.6€-0D L
4.0 \Gyr

O
0o

Models that do not
consider the effects of
stellar winds can over-

predict atmospheric

escape rates.

O
~

©
o

Not confined

stellar
! ! ! ! wind

o
U

surface gravity (jupiter units)

0.4

0.04 0.06 0.08 0.10 0.12 0.14
orbital distance (au)
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12.2

11.5

10.8

10.2

©
Ul

8.8

log(evaporation rate [g/s])

Confined

stelarwind e “would-be”
! ! ....sonic radius
..!‘ h.\‘

interface
between outflows

.
-~ -
......
.. e
......
-----------

1 Men c: expected strong
atmospheric escape, but
none was detected!
(Garcia-Munoz et al 19)

Confined by stellar wind?

Aline Vidotto

27




Studies of stellar wind confinement in 3D Carolan, Vidotto et al 2020b

- Vidotto & Cleary 2020: 1D radiative
hydrodynamics simulations —
cannot include stellar wind effects

» 3D hydrodynamic simulations of
typical hot Jupiter & warm Neptune

density
102 ——r i (@mu/cmb3)
10t L PERS 1.0E+09
= % 1.0E+08
= 100 L sSonNic 1.0E+07
2 surface 1.0E+06
= ol 1.0E+05
< 3 1.0E+04
E n
102 | 1.0E+03
ol - GJ3470b
102 101 109 101
Orbital Distance [au]
stellar wina
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L ower escape rates after disruption of SONIC SUIfaCe carolan, Vidotto et al 20206

sSONIC
surface Increasing stellar wind mass-loss rate SONIC

surface

Closed (undjsturbed sonic surface) >  Open (disrupted sonic surface)
| B = —— Z ‘ m Stronger stellar winds:
e + lower volume occupied

by planetary
atmosphere

40 EZZy

20 f

» for open sonic surfaces:
lower planetary escape

—-20 rates

—40 § 2x solar wind  [JAESIEERINERR 10x solar wind SIIIIRREANE 20x solar wind SRR

40 -20 O 20 40 -40 -20 O 20 40 -40 -20 O 20 40

L | How does this affect
3 A 5 B 7 g 9 observational signatures?

log(density[amu/cms3)
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The effects of stellar winds on Lya synthetic olbservations

Increasing stellar wind mass-loss rate

Carolan, Vidotto et al 2020b

1012 L L UL L o)
- & R

f < j

@ X |  Hot

Jupiter

- Observational signatures strongly
affected by the presence of
stellar winds even when
planetary escape rates are not!

Atmospheric escape rate (g/s)

0 5 10 15 20 25

Lya absorption (blue + red wings) [%]
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The dichotomy of AU Mic b

- AU Mic b: Neptune-size planet orbiting a 22 Myr-old, pre-main sequence M dwarf (Plavchan et al 2020)

High EUV flux from t

Ne star causes

strong evaporation

in AU Mic b

stellar wind; 10x solar

evaporation rate: reduced by 50%

2021 Sagan Summer Workshop - Effects of stellar irradiation and erosion on planetary atmospheres

stellar wind; 1000x solar

N

Carolan, Vidotto et al 2020a

Strong wind of AU Mic (10 to 1000x
the solar wind mass-loss rate)

prevents/reduces evaporation
Q10+ ¢ ° Transit signatures -
S ' “erased” by
B 8r stellar winds — -
= | transits to probe
s °f ¢ stellar wind -
S
Q 4F ¢ -
= : :
- : :
o 2r : 7
g | ¢ 3
g O-_ | | | | ? |
g NowWind  10° 101 102 103
2

Stellar wind mass-loss rate (x solar)
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Effects of stellar activity on planetary escape

Temporal variations in the exosphere of HD189733b

Normalized flux

I I I ' I [ I

1.10_ ............ S e N L A R . .

: o o | @ Flare
1.05 - L Lo - — ¢ * Transit

: [ R 1 Tt S -

: I T o 2
100# _i_ | = I ——‘—'l/l -— (E

- T | © I\ 4 =

B 4 I ol I - i s A V)

: I i 88 :
0.90F Ny 1 2° 1

- A April 2010 S R : D + + + + +
0.85 B Y 1 X t 4

- W September 2011 oo L A + +
0.80¢ ey | 1

9) 10 (

Lecavelier +12,
Bourrier +13

Possible scenarios:

1.Change of stellar wind properties (passing of a
Coronal Mass Ejection)

Credit: NASA, ESA,
L. Calcada, SDO

2.Increase of stellar energy input into the planet’s
upper atmosphere
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(a) Case-l: Quiescent phase

(b) Case-ll: Flare case

Stellar wind

Hazra, Vidotto et al, submitted

Stellar wind

(d) Case-IV: CME and Flare | =y




Case 1: Quiescent
(“normal” Stellar wind
+ “normal” Fxuv)

Case 3: CME
(“strong” SW + Fxuw)

Case 2: Flare
(“normal” SW + high Fxu)

Hazra, Vidotto et al,
submitted

Case 4: CME and Flare
(“strong” SW + high Fxuv)




evaporation rate (g/s)

Hazra, Vidotto et al,

Simulated Ly-alpha transits of HD189733b submitted
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What's next”? Effects of magnetic fields on evaporation




Gonclusions

Atmospheric escape and the evolution

of planets depends on the XUV history
of the host star. “

- ~— u ! £ oA >

Stellar wind can “erase” Ly-a transit
signatures N young systems

————

-

ol \\_~‘
e ——

Stellar winds play |mportant ro\e n
atmospheric evaporation: from
retention to stripping of atmospheres
Variation in stellar outflows (quiescent

wind vs CMEs) can affect planetary
evaporation momentarily

DAlIneVidotto




