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Atmosphere :
Interacts with
surrounding
~1e2-1e3 K
~1bar

Interior : Linked to
the atmospheric
dynamics/
composition
~1e3-1e4 K
~1-1e7bar




infrared
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Variation of transit depth

Wavelength

2.1 microns
2 3 mMicrons

For an Sun-like star:
- Hot Jupiter (T=1300 K, g=25 m s2, M=2.3 g/mol): 644 =~ 0.01,A8,,,~ 4.107*
- Earth-like planet (T=280 K, g=10 m s2, M=28g/mol): 84,4 =~ 107% Ao~ 2.107°




Summary

From the atmospheres to the interior

* Atmospheres :
cture & Dynamics : Modei

s . L
ey W
B TR e T

‘Structure & Dynamics

"+ Linking the two :
e Completeg




Atmospheres

Summary

7 4
= S .

Atmospheric escape : l'x \'(.”(-\-_
Ve i

Mgl, Silll

> VMM

O t’i'c'alé |

, Na, K, “ |
Thermal inversions TiO,VO e e S

Clouds/hazes

Vertical mixing Infrared
H,0. CO,

e ? CHy, HON,
Atmospheric circulation COy. NHa

Chemical equilibrium

800 1200 1600 2400
T (K)

Madhusudhan 2019
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Self-consistent atmosphere models

Input parameters:
Planetary radius

Gravity 1
Irradiation

T mm) | Chemical composition | |
Metallicity Iterations until converged
C/H, O/H, N/H,... (difficult sometimes...)

Initial TP profile Cloud distribution
Opacities

Thermal structure

Radiative transfer

Transmission & emission
spectra

From B. Charnay
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Chemical composition

Teﬁ =700K, log(g)=4
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Mixing ratio (mol/mol) B. Charnay et al. (2018)




Equilibrium Chemistry -

Using thermodynamics

j=(NG+1,..,.NS)

NG NS NS

Z ap;n;Aln(n;) — z: apjAn; = by — Eakjnj

7=1 1=NG+1] 3

NG NG

anAln(nj) —nAln(n) =n — Zn]

j=1 Gordon and McBride, 1994
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Chemistry B

Using kinetics

Chemical reaction network: Mass-action kinetics:
A+BHA4+C (1) 0= —keac o
A+C=5D (2) b= —kiab+ 2ksd _01 —01 0

D 3y (3) C = k1ab — kaac
d = keac — ksd

A
B
C |1
D [0
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Disequilibrium Chemistry
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Yui Kawashima et al. & Morley et al.
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Cloud distribution
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Radiative Transfer

Final Intensity :
I +dI

Radiatif transfer
equation

A dependant

= | I(x,nAt)7n.kdQ = f f I1(x,0,¢,4,t)cos(0)sin(6) déd¢
Q



Radiative Transfer

By a photo before being scattered)™?!

Ty = K;{dS dI
el
7e Kl + €
€A
Sy =—
¢ K2 al =—L4R
» Local thermodynamic equilibrium: dt; -
o 2hc? 1
51 = B B(T, 1) = =<

05 e — |



Radiative Transfer

Two stream approximation

y1F' — v, FY = 2(1 — wy)B

)/ZFT — ylFl —+ 27T(1 — (.UO)B
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Thermal profile

Methods for solving RT equation

OF T 0B dInT Sk
r BOT dinP k

.+ .:l_.:.r._‘.:'hl_ ‘.'ljlﬂ._l 'b-_ o
e o e

1. Gray/Semi-Gray analytical model (

v i

2. Correlated-k methoc



Atmospheric dynamics

Euler equations (Boussinesq regime)




Atmospheric dynamics b

Euler equations linarised
exp(wt + i(k, + k, + k,))
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v (1) =0 0 + iybv + kadw =0 [
950 wpoou + 1k, 0 P =0
Po +V(0P)—dpg=0 wpoov + 1k, 0P =0
ot wpoow + ik, 0P + dpg=0

00X »
0Xo _ Rx6X — Rp6T =0

—-I-(Su-ﬁ(Xo)—RX(?X—RTéT:O WO X + Sw
ot 0z

&S—T + TQ(STI’L ' 6 (logé’g) — HxéX — HT5T:O

ot
op ~oT  Jdlogug .,
ot o 0X =0
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Atmospheric dynamics P

Euler equations : Jacobien

ik*6P + k,0pg=0
wpoow + 1k, 0P + 0pg =0

X
0Xo _ Rx6X — Rp6T =0

X
woX + ow 3,

Ik

WOT — Sw=L (Vo — Vaq) — Hx6X — HpdT =0

hP
01 aloguo
S 5X =
+ 9X 0




Atmospheric dynamics

Schwarzschild criterion

H,=0 R,=

Stability analysis using

: ( .0 Ly O |

k.qgik. L(Vj — Vad) — /./\T‘L(Vy‘ — Vad) + ik*w® =0
h'l) hp

,. /ﬁf_ . /1‘;“)‘ (

w‘z — (vl — vil(l) 5 '/ // = 0

o2 )



Atmospheric dynamics

Validation of Schwarzschild criterion

40

Pressure
(kPa)

50

P17 = cste

Mixing Ratio (g/kg)
6 8 10

Thermodynamic Diagram
from R. B. Stull: "Meteorology for
for Scientists and Engineers. 2Ed."
Copyright ©2000 by Brooks/Cole
Thomson Learning. (free copies this
page permitted)

Y L 4| - State lines are thin.
) %« Process lines are \
thick, and are labeled
5 with temperature where
- =—=—| they cross the bottom axis.

(6L = lig. water potential temp) °C
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S3 Printout - For Atmospheric Soundings & Stability Lab




Modeling atmospheres

Pressure-Temperature profiles

Example atmosphere P/T profiles

: |
AAN
||||||

||||
L1
l'll

Irradiation temperature

10°
T (K)

Profiles depend on :
* Chemical composition (C/O
ratio, Metallicity)

* |rradiation flux
 |nternal flux



Interiors

Equations of state

10! 10?2 103 104 10° 108 107
P [GPa]

1

100
10-810-710-%10°10-410-310-210-* 1 10! 10% 103 10* 10° 10°

plg cm=3]

100 | :
10-810-710-610-°10-410-310-210-t 1 10! 10® 10® 10* 105 10°

plg em=?]
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Mixing equations of state

W(T,P) = ) X,W(T,P)




Mixing equations of state




Computing internal profile
Adiabatic profile




Computing internal profile

. Define « surface » pressure and temperature

T et e
e i R

Create adiabatic profile o
Evaluate radial profi
Repeat 3 & 4
Outpu

O OF



Interior structure

Equation of state of
deep interior (Rocky
core)



Internal profiles

Exoris profiles at Exoris profiles at
M- 1.01 M : 1.01

Surface
— Temperature
E 10000 -
2
= 8000 -
§ 6000 A
4000 -
107 - 2000
102 103 Surface,femperature we . wmr . e
T (K) Radius ())
2s depend on :
StrUCture (Equations Of state USEd) o Surface temperature

Core size
e H/He ratio



Interior degenerecy

Ternary diagram of gaseous planet at vanous compositions at T(100bars) = 100.0K

Radws (R)) in Z axis
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Valencia et al.
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The Pie Analogy

Apple pie ?
Blueberry pie ?

Pecan pie ?

Steak and kidney pie?



The Pie Analogy




Linking models

it
.-_“_.Jk .I.,!__E-?"_:"-':'-':'- '-""'_J':;\'.-C_";';..-'C'.;H-I
YRS Lt et

T e R T T PR Tt o v e oy
G e
; ] 7 ' £

Convective
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Linkage errors
Ideal gas law/EOS Exoris

Examples of profile EOS/Ideal erreur %

mu : 2.05 mu : 3.36
yh20 : 0.0000 - yhe : 0.02 yh20 : 0.0000 - yhe : 0.27
core : 15.00 core : 25.00
Erreur 1000 bar/100bar : 5.451%/1.411%, Erreur 1000 bar/100bar : 7.915%/0.695%,

T mu 2,05 T mu: 2.02
yh2o : 0.0000 - yhe : 0.02 yh2o0 : 0.0000 - yhe : 0.01
core : 29.00 core : 1.00
Erreur 1000 bar/100bar : 17.208%/2.646%, Erreur 1000 bar/100bar : 5.891%/1.872%,

l()5 105
Pressure (bar) Pressure (bar)




Linkage errors
Solution - Guillot et al. 2010 - Gray analytical model

Ll (P, T) (Ficks law)

— = ———k(P, icks law

- NGWE

dP

e = — Do (Hydrostatic balance)
dz

=1 P.T) (State equation)

Create boundaryszone between
atmosphere’and Interior

1000 1050 1100 1150 1200 1250

T
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Linking models

Radius-T _irr Radius-T_int
Mass : 1.69 Mass : 1.63
T Int :200.0 I int:200.0
Met :1.0 Met :0.1
Core : 21.0 Core : 9.0
1.30 1 .
v
1.25 4 1 v
1.20 4 4
1.15 4 ’
w L 2 3 !
B
110 , o '
1.05 4
1.00 + 4
0.95 +
2(;0 4(‘)0 660 860 10100 175 léO 185 190 l‘;b 200
T_irr (K) T int (K)
Radius-Met Radius-core
Mass : 1.69 Mass : 1.69
T ur :600.0 T irr :600.0
T_int :200.0 T_int :200.0
core: 21.0 Met:1.0
1.30 < -
12541 ¢ b .
—
-
m 1.20 4 :
4+
.
Q- 1.15 4 4
! rY + 4 V1
: + 4 L 2 ' 4 ‘4 |
3 4
— 1.10
1.05 4
B
1.00 4 .
0,95 + 1
1(; 2 10~ 1(;1% 0 5 10 15 20 25 30

Met

Core




Variations with T Irr

Mass : 1.73 Radius-T irr
T int :200.0 Mass : 1.73
‘Met :0.1 T int :200.0
Core : 21.0 Met :0.1
Core: 21.0




Variations with T Int

Mass : 5.25 Radius-T int
T irr :200.0 Mass : 5.25
Met :1.0 T int :600.0
Core: 21.0 Met :1.0
Core : 21.0

500 550 600 650 700 750 800 850 900




Variations with Met

Mass : 1.73
T irr :600.0
T int :200.0
Core: 21.0

Radius-Met
Mass : 1.73

T irr :600.0
T int :200.0
core: 21.0




Variations with core size

Mass : 1.73 Radius-core

T irr :300.0 Mass : 1.73

T int :200.0 T irr :300.0
Met : 0.1 T int :200.0

Met: 0.1




Deriving planetary age

Leconte thesis




Atmospheric dynamics .

Thermo-compostional convection Tremplin et al. 2019

w3 + aow?® + ajw +ag = 0 _
Reduced thermal gradient

— Teff=1600K, logg=5.0, v=1.05
——  Teff=1400K, logg=5.0, v=1.05
— Teff=1400K, logg=5.0, v=1.20

™
G
=
)
-
S5
)]
wn
&
—

() 500 1000 1500 2000 2500 3000 3500 4000 4500
Temperature [K]
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Verifying Thermo-compostional convection
Tremplin et al. 2019

Test hypothesis using hydrodynamics code (Ex : Basilis
profiles




Conclusion vhe T

It’s done. . e

Exorem/EXxoris robuste models for studying atmosphere. and.igtesic

' r-,: ]
i

lon négligeable amount of wc
molar weight)

Work on exorem side - Atmosp

Work on exorl
Study of
ImE




