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Need for a new generation of tools and databases
for the physical/chemical study of (exo)planetary atmospheres
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Photochemical models of interstellar or planetary atmospheres are complex
([0-3]D chemical-dynamical codes with thousands of highly coupled nonlinear equations)

The chemical equations are based on empirical parameters :

Photodissociations

AB hν−→ A + B
qi,j(λ, T ) ki(T ) = αi( T

300 )βi exp(−γi

T )
Neutral-neutral reactions

A + B
(+M)−−−→ C + D

σi(λ, T )

These empirical parameters are obtained from experiments, calculations and/or 
extrapolations :

            ☞ They are always evaluated with [ [very] large ] uncertainty

            ☞ In some conditions, estimated parameters are numerous 

           Ex : in Titan photochemical models, less than 10% of reaction rates are measured at
           relevant temperatures.

1D photochemical modeling of planetary atmospheres 
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Photochemical models of interstellar or planetary atmospheres are complex
([0-3]D chemical-dynamical codes with thousands of highly coupled nonlinear equations)

The chemical equations are based on empirical parameters :

Photodissociations

AB hν−→ A + B
qi,j(λ, T ) ki(T ) = αi( T

300 )βi exp(−γi

T )
Neutral-neutral reactions

A + B
(+M)−−−→ C + D

σi(λ, T )

These empirical parameters are obtained from experiments, calculations and/or [ more or 
less [ but most often less ]] educated-guessed estimations :

            ☞ They are always evaluated with [ [very] large ] uncertainty

            ☞ Most of the cases, extrapolations of these parameters are mandatory 

           Ex : in Titan photochemical models, less than 10% of reaction rates are measured at
           relevant temperatures.
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Photodissociations

AB hν−→ A + B
qi,j(λ, T ) ki(T ) = αi( T

300 )βi exp(−γi

T )

Neutral-neutral reactions

A + B
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« Next-generation » photochemical modeling 
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Fig. 5. Face and profile views of the variation of C2H4 log-density with the rates of reactions Ra and Rb, all other reaction rates being fixed at their
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Fki(T )

Extrapolation I

Extrapolation II

ki(T ) = αi( T
300 )βi exp(−γi

T )
A + B

(+M)−−−→ C + D

Hébrard et al., 2006 - J. Photochem. Photobiol. C
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(Photo)chemistry

Equivalent semi-major axis (a.u.)
10-2 10-1 101 102100



A
lti

tu
de

 a
bo

ve
 c

lo
ud

 to
ps

 (k
m

)

Temperature (K)

0 100 200 300 400

NH3

NH3

NH4HS

NH4HS

H2O

H2O

CH4

stratosphere

troposphere

Jupiter

Saturne

Uranus

Neptune

100

0

-100

-200

200

-300

In the upper/cold atmospheres of the Solar System,
chemical reactions are initiated by radicals UV-induced 

production.

A + hν          A*

Only exothermic reactions are included. 

A + B           C + D

PhotoChemistry

In the deep/hot layers
of the giant planet atmospheres of the Solar System, 

endothermic reactions take place. There is no UV photon.

A + B           C + D

ThermoChemistry

Photochemical networks are wrong at high temperatures

Thermochemical networks are unable to take into account
non-equilibrium processes (photodissociations, circulation)

(Exo)planetary atmospheres
chemical models
Eric Hébrard (LAB)



All reactions must be balanced

Photo/Thermochemistry

In hot dense atmospheres subjected to high UV fluxes,
a new situation arises, in which

both photodissociations and endothermic reactions matter: 

A + hν          A*

A + B         C + D

Photothermochemical networks evolve towards thermodynamic equilibrium when photodissociations and circulation are turned off.

Zahnle et al., 2009; 2010   Line et al., 2010   Moses et al., 2011
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k1(T ) = α1( T
300 )β1 exp(−γ1

T )

Keq =
k1(T )
k−1(T )

= exp
(
−∆rG0

T

RT

)⎨ k1(T)
A + B           C + D

 k-1(T)
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=                      +

C0-C2 and/or C0-C6 

+ NOx + PAHs
C + H + O + N + He + ...



Mesure en RPA

Mesure des profils d’espèces en fonction de 

T, P et le temps en Réacteur Parfaitement Agité

Perfectly Stirred Reactor 

Etude de l’auto-inflammation en tube à onde de choc 75 

Ces équations de conservation sont au nombre de trois et s’écrivent, dans un repère fixe 

(description eulérienne) : 

 

Conservation de la masse :                                                            !1 u1 = !0 u0

Conservation de la quantité de mouvement :                      P1 + !1 u1! = P0 + !0 u0! 

Conservation de l’énergie :                                                  h1 + 
2

1
 u1! = h0 + 

2

1
 u0! 

où !, P, h et u désignent respectivement la masse volumique, la pression, l’enthalpie 

massique et la vitesse matérielle du gaz. Les indices 0 et 1 correspondent respectivement à 

l’aval et à l’amont du front de choc. 

 

2. Le tube à onde de choc du D.C.P.R. 

2.1. Description du montage expérimental 

 

 La figure III-5 est une photographie du tube à onde de choc du Département de 

Chimie Physique des Réactions (DCPR) et de son environnement. Cet appareillage a été 

utilisé lors de précédents travaux concernant l’auto-inflammation de différentes molécules en 

C3, C4, C6 et C7 (Baugé, 1998 ; Belmekki, 2001 ; Da Costa, 2001 ; Dayma, 2003). La figure 

III-6 est un schéma présentant les caractéristiques de ce montage. 

 

 

Figure III-5 : Photographie du tube à onde de choc et de son environnement proche. 

 

Shock Tube Rapid Compression Machine

Vitesse de flamme

Différents types de flamme d'un brûleur Bunsen dépendent de 

l'approvisionnement en oxygène.

Sur la gauche, une flamme riche (peu d'oxygène) produit une flamme de couleur 

jaune, qui produit beaucoup de suie

Sur la droite une flamme pauvre (beaucoup d'oxygène) ne produit pas de suie

Flame speeds

LAB
Laboratoire d’Astrophysique de Bordeaux 

+
LRGP

Laboratoire Réactions et Génie des Procédés
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 See following talk
Catherine Walsh (Queen’s University, Belfast)
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Hot Jupiter Photo/Thermochemical modeling

AB hν−→ A + B
qi,j(λ, T )σi(λ, T )

Need for high temperature molecular photoabsorption cross-sections

?
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Hot Jupiter Photo/Thermochemical modeling

AB hν−→ A + B
qi,j(λ, T )σi(λ, T )
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...2000 K ??
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Hot Jupiter Photo/Thermochemical modeling

AB hν−→ A + B
qi,j(λ, T )σi(λ, T )
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Modelers (ISM, planetary atmospheres, ...)
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Chemical physicists / Physical chemists
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Intercomparison of 1D photochemical models of Titan’s atmosphere
Pascal Pernot (LCP)

1D photochemical modeling of planetary atmospheres 
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F (λ, z)
F (λ, z)

T (z), P (z), ni(z)

1D photochemical modeling of planetary atmospheres 
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dni

dt
= Pi − niLi − div(Φi)− Ci

For each compound i, 
at each altitude level z:

Chemical coupling
between

coumpounds

Dynamical coupling
between

altitude levels


