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  Radiative transfer

Natural variables

  optical depth 
  visible extinction

⌧ = �
Z

(+ �)ds
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2 - absorption / emission by gas - continuum
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  Radiative transfer

µ
@I�(s, µ,�)

@s
= � [(s,�) + �(s,�)]⇥ I�(s, µ,�)+

�

2

Z +1

�1
p(µ, µ0)I�(s, µ

0,�)dµ0 + ⌘(s,�)

3 - absorption / emission by gas - line
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  expansion in Legendre polynomials 
  linear set of partial differential equations 
  boundary value problem with non constant coefficients
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Size distribution

  big grains:  
 MRN : amin - amax 
 fixed dust / gas ratio  

  PAHs 
 log-normal : a0 
 fixed PAH fraction
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  Dust treatments
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Size distribution

  big grains:  
 MRN : amin - amax 
 fixed dust / gas ratio  

  PAHs 
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  Dust treatments

Thermal balance Td

⇒ radiative equilibrium between absorption and emission
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Size distribution

  big grains:  
 MRN : amin - amax 
 fixed dust / gas ratio  

  PAHs 
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Gas phase chemistry

  hundreds species 
  thousands reactions 
✓  photoionization 
✓  photodissociation 
✓  cosmic ray ionization 
✓  2-bodies reactions

  Chemistry
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Surface chemistry

  adsorption, desorption 
  migration 
  mantle formation 
  reactions on dust

  Chemistry

  hundreds species 
  thousands reactions 
✓  photoionization 
✓  photodissociation 
✓  cosmic ray ionization 
✓  2-bodies reactions
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  Chemistry
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Le Petit et al. (in prep)
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  Chemistry
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  Langmuir-Hinshelwood 
✓  physisorption (hundreds K) 
✓  efficiency depends on Td

  Eley-Rideal 
✓  chemisorption (thousands K) 
✓  efficiency depends on Tg

Cazaux & Spaans (2009) 
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  chemical kinetics data required (e.g. KIDA) 
  steady-state: ordinary algebraic equations 
  closure: conservation of elemental abundances 
  Newton-Raphson integrator

dn(X)

dt
=

NF (X)X

j

nj(Vj)nj(Wj)kF,j � n(X)

ND(X)X

j

nj(Yj)kD,j = 0

Initial conditions

element X [X] / [H] gas phase grains
helium He 1.00⇥ 10�1 1.00⇥ 10�1

carbon C 3.55⇥ 10�4 1.38⇥ 10�4 2.17⇥ 10�4

oxygen O 4.42⇥ 10�4 3.02⇥ 10�4 1.40⇥ 10�4

nitrogen N 7.94⇥ 10�5 7.94⇥ 10�5

sulfur S 1.86⇥ 10�5 1.86⇥ 10�5

magnesium Mg 3.70⇥ 10�5 3.70⇥ 10�5

silicon Si 3.37⇥ 10�5 3.37⇥ 10�5

iron fe 3.23⇥ 10�5 1.50⇥ 10�8 3.23⇥ 10�5

  Chemistry
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  Chemistry
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  Chemistry

Oxygen chemistry / with surface chemistry
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  tens species, thousands levels 
  radiative pumping,fluorescence 
  collisions (H, H2, He, e-) 
  (de)excitation formation / destruction 
  set of linear equations
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6335 levels - Coxon & 
Hajigeorgiou, 2004

43664 lines - e.g. 
Goorvitch 1994

State-to-state chemistry ?
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  Excitation

Moriset S. (PhD thesis) 
Sizun et al. (2010) 

H2 excitation at formation

Langmuir-Hinshelwood Outline 
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  Thermal balance
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Grains Gas

  Thermal balance
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  Exemple
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  Dense PDRs

Observations

Jobin et al. (in prep)
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  Dense PDRs

Model of NGC 7023 (joblin et al. in prep)
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  Dense PDRs

Model of NGC 7023 (joblin et al. in prep)
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  Dense PDRs
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  Dense PDRs

Model of NGC 7023 (joblin et al. in prep)
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  Extragalactic

Model of 30 Doradus (Chevance et al. 2015)
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  Extragalactic

Model of 30 Doradus (Chevance et al. 2015)
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  Extragalactic
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  Extragalactic

Model of 30 Doradus (Chevance et al. 2015)
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  Post-treatment of simulations

Simulated 3D diffuse cloud (Levrier et al. 2012)
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  Post-treatment of simulations

Simulated 3D diffuse cloud (Levrier et al. 2012)
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  Master equation 

  Improve efficiency of processes 

  Reduce importance of barriers

  Stochastic processes

Z
dY pY!Xf(Y ) = f(X)

Z
dY pX!Y

Dust temperature fluctuations

Bron et al. (2014)
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  Formation of H2 on grains 

  Conversion ortho / para

  Stochastic processes

Impacts of dust temperature fluctuations

Bron et al. (2014)

 Outline 
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  Fluctuations of gas temperature 

  Same formalism / only requires dissipation 

  Help overcoming reaction endothermicities

  Stochastic processes

Dissipation of turbulence

Bron et al. (in prep.)
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  Interactions with X-rays
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PDR code

  state-of-the-art numerical model 
  1D, static, steady-state BUT  
  treats hundreds of microphysical processes

  Conclusions
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