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1. Gasdynamic equations (3D, Cartesian) 



Heating and cooling: contributions from 
many species 



Continuity equations for all of the species: 

Alternative, transport form: 



Rate equations for a constant density gas 

The electron density 

 Charge exchange reactions 



Collisional ionisation and radiative+dielectronic 
recombination coefficients: 

Arrhenius: 

Aldrovandi & Pequignot (1973, 1976) 





Photoionization rates: 

Radiative transfer equation: 

Average intensity: 



 Included in 1D (stationary and time-dependent) shock 
models 

 Two papers in which the “diffuse” ionisation field is included 

 Of order 20 papers in which an external ionising field is 
included (flows in HII regions) 



Standard calculations: 

 S and C are assumed to be at least singly ionised 

 Photoionisation (and associated heating) neglected 



Coronal ionisation equilibrium (S=0): 

Equilibrium for H: 





The cooling function: 
Recombination and free-free cooling: 



Collisional ionisation: 



Collisionally excited lines: 

l=1,…N : excited levels 

Energy loss 



Populations of the excited levels 

Linear system of equations for the 
populations of the N levels 



Collisional de-excitation coefficient 

Collisional excitation coefficient 

Collision strengths  Chianti database 

A coefficients 



The 3-level atom: 

 System of 3 linear equations 



2-level atom: 

Solution 



Low and high density regimes: 



Cooling: general, low and high density regime 



Recipes for calculating the cooling function 

 Coronal ionisation cooling function 

 Isochoric cooling function 

2 most simple approaches: 

Both tabulated as a function of T (for n=1) 





 Tabulations of cooling functions for many ions 

(as a function of n and T) 

Fits to the low density regime cooling (as a function of 
T, for n=1) 



Single-species non-equilibrium cooling: 

 Single continuity/rate equation for HI (or HII) 

 Assume that the OI/II ionisation follows HI/II 

 Consider only HI collisional ionisation + OI/OII 
collisionally excited line cooling 

 Has to include a switch to other cooling function 
above 20000 K 



Cooling: 

 coronal, isochoric 

 single species non-equilibrium 

 many species non-equilibrium 



Calculation of the emitted spectrum 

the emission coefficient 



as a function of radial velocity: 



predicted emission line 

intensity map: 



predicted velocity channel maps 







Optically thick lines 



Summary: 
the calculation of the cooling function and the ionisation 
state of the gas can be done in 3 different degrees of 
complexity: 

 coronal equilibrium or isochoric 

 single species, non-equilibrium 

 many species, non-equilibrium 










