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1. Gasdynamic equations (3D, Cartesian)

ocontinuity equation —
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momentum equation (3 components) —
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energy equation —
Al 7
— -} = (K4 P)|-G—-L, 3
o o (B4 P) . (3)

with £ — puu; /2 Pf/(y — 1) (7 is the specific heat ratio, — 5/3 for our
discussion of a non-relativistic, atomic /ionic gas).



Heating and cooling: contributions from
many species
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Continuity equations for all of the species:
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Alternative, transport form:
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where y, = r, /n is the fractional abundance of the species a (with n — p/m.

m being the average mass per atom or ion).



Rate equations for a constant density gas

dn,, .
= 85} SF 7
o . - (7)
with the collisional (§%) and photoionisation (S™*) source terms being given
by
Sz = R [Na 216021 + Raz4100,241 = Naz (Capz + @az)] (8)
-S‘Pha.: = Mg,z 1Paz~1 — "c.:c)a,: . ((J]

The electron density

n, - Z Z 27, .. (10)

—> Charge exchange reactions



Collisional 10nisation and radiative+dielectronic
recombination coefficients:

a(T). (T) - /1\ flo. 7o, vdv. (11)

Arrhenius:

[t is common to give analvtic fits to these coefficients in the “Arrhenius
interpolation” form :
m b= _bs/ .
r(T) = by T /T (12)

Aldrovandi & Pequignot (1973, 1976)

(1) .b,( ) F byl 3% oxp (=by fT) [ 4 bs exp (b /T)] . (13)

for recombination coefficients.



Table 1: lonisation. recombination and charge exchange coefficients

reaction coefficients®

e+ Hl — 2e | HII l: 5.83 % 10", 0.5, -157800

e HII — HI l: 3.60 x 10°1°, -0.79, 0

e Hel — 2e | Hell 1: 2.707 x 107, 0.5, -285400
e Hell — Hel 2 4.3 x 10713, 0,672, 0.0019,

4.7 % 10°, 0.3, 94000
e+ Hell — 2e 4 Helll 1: 5.711 x 10712, 0.5, -631000

e Helll — Hell l: 221 x 1077, -0.79. D
e+ CIl — 2e  CIII 1: 3.93 x 1071, 0.5, -283000
e+ CIHI — CII 2: 3.2 x 10712, 0,770, 0,038,

9.1 x 10%, 2.0, 3.7 x 10°
e+ CIIl — 2+ CIV 1 204 x 1071, 0.5, -555600
e} CIV — CII1 2 2.3 % 107", 0,645,
7.03 x 1073, 1.5 % 105,
0.5, 2.3 x 10°
e+ NI — 2e 4 NII l: 6.18 x 1071, 0.5 -168200
e+ NIl — NI 2: 1.5 % 10712, 0,693, 0.0031
2.9 % 10°, 0.6, 1.7 x 10°

e+ NIl — 2e 4 NIII 1: 4.21 x 1071, 0.5, -343360

e+ NIII — NII 2: 4.4 x 107", 0,675, 0.0075
2.6 x 10%, 0.7, 4.5 x 10°

e} Ol — 20 4 OIl 1: 1.054 x 10", 0.5, -157800

e} Ol — 0l 2: 2.0 x 10712, 0646, 0.0014

1.7 % 10%, 3.3, 5.8 x 10?
4+ OIl — 26+ O 1: 3.53 % 1071, 0.5, -407200
+ O — OI1 2: 3.1 % 10713, 0,678, 0.0014
1.7 % 10°, 2.5, 1.3 x 10°
4Ol — 2e + OIV 1 1656 x 101, 0.5, -636800
1 OIV — OIl1 2: 5.1 x 107", 0.666, 0.0028
1.8 x 10, 6.0, 91000
e} SII — 2e 4 SIII I: 7.12 x 10", 0.5, -271440
e 4 SIT — SII 2: 1.8 x 10712, 0,686, 0.0049
1.2 % 10°, 2.5, 383000
HI 4 NIT— HIT+ NI 1 L= 102, 0,0
HIT + NI — HI 4 NIT  1: 4.95 % 10712, 0. -10440
HI Ol — HIT+OI 1: 20% 1072, 0,0
HIT + O — HI 4+ O 1 1778 % 1077, 0. -220

o o

o o

SThe interpolation formulae are of the form 17 Archenius, or “2:" Aldrovandi &
Péquignot (1973), see equations (12) and (13)



Photoionization rates:

=~ 47J, .
Dy =z = [ fw‘ O, (1) dv,

z.z

Radiative transfer equation:

dl Je

i

Average intensity:
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—>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) ‘
j 4

!




Standard calculations:

—> S and C are assumed to be at least singly ionised

—> Photoionisation (and associated heating) neglected



Coronal 10onisation equilibrium (S=0):

rla,:(-.a,: o na,:-# laa,:-#v ] - ( 17)

Equilibrium for H:

n,”c( I) o ‘"un“('r) . (]8)

We can combine this equation with ny = ng, + 1y, to obtain

Rysr l ,
o o " - - lg
Virns _ L+ a(1)/c(T) (19)

where the Arrhenius interpolations for the coefficients are a(7') — 3.69 x
10717797 and o(T) — 5.83 x 1071705 100
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The cooling function:

Recombination and free-free cooling:

Ial](llll) o nc‘n”“ﬂ“("r). (20)

where the interpolation formula

B2, 1) = 1L.846 x 107722712 (21)

L ({HIT) = nong 3, (1), (22)

where the interpolation formula
Beeet) = 11335 10712 (~0.0713 + 0.5 In¢ + 0.640t /) (23)
with £ — 157890/7 (see Seaton 1959).

G2 1) = 28, (1,T/27), (24)



Collisional 1onisation:
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Collisionally excited lines:

1=1,...N : excited levels

Energy loss—>
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Populations of the excited levels—=>

Z "m-"‘m.l I N, Z nm@m,t’('l') - Ty Z -4m.1 * L Z QIW:(I) . (28)
el m< ]
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N
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—> Linear system of equations for the
populations of the N levels



Collisional de-excitation coefficient—=>

. 620 10 (T
q":J(I ) o qr1/2 "d( ) E (29)
I i< Den
Collisional excitation coefficient—>
7 .g_m 5 “hayy, .!u"‘*'T A ‘
QJ.m(I ) o t ) qm,f( I) . (';0)

g

Collision strengths = Chianti database

A coefficients



The 3-level atom:

n +ng g —mn,..

Now, for I — 1. from equation (28) we obtain

1 [—n(m2 + qi1z)| + nz(An + negn) + na( Az + nega) = 0.

and for { — 2, we obtain :

ry(n.gz) + no[—Ay — n (g2 + G21)| + na(Azz + n.gan) = 0.

-> System of 3 linear equations



2-level atom:

Equation (26) takes the form
n,.=n +ng, (34)
and equation (23) takes the form

nn.qya =~ "'2('"‘921 + -421) . (35)

Solution—=>

n
. 3 ’ 36
- (g1 /gz)eFn T L 1 4 n_jfn, (36)

where the critical density is defined as n. = Ay, /q;2.



Low and high density regimes:

for n. < n. (the “low density regime” ), we have

'nﬂgnlq B d
ng = _?12 g (37)
and for n, = n_ (the “high density regime” ), we have
, e En kT

qy + goe~ En kT



Cooling: general, low and high density regime

1421 — 71:.4-:1’11’21 . (39)

which for the low density regime then takes the form
1421 — 'na':"g(]lﬂbl)‘:l . (40)
and for the high density regime becomes

Lg] o 'n-:(la'r!'?).“glhlf-:l . ('l l)



Recipes for calculating the cooling function

2 most simple approaches:

—> Coronal 1onisation cooling function

—>Isochoric cooling function

3d |
—— o — 49

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

IJ."l - — ) -
log,, (—’) —45.0 + 1.23t, + 0.56,"% + 1.24, + 1.2 [max(£,,0)], (43)

n.Noy

ty
|l_‘ |0..’. ’

Lo
lugm( --”) 4T3 4 T4 + 1.9 (44)

n.Ney

with £, = 1 = 100/7, 5 — | = 10Y/T, i3 — 1 = 2000/7, t, = 1 =5 x 104/7T.



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/OI1
collisionally excited line cooling

—>Has to include a switch to other cooling function
above 20000 K



Cooling:

—>coronal, 1sochoric
—>single species non-equilibrium

—>many species non-equilibrium



Calculation of the emitted spectrum

the emission coefficient—>

the total line emission coefficient can be computed as

. "2."'2 hl/-.v -
- .111 L (45)

"I'he emission coefficient as a function of frequency » 1s

j( LI.' . . a
A lemen)® /Avp® . (46)

j'.’l(u) o \/;Al/;- .

where Avy, = v vp with vp - \,n"Qk'I","ma (m, being the mass of the element

which gives rise to the line).



as a function of radial velocity:




predicted emission line

intensity map:
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predicted velocity channel maps

Ioy (v, x,u) / For(v, — v oy, 2)dz.

(1Y)




Y [10"™ cm]

M2) t=1500yr

Temperature | K
peratuy [K]

103 10°

B 0

-0.4 -0.2 0.0 0.2 0.4
X [10'® cm]

lonizing emissivity [cm™3s™
107" 10 y1[0‘9 ] 1078

BT )

lonizing rate [ s~!
107" 10‘”g [10"° 107°

EE = 2 a




M1) Ha emission (t=1500yr) M2) Ha emission (t=1500yr

—

-04 -0.2 0.0 0.2 0.4 -04 -0.2 0.0 0.2
X [10"® cm] X [10"® cm]

0.4



Optically thick lines

=
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where 54, 18 the absorption coefficient :

B8xd 2y, up

k(e 7.y, 2) = nz(r,y. 2) (
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Summary:

the calculation of the cooling function and the 1onisation

state of the gas can be done 1n 3 different degrees of
complexity:

—>coronal equilibrium or 1sochoric
—>single species, non-equilibrium

—>many species, non-equilibrium















