ASTR 670: Interstellar medium and gas dynamics

Prof. Benedikt Diemer

Chapter 5 ¢ Atomic physics ll: Photoionization and recombination



lonization balance

neutral hydrogen
ionized hydrogen
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Rosette Nebula

Image: Greg Polanski



§5.1 * Photoionization




a, (10" em?)

lonization cross-section

T ——

""""
.

| Tl | el ! T rrrn

10

LI IIIIIII

| IIIIIIII | IIIIIIII
| Illlllll | llllllll

1 1 lllllll

I IIIIIII
| 1 llllllI

p.
1 IIIIIII

1 lllllll

| IIIIII|
1 1 lllllll

10-°

[ IIIIII|
1 1 Illllll

10—6 1 lllllll 1 llllllll
10% 102 104

hy (eV)

—_—
-

Osterbrock & Ferland §2.2 @ Draine §13.1



o; (10718cm?)

102

10

0.1

0.01

lonization cross-section

IIII| | | | I N N I | | L

_-_/;_______

| | I I I I |

| | lIIllll

hv (eV)

) 0 _
E i e \ / Ne z
B : \ | .\\‘ | \ Mg i
n : \ L—\ \ \ / -
- \L" \\\ \ . Si |
) i e A\ :
C | N\ :
- : : S\ \'\ 4
i | VN
L1 Iill 1] 1 | L1 1 1 lI 1 1 1 1 L1 1 II | I\ R\l\ L1 11
10 107 103 104

Draine §13.1



§5.2 ¢ Recombination




Radiative recombination coefficients

Table 14.1 Recombination Coefficients ¢ (cm®s™!) for H.* The approximation
formulae are valid for 0.3 < T4 S 3. For a broader range of T', see Eq. (14.5,14.6).

Temperature 7'

an(®*L)  5x10°K 1 x 10*K 2 x 10*K approximation
ars  2.28x107"  1.58x107'%  1.08x107'*  1.58x 10737, 039 -0-0M4iInTa
azs  3.37x107™  2.34x107™  1.60x107'*  2.34x 107147, 0537 0016InTs
Q2p 8.33x 10_14 5.35)(10_14 3.24)(10_14 5.35X10—14T4—0.681—0.0611n Ty
% 1.17x107"  7.69x107* 4.84x107'* 7.69x10 14T, *0%7 0048 In T
Q35 1.13 x 10_14 7.81X10_15 5.29X10_15 7.81x10—15T4—0.548—0.021 In Ty
asp 3.17x107%  204x107 1.23x107* 2.04x 10 1P, 0-683-0.068InTa
034 3.03 x 10—14 1.73 % 10—14 9.09 x 10—15 1.73 % 10—14T4—0.869—0.0871n Ty
az  T7.33x107M  4.55x107™  2.67x107'*  4.55x 107147, 070059 T
ass  5.23x107'°  3.59x107'°  2.40x107'°  3.59x 107 15T, 00270028 InTs
asp  L51x107'  9.66x107'° 5.81x107'°  9.66x 10757, -089-0-004InTa
asg  1.90x107'*  1.08x107'* 5.68x107'°  1.08x 10747, -8TI-0-08tInTa
agp 1.09x1071  554x10715  2.56x1071°  5.54x 107107, 104 T0099InTs
o 5.02x107  2.96x107™ 1.65x107™* 2.96x 107147, 0-89370.059In T
as  6.82x107"  4.18x107'  251x107'%  4.18x 107137, T2 In T
ap  454x107'%  259x107"%  1.43x107"  2.59x 107137, 0880084 inta

* From Hummer & Storey (1987)
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Radiative recombination coefficients
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§5.3 ¢ lonization balance and the Milne equation




Detailed balance:

Electron energy:

Ratio between
ionization and
recombination
cross-sections:

Deriving the Milne relation

4r.J,
hv

no opi(hv)dv = nenpufys(w)on(u)[1 + 14 ]|du

me meu

2 —
Tl hv—vy) = u:\/2h(y W qu=

on(u)  ng 4mJ, 1 1 Mell
opi(hv)  mnenp hv (14 ny)ufus(u) h
_ On h? 32 ohvo/kpT 47 2hv? 1 1
; GeJp 27TmekBT hv ¢ (ehu/kBT o 1) 1+ ehu/kiz,T_l
VT (2kBT)3/2 1 mew 2k e
4 Me u? h

_ o 27r3/2u2me( h? )3/2 1 [hug hv . h(v = w)
2

e Jp hc? TMe



Derivation of ionized fraction

Single-electron atom

QM expression for cross-
section for ionization ¢,;(v)

Local thermodynamic
equilibrium (LTE)

Saha equation (balance
between densities of states)

Milne rel. between o¢'s for
ionization and recombination

Detailed balance
(equilibrium at each energy)

All ionizations happen
from ground state

Integral over
photon energies

Radiation field J,

Temperature Density

Maxwell-Boltzmann
velocity distribution

Integral over
electron velocities

Recombination cross-section
to level n,l 6,,(v)

Assumptions Equations

Inputs Results

Total ionization rate Gpi

Balance between
ionization and recomb.

Neutral fraction &

Total Case A/B recomb.
coefficient o, /oy

Recombination coefficient
to level n,l o
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