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Coronal equilibrium

◆ Coronal equilibrium occurs when heat or 
mechanical energy sets a kinetic 
temperature

◆ Besides the sun, this occurs in …
◆ Accretion disks

– Gas “viscosity” converted into heat
◆ Shocks

– Collision between two parcels of gas,
– Energy of motion converted into heat

Shock in an ideal gas

◆ Energy of motion ½ ρ v2

◆ Thermal energy 3/2 nkT

◆ T(shock) = ρ v2 / 3nk = v2 / 3k ρ/n =  v2 µ / 3k 
◆ If the gas is ionized then n ≈ 2n(H) so 

µ ≈ mp / 2

All stars have winds

◆ Wind speed roughly escape velocity from 
surface of star

◆ Wind strikes surrounding clouds creating 
shocks

◆ visible in x-ray for moderate to high speed 
shocks, in the optical / UV for slow shocks
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Earth within solar wind
◆ Solar wind speed ≈400 km/s at Earth’s orbit

ESO

NASA/CXC/PSU/L.Townsley et al.; Infrared: NASA/JPL
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H II regions
◆ Wind speed 
≈500 km/s

Idealized structure of an H II region

Hot H+ bubble

Warm H+

“H II region”

Warm H0, H2
“PDR”

Cool H2
“molecular cloud”

BN – KL in Orion
◆ 10 km/s
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Planetary nebula

◆ Wind~103 km/s
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T Tauri jets
◆ ≈ 50 km/s

AGN

◆ Wind = 1e4 km/s

Homework

◆ Choose one of these objects and compute its 
shock spectrum

◆ Plot the ionization distribution and the 
spectrum
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What our calculation included

◆ Coronal equilibrium
◆ Lightest 30 elements
◆ All stages of ionization
◆ About 100 molecules
◆ Fully self consistent
◆ Time steady

◆ Ionization caused by thermal collisions
◆ Light was not considered

http://adsabs.harvard.edu/abs/1969MNRAS.142..501J
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Today’s version
◆ In cloudy / tsuite / programs / collion
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Shock in an ideal gas

◆ Energy of motion ½ ρ v2

◆ Thermal energy 3/2 nkT

◆ T(shock) = ρ v2 / 3nk = v2 / 3k ρ/n =  v2 µ / 3k 
◆ If the gas is ionized then n ≈ 2n(H) so 

µ ≈ mp / 2

◆ T(shock) = 20 v(km/s)2 K

Watch for these correlations
◆ Tshock ~ = 20 v(km/s)2 [K]

◆ Ionization potential Z2 Ryd
– ≈1.5×105 Z2 [K] (from energy match)
– ≈104 Z2 [K] (thermal distribution of energies)

◆ 100 km/s -> 200 000 [K]
◆ From 200 000 K = 104 Z2 ->  Z≈4

Watch for these correlations
◆ Tshock ~ = 20 v(km/s)2 K

◆ E(level above ground) = Z2 (1-n-2)
◆ Rydberg formula

– E(photon) = Eu – El = Z2 ( nl
-2 – nu

-2)

◆ High Z, lines have higher energy, shorter 
wavelength
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Earth within solar wind
◆ Solar wind speed ≈400 km/s at Earth’s orbit

T Tauri jets
◆ ≈ 50 km/s

H II regions
◆ Wind speed 
≈500 km/s
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BN – KL in Orion
◆ 10 km/s

Planetary nebula

◆ Wind~103 km/s
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Photoionization 
Continuum → emission lines

Stellar SEDs

◆ Models of 50k K O stars
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SED, H0 ion limit, photoelectron energy

SED <hv-13.6eV>
H II 52.7 kK

PN 266 kK

AGN 321 kK

Thermal 10 – 20 kK

Total opacity
per hydrogen

Photoionization

◆ Highest cross section at 
lowest photon energies

◆ AGN3 Fig 2.2

!

		 
a H0( )!6.30×10−18 ν

ν0

⎛

⎝⎜
⎞

⎠⎟

−3

[cm2]



11/9/17

13

Photoionization

◆ Highest cross section at 
lowest photon energies

◆ AGN3 Fig 2.2
!

Photoionization rate [s-1]

◆ Flux of ionizing photons × photoionization 
cross section

Hydrogen collisional ionization

◆ Electron collisional ionization rate 
– c = k8 ne

◆ Hydrogen atom collisional rate
– c = k9 n(H0)

◆ Palla+1983
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Radiative recombination

◆ Brems is produced by distant collisions 
between electrons and charges
– Photon energy taken from kinetic energy of 

free electron
◆ A very close collision can cause an electron 

to lose so much energy that it becomes 
bound to the ion

◆ Ion + electron => atom + photon
◆ Rate coefficient α cm3 s-1

◆ Rate = α ne

Radiative recombination

◆ Ferland 1980

Recombination  AGN3 Chap 2
◆ Electron and ion recombine, emitting energy
◆ Radiative recombination for H and He
◆ Dielectronic recombination for heavy elements

Table 2.7 
Recombination coefficients (in cm3 s-1) for H-like ions 

T 

1,250 K 2,500 K 5,000 K 10,000 K 20,000 K 

00 

aA = L<Xn 1.74 x 10-12 1.10 x 10-12 6.82 x 10-13 4.18 x 10-13 2.51 x 10-13 
1 

00 

aB = L<Xn 1.28 x 10-12 7.72 x 10-13 
· 2 

4._54 x 10-13 2.59 x 10-13 1.43 x 10-13 

00 r.J 

<Xe= Lan 1.03 x 10-12 5.99 x 10-13 3.37 x 10-13 1.87 x 10-13 x 10-14 
3 
00 

av= :Lan 8.65 x 10-13 4.86 x 10-13 2.64 x 10-13 1.37 x 10-13 6.83 x 10-14 
4 

NOTE: In this table Z =I; for other values of z, a(Z, T) = Za(l, T ;z2). -
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Thermal 
electrons

Photoelectron, a 
suprathermal or 
“kappa” electron

1/4

Life history of an Orion electron
◆ H0 ground state

– 1 day
◆ Suprathermal

– 1 second
◆ Thermal

– 1 yr
◆ H0 excited states

– 10-7 s
◆ H0 ground state
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Let’s model a …

◆ Relatively dense, 
nH = 104 cm-3

◆ ISM cloud
◆ O6 star, but all light at

2 Ryd
◆ Q(H)=1048 s-1

◆ 1 pc = 3×1018 cm away

Strömgren length

Strömgren length
◆ Number of ionizing photons entering layer

is balance by
number of recombinations along it
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Beyond the H+ layer

◆ Little H+ ionizing radiation gets
past the H+ layer

◆ Deeper regions are atomic or 
molecular

◆ Also cold and produce little visible
light

◆ Large extinction due to dust


