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Physics 224 
The Interstellar Medium

Lecture #10
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• Part I: Nebular Diagnostics 

• Part II: Heating & Cooling in HII Regions 

• Part III: DUST!!!!!
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Credit: NASA,ESA, M. Robberto (Space Telescope Science Institute/ESA) 
and the Hubble Space Telescope Orion Treasury Project Team

HII Region: 
Photoionized gas surrounding 

young, hot stars
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Collisional Excitation
Two Level Atom
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dn1/dt = (rate of collisions from 0 to 1) - 
(rate of collisions from 1 to 0) -  

(spontaneous emission from 1 to 0)

*per volume

Assume no background 
radiation field  

(i.e. ignore stimulated emission)
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Collisional Excitation
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Collisional Excitation

define “critical density” 
ratio of collisional to spontaneous rates 

that depopulate level 1
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Collisional Excitation
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that depopulate level 1
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Critical Density
Multi-level atom & including radiation field:

ratio of total radiative and collisional 
depopulation rates to lower levels

note: only good in cases where gas is optically 
thin to radiation from u->l transition



© Karin Sandstrom, UC San Diego - Do not distribute without permission

Nebular Diagnostics
Collisionally excited lines from ionized gas that 

give us diagnostics for density, temperature, etc.

Two types: 
1) temperature sensitive 
2) density sensitive
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Nebular Diagnostics
First note which atoms 

and ions will be 
abundant in HII regions.

pick elements 
where NX/NH > 10-6
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Temperature Sensitive Line Ratios

What we want: 
two levels that can both be collisionally excited  

at typical HII region temperatures (~104 K) but which 
have different enough energies that the ratio 

of populations depends on temperature of the gas

Requires two energy levels with E/k < 70,000 K
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best candidates: np2 & np4

Temperature Sensitive Line Ratios
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CI,OI don’t exist in HII regions (carbon is ionized) 
NeV, MgV is too highly ionized 

NII, OIII and SIII are useful temperature diagnostics 
(Ne III and Ar III useful as well, but req higher energy photons)

Temperature Sensitive Line Ratios
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ncrit,4 ~ 107 cm-3 

ncrit,3 ~ 7.7x104 cm-3 

at typical HII region densities, 
NII transitions from 1S0 and 1D2 

are below critical density

means: 
approximately every collision  

results in a radiative decay 
(i.e. A wins over k)

not all transitions have A 
values that make them 

astrophysically important

Temperature Sensitive Line Ratios
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Power from 4-3 transition per volume =  
(rate of collisions per vol that populate 4) x 

(fraction of radiative transitions in 4-3) x 
(energy of 4-3 transition)

P(4→3) =  
n0 ne k04 x 

A43/(A43+A41) x 
E43 

Temperature Sensitive Line Ratios

*note: collision rate from 0,1,2 are all ~equal and 
energy difference is negligible so treat all in 0
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Power from 3-2 transition per volume =  
(rate of collisions & radiative transitions 

that populate 3) x 
(fraction of radiative transitions in 3-2) x 

(energy of 3-2 transition)

P(3→2) =  
n0 ne (k03 +k04A43/(A43+A41)) x 

A32/(A32+A31) x 
E32 

Temperature Sensitive Line Ratios
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Line Ratio:

Temperature Sensitive Line Ratios
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Temperature Sensitive Line Ratios

Define “collision strength” Ωul

separates gas temperature from atomic properties

Detailed balance lets us get kul from klu

Collisional rate coefficient for exctiation/de-excitation:
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Line ratio doesn’t depend on density, 
only on temperature.

Only density insensitive below the critical density.

Temperature Sensitive Line Ratios
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Line ratio doesn’t depend on density, 
only on temperature.

Only density insensitive below the critical density.

Temperature Sensitive Line Ratios

quantum mechanics
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Line ratio doesn’t depend on density, 
only on temperature.

Only density insensitive below the critical density.

Temperature Sensitive Line Ratios

quantum mechanics gas temperature
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Temperature Sensitive Line Ratios

Why this behavior at high n?  

for [NII]: ncrit,5756.2 ~ 107 cm-3 and ncrit,6585.3 ~ 7.7x104 cm-3
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Density Sensitive Line Ratios
What we want: 

two levels at approximately the same energy 
that can be collisionally excited so that 

line ratio doesn’t depend on temperature but  
does depend on collisional excitation rate
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Density Sensitive Line Ratios
best candidates: np3
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Density Sensitive Line Ratios
Lets look at 2→0 and 1→0 transitions

at low densities, every collisional 
excitation leads to a radiative transition

P(2→0) = n0 ne k02 E20 
P(1→0) = n0 ne k01 E10

Low Density Limit
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Density Sensitive Line Ratios
Lets look at 2→0 and 1→0 transitions

at low densities, every collisional 
excitation leads to a radiative transition

P(2→0) = n0 ne k02 E20 
P(1→0) = n0 ne k01 E10

approximately equal

Low Density Limit
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Density Sensitive Line Ratios
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at low densities, every collisional 
excitation leads to a radiative transition
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Low Density Limit
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Density Sensitive Line Ratios
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excitation leads to a radiative transition

P(2→0) = n0 ne k02 E20 
P(1→0) = n0 ne k01 E10

approximately equal ~1

Low Density Limit



© Karin Sandstrom, UC San Diego - Do not distribute without permission

Density Sensitive Line Ratios
Lets look at 2→0 and 1→0 transitions

High Density Limit

Level populations set by collisions, 
radiative transitions occur but don’t  

control the level populations
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Density Sensitive Line Ratios
Lets look at 2→0 and 1→0 transitions

High Density Limit

Level populations set by collisions, 
radiative transitions occur but don’t  

control the level populations

~1
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Density Sensitive Line Ratios
Lets look at 2→0 and 1→0 transitions

High Density Limit

Rate of spontaneous emission: 
(2→0): n2 A20 

(1→0): n1 A10
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Density Sensitive Line Ratios
Lets look at 2→0 and 1→0 transitions

High Density Limit

Rate of spontaneous emission: 
(2→0): n2 A20 

(1→0): n1 A10

approximately equal ~1
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Density Sensitive Line Ratios
Lets look at 2→0 and 1→0 transitions

High Density Limit

Rate of spontaneous emission: 
(2→0): n2 A20 

(1→0): n1 A10
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Density Sensitive Line Ratios
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Density Sensitive Line Ratios

[SII] density 
sensitivity regime
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MUSE Orion Nebula map of [SII] based ne from Weilbacher et al. 2015
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Part II: Heating & 
Cooling in HII Regions
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Heating

• Photoionization heating 

• Photoelectric Emission from dust 

• Cosmic Rays 

• Damping of magnetohydrodynamic waves

Dominates in almost 
all circumstances
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Heating

Species X 
in ionization state r

Species X 
in ionization state r+1

initial photon energy

electron carries away 
some kinetic energy

If hν0 = ionization threshold energy 
each photoionization injects an electron with Ekin = (hν-hν0)
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Heating
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Heating
heating rate 

per unit volume
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Heating
heating rate 

per unit volume

collision rate per unit volume 
of atoms/ions in state r with photons
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Heating
heating rate 

per unit volume

collision rate per unit volume 
of atoms/ions in state r with photons kinetic energy 

produced per 
ionization
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Heating

“color temperature” of star

To estimate heating rates we can define:

average photoelectron energy

“color temperature” means the temperature of 
a blackbody spectrum that approximates the spectrum of the star
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Heating

~1

Right near the star, before any of the stellar 
spectrum has been absorbed.

across a wide range of Tc

because most photons are emitted near kTc
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Heating
heating rate 

per unit volume

Depends on density of species being ionized.
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Heating
heating rate 

per unit volume
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Heating
heating rate 

per unit volume

In ionization equilibrium  
rate of ionization = rate of recombination
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Heating
heating rate 

per unit volume

In ionization equilibrium  
rate of ionization = rate of recombination
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Cooling

• Recombination 

• Free-free Emission 

• Collisional excitation

All can be important, 
collisional excitation is 

dominant.
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Cooling
Recombination removes kinetic energy from the gas
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Cooling
Recombination removes kinetic energy from the gas

cooling rate 
per unit volume
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Cooling
Recombination removes kinetic energy from the gas

cooling rate 
per unit volume

average energy of  
recombining electron
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Cooling
Recombination removes kinetic energy from the gas

cooling rate 
per unit volume

average energy of  
recombining electron

⟨Err⟩ < mean electron kinetic energy of the gas 
because the recombination cross section is weighted 

towards low energy electrons!
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Cooling
Cooling from 

collisionally excited 
emission lines is the 

most important 
coolant of HII 

regions.
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Thermal Balance

Balance between 
photoionization heating 
and collisional excitation 
cooling sets temperature 

of HII region.
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Thermal Balance

Abundance of heavy elements (e.g. coolants) greatly changes 
HII region temperature!!

Low 
Metallicity

High 
Metallicity
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Thermal Balance
Density changes 
thermal balance. 

At densities above 
the critical density of 
the coolants, cooling 
is less efficient (not 

every collision results 
in a photon).
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Credit: NASA,ESA, M. Robberto (Space Telescope Science Institute/ESA) 
and the Hubble Space Telescope Orion Treasury Project Team


