Collisionally Excited
Emission Lines




The spectra of nebular gas shows prominent lines of H and He which we have seen are produced
by recombinations followed by cascades to the ground state. As a result, the strength of these lines
depends upon the abundance of the recombining ion: N(H+) powers H | lines, N(He+) powers

He | lines and N(He++) powers He Il lines. But there are other equally strong lines of elements
like oxygen, nitrogen and sulfur. If we look at a table of the relative abundances of some of these
elements in the sun shown below (nebular abundances are similar) we see a puzzle. Oxygen is
nearly 2000 times less abundant than hydrogen, yet some of the oxygen lines are stronger than the
H lines. How can that be?

Atomic | Element | Relative Number | Mass Ratio
Number Symbol NX /NH MX /MH

1 H 1 1

2 He 0.0955 0.382

6 C 0.000295 0.00354

7 N 0.0000741 0.00104

8 O 0.000537 0.00859

10 Ne 0.0000933 0.00188

16 S 0.0000145 0.000436

26 Fe 0.0000347 0.00194

The answer lies in the fact that the strong lines of the heavier elements are not produced by the
recombination of ions, but rather by the excitation of the low-lying levels of these atoms or ions
followed by the emission of radiation as they return to the ground level. The excitations are due to
collisions of the ions with thermal electrons. The strength of the lines will depend upon the
abundance of the ion (i.e.,, N(O+) powers O Il lines) but also very strongly on the temperature of
the nebular gas. The first excited levels of H and He are far above the ground state (10.2 eV for H)
so that the electrons at T=10,000 K don’t have the energy to excite them. However, as we will see,
the atoms and ions of elements like O, N, C, Ne and S have low-lying levels that can be excited.
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Comnsider an atom or ion with levels 1 and 2. The rate of collisions upward,
from 1 to 2, we call R15 and the reverse rate downwards, Ro1. They can be
written as

Ris = neNi g2 and  Rop = neNs go1

Then in terms of a Mazxwellian averaged collision strength Y91(T') and sta-
tistical weights g1 and g, the rate coefficients go1 and ¢15 can be shown to

be

T T
421 = ) = qi2 = b Lo e~ Er2/RT
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where 6:< 1 ) — 8.629 x 10~°

and
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Note that if there were only collisions between the levels, then we would
have equilibrium when Ri15 = Ro; which implies

Ny q12 g2 _
Niqi2 = Na2ga = = 12 = 2 B/

E d21 g1

This is just the Boltzmann equation from thermodynamic equilibrium. But
if the collisions are not frequent enough — as they are usualy not in the ISM —
then downward radiative transitions will depopulate V.
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Because the life times of excited levels of H are so brief, we expect the vast majority of the H
atoms to be in the ground state and thus downward collisions could be neglected. However, the
transitions between the lowest levels of the heavier ions which give lines of [O I], [O II], [O lll],
[N 1], [Ne lll], etc.are forbidden -- their transition probabilities are much smaller (the use of
square brackets designates forbidden lines). As a result, collisional de-excitations may compete with
radiative decays at higher densities and such effects provide, as we shall see,a means to measure

the density of the gas.

As we see with the energy levels of N Il and O lll, there are not only levels a few eV above the
ground state which produce lines in the optical window (5000 A < 2.48 eV), but there is fine

structure splitting of the ground state which gives rise to infrared lines. Since the probability of
decay decreases with the energy of the transition, these levels are even more highly forbidden than
the optical forbidden levels, and hence are likely to be sensitive to the gas density.

The key point about the collisionally excited lines follows from the exp(-E/kT) factor in the
excitation rate. This means that the rate of excitation can be highly temperature dependent. In
fact, these lines are responsible for most of the cooling as is implied by the strength of the
forbidden lines in nebular spectra. The gas is being heated by photoionization: the temperature
just keeps rising until the forbidden lines are strong enough to carry away all that energy, and this
is what sets the temperature of H Il regions and of planetary nebulae to about 10,000 K.
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Figure 4.1 Energy-level diagram for the ground configuration of the 2p? ions NI
and OIII. (Fine-structure splitting is exaggerated for clarity.) Forbidden transitions
connecting these levels are shown, with wavelengths in vacuo.
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If the density of the gas is low enough that there is little chance of collisional

de-excitation before a radiative decay takes place (this critical density depends
on the specific transition), then each collisional excitation will lead to the emis-

sion of a line photon, which carries that energy away. Thus the energy lost due
to excitation 1 — 2 1s

Lio(T) = ne N1 qi2 hvia = ne Nion Ei2 % e~ L2/kT
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