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Overview

® Microscopic processes control the bulk
properties of diffuse gases such as
temperature and density.

® These properties determine the evolution of
the diffuse gas including the feeding of gas
into galaxies and the sites of star formation
in the ISM.

® Consider the processes that determine the
temperature of diffuse gas.

- Collisional Ionization Equilibrium

e Read Draine ch 10, 13, 14.5, 34.1, 34.2 (Figures shown
here;

or see DS ch 5 and 7

- Photoionization Equilibrium
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Outline

® Emission & Absorption by a Thermal Plasma

— A partially ionized gas where the particle velocity
distribution is described by a Maxwellian
distribution.

- Very common in ISM and IGM
- Temperatures range from 103 K to 108 K

- What does the continuous emission spectrum of
a T =8000 K H plasma look like?

e Collisional ionization equilibrium

- Ionization fractions for each element depend only
on T

- Properties of radiative cooling function
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Continuous Emission Spectrum:
- 1 = 8000 K Hydrogen Plasma
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Emission & Absorption by a Thermal Plasma

e Bound - Bound transitions

- Example of Cooling Rate Calculation
- Collisional Exictation in C+

e Continuum Processes

- Free - Free emission (& absorption)
- Bound - Free emision (& absorption)
e Ionization Processes (& their inverses)
- Collisional ionization

- Auger ionization

- Cosmic ray ionization

- Photoionization
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Cooling by Bound-Bound Transitions

Example: Radiative decay of collisionally excitated e-'s
A+ B-->A4+B*
B* -—> B + hv

Frequent collisions with KE at least as large as the
excitation energy

- H: E 7 10 eV, which means T > le4 K

- C+: E/k 7 92K

- O: E/k™ 98 K, 228 K, 326 K

- Si+: E/K7413 K

e Photon emission before the next collision

e Emitted photons are not re-absorbed; I.e., the gas is
optically thin in the cooling radiation
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Cooling in HI Regions (T™100 K)

e C+ collides with H, e, H2

e H likely the most abundant particle
e 157.68 um

e E/k =92K

e ncrit = 49.3 cm-3

o

Estimate the cooling rate assuming cooling
occurs by excitation of C+ in collisions with
H atoms.

e [BB]
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Free-Free Emission (& Absorption)

e Power radiated per unit volume scales as
TV2Zz2n n,

® Most of the f-f power is near hv =~ KT

® The radio and microwave f-f spectrum is
almost flat, declining with increasing
frequency as v-014

e Attenuation coefficient follows from
Kirchhoff's law: «, = j / B (T).
- Strong at low frequencies
- Negligible in the ISM for v > 10 GHz
- HII regions can be optically thick atv <1 GHz
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Bound-Free Emission (Radiative Recombination)

® An ion captures an electron.
¢ Which e- energies are favored?

e This bound state has lower energy than the
two free particles, and the excess energy is
radiated away.

o A(i+) + e- —=> A*([i-1]+) + hv
A*([I-1]+) --> A([I-1]+) + hvl + hv2 ...

e The first photon represents the
recombination continuum

e The radiative cascade in the excited ion
produces recombination lines
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Bound-Free Emission (& Absorption)
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* What is the inverse of radiative recombination called?
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Photoionization (Photoelectric Absorption)

e Photoionization

A() + hv ==> A(i+1) + e- + AE
or
A() + hv ==> A*(i+1) + e- + AE
A*(i+1) -=> A(i+1) + hvl + hv2 + ...
e Cross Section for photoionization
- Simple analytic expression for one-electron ions.
* 0, = 6.304 X 10718 Z-2 ¢cm?, Z is atomic number
* o(v) T o,v3
- More complicated with 3 or more e-'s because the resulting
ion can be left in a variety of states.

e Absorption edge at the minimum photon energy for
photoionzatin from a shell.

e Can dominate (despite low abundance) at high energies.
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Photoionization Cross Sections:
H, H2, He, C, and O
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Photoionization Cross Sections:
O, Ne, Mg, Si

More complicated with 3 or more e-5s because the resulting ion can
be left in a variety of states.

* Absorption edge at the minimum photon energy for
photoionzatin from a shell.

* Can dominate (despite low abundance) at high energies.
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Radiative Recombination Rates

e Described by recombination coefficient

* Milne Relation relates the cross
section for photoionization (from a
given level) to the cross section for
recombination (to that same level).
Derive it using the principle of
detailed balance.

® For hydrogen
o = 6.3042 X 10718 cm? (v/v,)3>

o = 4.18 X 1013 (T/1e4)0-72 cm3s-!
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Inner Shell Photoionization

e X-ray fluorescence

- One electron drops down (from L shell) to fill
the vacancy (K shell); atom emits a photon (Ka).

e Auger ionization.

— One electron drops down to fill the hole,
and a second electron is promoted to an
excited (and unbound) level.

X+ hv > (X)+e 2 X" +ne (n.ge. 2)
- Two high energy e-'s are produced.

- What are their energies?
- What is the inverse of Auger ionization?
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Dielectronic Recombination

e Often exceeds the radiative recombination rate in
high T plasmas

® The e- rarely has enough energy at low T to produce
a doubly excited state.

- Mg II and C III are exceptions in which the dielectronic
recombination rate is significant at 10* K.

- Can be important at low T if one of the excited states is a
fine-structure state.

e CII 5 CI, Si II > Si I, and OIII < OII
e Populates specific energy levels

- Subsequent radiative decay produces line ratios that differ
from those resulting from pure radiative recombination.

- Example: Dielectronic recombination of C IV produces C III
2296 A line in PNe.
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Collisional Ionization

o X + e ——> Xt 4+ 2 e -AE(IP)
® Cross sections for CI go up when the KE is
high enough to leave X*!'in an excited state

e Compare to collisional excitation -- now
excitation is to a continuum of levels above
the ionization potential instead of to a
single level
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Collisional Ionization of
Heavy Elements
® More than one electron of the target

nucleus may be excited

® The unstable atom ejects a 2nd e-
(radiationless) then decays to the
ground state

e This process is called autoionization
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Other Ionization Processes

e 3-body

e Charge-exchange

e Cosmic ray ionization

e Dissociative recombination
e Neutralization by grain
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Cooling Plasmas

e Collisional Ionization Equilibrium
® Cooling rates

® Cooling timescales

® Non-equilibrium cooling
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Collisional Ionization Equilibrium

® Couple the stages of ionization using rates
for collisional ionization, recombination, and
charge-exchange reactions.

e Coronal approximation simplifies equations.

- Excitations occur only from the ground state of
the ion.

- Applies at low density.

e Further simplification, ignoring CE reactions
e Dopita & Sutherland 1993 calculate the full
ionization balance and plot it against T for

most elements. Patterns reflect the shell
structure of the atoms.
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Cooling Plasmas

® Cooling Function Q(n,,T,Z) = An_n describes the
total energy lost by a plasma per unit volume

per unit time.

N

log A_ (erg s 'cm®)
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Cooling Function A

e When H° and He® present, dominated by
collisional excitation for log T ~ 4
e And by Hetup to log T~ 5.6

=

N

log A_ (erg s 'cm®)

|
[4™)
(9]
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Cooling Function A
e At log T < 5, forbidden lines of C, N, O, and Ne
(in the optical and UV) dominate
e How does A change with the metallicity?
e How does energy loss rate change with T?

............ H
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Tracers of “Cooling” Gas

e Between log T = 5 and 6, resonance lines in the EUV
dominate dominate A

e OVI 1032, 1038 observed with FUSE

e Example: Detection of local interstellar bubble ~ 100
_pc from the Sun (Welsh + 2002)

Sightline A (I=162.7, b=+57.0)

'All Data: 38.6 ksec'
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Free-free Cooling in Very Hot
Plasmas

e What are examples of e 4,
hotter plasmas? e T

e Power radiated by
Bremmstrahlung

- has an exponential cut-off ®
around hv = KT, |
- See derivation in Rybicki & © oF;
Lightmann; note dependence l\é

on T2
~ (3e-27 ergs cm3) TV/2
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X-Ray Emitting Plasmas
e Fe becomes the dominant coolant (at X-ray
frequencies) for log T > 6

o K shell e’s are finally stripped from Fe above
log T ™ 8.0; and pure free-free spectrum

Winter 201



Cooling Timescale

e Total heat content of a plasma

Q =3/2(n, + n_) KT, assuming

TezTion
¢ fcool - Q/ (AnZ)
e Or, it A(T) for a more accurate estimate
e For Af, we have

tooo ~ 50 Myr n-1 Tpl/2

e Recall the Hubble time is 1.5el0 yr, so gas
with n < 3e-3 cm-3 that is heated to 1e8 K
will never cool.

e This idea is central to galaxy formation
models.
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Coollng Time
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Nonequilbrium Cooling

e Sometimes T, .ne. T,

e For example, when the plasma cools faster
than it can recombine, the gas is left in an
over-ionized state relative to the kinetic
energy distribution of the particles

e Or, when diffuse gas is suddenly heated,
the gas may be under-ionized until
collisional excitations ‘catch up’.

e Signature - Weak/Strong line cooling from
collisionally excited species.
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