Radiatively-Excited Regions

A high temperature star will ionize the surrounding gas, creating what is known as an
Hil region. In the special case where this gaseous envelope has been ejected by an
evolved star, the resulting nebula is called a planetary nebula. Technically, SNe also
create HIl regions through photo- and collisional-ionization.

HIl regions Planetary Nebulae
T, (K) 30,000-50,000 80,000-600,000
n, (cm) 10-10° 103-107
Te_ (K) 5,000-10,000 10,000-95,000 Why are the gaseous envelopes surrounding PNe hotter?

HIl regions are the remnant material left over from the process of star formation that
IS ionized by the newly-formed star.

HIl region:

molecular
cloud
collapses
newly-formed |
stars ionize
the surrounding
material

10* K maintained by excess kinetic energy of photo-ionization. Cooling by O*, O**, N*
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Radiatively-Excited Regions
Planetary nebula:

v A
®
s A

Red giant forms ejected material material ionized
as star evolves
and expands

We will cover how HlIl regions form, what their emitted spectrum is like, and how they
serve as useful probes of galaxies. Although we will specifically apply our methods
to HIl regions, almost all that we derive will be applicable to planetary nebulae as well
as many other types of ionized nebulae.

The Plan:

A. Scope of the problem --- inputs needed

B. Photoionization < recombination equilibrium
C. Thermal equilibrium

D. Emitted radiation

- Free-free (Brehmsstrahlung)
- Recombination lines
- Fine structure lines

E. Remote diagnostics
- Temperatures
- Densities
- Abundances
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Radiatively-Excited Regions
A ~10%to 10% st = lifetimes ~ 10“ to 10® s. Given that the mean lifetime of an H atom against photo-
ionization is 10° s, this implies that HI is typically in its ground state & thus ionized by A<912A or v>50 km/s

13.6eV < 9128 e 1610°K

leV < 1.2um < 1.210°K
13.6eV, 91244
Hy 4340A
A -
Hp 4861A s
p (7
Y
Ho 65634 i
10.2¢V
1216A
\J  /  J 213
+ | / J
 / w1’ to 118

Osterbrock 2005
FIGURE 2.1
Partial energy-level diagram of H I, limited to n < 7 and L < G. Permitted
radiative transitions to levels n < 4 are indicated by solid lines.
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Inputs Needed
'Nebular Properties'
1. Stellar Properties
- Atmospheric emission
- radius
2. Density Structure
3. Impurity Abundances
'Atomic Properties'
1. Photo-ionization cross-sections
2. Recombination Rates
3. Collision Strengths
4. Transition Probabilities

g | | T

LR

2, (107" em®)

Osterbrock 2005

¥ (10" Hz)

Radiatively-Excited Regions

F

v

R,
ny,(1,0,9)

nx/nH

av(xi') or O,
(X)) or Pu
Q

Outputs

1. Ionization equilibrium
2. Thermal equilibrium
3. Emitted spectrum

ASTR 5470

TABLE 2.1

Recombination coefficients® o, ap for H

T

¥y 8L

5000° K 10,000° K 20,000° K
@y 28 208 x 1078 158 x 1078 108 x 18
agss 33T x 107 234 % 107 160 x 1071
agzp B3I x 1071 B35 x 1071 324 x 1071
azas  L13x 107 7RIx 1071 529 x 10718
wgap 31T x 107 204 x 107 123 x 107
azap 303 x 107M 173 107M 900 x 1018
ageg B3 107V 350 % 107 240 x 10718
wazp  LBLx 107M 066 x 1071 581 x 10-18
agep 190 % 10°M 108 x 107M 568 x 1018
agep  LOBx 10°M BB x 107 256 x 1078
aypes 433 1071 284 x 1071% 180 x 10718
apzg  202x% 107 098 x 10-1F 3.01 x 10-18
ageyy 27 x 107V 10 x 1077 4 x 10718
o 4 6R2 % 107F 418 x 107 251 x 1071°
g 454 % 1078 250 x 1079 252 % 10718
% Tn emd see—l. Osterbrock 2005
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S Radiatively-Excited Regions
Photo-1onization

/

e excess energy hv-hv,
- @ ® hv = threshhold energy

We characterize this process by a cross-section
a, = photo-ionization absorption cross-section due to a photon of frequency v.

The photo-ionization rate per target = [dv 4/ a /hv from v, to co.

dv 4wJ /hv = # of photons per unit area in interval v,v+dv

The quantum mechanical calculation for the transition probability is like that for photon-
induced (stimulated) bound-bound transitions, except that the final state 1s in the continuum.
For a bound-free transition from state n and [ (see Rybicki & Lightman 1985, and references
therein):

o, = 512n'me'°Z* / (3V3ch’n®) g(v,n,1,Z) | 2mtv)?
where g is the bound-free Gaunt (quantum-mechanical correction) factor. If  is the
ionization potential for the n™ energy level, o,  is zero for v<v_where

v =y /h=omc* 2 2hn’
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Radiatively-Excited Regions
And o, rises abruptly for v=v , then decreases as v*. Near threshold g~1 (to within 20%).

Note we can also write:
o, = 64nng/(3vV3Z?) axa,” (v [v)?

log O slope = (see figure on p. 4 of these notes)

A

| >

v log v

n

The absorption coefficient is n 0, = a, where n = atomic density of absorbing level. For a
number of transitions originating from different levels we have a series of trends:

A
log o, \
or \ These different threshold n correspond to
loga, \ ionization from different levels.
| | } >
| | log v
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Radiatively-Excited Regions
The life cycle of Joe Electron within an HII region

i) HI+hv (<912R) - p* + ¢ Photoionization
E_=hv-hv, = kinetic energy injected into gas

1) e'+e—e" +e" Thermalization
Maxwellian velocity distribution at 10* K

1) e'+0" — O*'+e™ collisional excitation & cooling photon
O"—->0*+hv

iv) e'+p*— HI' Recombination

v) HI' — HI + multiple Av's Recombination line emission

if 1) =1v), then ionization equilibrium
simplifications: 1) HIin ground 1°S state (A large)
2) electrons with Maxwellian distribution (o

elastic inelastic)
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Radiatively-Excited Regions

\/

- >

AN b
—

Consider a volume element of the nebula. In equilibrium,
# of photo-ionizations per second = # of recombinations per second

The H° photo-ionization cross-section

a (H°) Q: Why is the cross-section not drawn for
Y wavelengths longer than 912A7?
6:10"8 cm?
oc V3
— >
912A

Photo-ionization equilibrium for Hydrogen

n(HO) fd\/ 4] VCZV(HO)/ hv = npneB A(HO) B,(H®): recombination coefficient to all levels of atomic H
where J_ consists of two parts: J =J *+J " stellar plus nebular
and 4J'IZJV* =e™F v R*z/ r? r = distance from star of radius R,; t, = [n(H’r) a (H") dr
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Radiatively-Excited Regions
Beware that some texts have defined F different by a factor of .

Let's use some rough numbers in the equilibrium equation to see what fraction of the
hydrogen we expect to be neutral. For T,=40000 K,

N,,c=Jdv L /hvfrom v, to o where L =47R 2F |
=5-10" photons/s # of Lyman continuum photons
= @ 1 pc the photo-ionization rate is: (r~3:10'8 cm and a (H°) ~ 6:10°'8 cm?)

Jdv 4aJ a (H)/hv ~ a (H)/4x? [dv L/hv ~6:10"%/ 45t (3-10%)* 5-10% ~ 3-107 5!
= lifetime of H° ~ (3-107 s!)! ~ 3-10° s

If B,(H°) ~4-10""° cm’® s, x = fraction of ionized hydrogen, and n =n=xn(H):
= (1-x)n(H) [dv 4nJ a (H)/hv = nn B(H)= (1-x) 3:107=4-10" »*
or 1-x ~ 10°

= Hydrogen mostly

How, if the lifetime of neutral H is so long?
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Radiatively-Excited Regions
Mean free path of a 13.6eV photon is [ ~ (n,a (H°)' ~ (10° cm™ 6-10"* cm?*)" ~ 5-10° pc !

The HII region looks like (see also Tielens Figures 7.2, 7.3, 7.4):

r. =R

HII stromgren
NES ;
_ The HII region then
x=nflnn, HII HI  consists of an almost

completely 1onized zone
terminated by a sharp
transition.

0.0

‘ >
¥  Sharp transition zone

Q: An idealized Strémgren sphere has a constant density, temperature, and radius. It has just been created within a

large HI cloud with properties typical of the cold neutral ISM. Suppose the Stromgren radius is infinitely sharp:
the ionization fraction drops from 1.0 to 0.0 at R . Estimate the pressures inside and outside the sphere.

Comment.

Stromgren
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Radiatively-Excited Regions
HII region sizes (pp. 228-231 of Tielens)

Niye = # Lyman continuum photons from central star

Ba(T.) = recombination rate coefficient to all levels of atomic hydrogen

Be(T.) = recombination rate coefficient to all n=2 levels of atomic hydrogen (see Slide 14)
Ry = Strémgren radius, the size of the HII region

(x) = average degree of ionization

ny = pre-ionization density of ISM (= n. = n, after ionization)

T.. = temperature

Balancing the rate of photo-ionizations with the rate of recombinations yields
NLyc = 47/3 RS3 nHZ BB(Te) <x>2
Rs = (BN, /4nng? Pe)? ~ 1.2 (10°%cm>3/ny)?? (N, /5x10*photons/s)!” pc

see Table 7.1 on p. 231 of Tielens for different Stromgren radii. A single O star typically
will yield a ~ 1 pc HII region for a density of 10°cm.

ASTR 5470  Physics of the Interstellar Medium 11



Radiatively-Excited Regions
Thermalization of ejected electrons

The initial distribution of ejected electrons is dependent on the incident photon spectrum
J a (H°)/hv , but the e-e” elastic scattering cross-section is large:

o_ ~ 4m(e’/mv?)’ ~ 10" cm? (in cgs; v ~ 5-10° m/s for HII region temperatures)

= tend to set up a Maxwell-Boltzmann distribution since other cross-sections are much
smaller

B, = recombination coefficient
~ 10" -10" cm’ s’
and O__~ 10%° - 10?' cm?

= comparisons of these two cross-sections implies that collisions happen many times before
recombination.

Q: What simple concept allows us to derive the above formula for 6_? In other words, what is fundamental to
preventing free electrons in a plasma from interacting and exchanging KE?

ASTR 5470  Physics of the Interstellar Medium 12



Radiatively-Excited Regions
Radio Emission from HII Regions (Tielens pp. 255-256; Figure 7.12)

A

log I For Bremsstrahlung from a nebula of size L
and density n, the opacity in the radio is
T oC Te'1'35 v2ip? L (see Tielens Eqn 7.68, Fig 7.12)

log v

Recall that radiative transfer through a medium yields
I =I oexp(-ty) + B (T)(1-exp(-tv))

and the Rayleigh-Jeans approximation for blackbody emission is
B (T) ~ 2vkT/c?

which in the absence of a background source leads to
I, ~ B (T)(1-exp(-t)) o v*Ty(1-exp(-Tv))

In the limiting cases
I ~ oC fort < 1

IVN oC fort > 1

ASTR 5470  Physics of the Interstellar Medium 13



Radiatively-Excited Regions

General review & discussion

NGC6302 Butterfly Nebula

1 kpc away; surface 7' >250k

T T T T T T T T

NGC 6302

3L #/_1__+\#\_‘ 80[ e H76a ]

Kconz

EXTENDED *
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Sl
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3
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- Radio frequency spectra of nebulae (Tielens Figure 7.12)

What produces the continuum emission: recombination, free-free, n. — n., or some combination?
What produces the line emission: recombination, free-free, n. — n., Or some combination?
(free electrons exhibit a continuum of energies and recombine into specific energy levels)

Which typically drives radio emission: continuum or discrete line processes?

- 'On-the-Spot-Approximation' p.230 Tielens; p.20 Osterbrock; p.67 Dyson & Williams

In balancing the ionizations and recombinations, the recombinations are summed from
n=2 to o (i.e., not from n=1 to «0). Why can we ignore recombinations to the ground
state?

In Osterbrock parlance: hv~I, and therefore the diffuse radiation has large a and correspondingly
mean free paths...

ASTR 5470  Physics of the Interstellar Medium 14



Radiatively-Excited Regions
General discussion

- If you observe an HII region, would you expect to see more Ho (n=3—2) photons, or more
Lya (n=2—1) photons? Why?

- When you peer through an eyepiece, why is almost all the H emission seen from an HII region
coming from neutral H even though HII regions are almost completely ionized?

- What is the distinction between the 'direct' and the 'diffuse’ radiation field in an HII region?
What does this have to do with its optical thickness or thinness?

- What's 'forbidden' about forbidden lines? Do you see them only in low-density regions?

15



Radiatively-Excited Regions

General review & discussion (adapted from Shu, The Physical Universe)

Nebulae are so rarefied that ~all atoms are in their ground states. At 10* K most collisions are
too weak to excite an e in H. However, since N, O, O* are just as easily ionized as H, and
since the first excited states of their ions N*, O*, O** are near the ground states, they can be
collisionally-excited. .

Bracks Ll
| ontinuuim continmm
| photon
1

At terrestrial densities these excited states are ~ wue, _ | | _
immediately triggered back down by collisions B e e
(without radiating). In space, radiative de- ke £ [y wmsimegy  TETT
excitations actually have a chance to occur due . | £ | |
to the low densities; early astronomers did not

understand the [O 111]14959+5007 doublet and i [y e
attributed them to an unknown element dubbed timny| | wevmsmal | and Lyman
'nebulium’, a la the 'helium' discovery from solar | B e ek
observations.

Problem
The number of Balmer-line photons emitted per unit time in an HII region is equal to the total
number of H recombinations—each recombination produces one Balmer photon. The

luminosity L in all the Balmer lines is L, o

where Vis the volume of the HII region and $,(7) ~ 2.6:10" m’ s™".

Consider collisionally-excited transitions between an upper and lower level of an atom such as
O*, with energy separation E,,. We'll calculate n, if given n, (e.g., the ground state).

16



Radiatively-Excited Regions

If the medium remains optically thin to photons of energy E, , upward transitions from 1 to 2

take place via inelastic collisions with thermal es at a rate per unit volume of

where y (7) 1s the collisional excitation coefficient when the e- velocity distribution is

characterized by a temperature 7. Downward transitions from 2 to 1 can take place either by
the spontaneous radiation of photons of energy E  or by superelastic collisions with thermal

e's. The total downward rate per unit volume is given by

where A 1s Einstein's coefficient for spontaneous emission and vy, (7) is the collisional de-

excitation coefficient. If we ignore transitions from higher states (say, level 3) into and from
levels 1 and 2 (to keep this simple), provide an expression for the steady-state population for
levels 1 and 2:

Upward collisional transitions have an energy threshold: e’s must have kinetic energies
greater than £ before they can cause a transition 1-2. Downward collisional transitions

have no such threshold. Thus, the fraction of e's which contributes to y , is smaller than that
which contributes to y ,. For a Maxwell-Boltzmann distribution of e velocities, the fraction
is given by the Boltzmann factor exp(-E, /kT). In addition, the transition rates y , and y,,
will differ by a factor equal to the number of equivalent states of the final level: g, for state 2
and g, for state 1. We therefore derive the relationship

Yl Yy=

ASTR 5470  Physics of the Interstellar Medium 17



Radiatively-Excited Regions
where y, will approximately be the product of thermal e- speed (k7/m_)” and typical
superelastic cross section 0,, ~ h*m_kT (interpret the latter in terms of the square of the

of a thermal e). Assume y, can be calculated in this or a more
accurate fashion, and show that n, can be expressed as

n,=nn.,y, /(A21+ne-y21) g2/gl eXp('Ezl/kD

What condition does n_ have to satisty in order for Boltzmann's Law to apply,
n,=n, glg exp(-E, /kT) ?

Interpret your answer physically. It won't be satisfied exactly, but explain under what
conditions it would be a very good approximation.

If forbidden-line atoms occupy the entire volume V of the HII region, the luminosity L(E,)
of photons with energy E, must be proportional to the total number of downward radiative

transitions per unit time, which 1s

Thus show
L(E,)oxcn V glg exp(-E, /kT) [n_A, y,/[(A,+n_ Y, )]

ASTR 5470  Physics of the Interstellar Medium
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Radiatively-Excited Regions
For fixed T, sketch schematically the

A behavior of L(E,) and L as functions of
L n_. In particular, indicate the qualitative
H change in behavior of when n_ increases
Of beyond the critical value A /;
L( Ezl) 21" 9 21°

10>g n_

For 'forbidden' optical transitions, A, might have a typical value of A ~ 10 s™, implying a
characteristic lifetime A, "' against radiative decay of ~10* s, much longer than the lifetime

~107* s that is characteristic of excited states with permitted transitions. Calculate the critical
density for a temperature of 10* K.
n ~

Ccr

Consider the ratio of the strengths of the forbidden lines to the (permitted) hydrogen lines.
Assume that the proportionality coefficients in the expressions for L(E,,) and L, have similar

orders of magnitude, and show that

ASTR 5470  Physics of the Interstellar Medium 19



Radiatively-Excited Regions
L(E, /L, ~ ”1/”p g,/g, exp(-E, /kT) y, /B, 1/(1+n_/n_)

For a heavy element like oxygen ([O I11]), ”1/”p g,/g, might typically be ~10~, and A, = 5007 A
in the optical regime. For 7=10* K graph the ratio of line strengths for various values of n_
from 10° m~ to 10" m?

A
L(E, )L,

log Ze_

Consider the following situation. You observe a very low-density region, say a planetary
nebula. You take a spectrum and you choose the exposure time to capture 10,000 Ho photons.
Roughly sketch what the spectrum would like, showing only the Ha and [O 111] 5007A lines.

A

Flux

- A
ASTR 5470  Physics of the Interstellar Medium 20




Radiatively-Excited Regions

Now you use the same telescope, detector, etc., to observe a region of much higher density,
but the same temperature. Sketch the spectrum when:

- using the same exposure time as before.

- using the same criterion as before —10,000 Ho photons.

Flux f

- A

Telescope time 1s precious and thus astronomers tend to observe an object only as long as
necessary before moving to their next source. The above example explains why there 1s a
common misconception about forbidden lines only appearing in the low density ISM.

ASTR 5470  Physics of the Interstellar Medium 21



Radiatively-Excited Regions
Problem

What is the timescale, ¢ _, over which a free proton in a Strémgren sphere radiatively
recombines with an e? Assume np=ne~106 m~ and 7~10* K.

It 1s often assumed that velocity distributions of particles are Maxwellian. The validity of
this assumption rests on the ability of particles to collide elastically with one another and
share their kinetic energy. For a Maxwellian to be appropriate, the timescale for a collision
must be short compared to other timescales of interest. We will test these assumptions.

What is the timescale 7___ for free es to collide with one another in a Strémgren sphere?

Consider collisions occurring at relative velocities typical of those in an e gas at temperature
T . Determine a general expression, and then evaluate for the above numbers.

Repeat the above but for - for protons at temperature T.

ASTR 5470  Physics of the Interstellar Medium 22



Radiatively-Excited Regions
Problem (continued)

Suppose that initially 7'_> T.. What is the timescale over which e's and p*s equilibrate to a

common kinetic temperature? This 1s not merely the timescale for a p* to collide with an e-.

You must consider also the amount of energy exchanged between an e and p* during each
encounter. Estimate, to order-of-magnitude, the time it takes a cold p* to acquire the same
kinetic energy as a hot e~. Call this time o Again, express you answer symbolically and

then toss in the original values to produce a number.

For Te_~Tp~lO4 K,

t It~ t It~ t It~
e-e- rec p+p+ rec e-p+ rec

ASTR 5470  Physics of the Interstellar Medium
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Radiatively-Excited Regions
EleCtron Temper ature Te (adapted from Osterbrock & Ferland 2005 ch. 5)

[O111] and [NII] are good examples of ions that have optical emission lines stemming from significantly different

excitation energies
ISO 1S()
22321 ¢7\4363 23063 ¢x5755
O] [NIT]
¢x5007 ¢x6583
52 7959 2 122 Tosas L
um um
vy Y vy LA
*SSMm vZOSMm
SPO %PO

[O111]: In low n. limit (ignoring collisional de-excitation), every excitation to 'D produces A5007 or A4959 (2.9:1 odds).
Excitations up to 'S produces A4363 or A2321, with relative probabilities again determined by transition probabilities.

If AM4363, then A4959 or L5007 is produced immediately thereafter.

[ra9sotjrsoor)/jrazes = QCP,'D)/Q('D,'S) [Aip2,ap2 + Aiposspi] / Aisosipa hv*(P,'D)/hv('D,!S) erF®SAT

where
VE(P,'D) = [Aip2,3p2V(A5007) + Aip2,3p1V(A4959)] / [Aip2szpz + Aipzsaei ],
A 1s the transition probability, and € represents “collision strength” (e.g., the y parameters from Slide 17).
This expression works up to densities of n.~10° cm=. Inserting numerical values, and including dependence on n.,

[]0;\4959+j;\5007]/j;\4363 = 7.73 CXp(3.29X104/T) / [1+4.5X10'4(ne_/T/2) ] = see Figure 7.14 Tielens and next slide

ASTR 5470  Physics of the Interstellar Medium 24



Radiatively-Excited Regions

EleCtron Tﬁmperature Te (adapted from Osterbrock & Ferland 2005 ch. 5)

Assumptions:
isothermal
optically thin
low density limit

Features:

Don't need to know distance to nebula
e

Fairly insensitive to extinction
9

[O111] provided traditional measure, but
[O111]4363 difficult to measure, so
[O1], [NII], and [STII] are now preferred

ASTR 5470
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Figure 5.1

Four temperature sensitive forbidden line ratios are shown as a function of the electron
temperature. The [O I} (solid line) and [N II] (dashed) ratios are nearly coincident, partially
because of their similar excitation potentials. The ratios are shown in the low density limit

(n,=1em™),
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Radiatively-Excited Regions

10 He Sleyl'erl

[ LINER

Lm Star—forming Nuclear
L0 Extranuclear

L& SMC/LMC HII

1 Galactic HII

Stellar Effective Temperature

A high-to-low ionization ratio of the same atomic element
gives you the “stellar effective temperature” or the
radiation field hardness.

Can be estimated from “sequential stages of ionization
of a single element”, e.g., Ne?*/Ne*

See Tielens Figs 7.15 and 7.16

Low-metallicity galaxies show the hardest radiation
fields in the figure at right.
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Radiatively-Excited Regions
Electron DCHSlty N (adapted from Osterbrock & Ferland 2005 ch. 5)

We've seen diagnostics using lines from the same element with

1. different 1onizations, and

2. the same ionization but “significantly” different excitation energies

Now we'll explore a third diagnostic that uses lines from the same element, but this time the lines have nearly the same
energy levels. If the two very similar levels have different radiative transition probabilities or different collisional de-

excitation rates, the relative populations of the
two levels will depend on the density.

Low density limit: each collisional excitation is
followed by a downward radiative transition.
Line ratio is that of statistical weights. For [O1I]

J13720/23726=8 CDs12)/ g (D32)=3/2=1.5

High density limit: collisional excitations & de-
excitations predominate, setting up a Boltzmanr
population. For [OI1]:
J 13729/].)\3726 =g (*Dsp)/ g(*Dsp) A 3720/ As3726

=3/2 3.6x10-/1.6x104=0.34

The transition between these limits occurs
near the “critical density.”

ASTR 5470
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Figure 5.7
Energy-level diagrams of the 2p* ground configuration of [O 11] and 3 p* ground configuration
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Radiatively-Excited Regions
Electron DCHSlty N (adapted from Osterbrock & Ferland 2005 ch. 5)

Knowledge of n.. can be fed back into the W T o
equation(s) on Slide 24 for deriving the === - )
effective e- temperature, since those 1.4 \‘*,{ )
equations have a slight dependence on .. 1ol “\\ . i
- b
LY
%
See Figure 7.13 Tielens for infrared versions N

1.0 NN o

N [S ) AB716/A6731
0.8 - N |

(even less sensitive to extinction). Which
ratios would be superior for distinguishing
between high and low densities?

Intensity ratio

[0 A3720/A3726 . .

06+ N L .
AN
ﬂ,-‘ ~ NI"‘“‘“‘._‘_“ =1
02 1
10° 10' 10° 10° 10* 10°
Electron density (cm~3)
Figure 5.8
Calculated variation of |O 1] (sofid line) and [S II] (dashed line) intensity ratios as functions
Table 5.2 of n, at T = 10,000 K. At other temperatures the plotied curves are very nearly correct if the
Electron densities in H 11 regions horizontal scale is taken to be n,(10/T)"/2.
Object [(3.3729)/F(33726) n, (em™%)
NGC 1976 A 0.5 3.0 x 100 Dear Or19n nebula core gy region density typically drops w/radius
NGC 1976 M 1.26 1.4 x 102 outer Orion nebula
M 8 Hourglass 0.67 1.6 = 107
M 8 Outer 1.26 1.5 % 10°
MGC 281 1.37 70
NGC 7000 1.38 60

AN1R 54/0  Physics of the Interstellar Medium 28



Radiatively-Excited Regions
Concept Que Stion (adapted from Dopita & Sutherland)
Something like 1 in 10° recombinations will occur with n>50; such recombinations will produce lines with radio
frequencies less than 50 GHz. For these recombined electrons the radiative transition probabilities to lower excited

states are relatively low. Compared to lower n states, are the collisional rates for these electrons relatively high or
low? Explain.

The orbiting electron is at a distance r= from the nucleus.

The frequency of transitions between principal quantum numbers m & n is v/vo=n2-m?  where hvo=13.6eV for H,
for example. Usually only the H and He recombination lines are strong enough to be observed in the radio.

o transitions are for m-n=1, 3 transitions for m-n=2, etc. e.g., H40a: m= — n= He50y: m= — n=

radiative transition probability for Hnao is A,,~1.167x10°n%, and the radiative decay timescale to level n is
Trad =
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