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The UV, visible and IR spectra of H |l regions are very rich in emission lines, primarily
(1) collisional excited lines of metal ions and (2) recombination lines of
hydrogen and helium. H Il regions are also observed at radio wavelengths, emitting
radio free-free emission from thermalized electrons and radio recombination lines
from highly excited states of H, He, and some metals (e.g., H109«a and C lines).

« Three processes govern the physics of H |l regions:

Photoionization Equilibrium: the balance between photoionization and
recombination. This determines the spatial distribution of ionic states of the elements
in the ionized zone.

Thermal Balance between heating and cooling. Heating is dominated by
photoelectrons ejected from hydrogen and helium with thermal energies of a few eV.
Cooling is mostly dominated by electron-ion impact excitation of metal ion followed by
emission of “forbidden” lines from low-lying fine structure levels. It is these cooling
lines that give H Il regions their characteristic spectra.

Hydrodynamics, including shocks, ionization and photodissociation fronts, and
outflows and winds from the embedded stars.



 |lonization fraction
- In the CNM, the fractional ionization x = n,/ny ~ 0.001. In the WNM, x ~ 0.1.
- Inthe WIM, x ~ 0.7. Inthe HIM, x ~ 1.0.

- Although the number of free electrons are small in the neutral ISM, free electrons play
a role in bringing the WNM to kinetic equilibrium. Free electrons photo-ejected from
dust grains are the major heat source in the neutral medium.

* H Il regions, with T~ 10,000 K and n ~ 0.3 cm-3, contributes only a few percent of
the mass of the ISM, and no more than ten percent of its volume.

- Classical H Il regions and planetary nebulae have a similar temperature, but
planetary nebulae have a higher density.



lonization Energy

» First ionization energy = energy required to remove the most loosely bound
electron in a neutral atom in its ground state.

The first ionization energy of hydrogen is Iy = 13.59844 eV .
- The highest first ionization energy is that of He, with I, = 24.6eV = 1.911y.
- The second ionization energy of helium is Igerr = 54.4eV = 41y.

- The lowest first ionization energy of astrophysically interesting elements is that of
potassium (K, Z=19), with Ix = 4.3eV. (Rubidium, cesium, and francium have lower
first ionization energies, but they are not much seen in the ISM.)

- Thus, photoionization of neutral atoms will be done by UV photons in the wavelength
range A = 500 - 3000A (corresponding to E=4.1 - 24.8 eV).

* A hydrogenic (hydrogen-like) ion with atomic number Z has an ionization energy
of Z°Iy.

- 54 .4 eV for He ll, 122.4 eV for Li lll, and so forth.



Photoionization

- The (nonrelativistic) quantum mechanics of hydrogen-like ions (with only one
electron) give an analytic expression for the ground-state photoionization
(photoelectric) cross section.
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- The photoionization cross section is reasonably approximated by a power-law:

hv
opi(V) = 0y <

7?1y
- At high energies, the asymptotic behavior is:

I

The hydrogen photoionization cross section becomes equal to the Thomson (Compton)
scattering cross section for hv =~ 2.5keV ; above this energy, photoionization of H is
dominated by Thomson scattering rather than photoelectric absorption.
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https://www.pa.uky.edu/~verner/photo.html

- Photoionization rate (the probability of photoionization per unit time, for a single atom
that undergoes photoionization)

00
Cpi — / O-pi(V)C &dy v = Z2Iy/h = 3.29 x 10'° Hz (for hydrogenic ions)
hv
14

1

= (cross section) x (flux of ionizing photons by number)

Jy, Uy,
incident photon flux =4nr— =c—
hv hv

- Since the photoionization cross section decreases fairly steeply with increasing photon
energy, most photoionization occurs by photons with energies just above the
ionization energy (13.6 eV for hydrogen), in a range of the spectrum where the
background is produced mainly by hot stars.

- The volumetric photoionization rate, for instance, for hydrogen is

dn,,

-3 —1
dt s

— TlHyo Cpi [Cm
= (# of atoms/volume) x (ionization rate per atom)

where n, and ngo are the number density of proton (ionized hydrogen) and the number
of neutral hydrogen atom, respectively.



Radiative Recombination (RR)

- The cross section for the radiative recombination can be obtained using the
photoionization cross section and the Milne relation, which is derived from the
principle of detailed balance.

- Consider an ion with its electron in some configuration that we will refer to as the
“core”. In a low-density plasma, free electrons can undergo transitions to bound

states by emission of a photon. The electron is captured into some specific state
nt that will initially unoccupied.

X T (core) + e~ — X(core + nf) + hv

- The RR rate coefficient for electron capture directly to level n¢, with emission of a

photon of energy hv =1,,, + E (where I,,, is the bounding energy required for
ionization from level n¢{ and FE is the captured electron energy), is

1/2 00 The integral indicates an average
TY = _ SkT E L —E/kT di over the Maxwell distribution for
Oénf( ) — <O-rr,n€/0> — O-rr,nf( ) € lectron
e . kT KT electrons.

- The volumetric rate of RR, for instance for hydrogen, can be written as

% — —n.n E o Notice that an electron of any energy can trigger
eltp nt . -
dt - a collisional de-excitation as well as RR.
mn



+ Properties of radiative recombination

- In general, @n¢_is a decreasing function of 1, although it depends weakly on
temperature. Therefore, it’s easier to recombine with a slow electron than with a
fast electron.

- Ingeneral, an = ), ane summed over all applicable values of /, is a decreasing
function of n, implying that it’'s easier to recombine to a low energy level than to a
high energy level.

« Recombination rate coefficient
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- Photoionization Equilibrium

Opho = Cross-section for photoionization,

r — r+1
XN, GppoC = (X" )Nl depending on the photon energy hv

O... = Cross-section for recombination,

n(XrH)ne n, <0pho>hy ¢ \ depending on the electron velocity v
n(X") B <0 1)> averaged over the photon energy spectrum
R averaged over the Maxwellian velocity distribution

—>

- Recombination to the ground state - On The Spot approximation

If the recombination is to the ground state of hydrogen (n = 1), the energy of the emitted
photonis F + Iy > Iy . Thus, the emitted photon is guaranteed to have an energy of at least
13.6 eV, and will be capable of photoionizing any neutral hydrogen atom that it encounters.
Thus, in regions that are optically thick to UV light at photon energies just above IH, the
emitted photon will be rapidly destroyed in photoionizing a nearby hydrogen atom.
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" Case Aand B (Radiative Recombination of Hydrogen)

- On-the-spot (OTS) approximation:

In optically thick regions, it is assumed that every photon produced by radiative
recombination to the ground state of hydrogen is immediately, then and there, destroyed in
photoionizing other hydrogen atom.

In the on-the-spot approximation, recombination to the ground state has no net effect on
the ionization state of the hydrogen gas.

- Baker & Menzel (1938) proposed two limiting cases:

Case A: Optically thin to ionizing radiation, so that every ionizing photon emitted during the
recombination process escapes. For this case, we sum the radiative capture rate coefficient
e over all levels n/.

Case B: Optically thick to radiation just above [u = 13.60€V | so that ionizing photons
emitted during recombination are immediately reabsorbed, creating another ion and free
electron by photoionization. In this case, the recombinations directly to n = 1 do not reduce
the ionization of the gas: only recombinations to " > 2 act to reduce the ionization.

Case B in photoionized gas: Photoionized nebulae around OB stars (H Il regions) usually
have large enough densities of neutral H. For this situation, case B is an excellent

approximation.

Case A in collisionally ionized gas: Regions where the hydrogen is collisional ionized are
typically very hot (T > 106 K) and contain a very small density of neutral hydrogen. For these
shock-heated regions, case A is an excellent approximation.



Radiative recombination rate coefficients:

In Case A, the relevant radiative recombination rate coefficient is
found by summing over all energy levels of the hydrogen atom:

oo n—1

anu(T) =) ) ane(T)

n=1 ¢=0

~ 4.18 x 107183 7, 0002 T Tem3 = for 0.3 STy $3 (Ty = T/10*K)

In Case B, the relevant radiative recombination rate coefficient is
found by summing over all energy levels other than the ground
state:

oo n—1

agH(T) =) Y ane(T) = aau(T) — ay(T)

n=2 /=0

~ 2.59 x 10713 7083370034 T 103 =1 for 0.3 < Ty < 3

The percentage of radiative recombinations that go directly to the
ground state is 30% at T = 3000 K but increases to 46% at T =
30,000 K. Thus, the distinction between Case A and Case B
becomes increasingly important at higher temperatures.
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H Il Regions and Stromgren Spheres

- Stréomgren Sphere:

- Following Stromgren (1939), we consider the simple idealized problem of a fully
lonized, spherical region of uniform medium plus a central source of ionizing photons.

- The ionization is assumed to be maintained by absorption of the ionizing photons
radiated by a central hot star. The central source produces ionizing photons, with
energy v >y = Ig/h at aconstant rate @y [photons s-1].

- At adistance r from the central star, the balance equation between ionization and
recombination balance is

> ArJ, g
Vo v

» 1., = luminosity of the central star at frequency v.

From the RT equation, | ,
A, = —e~ ™, where T, :/ nygoo,dr
0

| — geometrical attenuation + radiative absorption

Integrating the balance equation over the whole volume:

v/l >
/ / L/ e nHoa,,du(Zlm“Q)dr:/ npyneas g (4mr?)dr
0

4777“2

/ V/hV [/ e_TV’]’LHOO-ydT] dV p— / nanZ&B,H(47TT2)dT
Vo 0 0




The square bracket term in the left side is

@) @)
/ e "npoo,dr = / e vdr, =1
0 0

|_> total number of ionizing photons

o0 o0 LV
Qo = / npyneap udV, |where Qo = / h—du and dV = 4xridr
0 %

Vo

Then, we obtain

- Assuming that the ionization is nearly complete ( n, = n. = nuy ) within R, and

nearly zero ( nyo = nyg, ne = 0) outside R, , we obtain the size of the ionized region
4
Qo = nHoB H ?WRE

s 2
4 B, HNYy

. 04 1/3 ( - )_2/3 TN 0-28 -
T 1049 photons s—1 102 cm—3 104 K be

The physical meaning of this is that the total number of ionizing photons emitted
by the star balances the total number of recombinations within the ionized

volume (47/3)R; often called the Strdmgren sphere. It’s radius R, is called the
Stromgren radius.




- Opacity as a function of distance

- We note that the medium is fully ionized within the Stromgren sphere. Thus, within the
Stromgren sphere, the opacity is nearly zero. The opacity suddenly increases at the
boundary of the ionized region.

Ty e

r A
A Ty(r)E/O nyo,dl

> T 0 NGy
R, R,

- Mean free path

- The mean free path of an ionizing photon is

1 _ Ny —1 O pi 1
~5x 1074 ( ) b
— PE\10Zcm—2 (6.304 x 1018 cm 2

)\mfp —

This tells us that the transition from ionized gas to neutral gas at the boundary of the H
Il region will occur over a distance that is very small compared to the Stromgren
radius.



« Time Scales:

- lonization time scale: The Stromgren sphere analysis assumes a steady state
solution. What is the time scale for approach to the steady state? Suppose that we
start with a neutral region, and the ionizing source is suddenly turned on.

total number of ions to be created

lioniz. = . . .
number of photons supplied per unit time
4 3 1 102 cm ™3
_ Un/3) R _ _ 1.2 x 108 (e y1]
(o QB HNH ny

- Recombination time scale: Suppose that the ionizing source suddenly turns off. The
lonized region will recombine on the recombination time scale:

1 102 ¢ =3
broe = —1.22 x 103 ( o ) y1]
QB HNH nH

Therefore, the recombination time scale is identical to the ionization time scale!

The ionization/recombination time scale is shorter than the main-sequence lifetime
> 5 Myr for a massive star.



lonization of Helium

« Now, what about helium?

- Out of every 1000 atoms, there are on average 912 hydrogen atoms, 87 helium
atoms and one heavy atom.

» Looking at the photoionization cross sections for HO, He0, He+', we see that above the 24.6
eV threshold for ionizing He?, the photoionization cross section for helium is larger than
that for hydrogen.

OpiHeo A 6.50, g0 at hv ~ 24.6eV
~ 14 Upi,HO at hv ~ b4.5eV

» Thus, the photoionization cross section for He is ~ 10 times that of H, while the number
density of He is ~ 0.1 times that of H.

» This implies that if we suddenly turn on a hot star, the initial photons in the range
24.6eV < hv < 54.4eV will be about as likely to photoionize a helium atom as a
hydrogen atom.

» In the range of 13.6eV < hv < 24.6eV, on the other hand, nearly all the photons go to
ionize H; scarcer atoms (metals like O and C) account for only a tiny fraction of the
lonizations.



Radiative Recombination of Helium
He™™" + e — He™

an(T) = 4.13 x 10713 Z(T,/22)~0-T181-0.015In(T3/2%) 113 ¢=1) (30K < T/Z% < 3 x 10" K)
ag(T) ~ 2.54 x 10713 Z(T, / 7?)~0-8163-0.0208 In(Ty/Z2) em®s™!]

He™ + e~ — He

apg2 e = 1.54 x 10713 7,798 [em3s71] (0.5 < Ty < 2)

ape = 2.72 x 1073 17,797 [em® s

Here, @152 1e is the recombination rate to the ground state 1s®'So.,

and ap He IS the recombination rate coefficient to all states except the ground state.

Note: QB H ~ OB, He and QA H ~ QA He -




Effective recombination rate coefficient for Helium

Note that the stellar LyC photons with hv > 24.6 eV are capable of photoionizing not only
neutral helium atoms but also neutral hydrogen atoms

The recombinations directly to the ground state 1s* 1Sy of neutral helium produce photons with
hv > 24.6 eV. The recombination continuum photons are capable of photoionizing not only
neutral helium atoms but also neutral hydrogen atoms; the fraction of these that ionize
hydrogen is
TLHo Upi,HO (E)

THO O pi HO (E) + NHeO Opi, Hel (E)
—1

, Wwhere E' ~ 24.6eV + KT

<
|

TVHeO Upi,Heo (E)
nyo Opi,HO (E)

Upi,HeO/in,HO > 6.0 for £ > 24.6eV

— |1+

Yy < 0.5 if nHeO/nHO > 0.16

This fraction contributes to the recombination of He, while the remaining fraction, 1 — y, photoionizes

He again. Therefore, in an optically thick gas, the effective radiative recombination rate coefficient for
He™ — HeY is

Qeff He — (B He + Yaig2 He — XA He — (1 — y)alsQ,He

At T=10,000 K, e =2.72x 10713 [em®s™]  —  egme ~ 3.0 x 1071 [em® s
Q162 1o = 1.54 x 107" [em® s7'] ~ 1.2apu

Yy~ 0.2
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- This is not all. Consider now the recombination to excited levels of HeO, which are followed
by a radiative cascade down. Most of photons produced by the cascades have hv > 13.6eV.
A fraction of these photons are capable of photoionizing hydrogen. Let 7 be this
fraction. However, note that this fraction is not relevant to the recombination of He, but
contribute to the photoionization H.
z ~ 0.96 at low densities

~ 0.67 at high densities

ionization limit

We take an intermediate value z ~ 0.8.

E(eV) 'S Ipo D, g - See Section 14.3.2 and 15.5 of
24— 1555 1s5p 1s5d [Draine] for details.
Sl ol ook
“W’ W - [Ryden] assumes that z = 1.
X
23 A“iﬁg ) N 1s3d

Note that 1.08 um is useful to probe |
the planetary atmosphere 5

He® Singlet States He® Triplet States
_ |

-y |

A A;%?ZE)'??‘*OAS l |

[Fig. 14.3 of Draine]
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How many recombinations occur for He: Suppose that we have a Stromgren sphere
with the cosmic abundance ratio of helium to hydrogen f = ny./ng ~ 0.096 . Now define:

= —d = —“d
Qo /IH/h v, Q1 /IHe/h T (@1 < Qo)

- In the very central region, the hydrogen would be fully ionized, and the helium would
be all singly ionized. Even the hottest O stars don’t produce a significant number of
photons with hv > 54.5eV; hence, there will be no significant amount of doubly
lonized He+2.

- Thiswill resultin  n, =ng
NHe+ = NHe = fNH

Ne = Ny + Nt = (1+ f)ng inside the Stromgren sphere.

- The volumetric rate of the hydrogen recombination is

dny

= —ap uNen, = —ap a(l + f)nIQ{

- The volumetric rate of He recombination is

dnHe+
dt

— —Oeff HeMleNHet+ = _Oéeff,Hef(l T f)nIZ-I
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- Comparing the two equations, we see that

AN e+ o (aeff,He> f%

dt OB H dt
dn
~ (1.2)(0.096)—2
(1.2)(0.096)
dn
~0.11—2
dt

- Thus, for every helium recombination, we expect about 9 hydrogen
recombinations.
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Remember the recombination paths, under the Case B condition:

- 13.6eV < hr < 24.6eV : A stellar photon will ionize one H atom.

- hv >24.6¢eV : For a fraction of y of the photoionization followed by the direct recombinations
to the ground state, a stellar photon will ionize one H atom. For the remaining fraction (1 — y)
of these, a stellar photon will ionize one He atom.

- hv > 24.6eV : For the photoionization followed by the recombinations to excited states, a
stellar photon will ionize one H atom for a fraction of z of the recombination events.

Number of ionized atoms: The number of ionized helium and hydrogen, N(He™)
and N(H™), within the ionized regions can be estimated by balancing recombinations

and photoionizations:

N(He+)n€ (&B,He + y&lsQ,He) — (1 — y)@l

NH)neapn = (Qo — Q1) + y?l + N(He")ne (

A

(

Contribu
to the gr

tion by the recombination
pund state. :

ZQB He T y&1s2,He)

éstellar LyC with v > 24.5 eV that ionize H —/ \_ Contribution by the recombination

— N(H+)neaB,H = Qo — N(He+)ne (1 —2) B He

to the excited state.

N(He™)

(1 —-y)asu(Q1/Qo)

N(HT)

B QB He T Y152 He — (1 — y)(l _ Z)(Ql/QO)&B,He
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N(He")  0.68(Q1/Qo)
N(H*) ~ 1-0.17(Q1/Qo)

- Condition for full ionization of the He in the H+ Stromgren sphere:

for z = 0.8, T'=8000K, and y = 0.2

N(Het)  npe Q1
— =0.096 — —=— =0.15
N(H+) Ny Qo
- Radius of the He* zone:
N(Het) = TR . Rue _ [ nu N(HeH)]"?
f;r Ru  |nme N(HT)
_ 3 ]

11 -0.17(Q1/Qo)

Rye < Ry 1if Ql/QO SJ 0.15

- On the main sequence, a star with spectral class O7, corresponding to effective
temperature Tet = 37,000 K, will have a critical ratio Q1/Qo ~ 0.14.

» For cooler ionizing stars, the ionized helium sphere will have a radius that is
smaller than the radius of the ionized hydrogen sphere.

» For stellar temperature Tet > 37,000 K, the ionized helium sphere has the same
size as the ionized hydrogen sphere, because of the limit on the abundance. The
photons with hv > 24.6eV will be used up to ionize H.



Table 15.1 [Draine] Figure 15.5 [Draine]

SpTp  M/Mo  Tew(K) logis(Qo/s™")" Q1/Qo° logyo(L/Lo) 0.25

o3V 58.0 44850 49.64 0.251 5.84

04V 46.9 42860 49.44 0.224 5.67

05V 38.1 40860 49.22 0.209 5.49

055V 344 39870 49.10 0.204 5.41 0.2

06V 31.0 38870 48.99 0.186 5.32 .

065V 28.0 37870 48.88 0.162 5.23

o7V 25.3 36870 48.75 0.135 5.14

075V 229 35870 48.61 0.107 5.05

o8V 20.8 34880 48.44 0.072 4.96 2(0.15

08.5V  18.8 33880 48.27 0.0347 4.86 <4

o9V 17.1 32830 48.06 0.0145 4.77 ™~

095V 15.6 31880 47.88 0.0083 4.68 @T

0311 56.0 44540 49.77 0.234 5.96 0.1

04111 47.4 42420 49.64 0.204 5.85

O5III 40.4 40310 49.48 0.186 5.73
05511 374 39250 49.40 0.170 5.67

O6III 34.5 38190 49.32 0.158 5.61
06.511  32.0 37130 49.23 0.141 5.54 0.05

o711 29.6 36080 49.13 0.129 5.48
07511 275 35020 49.01 0.105 5.42

OSIII 25.5 33960 48.88 0.072 5.35
O8.511  23.7 32900 48.75 0.0417 5.28 0

OO9III 22.0 31850 48.65 0.0257 521
09.511  20.6 30790 48.42 0.0129 5.15 T 103K

031 67.5 42230 49.78 0.204 5.99 eff < )

041 58.5 40420 49.70 0.182 5.93

051 50.7 38610 49.62 0.158 5.87

05.51 473 37710 49.58 0.151 5.84

061 44.1 36800 49.52 0.141 5.81

0651 412 35900 49.46 0.132 578 Q1/Qo vs. stellar temperature
071 38.4 34990 49.41 0.115 5.75

07.51 36.0 34080 4931 0.100 5.72

08I 33.7 33180 49.25 0.079 5.68 . : P
e A o 10 e s Q1/Qo > 0.1.5 IS required for He to be ionized throughout
091 296 31370 49.11 0.0363 5.61 the H 1l region, corresponding to Tett > 37,000 K.
09.51 27.8 30460 49.00 0.0224 5.57

¢ After Martins et al. (2005).

b Qo = rate of emission of hv > 13.6 eV photons.
© @1 = rate of emission of hv > 24.6 eV photons.
4 [ = total electromagnetic luminosity.
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Figure 2.4 [Osterbrock]
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* Metals: lons that requires E > 24.6 eV for their formation will present only in the He+ zone.

[Draine] Table 15.2 Abundant Ions in H II Regions*

HII and He I zone® HII and He Il zone®
Element Ion hv (eV)? Ion hv (eV)?
. 13. .
Iile geli 13060 }II{eIIII 2431 28 [Page 238, Doplta]
C CII 11.26 CIII © 2438 The dominant ionization zones of the nebula for the most
CIV 47.88 abundant elements and important coolants are as follows:
N NII 14.53 N III 29.60
NIV 47 45 H1, Her : Ci1, N1, O1, Nel, Sii,
o) oIl 13.62 OIII 35.12 H1i, Hel . Cu, (Cur), Nit, O1r, Neir, St, (S1ir),
Ne Ner 21.56 NeHIf 40.96 Hi, Hem  : Cur, (Civ), N1, Our, Nenr, Sur, (S1v, Sv),
Na | (Nal) >4 (Nalb) >.14 Hi1, He1 C1v, N1v, O1v, Ne1, Sv, and higher,
Na Il 47.29
Mg Mgl 7.65 (Mg 117 15.04
f .
Al (NEIIIIII) 122431 AlLTV)f 28.45 [Figure 5.3, Dyson]
: : ' ( . ) ‘ lonization stratification in a nebula.
Si Si1II 16.35 SilV 33.49 N L I i High lar t t
(SiV)! 45 14 (i) Low stellar temperature, (ii) High stellar temperature
S STI 10.36 STII 23.33
SIII 23.33 SIV 34.83
Ar Arll 15.76 Ar Il 27.63 (a) ) (c) (a) (c)
ArlV 40.74 ~\
Ca Calll 11.87 CalV 50.91 H* He* \ H* He®\ H° He’ H* He* HO He®
Fe Fe I1I 16.16 Fe IV 30.65 Star 5 ‘, Star
Ni Ni II1 18.17 NilV 35.17 ;
:Limited to elements X with N.X./NH > 107, O++,N++,/ o+ N+ | 0o Ne O+ o+ o0
Ions that can be created by radiation with 13.60 < hv < 24.59eV. -7

“ Ions that can be created by radiation with 24.59 < hr < 54.42eV.
4 Photon energy required to create ion.

“ Ionization potential is just below 24.59 eV. ‘ )
7 Closed shell, with no excited states below 13.6eV. (1) (11)
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_§° I . =20l The temperature, density, and ionization structure of a
b model H Il region illuminated by a star with an effective
' temperature of 53,000 K. Note how the ionization
| ! a structure in the heavy elements follows that of hydrogen
04 06 08 1.0 02 04 06 08 1.0 and helium.
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Ha : He | 5876: [N 1] 6583: [S II] 6716:
recombination line recombination line collisional excitation line collisional excitation line
[ -4 Wil -4
1073} ; 10°5F 1077 : /A 10
o 1ol o
2 2 =
E 10'4§ Q 107 19 ©
— = 107° {1 = 107°
A (] ! . .
1075} T 1077} : | & 2
1078] T P A R o8\ v L ol L et T I B A 1 E
10° 10! 10° 10! 10° 10! 10° 10!
Radius (pc) Radius (pc) Radius (pc) Radius (pc)
107 3
11 = ] &
7 z Z .
S 1072} 12 © :
© :
© S o
2 < <
- -3| . : 1 = E g =y .'
élo '-_ SRS 1 0, NS Al
1074\ . R HA L il
10° 10* 10° 10! 10!
Radius (pc) Radius (pc) Radius (pc)

[Seon & Witt, 2012, ApdJ, 758, 19]

Figure 4. Top: brightness profiles of Ha, He 115867, [N 11] A6583, and [S 11] 16716 lines (in units of erg cm~2 s~! sr~!) for various central ionization sources. Bottom:
brightness profiles of line ratios He1/Ha, [N11]/He, and [S 1]/He. Elemental abundances for WNM and hydrogen density of ny = 10 cm™ were assumed for the
photoionization models. The curves from the outermost to innermost correspond to O3V to B1V stars progressively. Solid and dashed lines were alternatively used
for clarification.
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Recombination lines

« Recombination Radiation = Recombination Lines + Recombination Continuum

» Diagnostics using the recombination lines

- Temperature: The hydrogen recombination spectrum depends on temperature T,

and therefore measured line ratios can be used to estimate T.

- Reddening: Measurements of the relative intensities of recombination lines with
different wavelengths can be used to estimate the reddening by dust between us and

the emitting region.

- Case A Recombination Spectrum
- In the optically thin limit, the power radiated per volume in the transition n¢ — n'¢" is

Anl — n' 0 hvpe_sne

4rj(nl — n'l") =

a(nl) +

'l

2.

n//ﬁ// (n// >n)

direct recombination

— X
el S Al — ')

a(n//gll)PA (,n///gll7 ng)

|

cascade

Note a typo in Eq (14.7) of Draine

P4 (n''?", nt) is the Case A probability that an atom in level »n"¢" will follow a decay path
that takes it through level nf. The probabilities can be readily calculated

from the known transition probabilities A(nl — n'l') using straightforward
branching probability arguments.
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- Case B Recombination Spectrum

- The resonant absorption cross-sections for Lya, Lyf,... are much larger than
photoionization cross sections.

15kms ™}
7o(Lya) = 8.02 x 10* ( rl;as ) 7(Ly cont)

7(Ly cont) = 6.30 x 10~ !® cm? N (H)

- Any nebula that is optically thick to Lyman continuum (E > 13.6 eV) will be very
optical thick to all of the Lyman series (n — 1) transitions.

- Note that the cross sections for resonant absorption in the 1 — n transitions
becomes equal to the photoionization cross section as n — 0.

7-reson.(l — ’I?,) > 7-reson.(l — OO) — Tphoto.



- On-the-spot approximation:

» Therefore, under Case B condition, Lyman series photons will (immediately) be
resonantly absorbed by other hydrogen atoms in the ground state. They will travel
only a short distance before being reabsorbed.

» It is helpful to think about the radiative decay and resonant reabsorption as through the
photon were reabsorbed by the same atom as emitted.

» Consider a hydrogen atom in level n > 3 (for instance, n = 3) . Then, LyB, Lyy,... will
immediately be resonantly absorbed, returning back to the initial state n > 3. After
returning to the initial state, the atom will again decay one of its allowed decay paths (for
instance, 3 — 2 — land 4 — 2 — 1). The atom may emit another Lyman series photon,
which will again be absorbed.

» This process will repeat until eventually “non-Lyman transitions” + a “Lya transition”
(or “non-Lyman transitions” + 2-photon transition) occur.

For instance,
Ha(3-2) + two-photons forn = 3
Pa(4-3) + Ha(3-2) + Lya(2-1) or HB(4-2) + two-photons for n = 4.

Two-photon continuum emission occur, if the repeated process eventually populates 2s
state, instead of 2p.

» Under this condition, no Lyman series lines (except for Lya) will be produced.
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Case B

(1) Lyman Continuum Photons

e O
D—
+ :
31

v
] —o—

hVLyC = F+ Iy

Recombinationton = 1

(2) Lyman Series Line Photons

example 1

Emission of higher series lines
(Balmer, etc) + Lya and 2-photons

e @
A
5
4
|:{> 3
AVAV e :
hVLyC ) e
] —O—
Absorption of emitted LyC photons
by other hydrogen atoms
¥,
example 2
e - E + E3
AVAVAV 4 5
: 4
5 ——— 3
J— 3—g—2L
: N\ 22—
2 IN\> LyJ
: Lyp 1 i Is
| —Y

Emission of Lyn (n > 2) photons

Absorption of Lyf photons
by other hydrogen atoms

D3 2

Resonance
5!
4
3 P
LypS
1 v Is
Fluorescence
5
4
3 3p Hao
2 AVAVY <
1 Ls !i 2-photons




34

example 3

e - E+ E,

4——2

3——

NN 2——
Ly~

1_5_

Emission of Lyn (n > 2) photons

Absorption of Lyy photons
by other hydrogen atoms

Resonance

Fluorescence

Fluorescence
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- Balmer lines:

» Under Case B condition, the rate coefficients for recombinations that result in emission of
Ha, HB can be approximated by

Ooft Ha ~ 1.17 x 10713 7 0-94270.03 InTa 10,3 =1 (Ty = T/10*K)

Oéeff,HIB ~ 303 X 10—14 T4—0.874—0.058 In T4 [Cm3 S—l]

» Emissivities of Balmer lines:

Using the statistical balance for the level population, we can obtain the emissivity. (Note
that, in the case of hydrogen and helium, the population caused by collisional
excitation is negligible.)

Population of u state by recombination = Depopulation by radiative decay.
47Tju€ — nuAuﬁ (hyuﬁ) — NeNpOleff 4 (hl/ué)

47TjHoz — NMeTNpOleff Ho hVHa

AT JHp = NeNpQett,HpMVHR

» Balmer Decrement : The ratio between Balmer lines can be used to estimate the dust

reddening. Note: A\p, = 6563A

]'Hoz _ Qeff Ha VHa _ 9 ]G T4—O.O68—i—0.0271nT4 A = 48614

JHB Oleff HB VHB

See Table 14.2 of Draine for other lines.
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- Lyman a

» Let aemr2s and aerr2p be the effective rate coefficients for populating the 2s and 2p states.
By definition, it is clear that the case B radiative recombination process must eventually
take the atom to either the 2s level or the 2p level. Thus,

leff 25 + Qeff 2p — OB

Ooff 25 1 (e 2 . . .
» The fractions f(2s) = 1.2 ~ = and f(2p) = T2 ~ 2 are given in the following

table. ap 3 ap 3
T(K) f(2s) f(2p)
4000 0.285 0.715
5000 0.305 0.695 A minor discrepancy between this and
' : Cantalupo et al. (2008, ApJ, 672, 48):
10000 | 0.925 | 0675 f(Lya) =0.686 — 0.106 log(T/10* K)
20000 0.356 0.644 _ 0,009 (T/10% K)~0-44
Tables 14.2 and 14.3 of [Draine] '
» Then, the emissivity for Lya is How many Lya, Ha, and HB photons are

. o s produced for each recombination event:
477]Lya — NeNpQeff 2pNVLya

Qleff 2p - 2
- gnenpothVLya f(Lya) = N3 T f(2p)
3 f(Ha) = Qeff, Ho _ 0.459 T4_O'109_0'003 In T}
In a high density medium ( n. 2 1.55 x 10*cm™ ), the Lya ap
emissivity will be increased by the collisional transition from f(HB) = Qreff, HB _ 0.117T4_0'041_0'02 In T}

2s to 2p state (see 14.2.4 of [Draine]). QB
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Radiative Recombination: Heavy Elements

We do not concern ourselves with the possibility that photons emitted from
recombination to the ground state could be reabsorbed locally by another atom.

That is, we assume Case A condition when studying the recombination of heavy
elements.

Radiative recombination of elements such as O and Ne is accompanied by emission
of characteristic lines - the recombining electrons are captured into excited states,
which then emit a cascade of line radiation.

For example, radiative recombination of OOIII sometimes populates an excited state,
resulting in O 1l 4462.8A and O Il 4073.79A emission (allowed lines).

In H Il regions and planetary nebulae, these recombination lines are faint compared to
the recombination lines of H, simply because of the greatly reduced abundance of
heavy elements, but can nevertheless be measured.

The abundances obtained from recombination lines should, in principle, agree with
the abundances derived from the much stronger collisionally excited lines. However,
it is known that recombination lines give abundances that are larger than that
estimated from collisionally excited lines. This is a puzzle that is yet to be resolved.
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Appendix: lonization Fraction within an H Il region

 Let’s consider a shell between radii » and r + dr.

- Number of ionizing photons within the volume = Number of Recombinations within in
the volume

Q(r + Ar) — Q(r)| = npyneagAV

dQ
dr

= —npneozBélm“z

Q(r) = Qo — /0 npneCVB47T7“/2d7“/ where Qo = Q(r = 0)

T =n,/ng = Ne/nu

r/Rs 1/3
= Qo {1 -3 / a:%ﬁdy} y=r/R, R, — ( 3 _ Qo )
0

2
4 B HNYyg

+ At each point,

- The rate of Case B recombinations per volume must be balanced by the rate of
photoionization per volume:

Q(r)

A2
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- This can be rewritten as

Q(r)

A2

Q(r) (47 /3) Riapng

(1 — 2)ngop = z°nfos

QO 47'('7“2

2132

Q(r) T

-z Qo 3y?

where 7, = npopilis

1049 g—1

— 2880 ( (o

)

2.2

(1 — z)npopi = z°niap

ny )1/3 T
102 cm—3 104 K

)

O'pi

2.95 x 10— 18 cm?

- Now, we can estimate the ionization degree = at each point r, by
simultaneously solving the following equations:

$2

1l —=x
Q(y)
Qo

_ Qy) Ts
Qo 3y?

Yy
— [1 . 3/ $2y,2dy,]
0

(OSyZT/Rsél)

)
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Heating and Cooling in H Il Regions: Heating

- Temperature

- T~ 10,000 K. Observations indicate that the temperatures of H Il regions are
remarkably independent of the effective temperature of the central star.

- The temperature is not determined by the central star. It is the result of a balance
between heating and cooling mechanisms in the ionized gas of the H |l region.

- The main source of heating in an ionized nebula is photoionization.

- Photoionization Heating

- When hydrogen is photoionized from its ground state, the photoelectron that is
emitted carries away a kinetic energy:

E = hv — Iy (hv = energy of incident photon)

The mean energy of the ejected electrons, averaged over the all photoionization, is

() = (h) — I

- The average energy (hv) of an ionizing photon must be weighted by the
photoionization cross-section.

Sy @y, [hv) (hv)opidy

) = f;;o (4mJ, /hv)opdy




4]

Although stars are not blackbodies, we will use the Planck function. Because the

energy of ionizing photons is hv > 13.6eV , we use the high-energy Wien tail with an

effective temperature Te.

hv
J, < v exp (— kTﬂc> and Opi X y3

h f;;o (Vze_h”/kTeff) v v 3dy

hv) = —
< V> fyo (V2€—hV/kTeff) V_ng
[ e ®dx
= kT o>
Sy, e~ dx Here, x = hv/kT.g and xg = hvg/kT g
e—CCO 6_330
Y — kT,
ﬁfxo e ZTr—ldx 1CfEl(:z;'O)

The integral in the denominator is the first exponential integral E;(zo). Then, we
obtain

o |
E1(xg) =~ c [1———|—(’)(:U0_2)] for z¢g > 1

X T Mean kinetic energy of the

ejected electrons:

(E) = (hv) — Iy ~ kTog

1
(hv) ~ kTug g (1 + —) = hvg + Kleg >
L0
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Volumetric heating rate: In photoionization equilibrium,

nyo Cpi — NeNpB H

Hence, the volumetric heating rate is

Opi = noCpi (E) +——— npo(p = nenpapu and (E) = kg
— n2HozB,H KT e +«—— apu~ 259 X% 10713 (Tgas/lO4 K) —0.899 [Cm3 S_l]

o T—0.83Teff

gas

Notice that the volumetric heating rate decreases with increasing gas temperature.

Necessity of the cooling mechanisms

» An O3 main sequence star has an effective temperature Teit ~ 44,850 K (kTett ~ 3.9 eV),
and thus the photoelectrons will have a mean energy of 3.9 eV.

» However, the free electrons in a 10,000 K nebula have a mean energy (3/2) kTgas ~ 1.3 eV.

» Therefore, some cooling mechanism must be reducing the average kinetic energy of the
photoelectrons.
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Heating and Cooling in H Il Regions: Cooling

* Main cooling sources in H Il regions:
- Recombination Continuum and Line Emission (free-bound)
- Thermal Bremsstrahlung (free-free)
- Collisionally Excited Line Emission

- Recombination Cooling:

- Recombination cooling occurs when electrons undergo radiative recombination with
protons to form neutral hydrogen atoms. The volumetric cooling rate is then

£rr — NeNpB H <Err>

where (L) is the mean kinetic energy of the recombining electrons. The mean
Kinetic energy is obtained by weighting by cross section and integrating over the
Maxwell distribution

<E’O_IT’U>M&XW€H . frUQd'Ue_E/kTgaSO'rr/UE B IEQO'rre_E/kTganE
<JrrU>Maxwell IUdee_E/kTgasarrv fEUrre_E/kTgasdE

<Err> —

Note that (Er) # (3/2)kTsas, This is because the radiative recombination cross-section
IS a decreasing function of electron kinetic energy.
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We will perform the integration by approximating that the radiative recombination
cross-section, at about T~ 104 K, by a power-law:

See Section 27.3.1 of [Draine]
for the derivation of the
power-law index.

o(FE) =00 (E/Ey)’ where v~ —1.316 for Case B

Then, the mean energy per recombining electron (for Case B) is

(Err) = T2+ ) klgas = (2 + 1)k gas 0o ['(n) = / 2" le ™ dy
0

— 0.684 kT s

The cooling rate from the recombination is

Ly =nenpapu (7 + 2) k1 gas

Gas temperature:

If radiative recombination were the only cooling mechanism, then the gas
temperature would be found by equating the photoionization heating with the
recombination cooling.

Opi = Loy > NeNpaB 1 ke = Nenpap u (7 + 2) kT gas
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Tpos = — 0 = =~ — 1 462 Tog
2+~  0.684

The resulting temperature would be ~46% higher than the effective temperature
of the central star. For an O3 main sequence star with Terr = 44,900 K, the nebula

temperature will be Tgas = 66,000 K

This is because radiative recombination selectively removes the lower-energy free
electrons (because of the higher cross section at lower energy), and thus increases
the mean kinetic energy of electrons that are left without being captured.

- Hence, we need an additional cooling mechanism.

* Free-free cooling:.

- Bremsstrahlung cooling occurs when free electrons are accelerated by close
encounters with protons or other ions, and thus emit radiation.

- The emissivity is

1/2 2 6 1/2
32w [ 27 e m
.H‘ 7/ 8 B _hzl//kT as
ATy 3 ( 3 ) mZc? (kTgas) Hilte JEC ] (Zi =1, i = ny for H)

where g1 is the Quantum mechanical Gaunt factor.
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- The volumetric cooling rate for a pure hydrogen gas is

Eﬂr:/ Ami% dy
0

1/2 6
32w [ 27 e 1/2 _
=5 (F) s neb ) e

where gg is the frequency-averaged Gaunt factor.

For temperature near Tyas = 104 K, a Quantum-mechanical calculation yields

ge ~ 1.34 (T/10*K)"™
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- The ratio between the radiative recombination cooling and free-free cooling rates is

Lg 32w (27 /2 g6 Me t/2 gs Note that both cooling mechanisms
L. 3 3 m2hed \ kT yas (2+~)apy are two-body processes and thus
, " the factors MeMH+ cancel.

id

~ 0.79 (Tyas/10* K) 7'

£I‘I‘

- Adding the free-free cooling, we can estimate the gas temperature, as follows:

Goi = Lox + Lap > T = (7+2) Tyas |1+ 0.79 (Tyae/10° K) ]

~+2 = 0.684

Example: for an O3 main sequence star with Terr = 44,900 K, the nebula temperature
will be Tgas = 30,000 K if both the radiative recombination and free-free coolings are
taken into account. This temperature is still higher than that is actually observed in H Il

regions.
- Collisional excited line cooling

- If a free electron collisionally excites an atom or ion from a lower energy level to an
excited level, the energy difference between the levels is taken from the free electron’s
Kinetic energy. If the excited atom or ion then undergoes radiative de-excitation, and if
the emitted photon escapes from the nebula, then there is a net cooling of the gas.
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- To cool from T ~ 30,000 K to ~ 10,000 K, the energy levels of the excited system must be
separated by a difference AE ~1—3eV [T ~ (1.2 -3.5) x 10*K].

» If AE is much lower than this value, then the photons emitted by radiative de-excitation will carry
away only a small amount of energy.

» If AE is much higher than this value, then only a small fraction of free electrons will have high
enough energies to excite the ions or atoms.

» In H Il regions, most of the hydrogen will be ionized. Even if some He or Het is present, the
energy of the first excited state is so far above the ground state that the rate for collisional
excitation is negligible. Lya (AE = 10.2eV) emission from neutral hydrogen atoms is not

effective at cooling H Il regions. Similarly, the first excited state of neutral helium is far too
energetic (AE = 20.6 eV) to be collisional excited.

- This is where the heavy atoms such as oxygen and nitrogen play a key role in
cooling H Il regions.

» In particular, O Il, N Il, and O lll have forbidden transitions in the 1 - 3 eV range.

» If the collisional excitation is followed by a collisional de-excitation, the kinetic energy of
the gas will be unchanged.

» Therefore, if a collisional excitation is to result in cooling, it must be followed by a
radiative de-excitation. For radiative de-excitation to dominate over collisional de-
excitation, the number density of electrons must be lower than the critical density 7crit.

» The critical density for these forbidden lines are indeed high compared to typical
densities in an H |l region.
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- Calculation of the cooling rate for the collisionally excitation lines (electron impact emission lines)

» If the collisionally excited levels are radiatively de-excited, the rate of energy loss by the gas is

Lee = Z Zn(X, u) Z AueEue where E, =FE, — E,
X u

L<u
where the sum is over species X and excited states w.

Recall:

[population balance for two level atoms], ignoring the stimulated emission

nﬁnekﬁu — Ny (nekuﬁ + Au£>

n Neky n ko :
—_— — = c — — ~n.,—— for low density.
g  Nekue + Aus Y, Ay

[collisional excitation & de-excitation rate coefficients] [principle of detailed balance]

kue = (Ouev) =T?/2 L) [em? s7], kew _ 8u —(Bu—EB) /KTy
éu kue gy
kfu — <O-€uv> — ?/2 < u€> e—(Eu—Ee)/kTgas [CHl3 S_l]
I &¢ We need (1) A.r and (2) (Que).
(B = 8.62942 x 10~°) For three or more levels, the balance
equation becomes more complicated.
[emissivity] 47, = 1y Aue (Ey — Ey) See Appendix F of Draine, Table 4.1 of

Lequeux, Table 9.3 & 9.4 in Draine
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Density and Metallicity Effects

Density Effect. If the density is high, fewer

of the possible cooling lines are above the Main contributors to line cooling

critical density. in H Il regions [Table 4.1 in Ryden]

» Thus, cooling becomes less effective at Ay Merit
higher densities, and the equilibrium Name  A[A] [107°s7'] [10%cm™]
temperature of the nebula goes up. [Oul]*S-2D 3726  0.16 1.5

» For instance, the temperature of an Orion- 3729 0.036 0.34
like nebula increases from Tgas = 6600 K at [NuPP-'D 6548  0.98 6.6
NnH=100cm=3to T =9050 K at nH = 106 cm-3. 6583 3.0 6.6

[OmPP-'D 4959 6.8 68
5007 20. 68
Metallicity Effect.

» The equilibrium temperature of a nebula also depends on its metallicity. If the metallicity is
lowered, its temperature raises.

» An Orion-like nebula (around a star with Tet = 35,000 K) has a gas temperature of Tgas ~ 8050
K.

» If the metallicity is lowered to Z = Z/10, its temperature rises to 15,600 K.

» If the metallicity were zero, the gas temperature would be Tgas ~ 25,000 K.

» If the metallicity were 3 times that of the Orion Nebula, its temperature would be Tgas ~ 5400 K.
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Heating and Cooling Function

Heating Rate

<
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$ /
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IR Fine-strug‘ture Lines

- Cooling Rate O

log [Heating/Cooling Rate (erg cm3 s-1)]

20 2.5 3.0 35 40 45
log| Te (K) |
[Figure 9.5, Dopita]

The cooling function for a fixed ionization state produced by an O star
with Tet = 40,000 K as a function of electron temperature.

The heating rate is related to the recombination rate. The equilibrium
temperature is defined by the point at which these two curves cross.

At different electron temperatures,
different collisionally excited
emission lines dominate the cooling
rate.

A T~1000 K (kT ~0.1 eV), the
cooling is dominated by infrared
fine-structure lines, such as [S Il]
18.7 um line and, at lower
temperatures, the [O 1] 63 ym and
[C 11] 158 um lines, which cool the
CNM.

At T~ 25,000 K, the cooling is
dominated by ultraviolet lines such
are Lya.

At intermediate temperatures, T ~
8000 K, optical forbidden lines from
O Il, N Il, and O Ill dominate the
cooling rate.
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Heating and Cooling function as a function of
gas temperature in an H Il region with Orion-

like abundances and density nyg = 4000 cm

-3

Heating and cooling balance at Tgas ~ 8050 K.

pe = photoelectron

I I | I
T.=3.5x104K _

Contributions of individual collisionally-excited

lines to the cooling function.

[Figure 27.1 in Draine]
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Heating and Cooling - Dependence on Metallicity

Heating and Cooling function for different metal abundances

(a) For an abundance of 10% of that of the Orion Nebula
(b) For 3 times higher abundance
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Heating and Cooling - Dependence on Density

Cooling function for different densities.

The gas is assumed to have Orion-like abundances and ionization conditions.

As the gas density is varied from 102 to 10° cm-3, the equilibrium temperature varies from 6600 K to

9050 K, because of the contribution of collisional de-excitation.
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Additional Cooling Mechanisms

 Thermal Emission of Dust

- H Il regions contain dust which scatters the light of the

exciting stars. Dust grains also absorbs some of the
photons emitted by the stars and some of the Lyman «

emission that fills the H Il region. They re-emit the absorbed
energy in the mid- and far-infrared, producing thermal
continuum.

« Two-Photon (Continuum) Emission

The emission of radiation from an atomic level can arise
through the intermediate of a virtual state. In this case, two Y1
photons are emitted, the sum of their energies being equal /
to the energy of the transition. S

The probability of this 2-photon emission is small, but it can
become the main channel for the de-excitation of a V2

2s
(2251 2)

metastable level if collisions are negligible. vy 1s

This is the case for neutral hydrogen and helium.



Nebular, Auroral Lines

« Definitions:

- Auroral: the transitions between two higher terms of configurations p2, p3, and p* are named
auroral.

- Nebular: the transitions between the middle and the lowest terms give nebular lines.

- Transauroral: the transitions between the highest and the lowest terms give the transauroral lines.
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Temperature, Density & Abundance Diagnostics

* In the figure, the continuum is a mixture of free-bound continuum (from radiative
recombination), free-free emission (thermal bremsstrahlung), and two-photon
emission.

* If we know enough about the temperature dependence of these continuum
radiation, we can estimate the nebula temperature. However, the collisionally
excited emission lines are much stronger than the continuum spectrum.

700 [T | | | | | | | | | | | | | | | | 5\] | | | | ]
- : : Ha+[N1] ]
600 F  M>51 disk H1r region -
4 500 F =
= C ot .
o 400 F3 < <
= < S = 3
+= 300 F5 D = - B 3
o F = o3 = 2 =3
x 200 F5 TG 5 S =z 4
T & = = = .
100 | &5 <) %) %) =
O :—r 1'“ | I E— — —r—r—1 T HJl. - -
o » Spectrum of a disk Hll region in the
- - [O 111]5007A ~ Whi
. 30 3 - irlpool galaxy (M51).
& I e E .
© 90 L - B (top) bright lines
< i _ < E) - ) (bottom) scaled to show faint lines.
- N &) =) > A
) = — @ < — -
= =) = = H1P10-23 .
~ 10 WM&% J Z. S e 5 : T ] Figure 4.5 [Ryden]
. - | l “ W»W Data from Croxall et al. (2015)
| | | | | e

6000 7000 3000 9000 10000

Wavelength [A]

O _I 1 1 1 1 1 1 1
4000 5000



