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• Hyperfine Structure in the H atom

Coupling the nuclear spin I to the total electron angular momentum J gives the final angular 
momentum F. For hydrogen this means

Hydrogen Atom : Fine Structure / Hyperfine Structure

F = J + I = J ± 1
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Helium Energy Levels (Grotrian diagram)
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The states can be divided into two separate groups because of the selection rule .ΔS = 0



H II regions & Planetary Nebulae
• Three processes govern the physics of H II 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 II regions their 
characteristic spectra. 

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

- The cross section at threshold is 

- The photoionization cross section is reasonably approximated by a power-law: 

- At high energies, the asymptotic behavior is: 

The hydrogen photoionization cross section becomes equal to the Thomson (Compton)  
Scattering cross section for   ; above this energy photoionization of H is 
dominated by Thomson scattering rather than photoelectric absorption. 

h⌫ ⇡ 2.5 keV
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• For atoms with three or more electrons, the energy 
dependence of the photoionization cross section is 
considerably more complicated because there is 
more than one available channel. 
- Convenient analytic fits to the contribution of 

individual shells to photoionization cross section 
are given by Verner & Yakovlev (1995) and Verner 
et al. (1996).
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Figure 13.2 Photoionization cross sections for O, Ne, Mg, Si.

The photoionization rate (the probability per unit time of photoionization) is

ζp.i. =

∫ ∞

ν1

σpe(ν) c
uν

hν
dν , (13.5)

where uνdν is the energy density of radiation in the frequency interval (ν, ν+ dν).
Photoionization rates have been calculated for selected atoms and ions, for two
estimates of the local interstellar radiation field (Draine 1978; Mathis et al. 1983).
The resulting photoionization rates are given in Table 13.1.

The rates for neutral atoms cover a wide range, from 7 × 10−12 s−1 for K to
3 × 10−10 s−1 for Si – this wide variation comes from the large differences in
hν < 13.6 eV photoionization cross sections. (The difference in σpe between Mg
and Si in Figure 13.2 accounts for the factor of ∼ 50 difference in photoionization
rates for Mg and Si.) It is curious that the two elements with the lowest ionization
potentials – Na and K – have relatively low photoionization rates.

Note that of the elements in Table 13.1, two – Ca and Ti – have two ion states
with ionization potentials I < IH. These elements can therefore be found in three
ionization states in H I regions: Ca I, Ca II, and Ca III; and Ti I, Ti II, and Ti III.
However, ionization of Ti II→Ti III can only be accomplished by the very few pho-
tons in the range 13.576-13.598eV, so the rate is very small (see Table 13.1).

80 Chapter 4. Warm Ionized Medium 

8 
He 0 

7 
Ho 

6 

,....., 5 
N s u 
00 
,-; 4 I 
0 =.. 
<:r 3 

2 

1 

0 
0.0 0.5 LO 1.5 2.0 2.5 3.0 3.5 

v [1016 Hz] 

Figure 4.1: The photoionization cross section for hydrogen (H0 ), hydrogenic 
helium (He+), and neutral helium (He 0 ). 

The inverse process to photoionization is radiative recombination: 

(4.6) 

When hydrogen recombines, the electron doesn't necessary recombine into the 
n = l ground state. If a free electron with kinetic energy E triggers a radiative 
recombination, then the emitted photon will have an energy hv = E + IH/n 2 , 

where n = l for the ground state, n = 2 for the 2s and 2p levels, n = 3 for the 3s, 
3p, and 3d levels, and so forth. Radiative recombination directly to the ground 
state will always produce a photon that has hv IH, and thus is capable of 
photoionizing a hydrogen atom of any energy state. 

The volumetric rate of radiative recombination can be written as 

(4.7) 

where a is the radiative recombination rate first introduced in section 1.2. The 
rate a has units of cm 3 s- 1 . For recombination to any particular state of the 

Photoionization cross section for hydrogen(H0), 
hydrogenic helium (He+), and neutral helium (He0). 
[Fig. 4.1 in Ryden]

[Fig. 13.2 in Draine]

K-shell absorption edge
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Figure 13.1 Photoionization cross sections for H, H2, He, C, and O. The dashed line
in (a) shows the power-law approximation (13.3) for H.

than one available state for the resulting ion – for example, in the case of pho-
toionization from the O I ground state 3P2 (1s22s22p4), the electron being photoe-
jected could come from the 1s, 2s or 2p levels. If a 2p electron is removed, and
13.6 eV < hν < 16.9 eV, the resulting O II ion will be in the 1s22s22p3 4S o

3/2

state, but if hν > 16.9 eV, the ion could also be left in the 1s22s22p3 2D o
3/2,5/2

state. The availability of multiple channels leads to complex structure in the pho-
toionization cross section. For ionization by continuum radiation, this detailed
structure can be smoothed and averaged over. Convenient analytic fits to the contri-
bution of individual shells to photoionization cross sections are given by Verner &
Yakovlev (1995) and Verner et al. (1996). Figure 13.1b shows the photoionization
cross sections for C and O, each of which has a conspicuous absorption edge at
the minimum photon energy for photoionization from the K shell (“K shell” ≡ 1s
shell). At high energies (i.e., above the K-edge), the 1s2 electrons provide a pho-
toionization cross section that is ∼ 104 times larger than the cross section for an H
atom. Thus at high energies, the heavy elements can dominate the total photoion-
ization cross section, even though the total abundance of heavy elements is only
∼10−3 that of H. Figure 13.2 shows photoionization cross sections for O, Ne, Mg,
and Si.

[Fig. 13.1 in Draine]



Recombination
• Radiative recombination 

‣ Radiative recombination is the process of capture of an electron by an ion where the excess energy 
of the electron is radiated away in a photon. 

‣ The electron is captured into an excited state. The recombined but still excited ion radiates several 
photons in a radiative cascade, as it returns to the ground state: 

‣ The photon in the first line represents a recombination continuum (h𝜈) photon. However, photons 
(h𝜈1, h𝜈2, h𝜈3) represent quantized transitions and are therefore termed recombination lines. 

‣ The total effective recombination rate is the sum of the recombination rate to each state.

7

(recombination continuum)
(recombination lines)

X+ + e� ! X⇤ + h⌫

X⇤ ! X + h⌫1 + h⌫2 + h⌫3 + · · ·
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• Dielectronic recombination 
- For an electron that is initially free to be captured to a bound state of an atom or ion, the 

electron must lose energy. 
‣ Radiative recombination is relatively slow because it is necessary to create a photon to remove this 

energy as part of the capture process. This can take place only during the brief time that the free 
electron is appreciably accelerated by the electric field of ion. 

‣ However, if an ion has at least one bound electron, then it is possible for the incoming electron to 
transfer energy to a bound electron, promoting the bound electron to an excited state, and removing 
enough energy from the first electron that it too can be captured in an excited state. Then, the ion 
now have two electrons in excited state. 

‣ Dielectronic recombination (DR) is a resonant two-step process. 
‣ The first step is a double-electron process, often called dielectronic capture, through which one free electron is 

captured and another core electron is simultaneously excited forming a doubly excited state. One of the 
electron is in an autoionizing state, n1l1, and the other is in an excited state, n2l2. In the second step, the ion in a 
doubly excited state emits a photon and decays into a stable state below the ionization limit. 

‣ Dielectronic recombination is important in high-temperature plasmas, where it often exceeds the 
radiative recombination rate.
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X+(1s, . . . ) + e� ! X⇤⇤(n1l1; n2l2)

X⇤⇤(n1l1; n2l2) ! X⇤(n3l3; n2l2) + h⌫

X⇤(n3l3; n2l2) ! X(n3l3; n4l4) + h⌫1 + h⌫2 + · · ·
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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      that will 
initially unoccupied. 

- The RR rate coefficient for electron capture directly to level , with emission of a photon of 
energy  (where   is the bounding energy required for ionization from level   
and    is the captured electron energy), is 

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

n`
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Notice that an electron of any energy can trigger a 
collisional de-excitation as well as RR.

X+(core) + e� ! X(core + n`) + h⌫
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• Properties of radiative recombination 
- In general,   is a decreasing function of  , although it depends weakly on temperature. 

Therefore, it’s easier to recombine with a slow electron than with a fast electron. 
- In general,                          summed over all applicable values of  , is a decreasing function of 

, implying that it’s easier to recombine to a low energy level than to a high energy level. 

• Recombination to the ground state: 
- If the recombination is to the ground state of hydrogen ( ), the energy of the emitted 

photon is.                      . 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  , the 
emitted photon will be rapidly destroyed in photoionizing a nearby hydrogen atom.
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Case A and B (Radiative Recombination of Hydrogen)
• On-the-spot 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    
over all levels  . 

- Case B: Optically thick to radiation just above  , 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    do not reduce the ionization 
of the gas: only recombinations to    act to reduce the ionization. 

- Case B in photoionized gas: Photoionized nebulae around OB stars (H II 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.
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• 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:

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

- 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.

12

�
T4 ⌘ T/104 K

�

<latexit sha1_base64="a/ChybIdcrYGDDbpEGC9MxxHp/8="></latexit>

↵1s,H

↵A,H
= 1� ↵B,H

↵A,H
= 1� 0.0619T�0.112�0.013 lnT4

4

<latexit sha1_base64="wlF6b6bpsffCFCbI9rpWokXDKBM="></latexit>

↵A,H(T ) ⌘
1X

n=1

n�1X

`=0

↵n`(T )

⇡ 4.18⇥ 10�13 T�0.721�0.021 lnT4
4

[cm3 s�1] for 0.3 . T4 . 3

<latexit sha1_base64="UxSF0CGAGnVr0EJSTTN7D9xZkPM="></latexit>

↵B,H(T ) ⌘
1X

n=2

n�1X

`=0

↵n`(T ) = ↵A,H(T )� ↵1s(T )

⇡ 2.59⇥ 10�13 T�0.833�0.034 lnT4
4

[cm3 s�1] for 0.3 . T4 . 3

<latexit sha1_base64="LWacezClNIKX4QJbfNyKCr9F+/M="></latexit>



Photoionization of He+ to He++

• The central stars of planetary nebulae are much hotter than even the hottest O3 stars, do 
radiate high-energy photons ( ) that produce He++ zones, which are observed 
by the He II recombination spectra. 

• The structure of the central He++ zones is governed by equations that are very similar to 
those of pure H+ zones. 

• Three different recombination mechanisms producing photons that ionize H  
(1) (cascade) recombinations that populate , resulting in He II Ly  emission with 40.8 eV. 

(2) (cascade) recombinations that populate , resulting in He II  two-photon 
emission for which  (the spectrum peaks at 20.4 eV, and on the average, 
1.42 ionizing photons are emitted per decay) 

(3) recombinations directly to  and , resulting in He II Balmer-continuum emission, 
which has the same threshold as the Lyman limit of H ( ). 

- He II Ly  photons are scattered by resonance scattering, and diffuse only slowly away from 
their point of origin before they are absorbed. 

- He II Balmer-continuum photons are concentrated close to the H0 ionization threshold and 
have a short mean free path.

hν > 54.5 eV

0

2 2Po α
2 2S 2 2S → 1 2S

hν′ + hν′ ′ = 40.8 eV

2 2S 2 2Po

E ≥ hν0 = 13.6 eV

α
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- The number of ionizing photons generated in the He++ zone by (1) and (3) is nearly balance the 
recombinations of H+ in this zone (see Table 2.6). They maintain the ionization of H0 in the He+

+ zone. The stellar radiation with  is not significantly absorbed by the 
H0 in the He++ zone. That with  is absorbed only by the He+. 

- The He II two-photon continuum is an additional source of ionizing photons of H; most of 
these photons escape from the He++ zone. Therefore, it must be added to the stellar radiation 
field with  in the He+ zone. 

• Stromgren radius  of the He++ zone 

- Stellar temperatures  are required for .

13.6 eV < hν < 54.4 eV
hν > 54.5 eV

hν > 54.5 eV

r3

T ≥ 105 K r3/r1 ≈ 1
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34 Photoionization Equilibrium 

that produce central He++ zones, which are observed by the He II recombination 
spectra they emit. 

The structure of these central He++ zones is governed by equations that are 
very similar to those for pure H+ zones discussed previously, with the threshold, 
absorption cross section, and recombination coefficient changed from H0 (Z = 1) 
to He+ (Z = 2). This He++ zone is, of course, also an H+ zone, and the ionization 
equations ofH 0 and He+ are therefore, in principle, coupled-but in practice they can 
be fairly well separated. The coupling results from the fact that, in the recombination 
of He++ to form He+, photons are emitted that ionize H0. Three different mechanisms 
are involved, namely: recombinations that populate 2 2 P 0 , resulting in He II La 
emission with hv = 40.8 eV; recombinations that populate 1 2S, resulting in He II 
2 2S---+ 1 2S two-photon emission for which hv' + hv" = 40.8 eV (the spectrum 
peaks at 20.4 eV, and, on the average, 1.42 ionizing photons are emitted per decay); 
and recombinations directly to 2 2 Sand to 2 2 P 0 , resulting in He II Balmer-continuum 
emission, which has the same threshold as the Lyman limit of Hand therefore emits a 
continuous spectrum concentrated just above h v0 . The He II La photons are scattered 
by resonance scattering, and therefore diffuse only slowly away from their point 
of origin before they are absorbed, while the He II Balmer-continuum photons are 
concentrated close to the H0 ionization threshold and therefore have a short mean 
free path. Both these sources tend to ionize H0 in the He++ zone, and at a "normal" 
abundance of He, the number of ionizing photons generated in the He++ zone by 
these two processes is nearly sufficient to balance the recombinations of H+ in this 
zone and thus to maintain the ionization of H0 . This is shown in Table 2.6, which 
lists the ionizing photon generation rates relative to the recombination rates for two 
temperatures. Thus, to a good approximation, the He II La and Balmer-continuum 
photons are absorbed by and maintain the ionization of H0 in the He++ zone, but the 
stellar radiation with 13.6 eV < hv < 54.4 eV is not significantly absorbed by the 
H0 in the He++, H+ zone, and that with hv > 54.4 eV is absorbed only by the He+. 
The He II two-photon continuum is an additional source of ionizing photons for H; 
most of these photons escape from the He++ zone and therefore must be added to the 
stellar radiation field with hv > 54.4 eV in the He+ zone. Of course, a more accurate 
calculation may be made, taking into account the detailed frequency dependence of 

Table 2.6 
Generation of H ionizing photons in the He++ zone 

Number generated 
per H recombination 

n(He++)q(He+La) / n(H+)a 8 (H0) 

n(He++)q(He+ 2 photon)/n(H+)a 8 (H0) 

n(He++)q(He+Ba c)/n(H+)a 8 (H0) 

T = 10,000K 

0.64 
0.36 
0.20 

NOTE: Numerical values are calculated assuming that n(He++) / n(H+) = 0.15. 

20,000 K 

0.66 
0.42 
0.25 

Q(He+) = ∫
∞

4ν0

Lν

hν
dν =

4π
3

r3
3n(He++)neαB(He+, T )



Coulomb Focusing
• https://casper.astro.berkeley.edu/astrobaki/index.php/Coulomb_Focusing 
• https://www.youtube.com/watch?v=LXGBGNR5JxI&ab_channel=AaronParsons
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Ionization 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 H0, He0, He+1, we see that above the 24.6 eV 

threshold for ionizing He0, the photoionization cross section for helium is larger than that for 
hydrogen. 

‣ 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 
  will be about as likely to photoionize a helium atom as a hydrogen 

atom. 

‣ In the range of  , 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 ionizations.

24.6 eV < h⌫ < 54.4 eV

<latexit sha1_base64="Eo5lYYm1+J45nRTiV5OpLRW4eTw="></latexit>

13.6 eV < h⌫ < 24.6 eV
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�pi,He0 ⇡ 6.5�pi,H0 at h⌫ ⇠ 24.6 eV

⇡ 14�pi,H0 at h⌫ ⇠ 54.5 eV
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• Radiative Recombination of Helium 

Here,               is the recombination rate to the ground state  ., 
and             is the recombination rate coefficient to all states except the ground state. 

Note:                          and                        .

1s2 1S0

<latexit sha1_base64="YuOTlYTV7mh8EhEoB1OKAQXrqR8="></latexit>
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(30K < T/Z2 < 3⇥ 104 K)
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• Effective recombination rate coefficient for Helium 

- Note that the stellar LyC photons with   are capable of photoionizing not only neutral 
helium atoms but also neutral hydrogen atoms 

- The recombinations directly to the ground state    of neutral helium produce photons with 
. 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  

In an optically thick gas, the effective radiative recombination rate coefficient for    is 
then 

At T = 10,000 K, 

h⌫ > 24.6 eV
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y =
nH0�pi,H0(E)

nH0�pi,H0(E) + nHe0�pi,He0(E)

=


1 +

nHe0

nH0

�pi,He0(E)

�pi,H0(E)

��1

, where E ⇡ 24.6 eV + kT
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- This is not all. Consider now the recombination to excited levels of He0, which are followed 
by a radiative cascade down. Most of photons produced by the cascades have . A 
fraction of these photons are capable of photoionizing hydrogen. Let  be this fraction. 
However, note that this fraction is not relevant to the recombination of He, but contribute to 
the photoionization H.

h⌫ > 13.6 eV
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Figure 14.3 Radiative decay pathways for He0 (see text). Selected lines are labeled
by vacuum wavelength.

H0 or He0; the fraction y of these that ionize H is just

y≈
n(H0)σpi,H0(24.60 eV + kT )

n(H0)σpi,H0(24.60 eV + kT ) + n(He0)σpi,He0(24.60 eV + kT )

=

[
1 +

n(He0)

n(H0)

σpi,He0(24.60 eV + kT )

σpi,H0(24.60 eV + kT )

]−1

. (14.16)

For kT > 0, we have σpi,He0(24.6 eV + kT )/σpi,H0(24.6 eV + kT ) > 6.0. Thus
if n(He0) > 0.16n(H0), we will have y < 0.5.

The effective recombination rate for He+ → He0 is then

αeff(He) = αB(He) + yα1s2(He) , (14.17)

where αB is the recombination rate to all states except the ground state, and α1s2

is the recombination rate to the ground state 1s2 1S0.
Consider now the recombinations to excited states of He0. Approximately 25%

of these will be to states with total spin S = 0 – i.e., singlet states. Recombinations
to the singlet excited states of He0 (see Figure 14.3) are followed by a radiative

- See Section 14.3.2 and 15.5 of 
[Draine] for details. 

- [Ryden] assumes that .z = 1
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[Fig. 14.3 of Draine]

z ⇡ 0.96 at low densities

⇡ 0.67 at high densities
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<latexit sha1_base64="FJlOzJK3j/rSK20Jnh8AFY1D1EI="></latexit>

Note that 1.08 m is useful to probe the 
planetary atmosphere
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• How many recombinations occur for He: Suppose that we have a Strömgren sphere with 
the cosmic abundance ratio of helium to hydrogen.                                  .   Now define: 

- 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 

; hence, there will be no significant amount of doubly ionized He+2. 

- This will result in 

- The volumetric rate of the hydrogen recombination is 

- The volumetric rate of He recombination is

hν > 54.5 eV
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f ⌘ nHe/nH ⇡ 0.096

<latexit sha1_base64="rKYYQy8q5FLXtX1cHZFwm7hQBjk="></latexit>

Q0 ⌘
Z 1

IH/h

L⌫

h⌫
d⌫, Q1 ⌘

Z 1

IHe/h

L⌫

h⌫
d⌫ (Q1 < Q0)

<latexit sha1_base64="oiYKmyaT6EypnEMjYjUC7MJIzE8="></latexit>

dnHe+

dt
= �↵e↵,HenenHe+ = �↵e↵,Hef(1 + f)n2

H

<latexit sha1_base64="s4AQjAY415QosDKtSJitzxHH2sk="></latexit>

np = nH

nHe+ = nHe = fnH

ne = np + nHe+ = (1 + f)nH

<latexit sha1_base64="Xh05f0U5elSeojSkReyL20CPNGM="></latexit>

dnp

dt
= �↵B,Hnenp = �↵B,H(1 + f)n2

H

<latexit sha1_base64="BKcskB0XZ755b/wvzjOmpHSY930="></latexit>

inside the Strömgren sphere.



- Comparing the two equations, we see that 

- Thus, for every helium recombination, we expect about 9 hydrogen recombinations.
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dnHe+

dt
=

✓
↵e↵,He

↵B,H

◆
f
dnp
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⇡ (1.2)(0.096)
dnp
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⇡ 0.11
dnp

dt
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• Remember the recombination paths, under the Case B condition: 
-  : A stellar photon will ionize one H atom. 
-  : For a fraction of    of the photoionization followed by the direct 

recombinations to the ground state, a stellar photon will ionize one H atom. For the remaining 
fraction  of these, a stellar photon will ionize one He atom. 

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

• Number of ionized atoms: The number of ionized helium and hydrogen,  and  
, within the ionized regions can be estimated by balancing recombinations and 

photoionizations:

13.6 eV < h⌫ < 24.6 eV
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stellar LyC with  that ionize Hhν > 24.5 eV

Contribution by the recombination to 
the ground state.

Contribution by the recombination to 
the excited state.
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- Condition for full ionization of the He in the H+ Strömgren sphere: 

- Radius of the He+ zone: 

- On the main sequence, a star with spectral class O7, corresponding to effective temperature Teff 
= 37,000 K, will have a critical ratio Q1/Q0 ~ 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 Teff > 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 

 will be used up to ionize H.hν > 24.6 eV
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Figure 15.5 Q1/Q0 = ratio of rate of emission of hν > 24.6 eV photons to rate of
emission of hν > 13.6 eV photons, as a function of Teff , for luminosity classes V, III,
and I (see Table 15.1). Q1/Q0 >∼ 0.15 is required for He to be ionized throughout the
H II region, corresponding to Teff

>∼ 37000K.

N(He+)

N(H+)
≈ 0.68(Q1/Q0)

1− 0.17(Q1/Q0)
. (15.35)

Full ionization of the He is achieved when N(He+)/N(H+) = nHe/nH = 0.096,
which is attained for Q1/Q0 ≈ 0.15.

For N(He+)/N(H+) < nH/nHe, the radius of the He+ zone is smaller than the
H+ zone:

R(He+)

R(H+)
≈

[
(nH/nHe)(1− y)αB(H)(Q1/Q0)

αB(He) + yα1S(He)− (1− y)(1− z)(Q1/Q0)αB(He)

]1/3
.

(15.36)

Ions that require hν > 24.6 eV for their formation will be present only in the He+
zone. A list of these ions is given in Table 15.2.

Table 15.1 [Draine] Figure 15.5 [Draine]
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Table 15.1 Radiative Properties of Massive Starsa.

SpTp M/M⊙ Teff(K) log10(Q0/ s
−1) b Q1/Q

c
0 log10(L/L⊙)

d

O3V 58.0 44850 49.64 0.251 5.84
O4V 46.9 42860 49.44 0.224 5.67
O5V 38.1 40860 49.22 0.209 5.49

O5.5V 34.4 39870 49.10 0.204 5.41
O6V 31.0 38870 48.99 0.186 5.32

O6.5V 38.0 37870 48.88 0.162 5.23
O7V 25.3 36870 48.75 0.135 5.14

O7.5V 22.9 35870 48.61 0.107 5.05
O8V 20.8 34880 48.44 0.072 4.96

O8.5V 18.8 33880 48.27 0.0347 4.86
O9V 17.1 32830 48.06 0.0145 4.77

O9.5V 15.6 31880 47.88 0.0083 4.68
O3III 56.0 44540 49.77 0.234 5.96
O4III 47.4 42420 49.64 0.204 5.85
O5III 40.4 40310 49.48 0.186 5.73

O5.5III 37.4 39250 49.40 0.170 5.67
O6III 34.5 38190 49.32 0.158 5.61

O6.5III 32.0 37130 49.23 0.141 5.54
O7III 29.6 36080 49.13 0.129 5.48

O7.5III 27.5 35020 49.01 0.105 5.42
O8III 25.5 33960 48.88 0.072 5.35

O8.5III 23.7 32900 48.75 0.0417 5.28
O9III 22.0 31850 48.65 0.0257 5.21

O9.5III 20.6 30790 48.42 0.0129 5.15
O3I 67.5 42230 49.78 0.204 5.99
O4I 58.5 40420 49.70 0.182 5.93
O5I 50.7 38610 49.62 0.158 5.87

O5.5I 47.3 37710 49.58 0.151 5.84
O6I 44.1 36800 49.52 0.141 5.81

O6.5I 41.2 35900 49.46 0.132 5.78
O7I 38.4 34990 49.41 0.115 5.75

O7.5I 36.0 34080 49.31 0.100 5.72
O8I 33.7 33180 49.25 0.079 5.68

O8.5I 31.5 32270 49.19 0.065 5.65
O9I 29.6 31370 49.11 0.0363 5.61

O9.5I 27.8 30460 49.00 0.0224 5.57
a After Martins et al. (2005).
b Q0 = rate of emission of hν > 13.6 eV photons.
c Q1 = rate of emission of hν > 24.6 eV photons.
d L = total electromagnetic luminosity.

28.0
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Q1/Q0 vs. stellar temperature 

Q1/Q0 > 0.15 is required for He to be ionized 
throughout the H II region, corresponding to 
Teff > 37,000 K.
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32 Photoionization Equilibrium 
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Ionization structure of two homogeneous H+ He model H II regions. 
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If we suppose that the He+ zone is much smaller than the H+ zone, then through-
out most of the H+ zone the electrons come only from ionization of H, but in 
the He+ zone, the electrons come from ionization of both H and He. With this 
simplification, 

(2.28) 
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Figure 2.5 
Relative radius of He+ zone as a function of effective temperature of exciting star. 

A plot of r 2Jr1, calculated according to this equation for n (He)/ n (H) = 0.15 and 
T = 7,500 K, is shown in Figure 2.5, and it can be seen that, for T* ::'.. 40,000 K, the He+ 
and H+ zones are coincident, while at significantly lower temperatures, the He+ zone 
is much smaller. The details of the curve, including the precise effective temperature 
at which r2/ r1 = I, are not significant, because of the simplifications made, but the 
general trends it indicates are correct. For a smaller relative helium abundance, for 
instance n (He)/ n (H) = 0.10 instead of 0.15, r2/ r1 is larger by approximately 16% at 
corresponding values of T*' up to r2/r 1, = 1. 

2.5 Photoionization of He+ to He++ 

Although ordinary O stars of Population I do not radiate any appreciable number of 
photons with hv > 54.4 eV (hence galactic H II regions do not have a He++ zone), the 
situation is quite different for the central stars of planetary nebulae. Many of these stars 
are much hotter than even the hottest 03 stars, and do radiate high-energy photons 

Figure 2.5 [Osterbrock]Figure 2.4 [Osterbrock]

Relative radius of He+ zone as a function of 
effective temperature of exciting star.

Ionization structure of two homogeneous H + He 
models for H II regions.
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