
Although the theory of stellar opacity is complex in detail, the end results are easily summarized, with important 
consequences for the macroscopic properties of stars.  

Except the electron scattering κes , the other sources of opacity depend on the frequency of the emitted photon ν  



Absorption or emission bound-free

Possible transitions for all atoms or ions that still have a bound electron.

h⌫ = �n + 1/2mv2The frequency of the absorbed photon is given by   
if the electron is taken out of level n 

A bound–free transition from level  n requires a minimum energy.
�n = �ion � �exc(n) ionization energy



Transition bound-bound 

Transition bound-free

Transition free-free

Electron scattering

Transitions between atomic levels — about 10% in the solar core, and 50% in the outer regions
(Millions of transitions must be taken into account).

This process dominates in massive stars. Electrons are unable to absorb photons but can 
scatter them, resulting in a decrease in flux. The opacity remains nearly constant.

Photoionization occurs when the energy of an incident photon exceeds the binding energy of an electron.

Depends on the star’s metallicity → the main contributor for low-mass stars such as the Sun. 

Kramer’s Law

Within the Coulomb field of an ion, an electron may emit (bremsstrahlung) or absorb (free–free) a photon. It is the dominant 
process in metal-poor stars.



Free-free emission = Bremsstrahlung (German for 
‘braking radiation’)

Un électron en présence d’un ion fait la transition d’un état libre (ionisé) à un autre état libre

Contrepartie en absorption: l’électron fait la transition d’un état d’énergie positive à un état 
d’énergie plus élevée, en absorbant un photon du continu du champ de radiation

⇢ / ⇢2

pour des rayonnements  à 
2 particules 
matérielles

rayonnement ff diminue 
avec T



Bound–free absorption coefficient for a hydrogenic atom

Frequency of photon ν 
Electron on level n  
Ion/nucleus charge Zj 
For hydrogène  Zj =1.

gbf = Gaunt factor , quantum correction of the absorption coefficient calculated in classical 
physics, of a few percent for the hydrogen atom, often poorly known and important for other 
atoms.

↵bf



Decrease in v-3
Schematic representation of 
the evolution of the extinction 
coefficient α resulting from 
bound–free absorption 
processes. 

Each excitation level of the 
hydrogen atom produces a 
step. 

Similar features are observed 
in stellar spectra, not only for 
hydrogen but also for other 
elements, which undergo 
comparable processes.



• Lyman     far UV 
• Balmer     UV 
• Paschen   optical 
• Bracket    IR
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Opacity due to H⁻ ions
If the temperature drops below 10⁴–10⁵ K, H (and He) recombine to form neutral atoms, and the 
number of free electrons available for free–free absorption decreases, as does the number of 
photons (which decreases exponentially with T) available for bound–free absorption. 
Nevertheless, the Sun’s atmosphere becomes rapidly opaque at ~5800 K!

Rupert Wildt (1905–1976) provided the correct solution in 1939, and Subrahmanyan 
Chandrasekhar (1910–1995) carried out the quantum calculation. 
For solar-type and cooler stars, the opacity is dominated by H⁻. 
H⁻ has one bound state and an infinite number of ionized states. Its ionization potential is 
0.754 eV, which is very low. 
Photoionisation (bound–free) occurs easily:
H⁻ → H + e⁻ 
H⁻ → H + e⁻
Free–free absorption is also possible due to interactions of H⁻ with other free electrons



Opacity due to ions H-







Expansion of the  Universe



Cepheids: 
50–300 Myr
Intermediate masses (4–10 M☉)
Luminous (~10³–10⁵ L☉)
F6–K2 supergiants whose radial pulsations produce variations in radius, 
temperature, and brightness
Pulsation periods range from 1.5 days to ~45 days.



Cepheids



During compression, the opacity rises, 
causing energy to be trapped in the 
ionization zone. The resulting increase in 
pressure drives expansion, which in turn 
lowers the opacity and allows the release 
of the stored pressure and energy. 
Following this release, gravitational 
contraction resumes, restarting the cycle.

In partially ionized zones, compression increases ionization rather than temperature.

Δ m
ag

 
-0

.5 
 0.

0  
+0

.5

PHASE



The Saha equation involves the excitation potentials.



Allen 1973
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Effect of temperature in the Saha and Boltzmann equations: ionization as a function of spectral type.



At what temperature will a hydrogen gas contain equal numbers of atoms in the ground state and in the first excited state?



According to this equation, temperatures above 9520 K should lead to a higher fraction of electrons in the first excited 
state relative to the ground state. How, then, can we explain that the Balmer line strengths decrease at even higher 
temperatures?




