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Review

Assumptions made to estimate properties of a “normal” stellar atmosphere:

1 LTE

2 Plane parallel atmosphere

3 Surface gravity constant in atmosphere

4 Atmospheric structure determined by continuum opacity only.

5 Radiation is the only source of energy

Due to these assumptions, we only require 3 parameters to specify atmospheric structure: g ,
Teff , and Z .

−→ RT equation and its solution, Sν(τν),T (τν), etc...
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Source of continuum and line opacities

References
Hubeny & Mihalas Chapter 5;

Collins, The Fundamentals of Stellar Astrophysics, Chapter 13, 14;

Rybicki & Lightman Chapter 3;

Gray Chapter 8, 11.
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Overview

Derive σabs
ν , σsca

ν for various line and continuum processes.

Connect shape of continuum to state of the atmosphere (T , p, n).

Connect line centres to specific species (e.g., neutral hydrogen, ionised iron).

Connect finite line widths and line profiles to various processes (e.g., natural broadening
←→ Einstein coefficients, Doppler broadening ←→ velocity distribution)

Processes may or may not involve coupling of radiation field with gas physics.

Bound-bound and bound-free emission/absorption

Replace: excitation→ ionisation, deexcitation→ recombination.
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Line vs. continuum

Lines – “Narrow” pieces of the spectrum with higher/lower intensity/flux than the neighbouring
regions. Sharp variation within a small range of wavelengths.

Bands – An unresolved blend of discrete lines.

Continuum – smooth[er] intensity variation over a larger wavelength range. Typically defined in
contrast to lines. In practice: could include unresolved lines or bands along with flux arising
from continuuum processes.

Typically we fit a smooth function to the continuum and remove it (“continuum
subtraction/division”) to analyse spectral lines (e.g., computing an equivalent width).

Continuum identification/removal is one of the largest sources of error when studying spectral
lines!
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Pure absorption vs. resonance scattering

Pure absorption

Radiative excitation followed by (multiple) collisional encounters before radiative
deexcitation can occur.
Lifetime of state > collisional lifetime of atom.

Emergent photon has different energy and has no memory of its original state.

Radiation mixes its energy into the local thermal pool ⇒ analysis of pure absorption line
has information about local conditions.

Resonance scattering
Radiative excitation followed by radiative deexcitation before collisions can occur.

Lifetime of state � mean lifetime due to collisions.

Emitted photon has same energy (coherent scattering, strongly favoured by states with
only one available lower level. Emitted photon retains memory of original state.

No net energy exchange with local thermal pool; however, emitted photon has different
(random) direction. Travels a different distance through atmosphere and may be absorbed
elsewhere. Analysis of resonance scattering line does not provide information about local
conditions.

Stellar Atmospheres: Lecture 6, 2020.05.11

Prof. Sundar Srinivasan - IRyA/UNAM 7



Pure absorption vs. resonance scattering

Pure absorption
Radiative excitation followed by (multiple) collisional encounters before radiative
deexcitation can occur.
Lifetime of state > collisional lifetime of atom.

Emergent photon has different energy and has no memory of its original state.

Radiation mixes its energy into the local thermal pool ⇒ analysis of pure absorption line
has information about local conditions.

Resonance scattering
Radiative excitation followed by radiative deexcitation before collisions can occur.

Lifetime of state � mean lifetime due to collisions.

Emitted photon has same energy (coherent scattering, strongly favoured by states with
only one available lower level. Emitted photon retains memory of original state.

No net energy exchange with local thermal pool; however, emitted photon has different
(random) direction. Travels a different distance through atmosphere and may be absorbed
elsewhere. Analysis of resonance scattering line does not provide information about local
conditions.

Stellar Atmospheres: Lecture 6, 2020.05.11

Prof. Sundar Srinivasan - IRyA/UNAM 7



Pure absorption vs. resonance scattering

Pure absorption
Radiative excitation followed by (multiple) collisional encounters before radiative
deexcitation can occur.
Lifetime of state > collisional lifetime of atom.

Emergent photon has different energy and has no memory of its original state.

Radiation mixes its energy into the local thermal pool ⇒ analysis of pure absorption line
has information about local conditions.

Resonance scattering
Radiative excitation followed by radiative deexcitation before collisions can occur.

Lifetime of state � mean lifetime due to collisions.

Emitted photon has same energy (coherent scattering, strongly favoured by states with
only one available lower level. Emitted photon retains memory of original state.

No net energy exchange with local thermal pool; however, emitted photon has different
(random) direction. Travels a different distance through atmosphere and may be absorbed
elsewhere. Analysis of resonance scattering line does not provide information about local
conditions.

Stellar Atmospheres: Lecture 6, 2020.05.11

Prof. Sundar Srinivasan - IRyA/UNAM 7



Pure absorption vs. resonance scattering

Pure absorption
Radiative excitation followed by (multiple) collisional encounters before radiative
deexcitation can occur.
Lifetime of state > collisional lifetime of atom.

Emergent photon has different energy and has no memory of its original state.

Radiation mixes its energy into the local thermal pool ⇒ analysis of pure absorption line
has information about local conditions.

Resonance scattering
Radiative excitation followed by radiative deexcitation before collisions can occur.

Lifetime of state � mean lifetime due to collisions.

Emitted photon has same energy (coherent scattering, strongly favoured by states with
only one available lower level. Emitted photon retains memory of original state.

No net energy exchange with local thermal pool; however, emitted photon has different
(random) direction. Travels a different distance through atmosphere and may be absorbed
elsewhere. Analysis of resonance scattering line does not provide information about local
conditions.

Stellar Atmospheres: Lecture 6, 2020.05.11

Prof. Sundar Srinivasan - IRyA/UNAM 7



Pure absorption vs. resonance scattering

Pure absorption
Radiative excitation followed by (multiple) collisional encounters before radiative
deexcitation can occur.
Lifetime of state > collisional lifetime of atom.

Emergent photon has different energy and has no memory of its original state.

Radiation mixes its energy into the local thermal pool ⇒ analysis of pure absorption line
has information about local conditions.

Resonance scattering
Radiative excitation followed by radiative deexcitation before collisions can occur.

Lifetime of state � mean lifetime due to collisions.

Emitted photon has same energy (coherent scattering, strongly favoured by states with
only one available lower level. Emitted photon retains memory of original state.

No net energy exchange with local thermal pool; however, emitted photon has different
(random) direction. Travels a different distance through atmosphere and may be absorbed
elsewhere. Analysis of resonance scattering line does not provide information about local
conditions.

Stellar Atmospheres: Lecture 6, 2020.05.11

Prof. Sundar Srinivasan - IRyA/UNAM 7



Pure absorption vs. resonance scattering

Pure absorption
Radiative excitation followed by (multiple) collisional encounters before radiative
deexcitation can occur.
Lifetime of state > collisional lifetime of atom.

Emergent photon has different energy and has no memory of its original state.

Radiation mixes its energy into the local thermal pool ⇒ analysis of pure absorption line
has information about local conditions.

Resonance scattering
Radiative excitation followed by radiative deexcitation before collisions can occur.

Lifetime of state � mean lifetime due to collisions.

Emitted photon has same energy (coherent scattering, strongly favoured by states with
only one available lower level. Emitted photon retains memory of original state.

No net energy exchange with local thermal pool; however, emitted photon has different
(random) direction. Travels a different distance through atmosphere and may be absorbed
elsewhere. Analysis of resonance scattering line does not provide information about local
conditions.

Stellar Atmospheres: Lecture 6, 2020.05.11

Prof. Sundar Srinivasan - IRyA/UNAM 7



Pure absorption vs. resonance scattering

Pure absorption
Radiative excitation followed by (multiple) collisional encounters before radiative
deexcitation can occur.
Lifetime of state > collisional lifetime of atom.

Emergent photon has different energy and has no memory of its original state.

Radiation mixes its energy into the local thermal pool ⇒ analysis of pure absorption line
has information about local conditions.

Resonance scattering
Radiative excitation followed by radiative deexcitation before collisions can occur.

Lifetime of state � mean lifetime due to collisions.

Emitted photon has same energy (coherent scattering, strongly favoured by states with
only one available lower level. Emitted photon retains memory of original state.

No net energy exchange with local thermal pool; however, emitted photon has different
(random) direction. Travels a different distance through atmosphere and may be absorbed
elsewhere. Analysis of resonance scattering line does not provide information about local
conditions.

Stellar Atmospheres: Lecture 6, 2020.05.11

Prof. Sundar Srinivasan - IRyA/UNAM 7



Pure absorption vs. resonance scattering

Pure absorption
Radiative excitation followed by (multiple) collisional encounters before radiative
deexcitation can occur.
Lifetime of state > collisional lifetime of atom.

Emergent photon has different energy and has no memory of its original state.

Radiation mixes its energy into the local thermal pool ⇒ analysis of pure absorption line
has information about local conditions.

Resonance scattering
Radiative excitation followed by radiative deexcitation before collisions can occur.

Lifetime of state � mean lifetime due to collisions.

Emitted photon has same energy (coherent scattering, strongly favoured by states with
only one available lower level. Emitted photon retains memory of original state.

No net energy exchange with local thermal pool; however, emitted photon has different
(random) direction. Travels a different distance through atmosphere and may be absorbed
elsewhere. Analysis of resonance scattering line does not provide information about local
conditions.

Stellar Atmospheres: Lecture 6, 2020.05.11

Prof. Sundar Srinivasan - IRyA/UNAM 7



Stellar Atmospheres: Lecture 6, 2020.05.11

Prof. Sundar Srinivasan - IRyA/UNAM 8



Schwarzschild-Milne Model for Scattering Lines

Applies to

Pure scattering (σabs
line = 0) =⇒ radiation decoupled from gas physics.

Lines from a (geometrically) thin layer on top of the photosphere (=⇒ σext
cont � σext

line)

RT equation: µ
dIν

dτν
= Iν − Jν , with dτν ≡ −ρσsca

ν,linedz

Form similar to that for Grey atm. ⇒ Fν(τν) = constant (monochromatic flux constancy).

Solution using 2-stream approximation (For details, see Collins, Ch. 13, pp. 336-339).

Continuum-divided (“residual”) intensity:

fν(µ) ≈


1−

3

4
f (µ)τ0 τ0 � 1 (weak lines/wings of strong lines)

√
3

2

f (µ)

τ0

(
µ+

1
√

3

)
τ0 � 1 (strong lines)

Here, τ0 = optical depth of line at photosphere, and f (µ) = ratio of flux to continuum intensity
at photosphere (measured at frequency corresponding to line centre).
Degree of limb darkening not so bad for purely-scattering lines, but effect of absorption not yet
fully included.
The Milne-Eddington model allows for line absorption, but assumes no continuum scattering.
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Line profile

Line transition: associated with a certain ∆E .

Classically, we expect δ(ν − ν0), where hν0 ≡ ∆E .

Observations: finite width to line ⇒ finite probability of ν 6= ν0

Line broadening due to various classical and quantum effects.

Example: Doppler broadening.

Line profile: Probability distribution of a photon with ν around ν0 being absorbed/emitted.

Normalisation:∫
φν dν = 1 (indep. of direction)

∫
dΩ

∫
φν(n̂) dν = 1 (dep. on direction)
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Classical oscillating charge in an EM field – I

Bound states of classical harmonic and inverse-square potentials have similar properties (e.g.,
Bertrand’s Theorem) – some results from the former can be used to describe the latter.

The
only classical model for bound-bound transitions.

Oscillating charge radiates energy −→ damping. External EM field provides driving force:

ẍ + ω2
0 x +

damping︷︸︸︷
Γ ẋ =

driving︷ ︸︸ ︷
qE0

m
sinωt

Assume: (1)
light-crossing timescale

oscillation timescale
∼ ω0τ � 1. (2) Damping perturbs oscillations (Γ ≡ ω0(ω0τ)� ω).

For the electron, τ =
re

c
, where re is the classical electron radius, re ≡

e2

4πε0mec2
≈ 2.82 fm.

Cross section for radiation emitted by electron:

σ(ω) ≡
time-avgd. radiative power

time-avgd. intensity
= σT

ω4

(ω2 − ω2
0)2 + (Γω0)2

σT =
8π

3
r2
e = Thomson Cross Section ≈ 66.53 fm2.
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Electron in an EM field: photon scattering off an electron

σ(ω) ≡
time-avgd. radiative power

time-avgd. intensity
= σ

T

ω4

(ω2 − ω2
0 )2 + (Γω0)2

ω � ω0: EM field varies rapidly, σ ≈ σT indep. of frequency.
~ω � mec2: Thomson Scattering. Relativistic case: Compton scattering.

ω � ω0: EM field varies slowly, basically static.

ω � ω0 ⇒ λ� λ0 � particle size. σ(ω) ∝ σT

(
ω

ω0

)4

Rayleigh Scattering.

ω ≈ ω0: σ(ω) ≈
4πrec

3

1

(ω − ω0)2 + (Γ/2)2
≡

σL︷ ︸︸ ︷
4π2rec

3

1

(Γ/2)

φL(x)︷ ︸︸ ︷
1

π

1

x2 + 1
, with x ≡

ω − ω0

(Γ/2)
.

φL(x) =Lorentz Profile, FWHM ∆ω = Γ; ∆λ = 2πc
∆Ω

ω2
0

= 2πre ≈ 12 fm.

Integrated cross section:

∞∫
0

σ(ω)dω = σL (m2 s−1).

Generalise:

∞∫
0

σ(ω)dω ≡ σL f ,

with f = oscillator strength ∝ transition probability, “equiv. # of classical oscillators”.

Electric dipole: f ∼ 1; electric quadrupole/magnetic dipole (“forbidden”): f � 1.
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Bound-bound radiative transitions: Einstein coefficients
Constants; prob. of abs./em. between two energy levels; depend only on atomic properties.

In general, Iν , φν , ψν depend on
direction.

Detailed balance: in equilibrium,
system state is time-independent.
⇒ Iν , φν , ψν isotropic, φν = ψν .

Detailed balance:
dn1

dt
=

dn2

dt
= 0⇒ n1B12Iν = n2(A21 + B21Iν)

True for any ν (A,B are constants); evaluate at ν12. To relate the 3 Einstein coefficients, need
two more equations.

At TDE, Iν = Bν(T ) and
n2

n1
=

g2

g1
exp

[
−
hν21

kT

]
⇒ A21 = 2

hν3
21

c2
B21 and g1B12 = g2B21.

Determining the actual values of the coefficients requires quantum mechanics. We can also
relate them to scattering coefficients and lifetimes.

Analysis extended to bound-free transitions – Milne Relations; see Hubeny & Mihalas, Ch. 5, pp
119-121.
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Bound-bound radiative transitions: Abs./em. coeff. & cross section

In equilibrium, the intensity is isotropic and unchanging; thus jν − αν Iν = 0⇒ jν = αν Iν .

⇒ emission coefficient: jν = n2A21
ψ21(ν)

4π
hν, and

abs. coefficient: αν =

(
n1B12

φ12(ν)

4π
− n2B21

ψ21(ν)

4π

)
hν (corrected for stim. emission)

in LTE: n2B21 = n1B12 exp

[
−
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kT

]

=⇒ α = n1B12

freq.dep.︷ ︸︸ ︷
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4π
hν

(
1− exp

[
−

hν12
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])
≈ n1B12

φ12(ν)

4π
hν, if hν21 � kT

≈ n1B12
φ12(ν)

4π
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kT
, if hν21 � kT
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hν12
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])
.

Assuming φ12(ν) ≈ δ(ν − ν21),

∫
σνdν ≈ B12

hν21

4π

(
1− exp

[
−
hν12

kT

])
≡ f12σL.
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Bound-bound radiative transitions: Variety and Lifetimes

Electronic energy levels in atoms/ions/molecules have various levels of substructure

Electronic orbitals: 0.1 eV (NIR) → 1-10 eV (optical) → 100 eV (UV).

Fine structure: MIR–FIR.

Hyperfine structure: sub-mm and radio e.g., 21 cm line for hydrogen ≈ 5.9 µeV.

Vibration levels: ∼ 0.01 eV; MIR).

Rotation levels: sub-mm and radio.

Radiative lifetime: typical time before spontaneous radiative deexication occurs trad = A−1
21 .

Need this to be small compared to collisional lifetimes!

Strong lines: A21 ∼ 108 s−1, trad ∼ 10 ns. E1 transitions. Πf = −Πi ,∆L = ±1,∆J = ±1, 0.

Semi-prohibited lines: violate LS coupling, ∆S = 0. A21 ∼ 103 − 109 s−1, trad ∼ ms – ns.

The following are highly susceptible to collisional deexcitation:

Prohibited lines: E2 (∆L = 2), M1 (∆L = 0). A21 ∼ 1− 100 s−1, trad ∼ 10 ms – 1 s.

Highly prohibited lines: M2. 21 cm line: A21 ∼ 10−6 s−1, trad ∼ 10 d.

Complication: systems with multiple intermediate (metastable) levels – electron may deexcite in
stages (fluorescence), or partly via collisions and then to ground state (Raman Scattering).
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