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23.1 Physical basis for two spectral parameters

at the atmosphere, the scale height is

HP =
kT

µmpg
� R

so then all atmospheric calculations can be done in a plane-parallel geometry. In that
geometry the only parameters are g = GM/R2 and the flux F leaving in erg/cm2-sec. and
the chemical abundances. We rewrite flux as

Teff ≡
(
F

σSB

)1/4

Most of what we see in spectra is variations Teff and we can measure this quite well.
At the photosphere

τ = 1 =

∫
κρdr = κy = κ

P

g

for an ideal gas at the photosphere

P =
ρkTeff
µmp

so the number density is

nph '
mpg

σThkBTeff

for κ = κes so the number density scales with gravity, the photosphere will be denser at
higher gravities. Putting numbers for the Sun

nph ' 1016cm−3
(

104

Teff

)(
g

2.7× 104cm/s2

)
Formation of spectral lines: ”absorption” lines (deficits in flux) appear because photons

at line wavelengeth come from shallower (cooler) depth in atmosphere. Opacity, κ, is higher
for photons at line wavelength, so line photosphere (τ = κP/g = 1) is shallower (lower P ).

23.2 Spectral Sequence for Stars

Now use the Saha equation to get some sense of the spectral types.
The sequence is O B A F G K M, hot to cool. This is an effective temperature scale.

There are gradations within this O1→O10, B0→B10. increasing number is colder. Also
note that in some classes not all the numbers are filled in.

Additionaly, Luminosity class: V = dwarf → I = supergiants.
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Sp Type Teff M/M� (ZAMS)
O3 52,000 120
O8 36,000 23
B0 30,000 17
B5 15,400 6
A0 9520 3
G0 6030 1.05
M0 3850 0.5

The luminosity classes are really indexed by g, but it is hard to really measure this
value. Sets the photospheric density.

Two spectral types for really cold dwarf (fairly recent additions) L and T classes.
Even worse: the spectral locations are referred to as Early type (OB) and Late type

(KM). This from an old idea of stellar evolution.

23.3 Ionization states and spectral appearance

Really determines what the spectrum ”looks” like. Quantum has to be used to set the actual
temperature scale. Most of the spectral classification comes from the presence/absence of
different elemental features. (Based on first ionization potential)

Alkali metals (Li, Na, Mg, Al), ≤ 5 eV
– (H, C, N, O) 10 < E < 20 eV
Noble (He, Ne) > 20 eV
Can get a sense by following a few ionization states. Follow ionization state for (First

ionization potential) FIP: H - 13.6 eV, He - 24.6 eV, Na - 5.14 eV.
For Na, Na+ + e− ↔ Na+ γ which gives Saha equation

nNa+ne
nNa

=

(
2πmekT

h2

)3/2

exp

(
− Ei
kT

)
taking the ratio for different species the prefactor cancels so can compare Na to H

nNa+

nNa
= exp

(
−(ENa − EH)

kT

)
nH+

nH
= 107nH+

nH

and similarly for He

nHe+

nHe
= exp

(
−(EHe − EH)

kT

)
nH+

nH
= 6× 10−10

nH+

nH

where the numbers are for the sun at T = 6000 K. so the Na is ionized but the He is not.
ne(cm

−3) T1/2(Na) T1/2(H) T1/2(He)
1013 3090 8000 14500
1014 3500 9082 16500
1015 4057 10500 19000
1016 4810 12450 22570
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23.4 Showing some spectra

Figure 8.4 and 8.5 from Carroll and Ostlie show examples of various spectral types:
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OB Type: All H is ionized, He is either neutral or partially ionized. at late B you start
to see Balmer.

A Type: H lines, ionized Mg are present.
F Type: Mostly metal lines as most H is neutral AND all in ground state.
G and K
and finally M class
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spectra for L and T class:
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definitions of spectral types L and T.
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23.5 Bit more on line strength

The strength of absorption features of various elements (and molecules at the low temper-
ature end) is strongly dependent on the stellar temperature, making this a good diagnostic
of the temperature. The dependence is shown in figure 8.11:

Strength of absorption features is determined by population of levels in the atoms near
the photosphere. The hydrogen absorbtion lines in the optical are Balmer, and so based
off of n = 2. At high temperatures, most of the H is ionized, so the lines are weak. At low
temperature, most of the atoms’ elecrons are in n = 1, and so the Balmer lines are weak
there as well. Their strength peaks around 8000 K, which corresponds roughly to an A
star.

Surface gravity is measured by luminosity classes: V is highest gravity, I is lowest gravity
= largest star.
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23.6 Line series and edges

See spectra for an O and an A star above. Note ”edge” feature in A star.
Reminder of the Balmer series:

−13.6 eV

−3.4 eV
−1.51 eV

1

2
3

Lyα

Balmer series

n Lyman (to 1) Balmer (to 2)
2 1215 (Lyα)
3 1025 (Lyβ) 6562 (3-2)
4 4861 (4-2)
5 4340 (5-2)
∞ 911Å 3646

Lyman not seen much as it is absorbed by the ISM, the balmer edge is sharp if there is
a lot of hydrogen in the first ionized state around.

So to see Balmer lines, we must have an appreciable number of H in the n = 2 state.

nn=2

nn=1

= exp

(
−10.2eV

kT

)
= 10−5 at T = 104

”edge” from cross section:

σ ' r2e

1/ν3

σ2→∞

Frequency ν

at the transition σ ' 10−16 cm2, compared to σThompson ∼ 10−24cm2. lots of optical
depth.

So as long as

exp

(
−10.2eV

kT

)
σγ
σTh

nH
np

> 1

Balmer lines will be possible because the optical depth for photons capable of making either
photo-ionization or transition have a large cross-section.
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23.7 Opacity from H− for cool stars

Below about 7,000-10,000 K, all hydrogen is neutral, most Alkali elements are singly ionized.
This actually was a problem in understanding things for a while. H− is a bound state of
p+2e−. The second electron has binding 0.75 eV. This electron has a large orbital radius, so
the cross section can be quite large even with low abundance. The free electrons needed to
form H− come from the alkali metals (Na,...) so we have e−+H ↔ H−+γ or µe+µH = µH−

and so
n(H)

n(H−)
=
nQ,e
ne

exp

(
−0.7eV

kT

)
If all Alkali’s are singly ionized ne = 1013cm−3 then

n(H)

n(H−)
= 10−8 exp(8700/T )

note we’ll run into trouble below 3000 since the alkali’s won’t be ionized. Would really
need to use Saha for that too. Just sketch instead.

2000 3000 4000 5000
T

Na
Ioniz

3× 10−7

n(H−)
n(H)

23.8 Evolution on the Main Sequence

How the star changes during the hydrogen burning phase.
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Want to understand how the star changes its structure while still burning hydrogen.
The main reason that this can be done is that there is a hierachy of timescales. The time
on the main sequence is

tMS =
Enuc
L

=
Enuc/mp

Eth/mp

tKH

since the evolution time on the main sequence is much longer than the Kelvin-Helmlotz
time, the star evolves from one solution to another where each solution is in balance
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