
Sec$on 3. 
Stellar structure and proper$es (II)

3.1 Luminosity of the stars 

3.2 Opaci$es in the stars



Let’s understand these ques$ons  
with the words of physics

• Why are stars so luminous? 

• Why do stars show L ~ M4? 

• Why do stars evolve? 

• Why does the des9ny of stars depend on the mass? 

• Why do some stars explode? 

• Why don’t normal star explode? 

• Why does stellar core collapses? 

• Why is the energy of supernova so huge? 

• …



hAp://astronomy.nmsu.edu/geas/lectures/lecture23/slide04.html
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Mass - radius rela$on for the main sequence

R ~ M0.7
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Figure 1.3. Mass-luminosity (left) and mass-radius (right) relations for components of double-lined eclipsing
binaries with accurately measured M, R and L.

1.2 Stellar populations

Stars in the Galaxy are divided into different populations:

• Population I: stars in the galactic disk, in spiral arms and in (relatively young) open clusters.
These stars have ages ∼< 109 yr and are relatively metal-rich (Z ∼ 0.5 − 1Z#)

• Population II: stars in the galactic halo and in globular clusters, with ages ∼ 1010 yr. These stars
are observed to be metal-poor (Z ∼ 0.01 − 0.1Z#).

An intermediate population (with intermediate ages and metallicities) is also seen in the disk of the
Galaxy. Together they provide evidence for the chemical evolution of the Galaxy: the abundance
of heavy elements (Z) apparently increases with time. This is the result of chemical enrichment by
subsequent stellar generations.

The study of chemical evolution has led to the hypothesis of a ‘Population III’ consisting of the
first generation of stars formed after the Big Bang, containing only hydrogen and helium and no
heavier elements (‘metal-free’, Z = 0). No metal-free stars have ever been observed, probably due to
the fact that they were massive and had short lifetimes and quickly enriched the Universe with metals.
However, a quest for finding their remnants has turned up many very metal-poor stars in the halo,
with the current record-holder having an iron abundance XFe = 4 × 10−6XFe,#.

1.3 Basic assumptions

We wish to build a theory of stellar evolution to explain the observational constraints highlighted
above. In order to do so we must make some basic assumptions:

• stars are considered to be isolated in space, so that their structure and evolution depend only on
intrinsic properties (mass and composition). For most single stars in the Galaxy this condition
is satisfied to a high degree (compare for instance the radius of the Sun with the distance to its
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Mass - luminosity rela$on of the main sequence stars

L ~ M4

Star with M = 10 Msun 
=> L ~ 104 Lsun 
=> Life$me  
     ~ 1/103 of the Sun  

        ~ 1010 yr (100億年)/103 

     ~ 107 yr (1000万年)
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More massive stars 
have shorter life$me



Why do stars show L~M4?  
Why do more massive stars have higher temperature?



compared to radiative transport of energy (κcd ! κrad). Therefore we only need to consider the case
of a degenerate electron gas. In this case the following approximation holds

κcd ≈ 4.4 × 10−3
∑

i Zi5/3Xi/Ai
(1 + X)2

(T/107 K)2

(ρ/105 g/cm3)2 cm2/g. (5.35)

At high densities and low temperatures, the conductive opacity becomes very small because of the
large electron mean free path in a highly degenerate gas. This is why degenerate stellar regions are
highly conductive and rapidly become isothermal.

5.3.2 A detailed view of stellar opacities

In general, κ = κ(ρ,T, Xi) is a complicated function of density, temperature and composition. While
certain approximations can be made, as in the examples shown above, these are usually too simplified
and inaccurate to apply in detailed stellar models. An additional complication is that the Rosseland
mean opacity (eq. 5.24) is not additive: the opacity of a mixture of gases is not simply equal to the sum
of the opacities of its components. Instead, one first has to add the frequency-dependent opacities,
κν =

∑

i Xiκν,i and then integrate over ν to calculate the Rosseland mean.
In practical stellar structure calculations one usually interpolates in pre-computed opacity tables,

e.g. as calculated in the 1990s by the OPAL project. An example is shown in Fig. 5.2 for a quasi-solar
mixture of elements. One may recognize the various regions in the density-temperature plane where
one of the processes discussed above dominates. At low density and high temperature, κ has a constant
value given by electron scattering. Opacity increases towards higher ρ and lower T due to free-free
and bound-free absorptions. For T < 104 K opacity decreases drastically due to recombination of
hydrogen, the main opacity source here is the H− ion. At lower temperatures still, κ rises again
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Figure 5.2. Rosseland mean opacities as a function of T and ρ, for a mixture of elements representative of solar
abundances (X = 0.7,Z = 0.02), calculated by the OPAL project for high temperatures and by J. Ferguson for
low temperatures (log T < 3.8). The left panel shows curves of log κ (in cm2/g) versus temperature for several
values of the density, labelled by the value of log ρ (in g/cm3). The right panel shows contour lines of constant
log κ in the ρ-T plane, in steps of 1.0 between −4 and 5, over the region in temperature and density for which
the radiative opacity has been calculated. The thick lines are detailed structure models for main-sequence stars
of 1, 10 and 100 M%, as in Fig. 3.4.
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Transition Rates 283 

section is evaluated explicitly for Ao>>Ry in Problem 10.4. The total cross 
section, ubf=j(du/di2)dQ,  is 

(10.53) 

For the more general case of a bound-free transition from state n and I ,  a 
detailed calculation (Karzas and Latter, 1961) gives 

512.rr7meloZ4 g(w, n, I ,  Z )  
3 V 5  ch6n5 w 3  

'bf = , (10.54) 

where g is the bound-free Gaunt factor. If M is the ionization potential for 
the initial level, Ubf is zero for w < on where 

(10.55) 

rises abruptly to Eq. (10.54) at threshold w =on and then decreases roughly 
as oP3. Near threshold, the Gaunt factor g is unity, to within 20%. 

log a 

I I 1  + log v 
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Figure 10.2 Schematic illustmtion of the frequency depndence of the absotp- 
tion coefficient. The sharp rises, absorption edges, occur at the fmquency of 
ionization of a particular lewL 
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Rybicki & Lightman

hν ~ E ~ kT



Assignment 1

Derive that the dependence of free-free opacity in stellar interior can 
be approximated as κ  ρT-3.5   

Hint: In equilibrium, the rate for free-free absorp$on matches with 
that of free-free emission (thermal bremsstrahlung), i.e.  jν = αν Bν(T) 
* Kirchhoff’s law

∝

レポート課題 1

恒星内部における自由-自由吸収の密度・温度依存性が 
近似的に次のように表せられることを示せ κ  ρT-3.5   

ヒント：平衡状態では自由-自由吸収のrateと自由-自由放射 (熱的制動放射)のrate
はつり合う  jν = αν Bν(T) 
* キルヒホッフの法則

∝



Introduc$on to Astronomy (F. Shu)

Hertzsprung-Russel diagram 

T (K)

L
L = 4πR2 σT4



Blackbody radia$on



Stellar spectrum

hAp://www.astronomy.ohio-state.edu/~pogge/Ast162/Unit1/SpTypes/index.html

Type M (Msun)

O 20-60

B 3-18

A 2-3

F 1.1-1.6

G 0.9-1.05

K 0.6-0.8

M 0.08-0.5



Applica$ons to galaxy studies 

Spiral galaxy Ellip$cal galaxy

- Star forming  
- More “young" stars 
- More massive stars 
- Blue (high T radia$on)

M101

- No star forma$on  
- Old stars  
- Less massive stars 
- Red (low T radia$on)

ESO 325-G004

(C) NASA, ESA



Spectral models for galaxies

Ages of the galaxy 
in 109 yr (10億年)

107 yr

Bruzual & Charlot 2003

108 yr

109 yr

106 yr



Summary: Stellar structure and proper$es (I)

• Opaci$es in the stars 

• Thomson scaAering 

• free-free and bound-free absorp$on 

• Luminosity of the stars 

• L ~ E/tesc, where tesc ~ (R/c) τ   (<== τ = κρR) 

• L ~ M3-5 

• Stellar proper$es 

• More massive stars have  
- Higher luminosity L ~ M4 (shorter life$me t ~ M-3) 
- Higher temperature Teff ~ M0.5 

• Founda$on to determine the galaxy spectra



Astrophysics

Classical 
mechanics

Electromagne$sm

Quantum 
 mechanics

Thermodynamics

Sta$s$cal  
mechanics

Hydrodynamics

Nuclear physicsRela$vity


