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Virial Theorem
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Virial Theorem
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Ideal, non-relativistic gas:
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Virial Theorem

2 𝐸EF + 𝐸.> = 0

⟹ 𝐸EHE = 𝐸EF + 𝐸.> = −𝐸EF < 0

star emits radiation ⟹ 𝐸EHE ↓

negative specific heat! 

⟹ 𝐸EF ↑



Virial Temperature
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pure ionized hydrogen,  𝜇 ≈ Q
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⟹ 𝑇KL> ≈ 4×10T 𝐾 for the Sun



Central Solar Pressure
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Gas Composition

H fraction by mass 𝑋 = cd
cefe

He fraction by mass 𝑌 = cdh
cefe

“other” fraction by mass 𝑍 = cj
cefe

obviously 𝑋 + 𝑌 + 𝑍 = 1

deep in the stellar interior, assume fully ionized, 
ideal, non-relativistic gas

want to know (1) mean particle mass, (2) equation of state



Mean Particle Mass
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Mean Particle Mass
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Examples

Sun at birth 𝑋 = 0.71, 𝑌 = 0.27, 𝑍 = 0.02
⟹ 𝜇 = 0.618 𝑚R

solar core 𝑋 = 0.34, 𝑌 = 0.64, 𝑍 = 0.02
⟹ 𝜇 = 0.855 𝑚R

Sun’s outer 𝑋 = 0.75, 𝑌 = 0.24, 𝑍 = 0.01
layers ⟹ 𝜇 = 0.593 𝑚R



Equation of State

pressure 𝑃 = 𝑛 𝑘 𝑇
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Equations of Stellar Structure
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equation of state:  𝑃(𝜌, 𝑇, 𝑋, 𝑌)



Radiation Transfer

Absorption only:

where =  optical depth

ß

𝜏 = 1
⇒ 𝑥 = mean	free	path

𝑙 ~ 1/𝛼



Electron Scattering

hν = E ℎ𝜈′
= 𝐸′

𝑒

Thompson scattering cross section
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= 6.7×10�1� cm1

Mean free path in Sun due to electron scattering is 

𝑙v� =
1

𝑛v𝜎�
≈
𝑚R

𝜌𝜎�
≈ 2 cm ≪ 𝑅⊙ = 7×10Q8 cm

solar interior is opaque to electromagnetic radiation

1 mm



Radiative Energy Transport

photons random walk though the solar interior

expected distance traveled after 𝑁 “hops” is 

Δ𝑟 ≈ 𝑁Q/1𝑙v�

time taken is 

Δ𝑡 ≈
𝑁Q/1𝑙v�

𝑐

for  Δ𝑟 ~ 𝑅⊙ and 𝑙v� = 1 mm
⟹ N ~ 5×101<, Δ𝑡 ~ 50,000 yr



Radiative Energy Transport

𝑟, 𝑢

upward flux of particles is  𝑓z =
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Equations of Stellar Structure
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𝑃,𝑀, 𝜌
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T, 𝐿, 𝜌

equation of state:  𝑃(𝜌, 𝑇, 𝑋, 𝑌)



Opacity



Opacity Mechanisms

bound-bound =    line formation

bound-free =    ionization 

free-free =    bremsstrahlung 

electron scattering



Opacity

Kramers Law:     κ µ ρT -7/2


