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Quantum gas

de Broglie wavelength of an electron:
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Heisenberg Uncertainty Principle

Δ𝑥 Δ𝑝M > ℎ

Δ𝑥 Δ𝑦 Δ𝑧 Δ𝑝M Δ𝑝Q Δ𝑝R > ℎ(
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NB  position well defined  ⟹ Δ𝑉 small

⟹ 𝑑(𝑝 large

⟹ large pressure

“electron degeneracy pressure”



Pauli Exclusion Principle

Two electrons cannot occupy the same 
quantum state in a quantum system



Fermi-Dirac Distribution

spin: 𝑠 = -
%

chemical potential
𝜇 𝑇 → 𝐸\ as 𝑇 → 0

𝐸\ = Fermi energy
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Fermi-Dirac Distribution

𝐸 < 𝐸\
fully occupied 𝐸 > 𝐸\
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8𝜋𝑝%

ℎ(
𝑑𝑉 𝑑𝑝, 𝑝 < 𝑝i
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Fermi momentum:

𝑝\ = 2𝑚𝐸\

isotropic:
𝑑(𝑝 = 4𝜋𝑝%𝑑𝑝



Fermi-Dirac Distribution
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Fermi-Dirac Distribution
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Typical White Dwarf

𝜌 ~ 10z kg m,(

𝑇 ~ 10{ K
𝑍/𝐴 ~ 0.5

⟹ 𝑃: ~ 3×10%- Pa

thermal: 𝑃~# = 𝑛~�~ 𝑘 𝑇
~ 2×10-z Pa
≪ 𝑃:



degenerate He 
burning in low-
mass star

helium  flash





Stellar Evolution Outcomes

l < 0.08 M¤ brown dwarf (degenerate H)

l 0.08−0.25 M¤ He white dwarf

l 0.25−8 M¤ CO white dwarf t ~ 1010 yr (M/M¤)-3

l 8−12 M¤ NeO white dwarf

l 12−20 M¤ supernova/neutron star t ~ 3-5 × 106 yr

l >20 M¤ supernova/black hole



White Dwarf Mass-Radius Relation

scaling: 𝜌 ~ �
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WD shrinks, 
Δ𝑉 ↓, 𝑑(𝑝 ↑ as 
mass increases
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Ultrarelativistic White Dwarf

independent of 𝑚:



Ultrarelativistic White Dwarf 
Mass-Radius Relation

scaling: 𝜌 ~ �
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white dwarf 
collapses



once the electrons in a white dwarf become 
relativistic, the star must collapse

critical mass is the Chandrasekhar mass:

𝑀�# = 0.21 u
v
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v
= 0.5

Maximum White Dwarf Mass

independent of 𝑚:





collapse ⟹ 𝑇 ↑⟹ 𝐶/𝑂 burning throughout

⟹ deflagration/explosion

⟹ supernova (Type Ia)

energetics: ~ 10�� J total (~ 𝐿⊙ × 10-F yr)

light curve: radioactive decay (Ni, Co, …)

peak luminosity ~ 5×10z 𝐿⊙

White Dwarf Collapse



NASA/Chandra X-ray 
Observatory/University of 
Texas/2MASS/University of 
Massachusetts/Caltech/NSF



Cadonau 1987

half life = 6 days
Nickel-56

half life = 77 days
Cobalt-56

(days)







SN 1994d
Type Ia



𝐻𝑒, 𝐶, 𝑂, … fuse non-degenerately

alpha capture: �𝐻𝑒 + -%𝐶 → -¡𝑂 + 𝛾
�𝐻𝑒 + -¡𝑂 → %F𝑁𝑒 + 𝛾
�𝐻𝑒 + %F𝑁𝑒 → %�𝑀𝑔 + 𝛾

𝐶 fusion: -%𝐶 + -%𝐶 → %F𝑁𝑒 + �𝐻𝑒 + 𝛾
or   %(𝑁𝑎 + 𝑝
or   %(𝑀𝑔 + 𝑛

High-Mass Stars









layered core structure



Faster and faster burning stages (~25 𝑀⊙ star)

𝐻 ~ 5×10¡ yr
𝐻𝑒 ~ 5×10B yr
𝐶 ~ 500 yr
𝑁𝑒 ~ 1 yr
𝑆𝑖 ~ 1 day

→ B¡𝐹𝑒

High-Mass Stars

Problem:

Iron won’t fuse!


