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Eskimo Nebula - . Ring Nebula

Spirograph Nebula (IC 418) Cat’s Eye Nebula Hour Glass Nebula
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Quantum gas

de Broglie wavelength of an electron:

h h

2mE 3mkT

A==
p

non-classical behavior when

me K my
n~1/3 < Af2 affects electrons first
8m
= p> pg = 3 (3m kT )3/2
r \3/2
= 3.5x10° kgm~3 (107 K)



Heisenberg Uncertainty Principle

Ax Ap, > h
Ax Ay Az Ap, Ap, Ap, > h3
AV d3p > h3

NB position well defined = AV small
= d3p large

— large pressure

“electron degeneracy pressure”



Pauli Exclusion Principle

Two electrons cannot occupy the same
quantum state 1n a quantum system



Fermi-Dirac Distribution

dN —_ fFD(E) dVdgp, Where

e

Y - 2s + 1 1
fro(E) = elE-u(MI/kT 1 A3

\

chemical potential
u(T) » Ep as T-0

. 1
SpIn: § = E

E. = Fermi energy
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Fermi-Dirac Distribution

T >0 i Fermi momentum:
Pr = +/ ZmEF
B < b 1sotropic:
fully occupied | E> E{’ p1e-
unoccupied d3p = 4np?dp
’ >
Er L
Tp?
— N = 3 dV dp, p < pr

0, otherwise



Fermi-Dirac Distribution

ne — fOpr(p)dp
p
— f() F h3 p
__ 8m
~ 3n3 Pr
313 ) 1/3
= Pr = ( 87Tn)



Fermi-Dirac Distribution

P, = " -vp f(p)dp

(v=p/meg)
pr 8m p*

0 3n3m, P

81
15h3m, PF

e

@ s O




Typical White Dwarf

p ~ 10°kgm™?
107 K
Z/A ~ 05

~3
Z

= P, ~ 3x102! Pa

themlal: Pth —_ ntot k T

~ 2x10° Pa
& P,
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Stellar Evolution Outcomes

< 0.08 Mg brown dwarf (degenerate H)

—_

0.08-0.25 Mgy He white dwarf
0.25-8 Mg CO white dwarf t~ 1010 yr (M/Mg)”
8-12 Mg NeO white dwarf 3

12-20 Mg supernova/neutron star t~3-5 x 10 yr

>20 Mg supernova/black hole



White Dwarf Mass-Radius Relation

. M
scaling: p ~ 3
5/3
5/3 M
MZ
P ~ F

WD shrinks,

— P o~ M-1/3 AV 1, d*p T as
mass 1ncreases

5/3 -1/3
details: Ryp ~ 2.3x10%km (2) (Mi)
©



Ultrarelativistic White Dwarf

P, = " -vp f(p)dp

Pr 8Tc 3

= Jo 33P dp
. 2TTC 4
= 3 PF
3\1/3 hc 4/3
- ()"
81 4
Ne =274 (L> 1/3 4/3
e Qe
= \sx 173 \ 3 P

4mp
independent of m,




Ultrarelativistic White Dwarf
Mass-Radius Relation

. M
scaling: p ~ =3
4/3
4/3 M
MZ
inconsistent!
try: P~ pl+e)3
Mz M(4+E)/3
— R4 ~ RA+e

white dwarf
—-2)/3
= R ~ M2/ collapses

— R ~ ME-2)/3¢ 5 0ase—> 0



Maximum White Dwarf Mass

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

critical mass 1s the Chandrasekhar mass:

M, = 021 (%)2( ’”2)3/2 m,

Grnp

= 1.4 My for §=0.5

independent of m,







White Dwarf Collapse

collapse = T T= (€ /0O burning throughout

energetics:

light curve:

— deflagration/explosion

— supernova (Type Ia)

~10**Jtotal (~Lg x 109 yr)
radioactive decay (N1, Co, ...)

peak luminosity ~ 5x10° L
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White Dwarf Deflagration

Resolution: 6 km
Initial Bubble Radius: 18 km
Ignition Offset: 42 km

Variable 1: Density [1.5e+07 - 2.0e+07]
Variable 2: Reaction Progress [0.0 - 1.0]
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High-Mass Stars

He,C, O, ... fuse non-degenerately

alpha capture: *He+ *“C - 0 + y
‘He + 0 - “°Ne + vy
‘He + “°Ne - **Mg + vy

C fusion: 12c+12¢ 5 2ONe + *He +y
or **Na +7p
or *Mg +n
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Abundance of Si
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Nonburning hydrogen

Hydrogen fusion

Helium fusion

Carbon fusion _
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High-Mass Stars

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

H ~ 5x10°yr
He ~ 5x10°yr

C ~ 500yr
Ne ~ 1lyr
Si ~ 1day
— 56Fe<\Pr0blem:

Iron won’t fuse!



