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Burning Neutron Stars
Alexander Heger

Friday, September 26, 15:00, PHYS 435

The probably by far most common thermonuclear explosion to
occur in nature is the explosion of a thin layer of material, about
the height of the physics building, that has accumulated on the
surface of a neutron star, about the size of Minneapolis, in a binary
star system - Type I X-ray bursts. I show theoretical models for
such outbursts, their very specific mode of nuclear burning unheard
of in any other stellar system, as well as their much bigger cousins,
the superbursts. I will discuss our current difficulty in
understanding how those are made, and possible solutions.

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 12: Equation of State and Opacity



Recap
EOS & Opacity

Summary

Agenda

1 Recap
Summary
Adiabatic Index and Exponent
Saha Equation

2 EOS & Opacity
Equation of State from Pairs and Dissociation
Energy Transport and Opacity

3 Summary
Summary
Build Your Own Star

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 12: Equation of State and Opacity



Recap
EOS & Opacity

Summary

Summary
Adiabatic Index and Exponent
Saha Equation

Overview

1 Recap
Summary
Adiabatic Index and Exponent
Saha Equation

2 EOS & Opacity
Equation of State from Pairs and Dissociation
Energy Transport and Opacity

3 Summary
Summary
Build Your Own Star

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 12: Equation of State and Opacity



Recap
EOS & Opacity

Summary

Summary
Adiabatic Index and Exponent
Saha Equation

Astrophysical Constants in cgs

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 12: Equation of State and Opacity



Recap
EOS & Opacity

Summary

Summary
Adiabatic Index and Exponent
Saha Equation

Summary of Stellar Gas

non-relativistic gas

ugas =
3

2

Pgas

ρ

relativistic gas (ions or photons)

urad = 3
Prad

ρ

adiabatic index

γad =
d ln P

d ln ρ
=

φ + 1

φ
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Adiabatic Index and Exponent

We define the adiabatic exponent, γad and the adiabatic
index, φ by

γad =
d ln P

d ln ρ
=

φ + 1

φ

hence we have a relation between gas pressure and density

P = Kadρ
γad ∝ ργad
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Saha Equation & Ionization

For a simple gas with one ionization stage we have

degree of ionization

x =
n+

n0 + n+

the densities are related by the Saha Equation

n+ ne−

n0
=

g

h3
(2πmekBT )3/2e−χ/kBT

the pressure is then

P = (1 + x)(n0 + n+)kBT = (1 + x)RρT

the resulting adiabatic index is

γad =
5 +

“
5
2

+ χ
kBT

”2

x(1− x)

3 +

»
3
2

+
“

3
2

+ χ
kBT

”2
–
x(1− x)

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 12: Equation of State and Opacity



Recap
EOS & Opacity

Summary

Summary
Adiabatic Index and Exponent
Saha Equation

Quiz

1 For a fully ionized gas, on what properties of the gas depends
the constant Kad in

P = Kadρ
γad ?

2 How does Kad change during ionization?
Compare the values before and after ionization.
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Electron Equation of State Regimes
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Electron-Positron Pair Production

At T & 1×109 K photon can produce electron-positron pairs,
from the highest energy photons of the Planck spectrum,
hν > 2mec

2:
e+ + e−  γ

This converts radiation energy into rest mass of pairs

hence compression increases pressure less

⇒ adiabatic index γad lower

possible instability of star (γad < 4
3)

“pair instability supernova”
(γad & 4

3 is needed for stability of stars, as we shall see later)
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Electron-Positron Pair Production and Iron Dissociation
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Iron Photo-Dissociation

At very high temperatures in the stellar core, typically during
the last stages of massive (and very massive) stars, including
collapse of the iron core, iron can be dissociated, typically
above T > 7×109 K:

56Fe + γ  13 4He + 4 n

This takes 100 MeV

⇒ gas energy is used to unbind nucleus

takes (about) as much energy as was released before to burn
4He to 56Fe

⇒ γad drops

⇒ possible instability of star (collapse)
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Electron-Positron Pair Production and Iron Dissociation
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Helium Photo-Dissociation

At even higher temperatures helium can be dissociated,
typically above T & 1010 K:

4He + γ  2 n + 2 p

This takes ∼ 28 MeV per 4He

⇒ again, gas energy is used to unbind nucleus

takes (about) as much energy as was released before to burn
41H to 4He
(not counting neutrino losses during hydrogen burning)

⇒ γad drops

⇒ possible instability of star (collapse)
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Helium and Iron Dissociation
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Energy Transport Equation - Radiation Transport

Define radiation flux H (per unit time, per unit area)

dH = dF/4πr2

amount of radiation absorbed in a slab of thickness dr is

dH = −κHρdr

where κ is the opacity of the gas.

for constant opacity and density, and assuming no heating or
compression, we obtain the solution

H = H0e
−κρr
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Optical Depth and Stellar Radius

The characteristic absorption length is therefore 1
κρ is also

approximately the mean free path of the photon

we define the quantity optical depth by

dτ = −κρ dr

define “photosphere” of star as where optical depth becomes
of order unity (2/3): ∫ ∞

0
κρ dr

on can show that in good approximation the radiation of a
star can be described as surface with effective temperature
Teff given at the “effective” radius of the star, Reff at τ = 2/3
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Opacity Sources

The main contributions to opacity are

electron scattering (Thompson scattering)
(relativistic: Compton scattering)

free-free absorption (interaction of free electron with atom)
(reverse: bremsstrahlung)

bound-free absorption
(reverse: recombination)

bound-bound absorption
(reverse: de-excitation)
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Opacity Law

opacity is function of T , ρ, composition

we may parameterize

κ = κ0(X ) ρaT b

electron scattering (Thompson scattering)

κes =
κes,0

µe
≈ 1

2
(1 + X )κes,0

κes,0 = 0.4 cm2 g−1, a = b = 0

free-free scattering (Kramers opacity law)

κff =
κff,0

µe

〈
Z 2

A

〉
ρT−7/2 ≈ 1

2
κff,0(1 + X )

〈
Z 2

A

〉
ρT−7/2

κff,0 = 7.5×1022 cm2 g−1, a = 1, b = −7/2
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Opacity

opacity for solar
composition
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Equation of State and Opacity

electron positron pair production for T & 109 K

iron dissociation for T & 7×109 K

helium dissociation for T & 1010 K

optical depth
dτ = −κρ dr

electron scattering (Thompson scattering)

κes =
κes,0

µe
≈ 1

2
κes,0(1 + X )

κes,0 = 0.4cm2 g−1
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Stellar Evolution Project

Bill Paxton’s EZ Stellar Evolution code
http://www.kitp.ucsb.edu/∼paxton/EZ-intro.html
Uses Linux gfortran

g95 FORTRAN compiler can be downloaded for most
platforms.
http://www.g95.org
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