Astrophysics |: Stars and Stellar Evolution
AST 4001

Alexander Heger!?>

1School of Physics and Astronomy
University of Minnesota

°Nuclear & Particle Physics, Astrophysics & Cosmology Group, T-2
Los Alamos National Laboratory

3Department of Astronomy and Astrophysics
University of California at Santa Cruz

Stars and Stellar Evolution, Fall 2008

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 28: Evolution of Stars - A View from the Center



Recap Thin Shell Instabilility
Cas Dynamical (In)Stability
Dynamical Stability

Overview
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@ Cases of Dynamical (In)Stability
@ Dynamical Stability
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Thin Shell Instability

@ The mass of the shell is Am ~ 4nrglp, (I = r — ro)
and therefore we have for the density

dl_ dl  dr  drr

p [ /
@ in hydrostatic equilibrium, the pressure in the shell depends on the layers
above and varies as r—*:
P _ _,dr _,ldpe
P r rp

@ using the general EOS we obtain
/ dp dT
47 — = _—
( r a) ) T

@ since b >0, to have p |— T | we require 4//r > a
@ For a thin shell //r — 0, hence p |— T 1 = instability!
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Stability from the EOS

@ simple equations of state:

ideal gas: 7.y = 5/3 = stability

non-relativistic degenerate gas: 7.4 = 5/3 = stability
relativistic degenerate gas: .4 = 4/3 = neutral stability
pure radiation gas: v.q = 4/3 = neutral stability

@ ideal gas with radiation

502 +8(1—p)(4+P)
2d = 352 1 6(1 - B)(4 + B)

for 3 — 0 we obtain v,y — 4/3 (radiation dominated)
@ ionization: 7,4 can drop below 4/3

@ electron-positron pair creation, iron and helium disintegration:
~Yad can drop below 4/3

o general relativity: critical value of 7,4 > 4/3.
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Dynamical Stability

Summary
@ It can be shown that if 7,4 > 4/3 everywhere in the star, it is
dynamically stable
@ It is neutrally stable if 7,4 = 4/3 everywhere in the star
@ global dynamical instability of the star results if

M
fo ’Yad%dm 4

<
fM';’dm 3

<'7ad>%
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Overview

© Stellar Evolution
@ Regimes of the Temperature-Density Plane
@ Regimes of Nuclear Burning
@ Regimes of Stellar Evolution
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Deviding line Between Ideal Gas and NR Deg. Gas

@ ideal gas pressure
P= EpT = KopT
u

=
log P =log Ko + logp+ log T

@ (non-rel.) degenerate gas

P = Kip®/®

5
log P = IogKl—l—glogp

@ the location where both pressure contributions become the
same is defined by

3
log p = 5 log T + const.
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Deviding line Between ldeal Gas and Rel. Deg. Gas

@ ideal gas pressure
P = EpT = KopT
"

=
log P =log Ko + logp+log T

@ relativistic degenerate gas

P = Kip*/3

4
log P = IogKg—i-gIogp

@ the location where both pressure contributions become the
same is defined by

log p = 3log T + const.
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Deviding line Between Rel. and Non-Rel. Degenerate Gas

@ non-rel. degenerate gas
P = Kip°/3

log P =log K1 + = Iogp

3
"elativistic degenerate gas

P = Kyp*/®

log P =log Ko + = 3 Iogp

@ the location where both pressure contributions become the
same is defined by

K
log p = 3log <K2> = const.
1
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Deviding line Between Ideal Gas and Radiation Pressure

o ideal gas pressure

P= EpT = KopT
7

log P =log Ko + logp+ log T
@ radiaiton pressure

a
P=-T1"
3

log P = log (g) +4log T

@ the location where both pressure contributions become the
same is defined by

log p = 3log T + const.

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 28: Evolution of Stars - A View from the Center



Regimes of the Temperature-Density Plane
Stellar Evolution R i

R

1. Relativistic degeneracy

Pe deg = Pe, r- deg
= II. Degeneracy Equation of
£ Rl state in the
2 ew” & temperature-
§> I Ideal gas 3 density
diagram

6 7 8 9 10
Log [T(K)]

Stars and Stellar Evolution - Fall 8 - Alexander Heger Lecture 28: Evolution of Stars - A View from the Center



Regimes of the Temperature-Density Plane
Stellar Evolution Regimes of Nuclear Burning
Regimes of Stellar Evolution

Regimes of Stability

Regimes of
dynamic
stability in the

temperature-
density
diagram

Pair
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Equation of
state in the
density-
temperature
diagram for
main sequence
stars.

(note reversal of
T and p)
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Burning Phases in Stars

20 Mg star
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Regimes of Nuclear Burning

@ assume arbitrary minimum energy generation rate for burning
to becom important, say gmin ~ 103 ergg=!s!

@ assume general power-law for energy generation rate

q=qop"T"

q rises above gmin for

1 .
logp = _m log T + — log (qm|n>
n m q

In reality, n = n(T)

= not straight lines but bent

hydrogen burning has different contributions
(pp chains, CNO cycle)

@ helium burning has contributions from 3a and *2C(a, )
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PP and CNO Cycle Competition

Fraction of the energy generation
by the CNO cycle during
hydrogen burning on the main
sequence for different stellar
masses as a function of the
integrated stellar luminosity
as a radial coordinate, normalized
to the total luminosity L of the
star.
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Regimes of Burning

"-E Regimes of
o . .
2 burning in the
S temperature-
-
density
diagram
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Regimes of Stellar Evolution

@ Recall
P. = /arB,GM?/3 %3

o for ideal gas, P. = Kopc Tc and we obtain

kK T2
Pe = 1rB3G3 M2

= log pc = 3log T — 2log M + const.

/3

o for non-rel. degenerate gas P. = K1p<5; we obtain

= parallel lines at log pc = 2log M + const.
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Find a relation for relativistic degenerate gas.

Work and discuss in groups of 2-3.
3 min
Please write up your solution.

Please sign with your names and to hand in.

(no grades)
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Quiz Solution

Find a relation for relativistic degenerate gas.
for rel. degenerate (electron) gas

Pe = Kape"?

P. = VarB,GM?/3 /3
we obtain (using M3 = (453)_3/2)

1 Ky 3/2 K, 3/2
MI,@@%) :4”M3<ﬂc)

...the Chandrasekar Mass!
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Stellar Evolution

Domains of Stellar Mass

~ Regimes of

% stellar mass in
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Evolution Tracks

Evolution of
Stars in the
temperature-
density
diagram
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© Next Class
o Computer Lab
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Computer Lab

@ Class tomorrow, 10:10-11:00, Walter Library, room 575
Meet at reception on 5th floor on time
(class room is in secured area)

@ try to familiarize yourself with IDL (use physics computers)

@ have a look at WIKI on web bage
use this to report your experince, post questions.
@ Unix introduction

http://static.msi.umn.edu/tutorial/hardwareprogramming/intro_to_unix_06_07-06.pdf
@ emacs introduction
http://www.gnu.org/software/emacs/manual/emacs.html

o FORTRAN introduction
http://www.cs.mtu.edu/ shene/COURSES/cs201/NOTES/intro.html
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