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Regimes of Stellar Evolution

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

= parallel lines with 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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Regimes of Stellar Evolution

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 Ko \3/2 Ky \3/2
= —| == =4rM3| —
M \/47T<GB3> T 3<7TG>

...the Chandrasekar Mass!
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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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Stellar Evolution Regimes of Stellar Evolution

Burning Phases in Stars

20 Mg star
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Stellar Evolution Regimes of Stellar Evolution

Evolution of Stars, 15 M., and 25M

' ' ' ' ' Evolution of
central
temperature and
density for initial
stellar masses of
15Mg and

25 Mg in the
density-
temperature
diagram
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Stellar Evolution Regimes of Stellar Evolution

Burning Phases in the Stellar Interior

T T —— — T
net nuclear energy loss (burning + neutrino losses; inerg/g/s) 4

208 | EEEESTEEIESTE VU P e10® <107 <-10° <-10° <-10° <-10° <-10% <-10* <-10°<-10 0 —
o |
: “E’ ’g net nuclear energy generation (burning + neutrino losses;inerg/g/s)
I WS T RS TRST S TS TS 210° 2107 >10° >10° >10°° >10" >10°? >10¢
Z 2
F82 Total mass of the star .
151-8 (reduces by mass loss) semiconvection |

convective envelope
(red’supergiant)

H shell
burning

N
F H burning

L He burning

log(time till core collapse / yr)

Stars and Stellar Evolution Alexander Heger Lecture 29: Evolution of Stars - Theory of the Main Sequence



Stellar Evolution Regimes of Stellar Evolution

Evolution of Stars, 1-15 M

Evolution of central
temperature and density
for initial stellar masses of
1 M@ to 15 M@ in the
temperature-density
diagram.
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Stellar Evolution Regimes of Stellar Evolution

Configuration of a 10 M, Star

Configuration of
a 10 Mg star at
different
evolution phases
in the
temperature-
density
diagram.
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Theory of the Main Sequence srezling

Overview

© Theory of the Main Sequence
@ Recap: Observational Behavior
@ Scaling Laws
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Scali

Theory of the Main Sequence

Evolution of the Sun in the HRD
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Scaling Laws

Theory of the Main Sequence

Main Sequance in a Star Cluster
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Theory of the Main Sequence Sreglling (Lave

Mass-Luminosity Relation

4 -
s Mass-Luminosity relation for
i (zero-age) main-sequence

2T (ZAMS) stars

Sof ﬁ’* ] Lo M
) with v =3...5.
2r M5 1 Can be calibrated piecewise to
-4 — 1 . 1 s 1 " 1 . L — M )
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Theory of the Main Sequence Scaling Laws

Stellar Structure Equations

stationary terms time-dependent terms
or 1
om ~ 4rr?p (1)
oP__Gm 1 o o
om  Amwr* 4nr2 Ot2
om ™M T Py T oot

2 92

or __Gml o |, o (4)
om ArrdP Gm Ot2
0X;
5 = e, T, X) (5)

where X:{Xl,XQ,...,X,',...} .
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Theory of the Main Sequence Scaling Laws

Simplified Stellar Structure Equations

@ only radiative temperature gradient: V = V,,q = ﬁ;’ﬁ
@ only simple law for nuclear burning: € = epye — €, = qopT"
o only ideal gas pressure: P = Pgas = %

or 1

om 47Tr2p

opP  Gm

om  4nrt

or _ 3w F

om  dac T3 (47rr2)2

OF

R — T

om dop

RT
p=""7

1%

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 29: Evolution of Stars - Theory of the Main Sequence



Recap: Observational Behavior

Theory of the Main Sequence Scaling Laws

Dimensionless Stellar Structure Equations

e all functions r(m), P(m), p(m), T(m), and F(m) need to be
solved in range 0 < m< M

o free parameter: mass M
@ parameters K, qo, i, and n determined from physics
@ introduce dimension-less variable

X=—

M

@ we can now write a set of dimension-less equations with
functions f;(x) for these 5 quantities:

r = fl(X)R*
P = f(x)Px
p = f3(x)p«
T = fa2(x) T
F = fs(x)F.
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Theory of the Main Sequence Scaling Laws

Dimensionless Stellar Structure Equations

@ substituting

m = Mkx,
r = f(x)R,
P = f(x)P; into
oP  Gm
om ~ 4nrt
we obtain
P, df, GMx

Mdx _47r1"14:’:<',“1
o If we define

2
p. — GM
R?
we may write
df, X
dx 4t
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Scaling Laws

Theory of the Main Sequence

Try this for the other four equations

@ 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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Theory of the Main Sequence Scaling Laws

Quiz - equations

Try this for the other four equations

o _ 1
om  4wr?p
P _ _Gm4 r o= A(X)R.
om 4tr B
oT _ 3k F_ 7= BB
om 4ac T3 (47”2)2 p = f(x)ps
OF . T = fa(x)T.
m = qopT F = f(x)F.
T
p — RIp
w
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Theory of the Main Sequence Scaling Laws

Dimensionless Stellar Structure Equations

In a similar way we can re-write the entire set

b _ x5 _GM

dx arft R4

i 1 M

dx  anf2f, © T RS

h=hfi T*zfz’;:
dfy 3fs ac TAR?
2> _  F=Z
dx 43 (4nfRy K M
dfs

5 _ 6 Fo=qop. TOM
dx 314 ) qopx 1,

=- homology of solution as function of M!
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Theory of the Main Sequence Scaling Laws

Dimensionless Stellar Structure Equations

@ substituting P, =

3 into T, = ’”;* we obtain:

4 p4
@ adding this into F, = 2= Tj\/',?* we obtain

MG 3
Fe = M

@ we recover L oc M3
o vs =M o M2

e but thls relation also holds for any value of x -
inside star at same relative mass coordinate
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Theory of the Main Sequence Scaling Laws

Dimensionless Stellar Structure Equations

4
@ substituting F, = E(%) M3 into F. = qop« M

K
and using P, = %25, p« = g3, and T, = %p* we obtain:

n—1
R* X Mn+3

e = for large n (CNO cycle: n~ 14...16):
roughly R, oc M
(big stars)

e = for small n (pp chains: n=4):
R oc M3/
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Theory of the Main Sequence Scaling Laws

Dimensionless Stellar Structure Equations

n—1
@ inserting R, o< M3 into p, = % we obtain

3—n
p* X M23+n

@ since n > 3:
density decreases with mass!

@ in particular, this is true for central density.
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Theory of the Main Sequence Scaling Laws

Dimensionless Stellar Structure Equations

e Using
L =4nR%*c T

we obtain
2(n—1)

1—2n—1) 4
L 3(n+3) X Teff
@ for n = 4 we obtain
log L = 5.6log T + const.

@ for n = 16 we obtain

log L = 8.4log Tefr + const.
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Theory of the Main Sequence Scaling Laws

Dimensionless Stellar Structure Equations

n—1
o from T, = 52 £~ and R, oc M#3 we obtain for the (central)

temperature

pe M
R.
Te & M3
e for n =4 (pp chain, low-mass stars) we hence have
T x M7
e for n =16 (CNO cycle, massive stars) we hence have
T. < M5

@ = due to high temperature-sensitivity of CNO cycle nuclear
burning, massive stars require only little higher central
temperature to compensate for their hight luminosity.
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Theory of the Main Sequence Scaling Laws

Dimensionless Stellar Structure Equations

e calibration to the sun, T ~ 1.5x107 K

T. M\
Tc,@ B (MG)

@ assuming minimum temperature T, for hydrogen ignition,
Tmin ~ 4x10°K, and requiring T > Tmin We obtain

M Tonin \/*
o Z < m|n>
M@ Tc,@

@ => minimum stellar mass M, = 0.1 Mg

@ = minimum stellar luminosity:

Lmin _ Mmin 3 ~ 10_3
Lo
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