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End of the Age of Sun
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What makes the Sun Shine

Luminosity of Sun measured to be:

— 3.8x10%°W (from measured flux W m2and distance)
Gravitational contraction (Kelvin-Helmholtz):

— Grav. Energy is u=M.GM/R = 4 x1041]J (if all mass placed at surface)

— Sufficient to fuel sun for 33 million years

— Oldest rocks dated to be ~4billion years x
Chemical reactions:

— Burning Coal releases: 10*°J per atom

— Luminosity implies a mass loss of 2x102%° kg per year

— Sufficient for sun to last 10 thousand years x
Nuclear Fusion (Einstein):

— E=mc?implies E=1.8x10%’]

— Sufficient to fuel sun for 15,010 billion years




Stellar Nucleosynthesis

Base fuel is hydrogen (and some helium with traces of CNO)

kY
o[ Abundance of Si
r wHe i lized to 10°
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C, & N :
T | '..I « Si Fe
3 N .
g INEAAL ® A | i
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 Three key reaction chains:

— Proton-proton chain
— Carbon-Nitrogen-Oxygen cycle

— Triple-Alpha process

Solar Element Abundances

RPN
1 100 1I]4 1I]E 1l]B 1l]“:l
Atomns per 1l]ﬁ 5i Atoms

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In En 5b Te | Xe
o a . . . ) ] o

@
Cs Ba La*Hf Ta ¥ Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
[a]

Fr Ra Ac* Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm ¥b Lu|

Th Pa U Np PuAmCm Bk Cf Es Fm Md No Lw|

e But fusion requires high temperatures...



Core Temperature of Sun

* Assuming the Sun is in hydrostatic equilibrium the thermal
pressure is sufficient to resist gravitational contraction

* Crudely, consider the mass (m) pressing on the core:

m= pAR
F= GmM _ GPAM Assumes constant
- R -~ R density so not quite
right but true answer
P = £ — pG_M based on more precise
A R equations which
i te the density
M incorpora
P3¥=nkT = & variation is close:
R 15 million K
nm GM m GM
L= = Enough to overcome
nkR kR the Coulomb Force to
T.=23 million K allow Fusion to occur




The p-p chain

Be+i{H ——SB+y

5;B——=Be+et +vV,

(PP 11) iBe — 23He

(PP 111)



CNO cycle

 Another way to progress Hydrogen to Helium
* Requires Carbon to be present which acts as a catalyst

Hydrogen in -1b+ 17—y 13N 4~ l
BN 3 304 et 4+ v
b K7 FERA SR Y S A _l
*?B}Z}/u)&—r—‘ﬁy/;%ﬁ\ *g Yo 4 U N 4 e
OHY R i I
M <1.3Ms > N+ 'H— Y0+ «4 '
ppﬁfiﬁiﬂiﬁl © 1y 5 Tongr o oo 4
$HAM> 1.3Ms e |

CNOWE 5 T Bl fiy « | "N + 'H — "C+ ‘He

Helium out



Beyond Helium: Triple alpha

Major bottle neck due to instability (low binding energy) of
elements with atomic numbers 5-8

The Triple Alpha Process

(Helium Fusion) (gamma photon)
4
He

¢

iHe " Reversible &l , }1
.:Q / reaction / /

(alpha particle) H eQ-O Q

Progression depends on reversible reaction.
High density and abundant energy required
For triple-alpha to occur = High mass stars only



Nonburning hydrogen

Hydrogen fusion

Helium fusion

Carbon fusion

Oxygen fusion

Neon fusion

Magnesium
fusion

Silicon fusion

Iron ash

Copyright © 2005 Pearson Prentice Hall, Inc.



Stellar spectra

e Stars are hot gas balls and behave like any hot gas:
— Black body spectrum

3 3

* Intensity IWv,T)= @(6"%’ ~1) in Wm-2Hz Ister!

E

uv.T) =22 100.T)
* Energy density ¢ in Wm3Hz?
— Wien’s displacement Law
2.9x107
AM =
i

— Stephan-Boltzmann Law "
* From integrating the energy density g g AT = fu(v T)dv
0

* or for spherically symmetrical systems: e 4JIIR2(7T4



Surface Temp of Sun

* The Sun’s black body spectrum peaks at 500nm use Wein’s
Law to get temperature?

. _29x10”

= = 5800K
Surface 500 > 10_9

— Surface temperature is 5800K
— Core temperature is 15 million K

— Nuclo-synthesis only occurs in the solar core
e Core radius ~20-25% of the Solar Radius



Black body spectrum

 Hotter star spectra peak at bluer wavelengths = BLUE
* Colder star spectra peak at red or near-IR wavelengths= RED

* Overall a hotter objects gives off more energy (integral under curve)

. T PR T .
10 | ultraviolet | visible | infrared

Intensity / (arb. units)

t9

Wavelength A (um)



Solar spectrum v Black Body

General continuum shape OK but lots of lines on top, why?

0.1
2.0 10 0.66 0's 0.4

g 0.08 5780 K Blackbody -~

9 - "T'w- __

(N 5

E 0.068 :

"é -

o 0.04 —

2

o -
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S 0.02 [

10000 20000 30000

Wavenumber(cm-1)



Kirchhoff' s laws
Spectral analysis shows us:

1) A hot opaque body, such as a hot dense gas, emits light at all
wavelengths

- i.e. it produces a continuous 'blackbody' spectrum

2) A hot transparent gas emits an emission-line spectrum

- a series of bright spectral lines, plus a faint superimposed
continuous spectrum.

3) A cool transparent gas in front of a continuous-spectrum
source produces an absorption-line spectrum

- a series of dark spectral lines superimposed upon the
continuous spectrum.



Kirchhoff’ s laws of spectral analysis

3. Continuous +
absorption-line spectrum

blackbody
prism
prism prism

2. Emission-line spectrum +
weak continuum

1. Continuous spectrum



Absorption and Emission Lines

Contmuum Spectrum

\l, III Jl)’.f
Y o
= ':"_‘.
— -

Emission Line Spectrum

L I-

Cold Gas Absorption Lme Spectrum

\.\%l,’.g.f
Q- |




Hydrogen often seen in both
Hydrogen Absorption Spectrum emission and absorption.

Hydrogen Emission Spectrum

i ‘ l

400nm 700nm

H Alpha Line
656nm
Transition N=3 to N=2
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Each element has a characteristic spectral pattern

Hydrogen

Helinum




Cold, low-mass, red —__t

MS

Cal Mgb NaD

N

Examples
of stellar
spectra

n

flux F, (arbitrary units)

0

4000 5000 6000 7000
wavelength (&)

Figure 1.1 Optical spectra of main-sequence stars with roughly the solar chemical com-
position. From the top in order of increasing surface temperature, the stars have spectral
classes M3, KO, G2, A1, and O5 — G. Jacoby et al., spectral library.
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THE COPERNICAN REVOLUTION

(a) cocram lpbam mr,z /
e ¥ bl
g

XK
g S X “‘-"-’fm:n-

Nicholas Copernicus (1473-1543). : :
- Heliocentric Theory

published in 1543,
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