Energy Transport in the Sun
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In the sun, energy is transported via radiation in the
central regions, but by convection in the outer regions.




Energy Transport inside Stars
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The structure and evolution of stars is accurately modeled with
only a few well understood laws of physics = stellar models.




Sun’s Structure

Core

Where nuclear fusion
OoCccurs

Envelope
Supplies gravity to keep
core hot and dense



Main Sequence Evolution

Core starts with same
fraction of hydrogen as
whole star

Fusion changes H — He

Core gradually shrinks
and Sun gets hotter and
more luminous
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Gradual change in size of Sun

The Sun

9 The Sun today
4.56 X 10° years ago

Now 6% larger, 5% hotter = 40% brighter



Main Sequence Evolution

- When stars initiate H
burning in their cores,
they are located on the
Zzero-age main
sequence (ZAMS).

 As they age, they
evolve slowly away
from the ZAMS.

» Most stars, regardless
of their mass, spend
roughly 90% of their
total lifetimes as main
sequence stars.
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Main Sequence Evolution

Fusion changes H — He

Core depletes of H

Eventually there is not
enough H to maintain
energy generation in the
core

Core starts to collapse



Red Giant Phase

He core

No nuclear fusion

Gravitational contraction
produces energy

H layer

Nuclear fusion

Envelope
Expands because of
iIncreased energy production
Cools because of increased

surface area



Sun’s Red Giant Phase

&)
Earth Earth

Now: hot core + warm Future: very hot core +
surface; small size. cool surface. Large size
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Broken Thermostat

photosphere

hydrogen-burning,
main-sequence star

hydrogen-
burning core

expanding contracting inert
photosphere helium core

star expanding
into red giant

hydrogen-

burning shell

As the core contracts,
H begins fusing to He
in a shell around the
degenerate core

Luminosity increases
because the core
thermostat is broken
(no nuclear reactions)
= the increasing
fusion rate in the shell
does not stop the core
from contracting
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Helium fusion does not begin right away because it

requires higher temperatures than hydrogen fusion—larger
charge leads to greater repulsion

Fusion of two helium nucle1 doesn’t work, so helium fusion
must combine three He nuclei to make carbon



Helium Flash

He core

Eventually the core gets hot
enough to fuse Helium into
Carbon.

This causes the temperature to
increase rapidly to 300 million K
and there’s a sudden flash when
a large part of the Helium gets
burned all at once.

We don’t see this flash because
It's buried inside the star.

H layer
Envelope




Movement on HR diagram

1. The star shines by shell

hydrogen fusion: The inert}] 3. Core helium

core shrinks and the fusion begins with
outer layers expand. the helium flash (*).

o

—
>
e

inosi

Lum

2. Luminosity increases
and surface temperature
decreases, so the star
moves up and to the
right on the H-R
diagram (along the red-
giant branch).
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Before the helium flash: A red-giant star



Red Giant after Helium Ignition

He burning core

Fusion burns He into C, O
He rich core

No fusion

H burning shell

Fusion burns H into He
Envelope



Sun moves onto Horizontal Branch
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Sun burns He into
Carbon and
Oxygen in the core

Sun becomes
hotter and smaller
(L~constant):
Horizontal Branch



Helium burning in the core stops

Hydrogen-rich outer layer — Hydrogen-
burning shell

— Helium-
rich shell

F— Helium.
burning shell

Core @
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™ Carbon- and
oxygen-rich
core

H burning is continuous

He burning happens in
“thermal pulses”

Core is degenerate



Sun moves
onto

Asymptotic
Giant Branch
(AGB)

Asymptotic
giant
branch

7. The star now shines
by shell hydrogen fusion
and shell helium fusion:
The core shrinks and the
outer layers expand.

8. Luminosity increases and
surface temperature decreases,
so the star moves up and to the
right on the H-R diagram (along
the asymptotic giant branch).
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Planetary
nebula

9. Eventually the
star sheds its outer
layers to form a
planetary nebula.
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After core helium fusion ends: An AGB star




Sun loses mass via winds

Creates a "planetary nebula”

Leaves behind core of carbon and
oxygen surrounded by thin shell of
hydrogen

Hydrogen continues to burn






Planetary nebula

Planetary Nebula IC 418

Hourglass Nebula




2.The star
then ejects
gas fromiits
entire surface.

Aging star

Gas ejected
Star — & from the
star

3.The doughnut
channels the
ejected gas into
two oppositely
(b) directed streams. (c)

1.The star ejects a doughnut-shaped
cloud of gas and dust from its equator.




White dwarf

Star burns up rest of hydrogen

Nothing remains but degenerate core of
Oxygen and Carbon

“"White dwarf” cools but does not
contract because core is degenerate

No energy from fusion, no energy from
gravitational contraction

White dwarf slowly fades away...
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Time line for Sun’s evolution

Core helium fusion and  Shell helium
shell hydrogen fusion fusion and shell

Core hydrogen Shell hydrogen hydrogen fusion

fusion fusion /
10,000 E .\‘
2

~ N ’

| 1 [3~f—a

I
1000 Helium /

flash

Thermal
pulses

100

Sunis an
AGB star

Contraction
10 .~ from protostar

Luminosity of the Sun
(compared to the present-day value)

Sunisa
Now red giant Sunis a
: \ horizontal
Sun leaves  pranch star
I<mjoins the the main
main sequence sequence
T L R PR S T2 B A PP A PR o o o o

0 5 10 12.1 12.2 12.3 13,3650 12.3655

Age of the Sun (billions of years)




Evolution on HR diagram
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Higher mass protostars contract faster
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Higher mass stars spend less time

on the main sequence
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Main-Sequence Lifetimes

Mass Surface temperature Main-sequence lifetime
(M,) (K) Spectral class Luminosity (L) (10° years)
25 35,000 O 80,000 3
5 30,000 B 10,000 15
3 11,000 A 60 500
1.5 7000 F 5 3000
1.0 6000 G 1 10,000
0.75 5000 K 0.5 15,000
0.50 4000 M 0.03 200,000




Determining the age of a star cluster

Imagine we have a cluster of stars that were
all formed at the same time, but have a
variety of different masses

Using what we know about stellar evolution is
there a way to determlne the age of the star
cluster?




For a group of stars formed at the same approximate time,
the more luminous ones evolve faster.
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Cluster age and turn-off point
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Higher mass stars do
not have helium flash
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Stars reach this dashed
line when core hydrogen
fusion comes to an end.
x* = Helium flash (occurs
for low-mass stars only)
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AT Nuclear burning

F.'F

continues pas
Helium

T=30x109K
T=500x 100K

T=3,000x 108K
1. Hydrogen burning: 10 Myr

2. Helium burning: 1 Myr

3. Carbon burning: 1000 years

4. Neon burning: ~10 years

5. Oxygen burning: ~1 year

6. Silicon burning: ~1 day

Finally builds up an inert Iron core



Multiple Shell Burning

nonburning hydrogen
hydrogen fusion

| : -
\ helium fusion

inert

'.' ' carbon fusion
iron core

. /

§

[ | oxygen fusion
l’l
L
[ magnesium fusion
|
silicon fusion

neon fusion

Advanced

nuclear burning
proceeds in a
series of nested
shells
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Atomic number
Element's symbol
Element's name
Atomic mass”

*Atomic masses are fractions because they represent a
weighted average of atomic masses of different isotopes—
in proportion to the abundance of each isotope on Earth.

Sulfu
s 35453 39.948
22 23 24 28 29 30 35 36
Ti Vv Cr Ni | Cu | Zn Se Br Fr
Titaniwm | Vanadium | Chromium Nicke! Copper Zing Gallium  |Germanium | Arsenic | Selenium | Bromine | Krypton
4788 50.94 51996 5869 63,546 65.39 69.72 7259 74922 78.96 79.904 8380
40 41 42 46 47 48 49 50 51 52 53 54
Zr Nb | Mo Pd | Ag Cd In Sn Sb Te | Xe

Zirconium | Niobium [Molybdenum| Technetium | Ruthenium | Rhodium | Palladium | Silver | Cadmivm | Indium Tin Antimony | Tellurium | lodine Xenon
91224 9291 95.94 (98) 1107 | 102.906 10642 | 107.868 | 11241 114.82 18.71 121.75 12760 | 126905 | 131.29
72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Hf | Ta W | Re | Os Ir Pt | Au | Hg | Ti Pb | Bi Po | At | Rn
Halnium | Tantalum | Tungsten | Bhenium | Osmium | Indium | Plalinum Gold Mercury | Thallium Lead Bismuth | Polonium | Aslaline Radon
17849 160.95 18385 | 186.207 190.2 19222 19508 | 196967 | 20059 | 204.383 207.2 208.98 (208) {210) (222)
104 105 106 107 108 109 110 111 112
Rf | Db | Sg | Bh | Hs | Mt | Uun | Uuu | Uub
Francium Rutherfordium| Dubnium | Seaborgium| Bohrium | Hassium [ Meitnerium [ Ununnilivm|Unununium | Ununbium
(223) | ; {261} (262) (263} (262) (265) (266} (269} (272) (277)

Rubidium
85,468

Lanthanide Series

57 58 59 60 61 62 63 64 65 86 67 68 69 70 7
La | Ce | Pr | Nd | Pm | Sm | Eu [ Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu

— Lanthanum | Cerium |Praseocymium| Neodymium [Promethivm | Samarium | Europium |Gadolinium | Terbium |Dysprosium | Holmium | Erbium Thulium | Yiterbium | Lutetium
136.906 140.12 140.908 144.24 (145) 150.36 151.96 157.25 158.925 162,50 164.93 167.26 168.934 173.04 174967

Actinide Series

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Ac | Th Pa U Np | Pu | Am | Cm | Bk | Cf Es | Fm | Md | No Er
Actinium | Thorium  |Protactinium| Uranium | Neptunium | Plutonivm | Americium | Curium | Berkelivm |Californium | Einsteinium | Fermium [ Mendelevium| Nobeliom  |Lawrencium
227.028 | 232038 | 231.036 | 238.020 | 237.048 (244) (243) (247) (247) (251) (252) (257) (258) {259) (260)

Advanced reactions in stars make elements like Si1, S, Ca, Fe



Supernova Explosion

)
neutrino

Core degeneracy
pressure goes away
because electrons
combine with
protons, making
neutrons and
neutrinos

Neutrons collapse to
the center, forming
a neutron star



Core collapse

Iron core is degenerate

Core grows until it is too heavy to support
itself

Core collapses, density increases, normal iron
nuclei are converted into neutrons with the
emission of neutrinos

Core collapse stops, neutron star is formed
Rest of the star collapses in on the core, but
bounces off the new neutron star (also pushed
outwards by the neutrinos)



Supernova explosion

A Step 1: The iron core of B Step 2: Neutron- C  Step 3: The shock wave moves
the red giant collopses rich core rebounds cutward through the star



Supernova Remnant: Cas A (320 yrs)

Optical




Neutron star

Electron degeneracy cannot stop collapse

= neutronization

p+te——n+v

= collapse is stopped by neutron degeneracy




SN19g87A

In 21987 a nearby supernova gave us a close-up look
at the death of a massive star
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Neutrinos from SN1987A
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