Astronomy 1 — Winter 2011

Gaseous Pillars in M16 - Eagle Nebula
Hubble Space Telescope - WFPC2

PRC95-44a - ST Scl OPO - November 2, 1995 - J. Hester and P. Scowen (AZ State Univ.), NA!



Previously on Astro-1

The Main-Sequence 1s a mass sequence
High mass stars live fast and die young

Stars form in clouds of cold gas, collapsing under
gravitational instability

Protostars are heated by gravitational collapse and often
form disks and jets around them

H-R diagrams can be used to age-date star clusters.

Stars on the main sequence burn hydrogen in the core



L.ast homework — Due 03/09/11

* On your own: answer all the review questions
in chapters 19 20 and 22

* To TAs: answer questions 19.37 19.38 20.39
20.46 22.33 22.46



Question 21.3 (iclickers!)

*The major source of energy in the pre-main sequence life of
the Sun was

*A) gravitational

*B) nuclear fusion

*C) chemical burning of carbon atoms

*D) nuclear fission



Today on Astro-1

* The late stages of stellar evolution
« Stellar afterlife

— Intermediate mass stars

— High mass stars



The late stages of stellar
evolution



As a star ages,
it continually tries
to establish

a new equilibrium...

Luminosity and radius
both change



Moral

when a star’s core contracts

* the star’s luminosity increases

» the star’s outer layers expand and cool

Conversely,

when a star’s core expands,

e the star’s luminosity decreases

» the star’s outer layers contract and heat up



Evolution of a star like the Sun

Main—sequence star (core
H fusion) Stage 1:

H = hydrogen = He = helium
C = carbon O = oxygen

Main-sequence star
with core hydrogen burning
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Evolution of a star like the Sun

Stage 1: H = hydrogen = He = helium
Main—sequence star (core C = carbon O = oxygen
H fusion)
4 Red giant star with inert helium
Stage 2 core and hydrogen-burning shell
Red giant
(shell H fusion) .
o
:
€ 1 [ Red giant
3 branch
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102 F Mostly hydrogen,
no nuclear reactions
L L L L Mostly helium, no
16,000 10,000 6000 3000 nuclear reactions
<«— Surface temperature (K) Mostly carbon & oxygen,
no nuclear reactions
. Hydrogen burning

- Helium burning




Evolution of a star like the Sun

Stage 1: H = hydrogen = He = helium
Main-sequence star (core C = carbon O = oxygen
H fusion)
4 Helium burning begins in the
Stage 2 core in a 'helium flash'
Red giant
(shell H fusion)
. 10°
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Evolution of a star like the Sun

Stage 1: H =hydrogen = He = helium
Main—sequence star (core C = carbon O = oxygen
H fusion)
4 Horizontal-branch star
Stage 2 with helium-burning core
Red giant
(shell H fusion) -
Stage 3: He core fusion
begins i
Stage 4: 910 | o .
” = orizonta
Horizontal branch 2 branch
(core He fusi -
core He fusion) £t Red giant
3 branch
-
102 F Mostly hydrogen,
no nuclear reactions
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16,000 10,000 6000 3000 nuclear reactions
<— Surface temperature (K) Mostly carbon & oxygen,
no nuclear reactions
- Hydrogen burning

- Helium burning




Evolution of a star like the Sun

Stage 1: H = hydrogen = He = helium
Main—sequence star (core C = carbon O = oxygen
H fusion)
Stage 2: Star now has
e carbon-oxygen core
Red giant
(shell H fusion) .
Stage 3: He core fusion
1 Core helium o
beglns . depleted
Stage 4: O 1 .- '
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core He fusion £t Rediglant
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no nuclear reactions
- Hydrogen burning

- Helium burning




Evolution of a star like the Sun

Stage 1: H = hydrogen = He = helium
Main—sequence star (core C = carbon O = oxygen
H fusion) g
. AGB star with inert

Stage 2: carbon-oxygen core, shell burning
Red giant of hydrogen and helium
(shell H fusion) .
Stage 3: He core fusion

: Asymptotic giant @ %
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Core hydrogen Shell hydrogen
fusion

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

-
(=]

r

b

o o

=) =)

=) =)
1]

b
(=]
o

= )
Lol p pooomd v vvoomd vy 1

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

\ fusion I\‘ /

~ ) v
I
Helium /

1 3] 4
flash

Thermal

pulses
Contraction Sunisan
from protostar ) AGB star
Sunisa
Now red giant Sunisa
\ horizontal

¥ Sunleaves  pranch star
Sun joins the the main

main sequence sequence

IIIIII'IIIIIIImTrITnIIIIIII

0

5 10 12.1 12.2 12.3 13,3650 12.3655

Age of the Sun (billions of years)

Figure 20-5
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

. During the AGB
stage there are brief
periods of runaway
helium fusion,
causing spikes in
luminosity called
thermal pulses.



Question 22.1 (iclickers!)

*During its life the Sun will experience all of the following
energy sources, except

*A) Gravitational Contraction

*B) Hydrogen burning

*C) He burning

*D) C burning



Late stages of evolution for
intermediate mass stars like
the sun



Final evolution of a star like the Sun:
planetary nebula (PN)

NGC 6369 -

NGC 3132




Central star : . ;
: Nearly spherical shell of material

ejected from the central star

The shell is so thin ...but it appears
that we can see stars on substantial when we
the other side... look near its rim.

Figure 20-6b
Universe, Eighth Edition
© 2008 W.H.Freeman and Company




What’s left of the star:
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Mass (Mo) These evolutionary tracks follow

Evolutionary Giant Ejected White three different giant stars as they
track star nebula dwarf .
eject planetary nebulae and become
A 3.0 1.8 1.2 - white dwarf stars.
B 1.5 0.7 0.8
C 0.8 0.2 06

Figure 20-10 part 2
Universe, Eighth Edition
© 2008 W.H.Freeman and Company
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Universe, Eighth Edition
© 2008 W.H.Freeman and Company
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As a white dwarf ages, its |
radius stays the same but
its luminosity and surface
temperature decrease: Its
evolutionary track moves
down and to the right on
the H-R diagram.
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Figure 20-11
Universe, Eighth Edition
© 2008 W.H.Freeman and Company



What supports white dwarfs?

When nuclear fuel 1s exhausted in the core of a star, i1t contracts
until 1t reaches a point where the electrons cannot be packed
any tighter because of the Pauli Exclusion principle.

This electron degeneracy pressure supports the core against
further collapse. Up to a certain limit, known as
Chandrasekar’s mass (1.4 solar masses)



Question 22.2 (iclickers!)

*A white dwarf 1s generating energy from what source?
*A) 1t no longer generates energy but it 1s cooling slowly
*B) nuclear fusion of heavy elements 1n the core
*C) gravitational potential energy as the star slowly
contracts
*D) nuclear fusion of hydrogen into helium



Life in the fast lane. High mass stars



A >8 solar mass star on the last day of its life.

1.6 billion kilometers

| About 10,000 km

| |
I I
Hydrogen-fusing shell

Helium-fusing shell

;i Carbon-fusing shell
A supergiant star

Neon-fusing shell
Oxygen-fusing shell

Silicon-fusing shell
Central
regions of a

\ supergiant star

Iron core (no fusion)

Jupiter’s orbit

Figure 20-13
Universe, Eighth Edition
© 2008 W.H.Freeman and Company




5w+ i " SMCN76:A shell of
A4 fast-moving gases ejected
from the supergiant star

' 5arcminutes -’

Figure 20-12
Universe, Eighth Edition
© 2008 W.H.Freeman and Company
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Stars much more massive than the Sun:
Reactions produce elements up to 1ron
(Fe, 26 protons, 30 neutrons)

Periodic Table of the Elements

lllllllll

3
R idium Stmn tium
55 56
Cs Ba
Cesium Barium
87 88
Fr Ra

Francium  Radium

\H%%Hﬁ%




Table 20-1 Evolutionary Stages of a 25-M_ Star

Stage Core temperature (K) Core density (kg/m3) Duration of stage
Hydrogen fusion 4 X107 5 X 103 7 X 10° years
Helium fusion 2 X 108 7 X 10° 7 X 10° years
Carbon fusion 6 X 108 2 X 108 600 years

Neon fusion 1.2 X 10° 4 X 10° 1 year

Oxygen fusion 1.5 X 10° 10° 6 months

Silicon fusion 2.7 X 10° 3 X 100 1 day

Core collapse 5.4 X 10° 3 X 10"2 1/, second

Core bounce 2.3 X 10" 4 X 10" milliseconds
Explosive (supernova) about 10° varies 10 seconds

Based on calculations by Stanford Woosley (University of California, Santa Cruz)
and Thomas Weaver (Lawrence Livermore National Laboratory).

Table 20-1
Universe, Eighth Edition

© 2008 W.H.Freeman and Company




1. As the massive star nears its end, it takes
on an onion-layer structure. At this pointin
its evolution the star is hundreds of

L millions of kilometers in radius; only its
N\ inner regions are shown here.

2.Iron does not undergo

Sy 3. Within a second,

" Hydrogen
Helium

5.The shock wave sweeps
- through the entire star,
 blowing it apart.

Figure 20-14
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

the core collapses
to nuclear density.
Inward-falling
material rebounds
off the core,
setting up an
outward-going
pressure wave.

nuclear fusion, so the core
becomes unable to
generate heat.The gas
pressure drops, and
overlying material
suddenly rushes in.

Neutron-
rich core

Pressure
WEA)

Shock wave

Neutrino-
heated
gas bubble

Downdraft of
cool gas

4. Neutrinos pouring out of the
nascent neutron star propel the
shock wave outward, unevenly.




1 teaspoon of neutron star ?weighs” 100
million tons! NEUtI‘Oh Stal'

Mass ~ 1.5 times the Sun
~12 miles in diameter

Solid crust
~1 mile thick

Heavy liquid interior
Mostly neutrons,
with other particles




A simulated supernova 5"/, hours after the core "bounce"
(red = hydrogen, green = helium, turquoise and blue = carbon,
oxygen, silicon, and iron)

Figure 20-15a
Universe, Eighth Edition
© 2008 W.H.Freeman and Company
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Supernova

After the star exploded

Figure 20-18b
Universe, Eighth Edition
© 2008 W.H.Freeman and Company
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Before the star exploded ]

Figure 20-18a
Universe, Eighth Edition
© 2008 W.H.Freeman and Company




eleventh-century
structure in New
Mexico shows a
ten-pointed star
next to a crescent.
It may depict the
scene on the
morning of July 5,
1054, when a
“guest star”
appeared next to
the waning
crescent moon.

Figure 21-1
Universe, Eighth Edition
© 2008 W.H.Freeman and Company
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(a) The Crab Nebula

Figure 21-4
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

Pulsar in/

“off” state

(b) The Crab pulsar in visible
light

Pulsar in
“on” state

1 arcmin
P

Pulsar in
“off” state

1 arcmin
A

(c) The Crab pulsarin
X rays



Question 22.3 (iclickers!)

*An old high mass star can have a number of shells (H, He, C,
Ne, O, S1) plus an 1ron core. Fusion generally takes place

everywhere except
*A) The H shell

*B) The He shell
*C) The Si shell
*D) The Fe core



Supernovae la



1.The more massive member
of a pair of sunlike stars
exhausts its fuel and turns
into a white dwarf star.

. 2.The white dwarf sucks in gas
White dwarf from its companion, eventually
reaching a critical mass.

Companion star

3.A“flame”-a
runaway nuclear
reaction-ignites Healium
in the turbulent
core of the Carbon,

: oxygen
dwarf 4.The flame spreads

outward, converting
carbon (?C) and oxygen
(*°0) to radioactive
nickel (**Ni).

Nickel

lithin a few seconds, the dwarf has
gh completely destroyed. Over
Mllowing weeks, the radioactive
el decays, causing the debris to

Figure 20-21
Universe, Eighth Edition
© 2008 W.H.Freeman and Company
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The most distant
supernova.
Supernovae are so
bright (~7 billion
solar luminosities)
that you can see
them very far
away. This one
was dates from 10
billion years ago.

Difference: 1997-1995

Distant Supernova in the Hubble Deep Field HST « WFPC2
NASA and A. Riess (STScl) ® STScl-PRC01-09




Summary

« Late evolution and death of intermediate-mass stars (about 0.4
Mg to about 4 My):
— red giant when shell hydrogen fusion begins,
— a horizontal-branch star when core helium fusion begins

— asymptotic giant branch star when the no more helium core fusion and
shell helium fusion begins.

— Then alf of the mass of the star is ejected exposing the CO core of the
star. The core is a white dwarf the envelope a planetary nebula.

» Late Evolution and death of High-Mass Star (>4 M)

— Can undergo carbon fusion, neon fusion, oxygen fusion, and silicon
fusion, etc

— The highest mass stars eventually find themselves with a iron-rich core
surrounded by burning shells (>8 M). The star dies in a violent
cataclysm in which its core collapses and most of its matter is ejected
into space: a supernoval! 99% of the energy can come out in neutrinos!



The End

See you on friday!



