Stars

Stellar Evolution
Nucleosynthesis

Homework postponed
now due Thursday 17 February



Evolution of sun-like star

* As Hydrogen fuel 1s
exhausted 1n the core,
fusion occurs 1n a shell
around the nert Helium
COre.

hydrogen-burning,
main-sequence star

main sequence star

* The core contracts, 1ts
temperature increases,
nuclear reaction rates
increase (1n the shell),
and the Luminosity
Increases.

star expanding
into red giant

red giant




Helium Flash

 The core continues to shrink and heat as the rest of
the star expands and becomes more luminous.

— Ascends giant branch for a billion years

* At a critical temperature and density, helium fusion
suddenly begins.

— The Helium Flash

* The star evolves rapidly, finding a new equilibrium
with He burning in the core and H burning 1n a shell
surrounding the core.
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Helium fusion tough —larger charge leads to greater
repulsion. Worse, the fusion of two helium nuclei doesn’t
work; “He more stable than Beryllium (éBe).

Need three “He nuclei to make carbon (12C).

Only works because of resonant state of carbon predicted by
Fred Hoyle.




helium fusing into
/\<0arbon in core

\» /<
‘\\»\\
‘ hydrogen-burning

shell

Helium burning stars reside for a brief time on the
Horizontal Branch.
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Lite Track After Helium Flash

helium flash

* Red giants shrink and
life track of star that lost .
considerable mass become less luminous
during red giant ph . .
19 TESRR Prese after helium fusion
begins 1n the core.

E * May lose some mass
[ Mermckotseria oo during the Helium
g Flash. How much
3 probably depends on

the composition and
affects where along
the horizontal branch
a star falls.
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Lite Track After Helium Flash

* Helium-burning stars

stars nearly ready for

helium flash\ are found in a
N horizontal branch on
- hellum-burni .
Iz Torzonsl tanery oAl the H-R diagram.
= C % x4 “redgiants
: g s
s | « * ¥ subgiants
tz) main-sequence * - 11+
> tumnoff point * Low metallicity stars
g main-sequence populate the Blue
£ . Stars ' -t . ]
E ~ | Horizontal Branch
Y | (BHB) while solar
white dwarls  Fw metallicity stars are
redder.

— sometimes part of
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Double-Shell Burning AGB stars

Helium also gets used up in the core. He continues
to fuse into carbon 1n a shell around a growing, inert
carbon core, and H fuses to He 1n a shell around the
helium layer.

The star expands again, ascending the
— Asymptotic Giant Branch (AGB stars)

— though brief, this phase can dominate the light of
~1 Gyr old populations.

Equilibrium becomes hard to maintain—the fusion
rate periodically spikes upward 1n a series of thermal
pulses. (Mira variable stars.)

With each spike, some of the outer layers may be
lost to space - stars may lose 50 - 70% of their mass
during this phase.



Planetary Nebulae

* Double-shell burning
ends with a pulse that
ejects the H and He
into space as a
planetary nebula.

e The PN phase 1s brief
(~10* years)

 The core left behind
becomes a white
dwartf.
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Planetary Nebulae
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Planetary Nebulae

* Double-shell burning
ends with a pulse that
¢jects the H and He
into space as a
planetary nebula.

* The PN phase is brief
(~10* years)

 The core left behind
becomes a white
dwart.




End of Fusion

» Fusion progresses no further in a low-mass star
because the core temperature never grows hot
enough for fusion of heavier elements. (The sun 1s
massive enough to fuse some He with C to make
oxygen, but most of the C and O will be trapped
forever in the white dwarf).

* Degeneracy pressure supports the white dwarf
against gravity.

* White dwarf spend eternity cooling off, eventually
going dark entirely.
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[ife Track of a Sun-Like Star

planetary nebula do%ble shell- inert carbon
rezrg:ggt helium-burning shell
' hydrogen-burning shell

double shell-
burning core
helium-
burning
star helium burning

hydrogen-burning shell

helium-burning
star core

white dwarf inert helium

hydrogen-burning shell

_ subgiant/
D+ F c G red glant core
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Not to scale!

5.

Low-Mass Star Summary

. Main Sequence: H fuses to He in

COrc

Red Giant: H fuses to He in shell
around He core

. Helium Core Burning:

He fuses to C 1n core while H
fuses to He 1n shell

Double-Shell Burning:
H and He both fuse in shells

Planetary Nebula: leaves white
dwarf behind
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The evolution of high-mass stars

These die more dramatically than low mass stars...



Life Stages of High-Mass Stars

Late life stages of high-mass stars are similar to
those of low-mass stars:

—Hydrogen core fusion (main sequence)
—Hydrogen shell burning (supergiant)
—Helium core fusion (supergiant)

—Eftc:
—more stages of nuclear burning as well
—C, O, Ne, Mg, Si, all the way up to Fe (iron)



luminosity (solar units)
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High mass stars synthesize the
heavy elements

“Ne

N

A
e &
‘He ‘He

The heavier elements of which the planets are built
were made 1n the nuclear furnace of high mass stars.
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75% H, 25% He 1s the starting point
— stars make everything else.
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Atomic number

tlement’'s symbo
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Alomic mass®
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Lanthanide Series

58 59 60 61 62 63 [ 3 67 68 &9

La Ce Pr Nd | Pm | Sm Eu Gd Tb Dy Ho Er Tm | Yb Lu
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Helium fusion can make carbon in low-mass stars.
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Helium Capture

“Ne

“Ne @ “Mg
(10p, 10n) (12p, 12n)

120 16

P

(8p, 8n)

O

4' u&@

>:§ » 3 4 )Q
P P
‘He ‘He ‘He

“alpha elements”

o High core temperatures allow helium to fuse
with heavier elements.
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Helium capture builds C into O, Ne, Mg ...
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relative abundance (atoms per hydrogen atom)

nydrogen
1
nelium
carbon
10 E oxygen
Neon
: magnesium
10" |= silicoen , araon
sulfur calcium
~ Iron
o :
10 l nickel
1078 =
nitrogen
noron
1010 |-
|.
.; beryllium
10 12 L lithium
| I | | I
1 10 20 30 4() 50
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atomic number (number of protons)
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Evidence for
helium
capture:

Higher
abundances of
elements with
even numbers
of protons

“alpha elements”



Advanced Nuclear Burning

6 50, *Si

(14p, 14n)
>$

160) 160 285G

o Core temperatures 1n stars with >8M  allow
fusion of elements as heavy as 1ron.
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Magnesium
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Advanced reactions in stars make elements like Si, S, Ca, and

Fe.
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Supergiants

can get a wiggle
in evolutionary
track as each
fuel supply is
exhausted.

Evolution
very rapid -
massive stars

live “only”

millions of years



Multiple-Shell Burning

nonburning hydrogen  Advanced nuclear
hydrogen fusion buming proceeds ln a
helium fusion .

series of nested

carbon fusion
shells.

inert
Iron core

e Core of high mass (>
8M;u) near the end
of 1ts life

oxygen fusion
neon fusion
magnesium fusion
silicon fusion
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Iron 1s a dead
end for fusion
because nuclear
reactions
involving iron
do not release
energy.

(Fe has lowest
mass per
nuclear
particle.)



nydrogen

relative abundance (atoms per hydrogen atom)
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helium
carbon
oxygen
neon
magnesium Iron peak
siicon argon
sulfur calot
iron
nickel
Where do
_ elements
nitrogen .
heavier than
poron .
1ron come
. from?
beryllium
lithium
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Supernovae!
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Lanthanide Series
La Ce Pr Nd | Pm | Sm | Eu | Gd \ Tb Dy | Ho Er | Tm | Yb Lu

Actinide Series
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Energy and neutrons released in a supernova explosion enable elements
heavier than iron to form, including Au and U.
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Made in Early Universe

Made in Stars
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Mass 1s destiny
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Role of Mass

* A star’s mass determines its entire life story because
it determines its core temperature.

* High-mass stars have short lives, eventually
becoming hot enough to make 1ron, and end in
supernova explosions.

* Low-mass stars have long lives, never become hot
enough to fuse beyond carbon nuclei, and end as
white dwarfs.



Not to scale!

Life Stages of High-Mass Star

5.

. Main Sequence: H fuses to He 1in

COrc

Red Supergiant: H fuses to He in
shell around He core

. Helium Core Burning:

He fuses to C 1n core while H
fuses to He 1n shell

Multiple-Shell Burning:
many elements fuse in shells

Supernova leaves neutron star
behind



Dead Stars leave corpses

 White dwarts

— remnant core of low mass star
— supported by electron degeneracy pressure

e Neutron stars

— remnant core of high mass star
— supported by neutron degeneracy pressure

 Black Holes

— remnant of some massive stars
— gravity’s ultimate victory



Supernova types
* SN Type II - hydrogen 1n spectrum

— core collapse supernova

* explosion of massive star when too much iron
accumulates in the core

— Primarily produces Oxygen and alpha elements
e builds metals on short time scale

* SN Type Ia - lacks hydrogen 1n spectrum

— white dwarf supernova

* explosion of white dwarfs that exceeds the
Chandrasekhar limit (1.4 M,)

— Primarily produces iron peak elements
* builds metals on long time scale



