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Stars
seed
their
birth
galaxies
with
heavier
elements
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Massive stars explode when they

die, scattering much of their content—
including newly produced heavy elements—
into space.

Individual stars form in
fragments of much larger
clouds as gravity draws gas
together. Forming stars are
surrounded by spinning disks
and often emit jets of gas out
their north and south poles.
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Stars shine with energy produced
by nuclear fusion in their cores,
creating heavier elements from
lighter ones.




Star Birth

* Stars form in cold, dense clouds made of
hydrogen and helium

* They are called molecular clouds because
H2 molecules form (cold enough) and
heavier elements are there too and can
form wore complex wmolecules
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Stars are born in molecular clouds consisting
mostly of hydrogen wolecules
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Star Birth...

* How do stars form?

* Gravity compresses each cloud foward
their densest regions

* and they fragment there in numerous
pieces - each one will form one or
more stars
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Stars form in places where gravity can
overcome thermal pressure in a cloud
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Cloud heats up as
gravity cauvses it
to contract

(dve to the
conservation of
energy laws)

Contraction can
continve if
thermal energy is
radiated away
(cold gas does not
have much

Star-forwming clouds emit infrared light internal pressure)
becavuse of the heat generated as stars form
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Infrared light from Orion

Orion Nebula is
one of the
Y m - closest star-
N d forming clouds

[

hotter cooler

Orion
Nebula
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Visible The
Light N N Pleiades




IR
Light

The

P Pleiades
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Gas and
dust are
quite
obvious
now
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Trigoering Star
Formation

* Several events might occur to compress a molecular
cloud and initiate its gravitational collapse

* Molecular clouds may collide with each other; or a
nearby supernova explosion can be a trigger, sending
shocked matter into the cloud at very high speeds

* Alternatively, galactic collisions can trigger massive
starbursts of star formation as the gas clouds in each
galaxy are compressed and agitated by tidal forces.




Supernovae trigger
star formation by
disturbing nebular
clouds

Interstellar jf.

Colliding galaxies are
comwon in galaxy
evolution - it leads to a
merging of the material
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Protostars

* We have talked at length before on how
a cloud collapses, heats up, spins,
flattens and forms a solar nebula

* Let’s see in more details how a star
forwms out of it




Protostars...

* Gravity pulls material inward and
condenses it

* Gravity also tends to fragment the
contracting cloud into smaller and
swmaller pieces - leading to a star cluster

* Such fragmentation may also inhibit
the formation of massive stars




Star cluster NGC 602 3) Those are forming now

1) These stars
formed first

2) These
were next
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Protostars...

* The now many (swmaller) clovds continue
their contractions

* At some point, the heat is trapped as
each central region becomes dense
enough to trap infrared radiation

= The central femperature and pressure
thenrises dramatically




Protostars...

* The rising thermal pressure pushes back
against the gravitational contraction,
slowing it down

* Turbulences also develop and allow more
material fo be added to the cloud centers

* The dense center of each cloud is now a
protostar




Protostars...

* Each protostar keeps on growing by
adding gas from its surrounding clovd

* Those clouds spin faster and faster as
they keeps on contfracting

* Some may spins too fast and will split in
two (or more) and will form a binary
star system called a close binary
system




Protostars...

* Protostars can have violent
stages

* |t is not uncomwon tfo
observe thew firing high-
speed streawms of gas into
interstellar space

* Those jets are probably
due to magnetic fields




Protostars...

* At that time, a strong stellar wind
starts clearing up gas around the
forming star

* |t also helps the protostar shed some
angular momentuwm by carrying
material off

* And the protostar’s rotation slows
down

© The Essential Cosmic Perspective, 2005 Pearson Education




Close-up view of jets (orange) and a
disk of gas (green) around a
protostar




Carina nebula: Dust pillars and protostars jets

-
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http://www.nasa.gov/
http://www.nasa.gov/
http://spacetelescope.org/
http://spacetelescope.org/
http://www.mariolivio.com/about-the-author/
http://www.mariolivio.com/about-the-author/
http://amazing-space.stsci.edu/hubble_20/
http://amazing-space.stsci.edu/hubble_20/
http://www.stsci.edu/resources/
http://www.stsci.edu/resources/

Protostar to Main
Sequence

* A that stage, the protostar’s core
temperature is 1 willion K, not hot enough
for fusion

* The protostar keeps contracting and heats
until the core temperature is sufficient for
hydrogen fusion at about 10 willion K

© The Essential Cosmic Perspective, 2005 Pearson Education




Protostar to Main
Sequence...

* |t takes about 30 willion years for a star like
the Sun (G) to fuse hydrogen

* () spectral type star may take about
150,000 years to get there

* M spectral type star may take over 100
million years

* The star is about to become a main-sequence
star

© The Essential Cosmic Perspective, 2005 Pearson Education




Protostar to Main

Approximate time
for a star of a
particular mass
to reach the main
sequence from
birth

Note: It is possible for an O
or B star to live and die
before a M type starts
fusing hydrogen in its core

Copyriaht, 2000, 2001, 2002, 2004
2007 Department of Physics, The
University of Hong Kong

Sequence...

107

=~ 150,000 years

104

0
o
W

—
o
N

Luminosity (L/Lg)
o

-—k

10-1

102 | | | |

40,000 20,000 10,000 5,000 2,500

Effective Temperature (K)

Friday, March 22, 13




Protostar to Main
Sequence...

Theoretical Hayashi Tracks of Protostars

Approximate H-R
path for a star of a
particular mass fo
reach the main
sequence from birth




T-Tauri Stars

* |t is an intermediate stage hetween a
protostar and a full fledged star

* When the star starts its fusion, a strong
stellar wind blows part of the envelope
and the rest of the gas near the star

* The light output is not constant: the star
is “breaking in” its fusion engine




The Hind’s Variable Nebula
(N(} 141 55)

© TTavrivariablestar

Credit & Copyright: T. Rector & H. Schweiker
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T-Tavuri Stars...

* T-Tauri type stars will eventually form
stars of spectral types ¢ K, or M (red
dwarf)

* A star in its T-Tauri phase can lose up fo
507 of its mass

* Thus, they may lose enough material
that they fail to becowme stars and
become brown dwarfs instead




Red Pwarfs

* A red dwarf is a star with less than 04 the
mass of the Sun but wmore than 0.08

* They have relatively low temperatures in
their cores and fusion is happening at a
slow rate

* In general red dwarfs transport energy
from the core to the surface by convection
as their radiation zone is very small (to
non-existent)




Red Pwarts...

* They “shine” in red
and infrared

* Their lifetime can
exceed 10 trillion
years (for mass less
than 0.1 solar mass)




Red Pwarts...

* Red dwarfs are the most comwon star type
in our Galaxy, at least in the neighborhood of
the Sun

* Proxima Centauri, the nearest star to the
Sun, is a red dwarf as are twenty of the next
thirty nearest stars

* [ue to their low luminosity, individval red
dwarfts cannot easily be observed. None are
visible to the naked eye



http://en.wikipedia.org/wiki/Proxima_Centauri
http://en.wikipedia.org/wiki/Proxima_Centauri
http://en.wikipedia.org/wiki/List_of_nearest_stars
http://en.wikipedia.org/wiki/List_of_nearest_stars

Brown Pwarfs

* A brown dwart is a failed star (bottom
right of main-sequence in a H-R diagram)

* |t is a star which is not massive enouvgh
(less than 8% ot the Sun mass) to start
hydrogen nuclear fusion in its core (it will
fuse deuterium for a little while)

* They shine in infrared as the energy from
their gravitational collapse is converted to
heat and light




Brown Pwarfs...

* Jupiter is foo light to be classified as a
brown dwart

* A gas planet 13 times Jupiter mass
would be classified as a brown dwarf (fo
about 79 Jupiter masses)

* |n a stellar nursery, most objects are
brown dwarfs




Brown Dwarf Schematic

l

JUPITER

lllustration: NASA/CXC/M.Weiss
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10 fo 90 times Jupiter’s mass
Brown Dwarf Gliee 2298

Palomar Observatory Hubble Space Telescope
Discovery Image Wide Field Planetary Camera 2
October 27, 1994 November 17, 1995

PRC95-48 - ST Scl OPO - November 29, 1995
T. Nakajima and S. Kulkarni (CalTech), S. Durrance and D. Golimowski (JHU), NASA
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How massive are
newborn stars?

* Mass is everything for a star

* There are many more low-mass stars
forming from a cloud than high-mass ones

* And even many many more red and brown
dwarfs




How massive are
newborn stars?...

* For every one 10-100 solar mass star
* there are ten 2-10 solar mass ones,

* fifty 0.9-2 solar mass ones, and

* a few hundreds < 0.9 solar mass

* and we know low mass stars way
outlive high mass stars




Relative number of stars
of different masses

300 o

229 |

=

Q

=

s

= 150 |

g Red & Brown Low-Mass Intermediate- High-

o _ Dwarfs Mass Mass

E 79 50

< 0 * 1
<0.5 0.9-2 2-10 10-100

Solar masses




M43, The Pleiades, a young open star cluster

Many stars
can form
ovtofa
single clovd

M45 is
composed of
about 1,000
stars with a
total mass
of about
800 MSun

© Philip de Louraille, 2008
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Pressure == Gravity

It M> 0.08 M, then gravitational

contraction heats the core until fusion
begins

It M<0.08 M, then electron

degeneracy pressure stops gravitational
contraction before fusion can begin




Physics Corner
Pauli Exclusion Principle

* The Pauli exclusion principle is a quanfum

mechanical principle formulated by Wolfgang
Pauliin 1925

* |t states that particles that compose matter
cannot be identical (have the same state)
when near each other

* For example, electrons in a single atom cannot
be identical (they have different states)



http://en.wikipedia.org/wiki/Quantum_mechanics
http://en.wikipedia.org/wiki/Quantum_mechanics
http://en.wikipedia.org/wiki/Quantum_mechanics
http://en.wikipedia.org/wiki/Quantum_mechanics
http://en.wikipedia.org/wiki/Wolfgang_Pauli
http://en.wikipedia.org/wiki/Wolfgang_Pauli
http://en.wikipedia.org/wiki/Wolfgang_Pauli
http://en.wikipedia.org/wiki/Wolfgang_Pauli

Physics Corner
Particle Properties (state)

quark eleetron neutrino
X

X
X X
X

* neutrinos can change mass as they travel




Physics Corner
Fermions

* Ferwions are the particles that
compose matter

* Quarks, nevtrinos and electrons (and
their corresponding anti-particles) are
ferwmions

* Composite fermions (such as protons
and neutrons) are essential building
blocks of matter




Physics Corner
Uncertainty Principle

h
AX.Ap = 7

* In quantuwm physics, the Heisenberg
uncertainty principle states that certain
physical quantities, like the position (x) and
momentum (p) of a particle, cannot be
measured precisely at the same time

* The better we can measure one, the less we
know the other



http://en.wikipedia.org/wiki/Quantum_physics
http://en.wikipedia.org/wiki/Quantum_physics
http://en.wikipedia.org/wiki/Werner_Heisenberg
http://en.wikipedia.org/wiki/Werner_Heisenberg

Physics Corner
Degeneracy Pressure

* The wmore you try to pin, say, electrons down
in a certain position, the more they try to
escape by moving faster (Heisenberg's
Uncertainty Principle) Ax.Ap= 1=

* "Squishing” electrons is akin to pinning them
down to a location

* So electrons resist further compression, i.e.
they exert a counteracting pressure: the
degeneracy pressure




Physics Corner
Degeneracy Pressure

* How is degeneracy pressure different from
gas pressure?

* Pegeneracy pressure exists evenif T=0K

* Degeneracy pressure exists only when
certain particles (fermions) come too close to
one another as they cannot share a state

* Fermions are: electrons, protons and
heutrons




Therwmal Pressure

Pepends on heat
confent

The main forwm of
pressure in most
stars

9 electrons sharing a two- 36 electrons sharing the same area.

dimensional region. Each is confined to a smaller space. Ve g e " e ra cy Pre s s u re.'

Particles cant be
localized

Poesnt depend on
heat content
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Electron Degeneracy Pressure Explained

The electrons (people) are

- 1@ 2ty constantly changing chairs.

% ‘& ¥ -y . % Usually, there are always a lot more
But there are case when there are
almost as many people than free

free chairs than people
AU
A chairs

Since there is virtvally no open seating, the people (electrons)
who must move, must wait before an open chair (room) opens
up for them. They then move faster to find one. This creates a
resistance

This resistance is the origin of degeneracy pressure

While the electrons are moving faster, it has nothing to do
with temperature

© The Essential Cosmic Perspective, 2009 Pearson Education
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Snapshot

How do stars form?

Stars are born in cold, relatively
dense wmolecular clouds

As a cloud fragment collapses under
gravity, it becomes a protostar
surrounded by a spinning disk of gas

The protostar may also fire jets of
matter outward along its poles.
Protostars rotate rapidly, and some
may spin so fast that they split fo
form close binary star systems

© The Essential Coswic Perspective, 2005 Pearson Education




Brown Dwarf Gliese 2298

Snapshot

Hubble Space Telescope
Wide Field Planetary Camera 2
November 17, 1995

How massive are newborn stars?

Newborn stars come in a range of masses, but
cannot be less massive than 0.08 Mgy,

Below this mass, degeneracy pressure prevents
gravity from making the core hot enough for
etficient hydrogen fusion, and the object
3ecow$es a “failed star” known as a brown

war

© The Essential Cosmic Perspective, 2009 Pearson Education
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Star Life Stages

* A star’s birth mass (and composition)
determines its luminosity, surface
temperature, and lifetime

* We know this due to extensive computer
modeling which match our observations
on all the life phases of stars of varying
mass

© The Essential Cosmic Perspective, 2009 Pearson Education
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Life as a Low-Mass Star

* Qur Sunis a low-mass star. It will live
10 billion years as a main-sequence star

* 9 billion years from now, hydrogen will
be depleted in the core and fusion will
cease

* The core will begin to shrink, being
crushed by gravity

© The Essential Cosmic Perspective, 2009 Pearson Education




50% S50%

Fusing

| hydrogen
. I to helium

Co posl: 1o ol cove
'Mess peawesnt)

Composition of cors
(mass percent)

Sun a
Elapsed time: 5 trillion years Elapsed time: 5 billion years main-
Luminosity: 0.003 Lsun Luminosity: 1 Lsun sequence

Mass: 0.10 Msun Mass: 1 Msun

star

48% %

m’termedm’re

Elapsed time: 22 million years
Luminosity: 1750 Lsun
Mass: 7 Msun

gsed time: 50,000 yeaf's
Luminosity: 100 millio
Mass: 100 Msun

Friday, March 22, 13



Question

* What happens when a star can no
longer fuse hydrogen to heliuwm in its
core?

A. Core cools of f

B. Core shrinks and heats up

C. Core expands and heats up

D. Helium fusion immediately begins

© The Essential Cosmic Perspective, 2009 Pearson Education




Question

* What happens when a star can no
longer fuse hydrogen to heliuwm in its
core?
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C. Core expands and heats up

D. Helium fusion immediately begins
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Red Giant Stage

* The core is shrinking and heating up

* The Sun's outer envelope expands, being
pushed from the inside:

* There is a hydrogen fusing shell
around the core

* That fusion has a higher-rate than
before (the bottom of the layer Lthe
corel is extremely hot!)

© The Essential Cosmic Perspective, 2009 Pearson Education




Broken therwmostat: rising fusion rate in shell does
not expand core, so luminosity continves torise

elium is dumped

Helium-rich ¢

Hydrogen Shell Burning on the Red Giant Branch
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Red Giant Stage...

* Qver the next billion years,

* the Sun’s radius grows 100-fold as
radiation pressure exceeds local gravity

* the luminosity grows even wmore
* the Sun expands to be a red giant

* Expansion keeps on happening until the
core starts fusing helivm

© The Essential Cosmic Perspective, 2009 Pearson Education




Red Giant Stage...

* The Sun’s outer envelope is shedding
large amount of mass as stellar wind

* its large radius implies a weak pull of
gravity at the surface

* If a low-wmass star is not hot enough to
burn helium in the core, the core collapse
will be halted by degeneracy pressure
and become a helium white dwarf

© The Essential Cosmic Perspective, 2009 Pearson Education
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Question

* What happens as a star’s inert helium
core starts to shrink?

A. Hydrogen fuses in shell around core
B. Helium fusion slowly begins

C. Helium fusion rate rapidly rises

D. Core pressure sharply drops

© The Essential Cosmic Perspective, 2009 Pearson Education
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core starts to shrink?

A. Hydrogen fuses in shell around core
B. Helium fusion slowly begins

C. Helium fusion rate rapidly rises
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Helium Fusion g
(triple-alpha) ;{ e\’%\;

* Helium fusion requires higher temperatures
than hydrogen fusion because larger charge
leads to greater repulsion

Y Gamma Ray

* Fusion of two helium nuclei doesn't really
work (Beryllivm-8 is unstable), so helium
fusion must combine three He nuclei o make
carbon




Helium Fusion...

* When the core’s temperature reaches
100 willion K, helium fusion into carbon
starts

* In a low-mass star like the Sun (and up
10 2.25 Msuu), the core is in a state of
electron degenerate pressure as well

* This results in a helium flash

© The Essential Cosmic Perspective, 2009 Pearson Education




Helium Fusion...

* The helium flash lasts only a few minuvtes

* The flash energy output is fremendous
(100000000000 Lsyn) but is not observed
(over 200,000 years for energy to reach
the surface of the star!)

* The star is now stable for about 1 to 27 of
its main-sequence lifetime

© The Essential Cosmic Perspective, 2009 Pearson Education




Question

* What happens in a low-mass star when
core femperature rises enough for
helium fusion to begin but the core’s
pressure is in a degenerate state?

A. Helium tusion slowly starts up
B. Hydrogen fusion stops
C. Helium fusion rises very sharply

© The Essential Cosmic Perspective, 2009 Pearson Education




Question

* What happens in a low-mass star when
core femperature rises enough for
helium fusion to begin but the core’s
pressure is in a degenerate state?

A. Helium tusion slowly starts up
B. Hydrogen fusion stops
C. Helium fusion rises very sharply
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Helium Burning Star

* The total energy output is now lower
than when helium was not burning as
the avto-requlating fusion in the core is
back on

* After spending 1 billion years expanding
into a luminous red giant, its size and
luminosity will decline while it fuses
helium in its core

© The Essential Cosmic Perspective, 2005 Pearson Education




Helium Burning Star...

* Carbon is not the only element
generated by the fusion of Helium, but
some Oxygen is made as well as a side
effect




Stellar evolution: from fusing # to He in the core

He fusion
(He = C)

H fusion

Helium core

.‘ Hydrogen shell fusion

Hydrogen shell
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Hydrogen core fusi}n
‘ Hydrogen core
(H = He)
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Luminosity (L.,.)

Horizontal Branch Phase

This is not seen as it
happens only in the core
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Last Gasps

* One hundred willion years later, the core
will run out of helium

* The core is mostly full of carbon with
soWie 0Xygen

* Qnce again the core will shrink, crushed
by gravity

© The Essential Cosmic Perspective, 2009 Pearson Education




Last Gasps...

* The Sun expands again!

* There is an inert He core being crushed,
followed by a shell of fusing He, followed
by a shell of fusing H

* The Sun will then be a double-shell
burning star

© The Essential Cosmic Perspective, 2005 Pearson Education




Last Gasps...

* Now we have two fusing shells being
contracted around an inert core

* The Sun expands to an even greater size
and luminosity than it had in its previous
red giant phase

* |n an H-R diagrawm, the Sun enters the
asymptotic giant branch

* This lasts for a few willion years

© The Essential Cosmic Perspective, 2009 Pearson Education
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Question

* What happens when the star’s core runs
out of helivm?

A. The star explodes

B. Carbon fusion begins

C. The core cools off

D. Helium fuses in a shell around the core

© The Essential Cosmic Perspective, 2009 Pearson Education
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Last Gasps...

* The Sun is not massive enough to fuse
carbon in the core. The femperature
needed for this is 600 willion K

* The core’s contraction stops when the
electron degenerate pressure in the core
balances gravity’s crush

© The Essential Cosmic Perspective, 2009 Pearson Education




Peath of a low-mass star

* The Sun is so huge it has very little hold
on its outer layers

* The solar wind grows with the radius
and luminosity and blows material
away in interstellar space

* Heavier elements will condense to dust
particles eventually seeding the next
generation of stars

© The Essential Cosmic Perspective, 2009 Pearson Education




Peath of a low-mass star...

* Through solar wind and other yet found
processes the Sun will eject its outer
layers into space

* This creates a huge shell of gas expanding
away from the very hot carbon-oxygen
core which radiates intense UV radiation

© The Essential Cosmic Perspective, 2009 Pearson Education




Peath of a low-mass star...

* The expanding gas shell is ionized and
glows very brightly as a planetary
nebula

* The nebula will disappear within a
million years

* Only a carbon white dwarf is left
behind
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Question

* What happens to Earth’s orbit as the
Sun loses mass late in its life?

A. Earth's orbit gets bigger
B. Earth's orbit gets smaller
C. Earth’s orbit stays the same
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* What happens to Earth’s orbit as the
Sun loses mass late in its life?

A. Earth's orbit gets bigger
B. Earth's orbit gets smaller
C. Earth’s orbit stays the same
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The inner planets’ future orbits

Mercury Venus Earth
0.38 AU 0.72AU 1AU

7.588 billion
years from now

Sun as red giant
0.9 solar mass

7.59 billion
years from now

Sun as red giant
0.8 solar mass

and extend beyond Earth’s current orbit (an astronomical unit, or AU). Our
star will also blow away mass in a steady wind. So our planet’s orbit will expand and Earth should be
safe — until the Sun’s graVitational tides pU” it in. Astronomy: Roen Kelly, after Klaus-Peter Shroeder and Robert Cannon Smith
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Sun-like star dying (NGC 3132)
white dwarf

The star is
ending its life
by casting oft
its outer layers
of gas

Ultraviolet light
from the dying
star then makes
the material
glow




Planetary Nebula Gallery

NGC 6826 NGC 3918

NGC 6826 NGC 391 8
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Planetary Nebula Gallery

el .
Hubble 5 NGC 7009

Hubble 5 NGC 7009 NGC 5307
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The Eskimo
Nebula
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The Spirograph
Nebula




The Hourglass
Nebula
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The Ring
Nebula
M 57
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The Ring
Nebula
M 57




The Ring
Nebula
M 57

An extended
exposure
reveals more
beauty and
physics!
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Planetary Nebulae sizes to scale (with the Moon)

Dumbbell Nebula

Little Dumbbell Nebula

. PK164+31.1

.‘.‘.~ |

o

Ring Nébula

- 'Sh2-188

NGC 6543 -

3
S

Cat’s Eye Nebula

Sh2-274

|

Medusa Nebula

Jones 1

'NGC 6302 .

”

Bug Nebula

copyrighted to J-P Metsavainio




Cat’s Eye Planetary nebula
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Cat’s Eye Planetary nebula
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Cat’s Eye Planetary nebula very long exposure
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White Pwarf

* White dwarfs have a very small radius,
yet they have a high mass and
temperature

* They are the exposed cores of dead stars

© The Essential Cosmic Perspective, 2009 Pearson Education




planetary nebula double shell- P inert carbon
burning ~ _ .
red giant - helium-burning shell
| . hydrogen-burning shell

double shell-
burning core
helium-

burning
star A7 EE——— 4 helium burning

ubgiant
R hydrogen-burning shell

helium-burning
star core

—
2
—
-
-
—_
S
O
9
=
72
O
-
=
b

white dwarf | inert helium

hydrogen-burning shell

subgiant/
red giant core

30,000 10,000 6,000 3,000
surface temperature (Kelvin)
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Bare Core Envelope Ejection

Helium

10° Flash

Asymptotic Giant
Branch

orizontal Branch
/Red Giant
Branch

104_

10°

Luminosity (L)

10 2

10 4

= | | | |
40,000 20,000 10,000 5,000 2,500

Temperature (K)
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Timeline of a 1 solar mass star

Planetary nebula:
~ 1 million years

Double-shell-burning star:
~ 1 million years

Helium-burning star:
~ 100 million years

Subgiant to red giant:
Several hundred million years

Main-sequence lifetime: Cooling
~ 10 billion years white dwarf

Stellar birth Giant phases
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B lifeas a Very
L ow-Mass Sta

M<0.25 M = 0.50

* If a star is less massive than about 0.50
solar mass, its life will be quite uneventful

* |t will quietly and steadily fuse all its
hydrogen to helium for hundreds of billions
of years (9 trillion years for 0.1 solar mass)

* And eventually become a helium white
dwart
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High-Mass
Stars > 8 Msun

Brown
Pwarfs < 0.08
MSun




Low-mass star HR diagram evolution

o
——

helium white
dwarf

0

>
. —
v
@)
» E
E
=
-l

(solar units)

Spectral class

B L

[r—
10,000 6,000

Surface temperature (Kelvins)
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Life as an Interwmediate-
Mass Star

* Anintermediate-mass star’s life is similar
to a low-mass one except that it proceeds
at a faster pace (about 100 times faster)

* Like a low-wmass star it wont be able to
fuse carbon in its core

* |f, too, will end up as a white dwarf aftfer
creating a planetary nebula
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Life as a High-Mass Star

* Only the high-mass stars produce the
heavy elements life depends on

* A high-wmass star’s early life is similar to
a low-mass one except that it proceeds at

a much faster pace (>1000)
* Let’s look at a star whose mass is 29 Msun
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High-Mass Star’s Life

* Main-sequence: H fuses to He in core
* The fusion mechanisw is different
* |tis called the CNO eycle

* Garbon, Nitrogen, Oxygen

* Recall that the H# to He fusion process for a low-
mass star is called the proton-proton chain
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/'

Nltrogen -13

Hydrogegy ‘

Carbon-12

Normal
Helium

Carbon-13 Hydrogen

./} =

n*

\iw\»

Nltrogen -14

21 o ld
i Hydrogen
/) »

.

CNO cyele

catalysts

CNO cyele is main
mechaniswm for H
fusion in high mass
stars hecause core
temperature is higher

CNO also happens in
stars like the Sun but
it is a minor (1
Z)eontributor to
fusion
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High-Mass Star’s Life...

* Main-sequence: H fuses to He in core using the
CNO cyele

* The fusion rate is much higher becavse
* core temperature is higher
* there is more than one way to fuse H into He

* Result: mueh wore luminous but mueh shorter
lifetime in main-sequence
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Becoming a Supergiant

* After just a few wiillion years

* Red Supergiant: H fuses to He in shell
around inert He core, and

* Helium Core Burning: He fuses to Cin
core (no He flash as there is no core
degeneracy)
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luminosity (solar units)

40M.

Sun

O
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30,000

10,000 6,000
surface temperature (Kelvin)

! | | ‘ ’ :
: X

3,000

High-mass stars
become
supergiants after
core H runs out

Luwminosity
doesnt change

much but radius
gets far larger




Becoming a Supergiant...

* Then He runs out in core now made of
carbon. He fuses to C in shell around inert ¢
core, H fuses to He in shell around He shell

* (Carbon Core Burning: lasts only a few
hundred thousand years as C fuses to
Oxygen-Neon-Magnesium in core (no flash)

* The shrinking core gets hotter and hotter
as it gets compressed by gravity during
each non-fusing core period
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Becoming a Supergiant...

* Several more fusion phases will succeed
one another

* each one adds a fusion shell

* each one lasts a much shorter time
than the previous one

* each one creates heavier elements
than the preceding one
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Becoming a Supergiant...

Evolution of Supernova

-8 (schematic)
2
o0

" Ten Solar
Mass Star

One Solar
Mass Star

White Dwarf

Hot Surface Temperature

Copyright, 2000, 2001, 2002, 2004 2007 Vepartwment of Physics, The University of Hong Kong

Friday, March 22, 13



Heavy Elements Making

* How do high mass stars make the
elements necessary for life?

* Let’s find out
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Group - 1 2 3 K 5 6 7 8 9 10 n 12 13 14 15 16 17 18

Periodic Table of the Elements
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11
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* Lanthanides . :
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Chemical series of the periodic table

’ Alkali metals I Alkaline earth metals Lanthanides Actinides Transition metals

Poor metals Metalloids Nonmetals Halogens Noble gases

Big Bang event made 79% H and 25% He

Stars make everything else
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Group = 1 2 3 4 5 5 7 8 9 10 11 12

Periodic Table of the Elements

12

13 14 15 16 17 18
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] HE I_II_II_IWI_IWI_II_IWI_IWW Aim

68
Er

69
Tm

70
Yo

71
Lu
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Chemical series of the periodic table

’ Alkali metals I Alkaline earth metals Lanthanides Actinides

Poor metals Metalloids Nonmetals Halogens

Transition metals

Noble gases

Helium fusion can make carbon and some oxygen

in low-mass stars
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Periodic Table of the Elements

Be
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r
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Chemical series of the periodic table

’ Alkali metals % Alkaline earth metals Actinides

Lanthanides

Poor metals Metalloids Nonmetals Halogens

Transition metals

Noble gases

CNO cycle can change G into N and 0
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Helium-capture reactions
add two protons at a time
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Evidence for helium capture
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Higher abundances of elements with even numbers of protons
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| Period

18

, !- Periodic Table of the Elements
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Chemical series of the periodic table
|
’ Alkali metals [ Alkaline earth metals Lanthanides Actinides Transition metals
Poor metals Metalloids Nonmetals Halogens Noble gases

Helium capture builds C into 0, Ne, Mg, ...
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Advanced nuclear fusion reactions require extremely high
temperatures

Only high-wmass stars can attain high enough core
temperatures before degeneracy pressure stops confraction

© The Essential Cosmic Perspective, 2009 Pearson Education
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!- Periodic Table of the Elements
. I8 -- ____________ ﬂ --------E
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Chemical series of the periodic table

] Alkali metals 1 Alkaline earth metals Lanthanides Actinides Transition metals

Poor metals Metalloids Nonmetals Halogens Noble gases

Advanced reactions make heavier elements
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Advanced nuclear burning occurs in multiple shells
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Iron in the Core

* When the core fuses silicon iron is the
resulting element

* When silicon fusion stops and the core
contracts one more time, no additional
amount of temperature will be able fo
make iron fuse into anything

* No energy can be released by iron fusion
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Average binding energy per nucleon (MeV)

30 120 150 180 210 240 270
Number of nucleons in nucleus

Iron is dead end for fusion because nuclear
reactions involving iron do not release energy
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How does a high mass
star die?

* Only electron degeneracy pressure could stop
the iron core from contracting further

* But electron degeneracy pressure is
overwhelwmed by the force of gravity

* Gravity forces the electrons to merge with
protons and form neutrons while releasing
neutrinos in the process
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f Reverse Beta-

decay

2

© The Essential Cosmic Perspective, 2009 Pearson Education

o
neutrino

Core degeneracy
pressure goes
away hecause
electrons combine
with protons,
making nevtrons
and neutrinos

Neutrons collapse
to the center,
forming a neutron
star, or even a
black hole if the
nevtrons collapse
as well
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Massive Star Supernova

* The gravitational collapse of the core releases
more energy in a fraction of a second than 100
Suns will release while being in their 10 billion
year main-sequence lifetime

* The energy released is thought to come from
the neutrinos escaping the core and drive a
shock wave that propels the star’s upper layers
Into space
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Type Il Supernova: a 1/2 second event!

300 ms: the shock wave expands
to the star’s surface

500 ms: the explosion
disperses the matter
into space

50 ms: after the star’s
core collapses, the
star expels matter
heated by |
neutrinos (bright
regions)

150 ms: the core
shrinks and the
collision between
hot and cold
matter sets off

a shock wave
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Massive Star Supernova

* The nuclear flash will last a few months
* It will shine as 10 billion Suns

* This is more brilliant than the entire
galaxy the star is in

* Astronomers have classified such
supernovae in 2 sub-classes

* Type Ib, Ic and Type 11
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Supernovae

* Astronowmers have classified supernovae
in 3 classes

* Type 1a: a white dwarf supernova (fo
be seen next week)

* Type Ib, Ic: massive stars that have
shed most of their outer envelope /

shells (Hydrogen b and Helium 1c)

* Type 11: massive stars still having
their H and He shells
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Supernova Types

* Type I: noor little hydrogen-helium
spectral lines

* Type 11I: hydrogen-helium spectral lines
are seen




4 1 12 13 14 15 16 17 18

Periodic Table of the Elements

* Lanthanides

—

Chemical series of the periodic table
’ Alkali metals I Alkaline earth metals Lanthanides Actinides Transition metals

** Actinides

Poor metals Metalloids Nonmetals Halogens Noble gases

Energy and neutrons released in supernovae explosions
enables elements much heavier than iron to form
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Elements
made during
supernova
explosion
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before

Supernova 1987A is the nearest supernova
observed in the last 400 years

It happened in the Large Magellanic Cloud
(150000 light-years away)

Neutrino detectors observed a burst of such particles
when the supernova was detfected

© The Essential Cosmic Perspective, 2009 Pearson Education
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Or this one?

Eta Carinae may be
about to explode. But no
one knows when - it
may be next year, it may
be one willion years
from now

Eta Carinaes mass - about 100 times greater than our
Sun - makes it an excellent candidate for a full blown
supernova. Historical records do show that about 150
years ago Eta Carinae underwent an unusual outburst that
made it one of the brightest stars in the southern sky
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http://antwrp.gsfc.nasa.gov/apod/ap991011.html
http://antwrp.gsfc.nasa.gov/apod/ap991011.html
http://antwrp.gsfc.nasa.gov/apod/sun.html
http://antwrp.gsfc.nasa.gov/apod/sun.html
http://imagine.gsfc.nasa.gov/docs/science/know_l1/supernovae.html
http://imagine.gsfc.nasa.gov/docs/science/know_l1/supernovae.html
http://en.wikipedia.org/wiki/Eta_Carinae
http://en.wikipedia.org/wiki/Eta_Carinae
http://www.astro.wisc.edu/%7Edolan/constellations/extra/brightest.html
http://www.astro.wisc.edu/%7Edolan/constellations/extra/brightest.html
http://antwrp.gsfc.nasa.gov/apod/ap000618.html
http://antwrp.gsfc.nasa.gov/apod/ap000618.html

Let’s recall the relative angular sizes of a planetary nebula
Planetary Nebulae sizes to scale (with the Moon)

. PK164+31.1

“-.._

Dumbbell Nebula Little Dumbbell Nebula .

M57 - .+ ' 'sh2-188 ' NGC 6543

‘Ring Nebula 0 ' . 50! Cat’s Eye Nebula

" Sh2-274° : 'NGC 6302 .

”

© J-P Metsavainio
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Supernovae Remnants sizes to scale (with the Moon)
Supernova = death of a massive star

Sh2-240 S

Sh2-223
224 & 225

A lot
more
enerqy!

Crab Nebula

M1 | . Jellyfish Nebula - - e
_ - © J-P Metsavainio
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Neutron Stars:
Supernova remnants

* The iron core (the size of the Earth) is squished
to a ball of nevtron just a few kilometers
across in a fraction of a second

* That collapse is itself stopped by the neutron
degeneracy pressure

* The core is now packed with nevtrons and its
density is extraordinarily high
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Neutron Stars...

* 80 willion tonnes to 2 billion tonnes per cubic
centimeter or..

* 94 P:willions tons to 134 willions tons per cubic
ine

* A typical neutron star is between 1.9 to 2.1
solar masses with a corresponding radivs
between 16 fo 10 kwm (10 to 6.3 wiles)
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Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

Solid crust
~1 mile thick

Heavy liquid interior
Mostly neutrons,
with other particles
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What are the life stages of a
high-mass star?

A high-mass star lives a much
shorter life than a low-mass
star
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30,000 10,000 6,000 3,000
surface temperature (Kelvin)
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In its final stages of life, a e A
high-mass star’s core becomes 2= ferpepmlalalafalblulefulal
hot enough to fuse carbon and
other heavy elements. The

variety of different fusion

reactions produces a wide

range of elements— including

all the elements necessary for

life—that are then released

into space when the star dies.
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A high-mass star dies in the
explosion of a supernova,
scattering newly produced
elements into space and leaving a
neutron star or black hole behind

How does a high-mass star die? s na p S h O‘l'. i

The supernova occurs after fusion
begins to pile up iron in the high-
mass star’s core. Because iron
fusion cannot release energy, the
core cannot hold off the crush of
gravity for long. In the instant
that gravity overcomes degeneracy
pressure, the core collapses and the
star explodes
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Sumwary of Stellar Lives

* How does a star’s mass deterwine its
life story?
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Low-Mass Star Sumwmary

Yellow main-sequence star: St is feled by
hydeogon fsion in e core, which cormverts fowr
hycrogan aucil inlo one helum nucleus. b
los-mass stars, hydrogen fusion proceeds by he
saries of macions known as He profon-peoton chaln

Red glant star: Aler core Hydeogen s
exhausied, the Core shrinks and hoas
Hydwogen shell burning begns aound e
nort holum core, causing the star 1o cxpand
0 a rod glant,

Heollem core-barning star: Mebum fusion, n which hree
helum neched fuse 10 form a single carbon nucious, Begine
whoa encugh helum has collecied in the core. The core
Bhon axpands, slowing the fusion rale and allowing the star's
outer lpers 10 sihrink somewhat, Hydrogen shell buming
contnues & & reduced rate

Double shell-burning red glant: ARer comg helium i axhausied,
B 2O again shrinis and hoats. Hellum ahell burring begine
arcund the inert Carbons Core and the star enlers &5 second red
glant phase. Mydrogen shall Durning continves.
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T Reasons for Life Stages

saries of macions known as Be profon-peoton chaln

Red glant star: Aler core Hydeogen s
exhausied, the Core shrinks and hoas
Hydwogen shell burning begns aound e
nort holum core, causing the star 1o cxpand
0 a rod glant,

Heollem core-barning star: Mebum fusion, n which hree
helum neched fuse 10 form a single carbon nucious, Begine
whoa encugh helum has collecied in the core. The core
Bhon axpands, slowing the fusion rale and allowing the star's
outer lpers 10 sihrink somewhat, Hydrogen shell buming
contnues & & reduced rate

Double shell-burning red glant: ARer comg helium i axhausied,
B 2O again shrinis and hoats. Hellum ahell burring begine
arcund the inert Carbons Core and the star enlers &5 second red
glant phase. Mydrogen shall Durning continves.
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Life Stages of High-Mass Star

2 1. Main Sequence: H fuses to
. He in core

sysiem boms when
& cloud of neesiniiare
gas colapses under

gty The contsal Biue main-sequence star: Sur
D'*%'J' Is surmounded Is faslod by hydrogen Rusion in s

Dy & profosielar disk Core. In Pigh-mass stars, hydeoger |
M whoh plarets may naon proceeds by the sows of . .
overtualy form reactions known as B CNO cycle

[ ] [ ]

Red supergiant: ANer Cor Pydrogen &

abhausied the com shrinks and haats [ ]
Hydrogen sl Buming Deging arcund B

nert hebum core, causing the siar 0 suparnd ]

N a 'od wpergant «

Hellum cote-turning superglant; Helum fusion begirs
LUte of 8 200, Stat, whan enough Pelun has collecied n the core. The core
Main seguence fetime: B millon yean han saparcis, slowing e Lasion rate aad alowing he star's
Durason of lter stages: 1 milion yean oufer lryers 10 shink somewhat. Hydrogen-shel buming

— — COMMES M & reduted e

., 3. Helium Core Burning: He
SEESSRINET fuses to G in core while H
& fuses fo He in shell

Muliple shell-burning supergiant: Aler core helium i exhausied

Neowstron star: During
the core colapse of the

4. Multiple Shell Burning:
S——  \any clements fuse in shells

N trors
20 1 aCoumLies I e COfy el l»’r(".:’
LOSSALN CAN NS 1000 Supodrt I, Than the comne
colapsss, hadng 1 the cCaastirophe ploson
of e st

5. Supernova leaves neutron
star (or black hole) behind
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Evolution of stars of different mass

(schematic)

" Ten Solar
Mass Star

One Solar
Mass Star

White Dwarf

Surface Temperature
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Stars with close
companions

* How are the lives of stars with close
companions different?

* The binary star Algol consists of a 3.7
Mzsun main sequence star and a 0.8 Mgy
subgiant star

* The low mass star is in a more advanced
stage than its heavier companion

* How did it come about?
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Stars in Algol are close
enough that matter can
flow from subgiant onto
main-sequence star
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Star that is now a
subgiant was
originally more
massive

As it reached the end
of its life and started
to grow, it began to
transfer mass to its
companion

Now the companion
star is more massive

Friday, March 22, 13



Snapshot

How does a star’s mass deterwine its life story?
A star’s mass determines how it lives its life

- Low- and intermediate-mass stars never get hot
enough to fuse carbon or heavier elements in their
cores, and end their lives by expelling their outer
layers and leaving a white dwarf behind

- High-mass stars live short but brilliant lives,
ultimately dying in supernova explosions
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Snapshot

How are the lives of stars
with close companions
different?

When one star in a close
binary system begins to swell
in size at the end of its
hydrogen-burning life, it can
begin to transfer mass to its
companion. This mass
exchange can then change the
remaining life histories of
both stars
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