Stellar Evolution: The Death of Stars
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The Source of a Stars Energy

There are two avenues by which fusion of hydrogen proceeds
In stars.

T=Tg= 15x10°K proton — proton chain

(example: 4 '"H — 4He + neutrinos + gamma-ray photons)

T>>Tg CNO cycle (a carbon nucleus absorbs protons and
finally emits a helium nucleus)



Hydrogen fusion in the Sun
usually takes placeina
sequence of steps called the
proton-proton chain. Each of
these steps releases energy
that heats the Sun and gives
it its luminosity.

STEP 1 (b) Onc of the protons changes into a ncutron (¢} One byproduct of converting a
(shown n bluc). The proton and ncutron ¢ proton to a ncutron is a ncutral,

form a hydrogen i1sotope (*H). -° nearly masskess ncutnino (v).
'

(s) Two provons ==, ‘ ' p < This escapes from the Sun,
(hydrogen nucler, £

S
H) e H — ' .
H) collide. \ (d) The other byproduct of converting a proton to a ncutron is a

positively charged ckctron, or positron (¢*). This encounters
an ordinary clectron (¢™), annihilating both particles and
convernng them into gamma-ray photons (y). The encrgy of
these photons goes into sustamning the Sun’s internal hear,

STEP 2 (b) The resule of the collision 1s a helium 1sotope
(*Hec) with two protons and onc ncutron.

N
l'-

.

(a) The *H nuclcus
produced in Step
1 collides with a
third proton (*H).
(¢} This nuckar reaction relcascs another gamma-ray photon
{y). Its encrgy also gocs into sustaining the internal heat of
the Sun.

STEP 3 (b) Two protons and two ncutrons from the two  (¢) The two remaining protons are

"He nucler rearrange themselves into a . released. The encrgy of their motion
. different helium isotope (*He). 2" contributcs to the Sun’s internal heat.
(a) The *He nucleus -~ J o
produced in Step 2 \ i .

collides with o » {d) Six 'H nuclei went into producing the twu_'l ic nucke,
another ‘He nucleus N + @ + whu“h combinc to make one "He nuclkeus. S!ncc two of the
produced from 'H 'H oniganal 'H nuclei are returncd to their original state, we
three other protons. g can summarize the three steps as:

4 '"H =——=*Hc + cnergy




Core Helium Fusion: The Triple Alpha Process

1. In the hehumench core of a red gant, temperatures and
pressures become high enough for helivm nucki (*He) to
collide and fusc together

4] .
He * === 2, Fusiag two *He nucki produces a beryllium
» nucleus (*Be) with four protons and four
\ ncutrons. The *Be nucleus is very unstable: it

breaks apart, lcaving two *He nuclei again,
with a half-lifc of just 7 x 10°"7s.

3. However, if a third *“He nucleus
collides with the *Be nucleus during
its brief exastence, the resultis a
stable nucleus of carbon (¥C) with
six protons and six ncutrons.

*+ 4. This nuclear reaction releases a gamma-
ray photon (y). The photon's encrgy goes
nto sustaining the internal heat of the
red glant.

. Some MC nuckei collide with an
additional *He nucleus to form a
stable nucleus of oxygen ("*O) with
cight protons and cight neutrons,

"> 6. This reaction, too, rekeases a gamma-ray
photon whosc encrgy helps sustain the red
grant’s internal heat.
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After the H fusion reactions cease the core begins to collapse
(why?) and the outer layers expand (why?).

The star becomes a red giant in which its radius increases,
its luminosity increases and its surface temperature slightly
decreases.

The heat produced from the compression of the core raises
the temperature to the point where H fusion begins in a shell
around the core.

The heat generated 1n the core’s collapse also eventually starts

(when T, ~ 100 million K) fusion of He 1n the core.
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He fusion in stars with M > 2-3 M starts in a gradual manner
while 1n less massive stars it starts with a Helium flash.

During core helium fusion, the surrounding hydrogen-fusing
shell still provides most of the red giant’s luminosity.

After He fusion begins the core expands a bit and cools down.
This cooling down reduces the rate of He fusion 1n the core
and 1n the shell. During this phase the star moves along the
horizontal branch in the H-R diagram.
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Stellar Evolution: The Death of Stars

1. The star shines by shell
hydrogen fusion: The inert
core shrinks and the

ourter layers expand.

3. Core helium
fusion begins with

Red-
glant
branch

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).

16,000 10,000 6000 3000

<—— Surface temperature (K)

(a) Before the helium flash: A red-giant star

the helium flash (*).

4. The star now shines by shell hydrogen
fusion and core helium fusion: The core
expands and the outer layers shrink.

6. Eventually all of the
core helium s used up.

5. Luminosity decreascs
and surface temperature
LNCreases, so ‘hC star
moves down and to the
left on the H-R diagram
(into the horizontal
branch).

16,000 10.000 6000 3000

<—— Surface temperature (K)

(b) After the helium flash: A horizontal-
branch star

Planctary

Asymptotic Rebula

giant
branch

A7
brai

7. The star now shines

by shell hydrogen fusion

and shell helium fusion:

The core shrinks and the

outer layers expand.

9. Eventually the
star sheds its outer
layers to form a
planetary nebula.

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

|

16,000 10,000 6000 3000

<«—— Surface temperature (K)

(c) After core helium fusion ends:
An AGB star
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300 million km About 20,000 km

1 ————

Dormant hydrogen-

- fusing shell

An AGB star

Carbon-oxygen
core (no fusion)

. s Helium-fusing shell
Central regions ‘

of an AGB star
Earth’s orbit

He fusion produces O and C 1n the core. In a 1 Mg star He fusion will last for
about 103 years.

When He runs out, the core will collapse again resulting in an increase in the core
temperature (T). This increase in T results in an increase in the reaction rate in the
He shell that leads to the expansion of the outer layers for a second time. The
resulting star 1s called an asymptotic giant branch (AGB) star.



Stellar Evolution: The Death of Stars

In M55 the less massive stars
are still on the main sequence.

Progressively, more massive
stars have evolved to the red
giant branch, the horizontal
branch, and the asymptotic
giant branch.
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An AGB star 1s about 10,000
times more luminous than
when 1t was a main sequence
star.

Color ratio (/,)v."'bp,l

Horizontal
branch S 9%~ JONEREE

Mam

scquencce

15,000 7500 5000 4000

«——Surface temperature (K)

Stellar Evolution in globular cluster M55.

Apparent brightness —»
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The convection zone can grow
significantly during the AGB phase of
a M <4Mg star.

This broadening of the convection zone
drudges-up heavier elements ( 1e. C, N
and O) from the core to the surface.

There are 2-3 drudge-ups . The third
one occurs 1n the AGB phase of stars
with M > 2Mg,. The drudged-up
carbon produces strong absorption
lines in the spectra of some AGB stars.
These are called carbon stars.

Carbon AGB star TT Cygni
showing radio emission from
CO 1n the ¢jected shell. AGB
stars have very powerful
winds with outflow rates of
10* Mg per year. A red
giant’s outflow is ~10-" Mg
per year and the sun’s is
~101* Mg per year.
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How does an AGB star expel its outer layers?

When He shell fusion stops the pressure that
holds up the dormant hydrogen-fusing shell
decreases. As a result the Hydrogen shell
collapses and gets compressed, heats up and
H shell fusion starts up again.

H fusion produces He that falls below into the
He shell region. As the mass of the dormant
He shell region increases it shrinks and heats
up. When the temperature is high enough He
fusion begins again in a helium shell flash.

During the onset of He fusion in a degenerate
electron plasma the rate of thermonuclear
reactions increases very rapidly leading to
thermal pulses. These pulses eject the outer
layers of an AGB star.

Luminosity of the Sun

{compared to the present-day value)

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

Shell helium
fusion and shell
hydrogen fusion

10,0009 : e =
- Helium
1000 ‘)
g flash
=
. Thermal
100 E pulses
. Contraction Sun is an
) from protostar , : AGB star
10 E| I Sunisa
= Now red glant Sunis a
: i horizontal
pmrn 9= Sun |"-’ﬂ_""~" branch star
Sun joins the the main
main sequence sequence
rrrrrrprrrrorT =S rrrrrr1

0 5 10121 12.2 12.

Age of the Sun (billions of years)

3 12.3650 12.3655

Evolution of the luminosity

of the sun.
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Central star This outer shell of relatively
cool matcrial was cjected
somc time ago.

Central star

Nearly spherical shell of material
cjected from the central star

The shell is so thin ...but it appcars
that we can scc stars on substantial when we This inner shell of warmer material
the other side... look near its rim. was cjected more recently.

RIFAUXG RIFAUXG REBVUXG

An AGB star can loose a significant fraction of its mass from thermal pulses.
As the outer layers are ejected what remains 1s the C, O core that is quite hot
(T, ~ 100,000 K). This exposed core 1s called the white dwarf. Its strong UV
radiation can 1onize the surrounding shell and make the planetary nebula glow.

Planetary nebulae enrich the interstellar medium (ISM) with heavy elements
produced in the AGB stars. About 15% of all matter ejected from stars into the
ISM originates from planetary nebulae.
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2. The star
then ejects
gas from its
entire surface.

Aging star

. Gas ejected
Star ‘lo from the star

8l 3. The doughnut
channels the
ejected gas into
two oppositely
directed streams.

(b) © RIFJUXG

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

There are about 20,000-50,000 planetary nebulae in our galaxy. Most
have spherical shapes but if the expansion is not the same in all directions
then they can have elongated appearances.

Doppler shifts of H, O and N emission lines imply outflow velocities of
10-30 km s™!.

What is the age of a PN that is 1 ly wide and v = 30km/s?

outflow
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When does a star evolve into a white
dwarf.?

A star with a mass of

0.4 Mgy <M <4 Mg after consuming
all the H 1n 1ts core will begin fusing
He into C and O.

Such stars do not have high enough
temperatures and densities in their
cores to fuse C when He runs out in
the core and end their life by ejecting HST image of Sirius and its
the outer layers and leaving behind a  white dwarf binary companion.
hot core of C and O. This relic

gradually cools done and 1s called a

white dwarf.
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A white dwarf gradually cools down
as 1t radiates away its energy but
does not shrink. It is supported by
electron degeneracy pressure
against gravitational collapse.

Electron degeneracy pressure does
not depend on temperature.

Observations of white dwarfs in
binary systems allow us to determine
their mass, radius and density. The

degenerate electron gas has a density
of about 10° kg m~ .

(pwaterN 1 9000 kg 1’Il'3)

A teaspoon of degenerate electrons
from Sirius B brought back to Earth
would weigh as much as en elephant.
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One unusual property of white dwarfs 1s the
larger the mass the smaller the radius.

There is a limit however as to how much
mass a white dwarf can have. Above this
limit degeneracy pressure cannot overcome
gravity. The limit is 1.4 Mg and was first
derived by Indian astronomer Chandrasekhar.

When a white dwarf is initially formed it
consists of 1onized carbon and oxygen atoms
floating in a sea of degenerate electrons.

As the white dwarf cools the motion of the C
and O reduces to the point where the atoms
form a crystal lattice.

A cool carbon-oxygen white dwarf resembles a
huge diamond.

0.02 4

0.4 Mg

1

1

P

Earth to the same scale
(radius = 0.0092 R )

White dwarf radius (Rg)

1

The mass-radius relation for a
white dwarf. The maximum mass
of a white dwarf, called the
Chandrasekhar limit, 1s 1.4 M.
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These evolutionary tracks follow
three different giant stars as they
cject planctary nebulac and become
white dwarf stars.

During the asymptotic giant branch
a star ejects its outer layers exposing
the burned-out core.
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Once all the outer layers are ejected
and the planetary nebula fades away
the core continues to cool down and
its luminosity decreases. A white

Luminosity (Lg) —

1072

dwarf’s size does not change e e g e P
because it is supported by TR
degeneracy pressure. ok r abuta dwart
A 3.0 1.8 1.2
The fraction of material ejected will ¢ e - o

depend on the mass of the giant star. Evolution from Giants to White dwarf
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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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COSMIC CONNECTIONS Our Sun: The Next

The Sun is presently less than halfway through its lifetime as a E ' g h 1. B ' I I I on YE ars

main-sequence star. The H-R diagram and cross-sections on this
page summarize the dramatic changes that will take place when
the Sun's main-sequence lifetime comes to an end.

Luminosity (Lg)

NOTE: The illustrations
below do mot show the
dramatic changes in the
Sun's radius as it
cvolves. The sizes of the
vanous layers are not
shown to scale.

1. On the main sequence

The present-day Sun is 2 main-

SOqUENKE Star = in its core,

hyrdrogen fuses to produce helium.
\

Fusson docs not occur in the outer
layers (which contam
predommantdy hydrogen and
helium)

8. Sen's age
abowt 100,000
yoaes obdes chan
Stage 7

D 60,000

30,000 20,000 10,000 6000

Surface temperature (K)

2. Becoming a red glant

At the end of the Sun’s main-
sequence lifetime, fusion stops in
the core (which has been converted
to helium).

Fusica of hydrogen into helium
continues in & el sround the

core. The core shrisks, accelerating
the fution reactions & the shell and
making the outer biyers expand
and coal

3.The helium flash

As the core conracts and bears, the
core helium begins to fuse to make
carbon and oxygen. The core
expands and the rate of energy

eelease sows,
Hydrogen
fusbon
4% coatibues

"’ﬁ':‘ a shell
around the
coee.

The outer lavers (where there are
stll no fusion reactions) contract
and get botter due to the slower
rate of eoergy reloase.

4. Beginning the second red
glant phase
Owxce the core helivm is consumed,
what remains is an inert core of
<arbon and oxygen. The core again
shrinks and gets bottec
Helium-
funang shell

Hydrogen-
fusing shell

The shrinkage of the core again
accelerates fusion reactions in the
shells, making the mert outer layers
expand and cool,

5. The Sun reaches its
maximum size

Inert carbon-oxygen coee

Hydrogen-

fusing shell Helium-

fusing shell

o Ouater layers
istill no
fusion
reactions)

The Sun is more than 100 times
Barger in eadius than when it wan a
main-sequence staz Part of the
oater layens cscapes into space in &
stellar wind

. Hydrogen and helium,
oo fusice

6. A planetary nebula

Thernsal pulses cause spikes in
lumisosity that eject the star’s outer
layers 4

w "

As the hot interior of the star is
exposed, we observe an increase in
the star’s surface temperature,

Helium, no fusion ' Hebum fusion producing
carboa and oxygen

7. The end of nuclear
reactions

With the cuter layers goos, the
peessure on the shelks around the
core is 1oo linle to sustain necleas

reactions, \

The star saill ghows inteancly
because of its bagh temperature, As
cocrgy is loat in the form of
cleceromagnetic radiation, the star
slowdy cools

8. A white dwarf

The core is mow 3 whise dwarf stag,
and the former shells around the
core becomee s thin atmosphere,

1

|

9

\
\

The carbon-oxygen interior of the
white dwasf is degenerate, so it
docs not contract as it cools. Hence
the white dwarf"s radius no looger
<harsges,

Carbon and oxygen,

no fusion
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Stars with M < 0.4M have convection all the way
through their interior so they end up converting all their
H to He and then cool off and leave the main sequence.

Star with 0.4M,<M < 4M,, fuse H to He and then fuse
He to C and O but do not reach large enough densities
and temperatures to fuse C.

We now will see what happens to stars with M > 4M,,.
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The reason why high densities and temperatures are
required to fuse elements heavier than He is that heavy
nuclei have large charges and therefore large electric
forces that tend to keep the nuclei apart.

When a star with initial mass M > 4Mg runs out of He
in 1ts core the core begins to contract and the outer layers
of the star expand.

Because the mass of the core of a star with M > 4Mg
1s more than the Chandrasekhar limit of 1.4 Mg,
degeneracy pressure cannot prevent the collapse of
the star. The temperature continues to rise and when it
reaches 600 million kelvin carbon fusion begins.
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Carbon fusion: T, =600 x10°K
Products = oxygen (O), neon (Ne), sodium (Na), magnesium (Mg)

If the star has M >8M additional reaction can occur:

Neon fusion: T .= 10°K
Products = oxygen (O), magnesium (Mg)

Oxygen fusion: Ty . = 1.5 x10°K
Product = silicon (Si1), magnesium (Mg), phosphorus (P), sulfur(S)

Silicon fusion: T, =2.7 x10°K
Products = Sulfur (S), Iron (Fe), Nickel (N1)
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Table 20-1 Evolutionary Stages of a 25-M, Star

Stage Core temperature (K) Core density (kg/m?) Duration of stage
Hydrogen fusion 4 x 107 Sx10° 7 X 10° years
Helium fusion 2 x 108 7 X 10° 7 X 10% years
Carbon fusion 6 x 108 2x108 600 years

Neon fusion 1.2 x 10° 4 x10° 1 year

Oxygen fusion 1.5 x 10° 1010 6 months

Silicon fusion 2.7 X 10° 3 x 1010 1 day

Core collapse 5.4 x 10° 3 x 1012 Y4 second

Core bounce 2.3 X 1010 4 x 1015 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).
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1.6 billion kilometers
About 10,000 km

/ Helium-fusing shell

Hydrogen-fusing shell

Carbon-fusing shell

A supergiant star i\
<{ . (\" Ncon-fusing shell
~ Oxygen-fusing shell

- \\’Si]u:nn-tlmng shell
Central

: : [ron core {no fusion)
regions of a

supergiant star

Jupiter’s orbit

The structure of a supergiant star with an initial mass of > 8M,.
After several stages the core of the supergiant star will have
multiple shells of material and its structure resembles that of an
onion.
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Core Collapse: A massive star with M > 8Mg will eventually
reach the point of fusing Si into Fe. Fusion of Fe does not
produce energy (endothermic) so the core cannot generate
heat from fusion but instead begins to collapse and heat up.

- The gamma rays emitted from the hot core have very large
energies that break the iron into helium nuclei. This process 1s
called photodisintegration.

* Because of the high density electrons combine with protons
to form neutrons and neutrinos: €~ + p* 2> n+v

* The escape of the neutrinos cools down the core and leads to
more compression. Seconds after the contraction began the
density reaches the nuclear density value of ~ 4x10!7kg m.
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Core Bounce: The core becomes very rigid at nuclear density
and further compression results in the innermost part of the core
bouncing back and sending out a pressure wave.

While the inner core is cooling there 1sn’t enough pressure to

hold the outer layers up against gravity, and the material from
the outer layers plunges inward at speeds of up to 15% of the
speed of light.

When the infalling material encounters the outward moving
pressure wave 1t changes direction and starts moving outward
reaching supersonic speeds.

It takes a few hours for the shock wave to reach the surface and
lift away the outer layers of the star.
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1. As the massive star ncars its end, it takes on
an onion-laycr structurc. At this point in its
evolution the star 1s hundreds of millions of
kilomcters in radius; only its inner regions
arc shown here.

2. Iron docs not undergo
nuclcar fusion, so the corc
becomes unable to gencrate
heat. The gas pressure
drops, and overlying
matcrial suddenly rushes in.

. Within a sccond, the — ’ = Necutron-

Heclium core collapses to rich corc
B hon nuclcar density.
Inward-falling
matcrial rebounds
off the core, sctting
up an outward-
goling pressurc
wave.

Oxygen
Silicon Pressure
wave

Shock wave

Neutrino-
hcated
gas bubblc

Downdraft of
cool gas

m shock wave sweeps through 2
entirc star, blowing it apart.

4. Necutrinos pouring out of the nascent

- . ncutron star propel the shock wave
. outward, uncvenly.
" 7 PN ..kf b ‘ :
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ENERGETICS: The energy released in a core-collapse
supernova explosion is extremely large at ~ 104 Joules!

The energy released in a core-collapse supernova explosion
comes from gravitational energy released by the collapse
of the core and the infall of the outer layers of the star.

The gravitational energy released by the collapse of the core
1s mostly converted into a burst of neutrinos.

The gravitational energy released by the infall of the outer
layers provides the energy to power the nuclear reactions
that generate the supernova’s electromagnetic radiation.
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Heavy elements are produced during supernova explosions

Material ejected from a massive star during a core-collapse
supernova is compressed by the outward shock wave and
thermonuclear reactions occur in the gas that produce
elements that are even heavier than iron, such as zinc, silver,
tin, gold, mercury, lead, and uranium.

Since we find these heavy elements on Earth 1t has been
suggested that they were produced long ago by a star that
went through a core-collapse supernova.
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Supernova

Progenitor star

’’’’’’

(a) Spiral galaxy M81 RIFAUXG (b) Before the explosion (c) After the explosion

Supernovae are very luminous and can reach peak luminosities of
~10° L. Occasionally the progenitor star is detected before the
explosion. Credit to amateur astronomer Francisco Garcia Diaz
for making the discovery of supernova SN 1993]J in M&]1.
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Light from SN 1987 A continues to
arrive. It doesn't all come out at one
short period.

SN 1987A

For the first 20 days after the
supernova the ejected outer layers
were glowing from the heat
deposited by the shock wave.

On Feb 1987 a supernova was
SN 1987 A is also emitting gamma  discovered in the Large Magellanic

rays from the decay of radioactive Cloud (~ 170,000 Iy away). It was so

isotopes created during the bright it could be seen without a
: telescope in the southern hemisphere.
supernova explosion.

Five very bright supernovae have
been observable without a telescope in
the last 1000 years.
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- - X ol T 3R
Y . Supérnava 5
1987A <~ ® .

Prog&nitor star *

R

(a) Before the star exploded (b) After the star exploded

SN 1987A was not typical! Its luminosity peaked at 10® Lg ~10 times fainter
than what was expected. The progenitor was a B3 I blue supergiant with a
mass of ~20 Mg. Most stars in the LMC are population II stars meaning they
have a low abundance of metals compared to population I stars.

Population II stars alternate from being cool red giants to being hot but
smaller in size blue giants. During the supernova explosion 1987A was a blue
giant. Its smaller size implies that some of the shock wave energy was used to
eject the stars outer layers resulting in the low peak luminosity.
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Outer ring
at edge of
swept-up gas
from carlier
mass loss

© SN 1987A
\j

\ *///, Outer rings

o
‘7 v '

i », ; - )
Inner ring,
about 1.3 ly
(0.4pc) in
. - diameter
-

Inner ring —N—— Supernova
of swept-up red- -t

b remnant,
supergiant gas A dark, invisible
outer portion
surrounds the
brighter inner
region lit by
radioactive
decay.

(@) Supernova 1987Aseenin 1996 R I UXG (b) An explanation of the rings

Rings of SN 1987 A About 20,000 years before the explosion
a shell of gas was ejected from the red giant and about 10,000
years before the explosion another shell of gas was ejected.

The UV flash of the supernova explosion ionized the ejected
stellar material and caused it to glow.
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During the core collapse of a star M > 8M, the density and
temperature in the core are so high that a flood of neutrinos
are produced by the following reaction:

p~+ e~ =» neutron + neutrino

A detection of these neutrinos would provide support to the
core collapse model.

The core collapse and bounce model predict that the neutrino
outburst lasts for a few seconds and that the shock wave takes
a few hours to reach the surface.

At the time of SN 1987 A two major neutrino detectors were
operating: Kamiokande II and IMB
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Neutrino telescopes: On a very rare occasion a neutrino collides
with the water molecule and creates a neutron and positron. The
neutron moves undetected but the positron moves at a speed
faster than the speed of light in water.

When an particle moves faster than the speed of light in that
medium 1t emits a shock wave of radiation (Cerenkov radiation).

Neutrino detectors are placed deep underground to prevent other
cosmic particles from creating flashes. Only neutrinos can easily
penetrate so deep.

Each neutrino from a collapsed star carries a significant amount
of energy ~ 20 MeV.



R EAATIT

"’,":(-rl‘gn .

%
e

i
e L)

L ]
2NN

BRP R RDR D 0"‘

-
I N  a ay

R

BN

e

RS .-."” »
i At

e e

PR

»

R

REP €
2 3 B
IR

SR ANAY s
RSN AR PN
CEANAR Crin.e
y o
RERER RN
TEr T B
RS B IS
'S e ) ]
S B
BB RRD DR
o

' RE R
R EE
.
“»

.
RS S RS ]

.
-
.
-
-
-
-
-
-
¥

S R R B

-
Li
=

N

R
5]
wney
v
e o o5

-

i RS )

ot

)

w e TR R R
e e e e RS

4
)

ol P

e

+

et e N )
'

)

"Wreh o b

'llq.v-s-g.,.'-g-l

e

3 LYY
1

y

vl

PrveepReTp——
‘l
i
¢ Arony Lolvis'

et
3
+ i

.’(,L

1
e ..'l‘..'.y"'..'.‘."_‘,.4|'l

1
ﬂ‘\'\,”w"-l
Va “"u
Ao
viree &

o ¥
e l,.
i

i
TPV i cd B oh 7h éB B

e
.I?V‘;
X
Y
1 L B S J

g




The Irvine-Michigan-Brookhaven (IMB) detector was a 60-foot cube of ultra-
pure water constructed in a salt mine underneath Lake Erie. The water was
surrounded by 2000 light-sensitive phototubes, designed to detect proton decay.
The experiment became famous for the observation of the neutrino burst emitted
by Supernova 1987 A.
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12 neutrinos were detected by Kamiokande and 8 neutrinos by
IMB on Feb 23, 1987 !

When one factors in the cross section of the detectors to
neutrino events the true number of neutrinos that went through
these detectors was about 1010 !

The neutrino events were detected 3 hours before the UV flash
from SN 1987 was detected.

Astronomers found that over a 10-second period, SN 1987A
emitted 10°® neutrinos with a total energy of 10* Joules! This is
more than 100 times the amount of electromagnetic radiation
emitted by the supernova and 100 times more than what the sun
has emitted over its 4.56 billion years!
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Not all supernovae are the result of the core collapse of a
massive star. A different type of supernova occurs when a white
dwarf 1n a binary system explodes.

Different Types of Supernovae:

(1) Supernovae with bright hydrogen emission lines are called
Type II supernovae and are the result of the core collapse
of a highly evolved massive star that still has a lot of
hydrogen 1n its atmosphere when it explodes.

(2) Type I Supernovae have no hydrogen lines in their spectra.
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Type Ia SN: Accretion onto a white dwarf from a
companion star leads to the explosion of the white dwarf. No
hydrogen lines are detected in the spectra of type Ia but
strong absorption from ionized Si1 is detected.

Type Ib SN: Core collapse of evolved massive star that has
lost most of its hydrogen atmosphere from a stellar wind or
by mass transfer to a binary companion.

No H lines but strong He absorption lines are detected.

Type Ic SN: Core collapse of evolved massive star that has
lost most of 1ts hydrogen and helium atmosphere from a
stellar wind or by mass transfer to a binary companion.

No H lines and no He lines are detected.
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(@) Type Ia supernova
* The spectrum has no hydrogen or helium
lines, but does have a strong absorption line
of ionized silicon (Si ).

/ Red giant  White dwarf explodes

SN 1987N (Type Ia)
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White
dwarf

Produced by runaway carbon fusion in a white
dwarf in a close binary system (the ionized
silicon is a by-product of carbon fusion). 0 |

Relative intensity

(b) Type Ib supernova

® The spectrum has no hydrogen lines, but does
have a strong absorption line of un-ionized
helium (He I).

® Produced by core collapse in a massive star
that lost the hydrogen from its outer layers. 0 | | | |
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(c) Type Ic supernova

¢ The spectrum has no hydrogen lines or
helium lines.

Relative intensity

® Produced by core collapse in a massive SN 1987M (Type Ic)
star that lost the hydrogen and the helium 0 | | ] |
from its outer layers.
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(d) Type II supernova c i
® The spectrum has prominent hydrogen lines B ct
such as He,. =
¢ Produced by core collapse in a massive star whose = 0 | | | |
outer layers were largely intact. 400 600 800 1000
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Type II, Type Ib, and Type Ic supernovae all begin as massive stars and all three
types are found only near sites of recent star formation! Why?
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Type Ia supernovae are thought to result |kttt

from the thermonuclear explosion of a o s e

white dwarf star that is in a binary

system with a red giant star. Wi cres " Somparion, cenaly e
The white dwarf sucks in mass from
its companion and eventually the total

Helium

. 3. A “flamec™-a
mass of the white dwarf approaches the |EETSTEETEECES
reaction—ignitcs i oxygen
Chandrasekhar limit. e~
’ ; ‘ \ 4. The flame spreads outward,
convcrti(l}.‘g Oc;arbon ((1;2C) :.md
. . o{(ygcn“ J) to radioactive
The increased pressure applied to the Core -

Nickel

white dwarf’s interior causes carbon to
fuse to silicon in the core resulting in
an increase of the core temperature.

Degenerate matter does not expand e ——

€0 completcly destroyed. Over the
swing weeks, the radioactive

with increasing pressure and the ekl 4oy, caing e debis
nuclear reaction rate increases rapidly. : |
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For all supernova types, the
energy source during the period
of declining brightness is the
decay of radioactive isotopes
produced during the supernova
explosion.

Because a different set of
thermonuclear reactions occurs
for each type of supernova,
each type produces a unique set
of isotopes that decay at
different rates.

The slower a Type Ia supernova fades, the greater its luminosity. Hence, by
observing how rapidly a distant Type Ia supernova fades, astronomers can

determine its peak luminosity.
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Supernova Remnant: The gases
ejected by a supernova.

The passage of a supernova
remnant through the interstellar
medium can trigger the formation
of new stars, so the death of a
single massive star (in a core-
collapse supernova) or white
dwarf (in a thermonuclear

supernova) can cause a host of The Gum Nebula is a Supernova

new stars to be born Remnant in our galaxy that
' occurred about 11,000 years ago.
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From the frequency with which
supernovae occur in distant
galaxies, 1t 1s reasonable to
suppose that a galaxy such as our
own should have as many as five
supernovae per century.

Where have they been?

A composite of observations of
SNR Cassiopeia A at X-ray,
visible, and infrared wavelengths.

Cas-A 1s about 11,000 ly away and
the photons from the supernova
explosion arrived ~300 years ago.



