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Abstract: The complete story of how the scientistsa€™ had predicted the final stages of stars of varying masses: from the application of ¢
Relatively, to the latest astronomical observations. Our journey starts with White Dwarfs and ends with a journey to and into a Black Hole «
the implications such a trip would hold for our visitor.
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Life Cycle of Stars
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Hertzsprung-Russel Diagram
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Stellar Energy

Proton-Proton Chain [4H2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucleir.
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Stellar Energy

Proton-Proton Chain [4H=2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H 2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H=2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucleir.
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Stellar Energy

Proton-Proton Chain [4H 2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H>He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H2>He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H2>He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucleir.
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Stellar Energy

Proton-Proton Chain [4H 2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H 2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.

'H

S\ y
\ )
\ 6
“ 10 years ‘
S, Wl o R
3 v *He
F"’

Proton Decays Into A Neutron

® == Neutron
== Proton

'H

e @
10" years
® ;Y




Stellar Energy

Proton-Proton Chain [4H 2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (enerqgy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H 2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H2>He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (enerqgy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H 2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucleir.
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Stellar Energy

Proton-Proton Chain [4H>He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H=2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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Stellar Energy

Proton-Proton Chain [4H 2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.

Two 1H Atoms Combine

® == Neutron
== Proton

e @
10" years

¥
.+ ®




Stellar Energy

Proton-Proton Chain [4H2He + energy]

Two hydrogen nuclei merge to produce deuterium nucleus, a
positron,and a neutrino. Add another hydrogen and you get
helium 3 and a gamma photon (energy). Two Helium 3 merge
and produce helium 4 and two Hydrogen nucler.
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CNO Cycle

- The higher the temperature, the
more important the production of
energy from the CNO.

- For stars less than 1 solar mass
proton-proton cycle dominates.

Gamma Ray Released
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Beyond Helium

As Hydrogen is exhausted in the core of the star, Helium nuclei
merge to create Beryllium with again fuses with another Helium
nucleus to give Carbon and then to Oxygen then to Silicon unti/
we finally end up with Iron.

Triple Alpha Process




The Death of Stars




Pressure Balance in a Star
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Model of an Atom

o

..an atom consists of mostly empty space ...




Electron Degeneracy Pressure

= h?
Radius = N}
8Gm,m M

= Pauli Exclusion Principle:
No two electrons (fermions) can occupy the same

position in space at the same time doing the same
thing.

= Electrons are packed side
by side in a white dwarf

= This prevents it from
collapsing any further

Ca/ CU/ a f-e M Gg f? / fU d € O ][ Nﬂﬂ—ﬁ;g:narata Degenerate gas
Radius




Electron Degeneracy Pressure

- /%
Radius = N}
8Gm,m M

h=6.6261x10"*

G=6.6726x107"
m,=9.1094x107"
m, =1.6726x10""

M =1.989x10"

Calculate Magnitude of
Radius



Electron Degeneracy Pressure

2

hE

Radius = N3

- 8Gm,m M Ny

h=6.6261x10""

G=6.6726x107"
m,=9.1094x107"
m, =1.6726x10""

M =1.989x10%

2.7x107 ' m




Electron Degeneracy Pressure
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Path to being a White Dwarf

Quter layers become

Outer layers driven off
planetary nebula-a

by radiation pressure

Star expands shell of expanding gas.
into red giant as L Shell finally dissipates,
hydrogen in its =) __'l.irtg core star.

core is used up. E

; With no fuel available for
it to burn, core star cools,
becomes a white dwart.

Low mass star like the
Sun, burning hydrogen.

Aariainal moca

Evolution of Solar Mass Star

7 solar mass star now reduced to about 20% of its

BEright

White Dwarf

surface Temperature




Properties of White Dwarfs

= Helium exhausted, core collapses until density forces
electrons to leave their orbits around the atomic
nuclei.




Properties of White Dwarfs

= Helium exhausted, core collapses until density forces
electrons to leave their orbits around the atomic
nuclei.

= ...are found in the centers of planetary nebula.




Properties of White Dwarfs

= Helium exhausted, core collapses until density forces
electrons to leave their orbits around the atomic
nuclei.

= ...are found in the centers of planetary nebula.

= _..have masses less than the Chandrasekhar mass
(1.4 Solar Masses).




White Dwarf Properties

..have diameters about the same as the Earth’s.




Look in the Middle




Cat’s eye nebula




Spirograph Nebula







Eskimo Nebula




Above the Chandrasekhar Limit

= The maximum mass of a white
dwarf is 1.4 solar masses




Above the Chandrasekhar Limit

= The maximum mass of a white
dwarf is 1.4 solar masses

= Above this, even electron
degeneracy pressure cannot
counterbalance gravity

= What is the fate of a star
more massive than this?




Above the Chandrasekhar Limit

= The maximum mass of a white
dwarf is 1.4 solar masses

= Above this, even electron
degeneracy pressure cannot
counterbalance gravity

» What is the fate of a star
more massive than this?

Can you feel
the
suspense?




A Super Nova




A Super Nova
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A Super Nova

Not what
you
thought?




Type la Super Nova

Companion star

White dwarf

Accretion disk




Two normal stars
are in a binary pair.

The more massive
star becomes a giant...

. ahich spills gas onto the
secondary star, causing it to

e e e el e e

Type la Super Nova

Companion star

White dwarf

-

Accretion disk




Type la Super Nova

" J Companion star
White dwarf

Two normal stars
are in a binary pair.

~ .
= .‘ﬂf

The more massive
star becomes a giant...

Accretion disk

The secondary, lighter star The common EnvEiope is
and the core of the giant ejected, while the separation
star spiral inward within between the core and the

... which zpills gas onto the
secondary star, causing it to
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Type la Super Nova

T~ - Companion star

h”_‘.‘-ﬁ. ‘j >
White dwarf
e _
Two normal stars The white dwarF 'ass
are in a binary pair. - increases unfil it reat:hes 8

: e critical mass and explodes...
Accretion disk P

I.-f-". -
"
i | .
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L
Not of interest to black hole _ |
P—— y i i The aging companion
The more massive cosmologists, but fype la's are great sar starts swelling, spilling
star becomes a giant... ygpdgﬂcks n dgfgpm;n;ng distances gas onto the white dwarf.
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The secondary, lighter star The commeon envelope is
and the core of the giant ejected, while the separation  The remaining core of
star spiral inward within ~ between the core and the the giant collapses and

. which spills gas onto the
secﬂndary star, causing it to
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Standard Candle

Mark Phillips discovered that type la Supernova had a
period/luminocity relationship. The time it takes for
the SN to decline in brightness determined what the
maximum brightness was. The decline took weeks so
it became easy for astronomers to use these SN as a
standard candle.




Standard Candle

SCALED MAGNITUDE
(BRIGHTNESS)

Mark Phillips discovered that type la Supernova had a
period/luminocity relationship. The time it takes for
the SN to decline in brightness determined what the
maximum brightness was. The decline took weeks so
it became easy for astronomers to use these SN as a
standard candle.



Type IT Supernovae: Birth of a Neutron Star

« The core survives and is prevented from collapsing any further by
neutron degeneracy pressure

o Theaoe are +he fvbe nf ctipernovaes we are intereated in



Supernova Remnant
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In the death of a hlgﬁwmé\sé"étﬂr (f 1:' Sl mass), 1'he.
core is converted fﬁ.neu‘l'r‘énsﬂ ::aﬂapses
catastrophically. B v-; '

The collapsé and r“ébound creates a supernova.

4‘ T

The elecfr'ons are mergﬁ m‘!h:ﬂ}a pm'l'ons which

produce neutrons.

The central core is le% behmd as a small, dense, sphere
of neutrons > o neutrin s

Collapsing sfops now because of Neutron Degeneracy
Pressure. . ' |



A giant ball of neutrons.

Mass : at least 1.4 x mass of the
Sun to maximum of about 3 solar
masses.

Temperature 1 million degrees
and cooling.

Diameter: 20 km!
Density: 108 kg/m?3
— A sugar cube of this matter
weighs 400 billion tons

Day: 1 - 0.001 seconds!

Magnetic fields as strong as the
Sun, but in the space of a city.

But just a theory until 1968

Neutron Star Facts

Possible
solid core

Solid crust
~1km

Diameter
~ 20 km

MNeutron
superfluid interior




Pulsars

Discovered by Bell and
Hewish in 1968

Stands for pulsating stars,
since they emit regular pulses

Now known to be spinning neutron

stars

4 rotational
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Crab Nebula Pulsar




Crab Nebula Pulsar




Crab Nebula Pulsar
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Crab Nebula Pulsar
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Crab Nebula Pulsar
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What Next




What Next

Neutron stars are held up by neutron degeneracy
pressure.

— Recall electron degeneracy pressure for white dwarfs.
— For white dwarfs, maximum massof 1.4 M.,

For neutron stars, maximum mass ~3M._,.

What happens if a high-mass star is SO big that its
central core is bigger than this?

What happens when gravity is stronger than even
neutron degeneracy pressure?

How dense can something get?

How strong can the force of gravity be?

What if the escape velocity is faster than light?




If we could eliminate the radiation and light, what
would it be like to watch the collapsing of a star
into a Black Hole? What would it be light to fall into
a Black Hole?




Watching a Star Collapse from a Safe Distance

If youwatched a star collapsing info a Black Hole, the
light emitted from the star would be red-shifted and as a
result would get dimmer by a factor of 2 every 20 micro-

seconds per solar mass. At the same time the surface

would appear to slow down and become frozen
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Traveling into a Black Hole

As the ship approachesthe black hole, the ship is elongated
by the variation in gravity

The ship is also gravitationally red shifted at the end closerto
the black hole

From the outside, the ship will appear to hover forever at the
edge of the hole to us - an effect of the time dilation, yet in
the ship, the occupant do enter into the black hole. Never to
be heard from again.



Watching a clock fall into a black hole
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To get a better understanding of what is happening,
and more specifically where it is happening. Let’s look
at the anatomy of a Black Hole




Structure of a Schwarzschild Black Hole




Singularity

- Within the singularity, matter is infinitely compressed
into a region of infinite density. At the .s'm_c;u/amfy
gravity is infinite. Space-time has become infinitely
curved. At J"he present time, science has no tools fo
describe conditions within the singularity. All laws of
physics lose meaning in such a region.

At a singularity, space and time cease to exist as we
know them. The laws of physics as we know them break
down at a singularity, so it's not really possible fo
envision something with infinite density and zero volume.



Embedding Structure

Singularity




Photon orbits around
a black hole




Time Dilation and Blueshift

f If you hovered at 1.00 000 1
[ , = times the event horizon

\/ 1 Cb circumference, then one day
£

for you would mean ...




Time Dilation and Blueshift

f If you hovered at 1.00 000 1
{ , = times the event horizon

\/ 1 Cb circumference, then one day
£

for you would mean ...
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C If you hovered at 1.00 000 8
b

9 3 B times the event horizon
— circumference, visible light (5.8 x
C 107 m) from the stars would

appear at wavelength ...




The Effects

No matter how powerful your starship, once
you enter the Event Horizon, you might as well
enjoy the trip, because you are going in.




Visiting a Black Hole




Spaghettification!
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Approaching

Modern

http://iilawww colorado edir/~aish/insidebh/schuw h+m/
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Orbiting Black Hole Looking Down
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Orbiting Looking Horizontally at Photon Sphere




Looking Up
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Forward Sideways Backwards
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Forward Sideways Backwards

r=100 rs

Thankr to £ Erou

R I, T e R L L R



Forward Sideways Backwards
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