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Spectroscopic Parallax



Temperature – Radius – Luminosity 
Relationship

L = luminosity of the star
R = radius of the star
T = surface temperature of the star
π,σ = constants

424 TRL σπ=



Luminosity Classes

I Super Giants
II Luminous Giants
III Giants
IV Sub Giants
V Dwarfs
The Sun is a Dwarf…



So finally, stars can be classified…

By spectral type (OBAFGKM)
Luminosity class (I,II,III,IV,V)



Betelgeuse: M1 I
Sun: G2 V



L = 4πR2σT4



STELLAR FORMATION

Gas Pressure

Outward

(temperature)

Gravity

Inward

(mass of cloud)

<

GRAVITATIONAL CONTRACTION



Stellar Birth



What is the source of the Sun’s 
energy?

Recall the Sun’s Luminosity:

390,000,000,000,000,000,000,000,000 watts

nconsumptioofRate

fuelofAmount
Duration =



Historical attempts to explain 
energy production

Chemical Burning (coal, wood, gas)

3,000 years



Gravitational 
Contraction

40 meters/year

50 million years



Albert Einstein (1879-1955)

n Mass and Energy are equivalent

n A small amount of mass yields a large 
amount of energy

2mcE =





Conditions at the Sun’s Core:

Core Temp:  15,000,000 K   (27,000,000 °F)

Core Pressure: 3 trillion pounds/in2



Thermonuclear Fusion



Proton – Proton Cycle

4H → 1He + 2γ









NUCLEOSYNTHESIS





Carbon-Nitrogen-Oxygen Cycle   (CNO Cycle)





4H = 6.693x10-24 gm
-1He = 6.645x10-24 gm

Difference of 4.8x10-26 gm (0.7%)



Some incredible numbers…
The proton-proton cycle occurs

1038 times/second
Each second:

624 million tons of hydrogen
Fuses to become

620 million tons of helium

4 million tons of hydrogen becomes 
energy



4 million tons of matter becomes 
energy

153 meters

4 million tons of water



M¤=1.99x1030 kilograms

Sun’s lifetime ~ 10 billion years



Radiation Escape from the Core – The drunken
Random Walk

D = (d/l)2



Hydrostatic Equilibrium







Main Sequence Lifetime
15 Mù _ 107 years

0.5 Mù _ 3x1010 years 

Why does a more massive star live a 
shorter lifetime?

Fuel consumption!

15 Mù _ 107-108 K

0.5 Mù _ 106‘s K

Lifetime of star on MS α 1/ M3 = M-3







White Dwarfs



1.  Low Mass Stars M < 0.5 Mù



30% – 40% of total mass is lost



2. Intermediate Mass Stars 
0.5 < Mù < 8









Planetary Nebula
(has nothing to do with planets!!)



























White Dwarf Stars

n Composed mostly of carbon

n Surface temperatures of 50,000 K or more

n NO internal energy source

n Earth sized

n Mass is that of remnant stellar core

n VERY DENSE!



11,000 tons per cubic
inch

Limit ~ 1.4 solar M

White Dwarf Star





What stopped the gravitational 
collapse of the white dwarf?



Electrons have a limit to how tightly they can be 
packed together

“ELECTRON DEGENERACY PRESSURE”

The electrons did!



BUT!  Electron Degeneracy Pressure 
has its limits

Gravity can overwhelm the electrons 
if the mass is high enough..

M < 1.4 Mù

Chandrasekhar Limit





What happens if the core of the 
star that remains is GREATER 
than the Chandrasekhar Limit?



3.  High Mass Stars Mù> 8





25 Mù star
Element Temperature Duration

Hydrogen 4x107 K 7x106 yrs

Helium 2x108 K 5x105 yrs

Carbon 6x108 K 600 yrs

Neon 1.2x109 K 1 year

Oxygen 1.5x109 K months

Silicon 2.7x109 K days

Iron none! hours











Iron core < 1.4Mù

Continual silicon fusion increases mass of core

Eventually Iron core = 1.4Mù



Iron core > 1.4Mù
Iron core cannot support itself against gravity

Iron core collapses…







Supernova 1987a



Energy Considerations from a Supernova Explosion

Three releases of energy:

1. Electromagnetic (light)   1x
2. Kinetic energy of exploding material 100x
3. Neutrino escape 10000x



Energy Considerations from a Supernova Explosion

For a brief time a supernova explosion will out shine an
entire galaxy in electromagnetic energy



Supernova 1987a



Energy Considerations from a Supernova Explosion

Kinetic energy: 100x the EM energy:

1047 Joules*, enough energy to accelerate the mass
of the sun to 3.3% speed of light, c

*the energy required to lift a small apple one metre straight up.



Energy Considerations from a Supernova Explosion

Neutrino release: 10000x the EM energy:

1049 Joules, enough energy to accelerate the mass
of the sun to 99% speed of light, c

• Neutrinos: chargeless, very small or massless, weakly
interacting particle

• Produced by nuclear reactions
• As fuels at carbon and beyond burn in core of high 

mass star, their release goes up dramatically, cooling 
the core

• Pass through light years of lead and not interact
• 1010 pass through every cm2 of your body every second









Supernova Remnants



Supernova Remnants



Supernova Remnants



Supernova Remnants



Supernova Remnants







July, 1054 A.D.



M1 - The Crab Nebula





Synthesis of the Elements





Protons: + charge
determines chemistry

Neutrons:   no charge
adds stability..to a 
degree
adds mass

Electrons:   - charge
interacts with rest of 
world interacts with 
light



Isotopes of the elements

12C  =  6 protons + 6 neutrons
13C  =  6 protons + 7 neutrons
14C  =  6 protons + 8 neutrons, unstable t1/2 = ~6000 years
15C  =  6 protons + 9 neutrons, unstable t1/2 = ~12 years



White Dwarfs



Death of a Star, Birth of the Elements

C and S Stars: Thermal Pulse Phase

Planetary Nebula Phase

Total lifetime in TP:  ~100,000 years
Total TP: ~15-20

Slow Neutron Capture Synthesis
of heavy elements: >Fe

Between TP: Dredge Up Period

1) He             12C
2) 12C            13C
3) 13C  +  He            16O + n

22Ne +   He             25Mg + n
4) n + {Fe, Ni, Co…}

s-elements



Historical

• In the 1940’s and early 1950’s as Big Bang picture
for origin of Universe was developing – elements cooked
up early in expansion

• Early 1950’s this started to give way to the stars being the
most likely place

Fred Hoyle, Cambridge
William Fowler, Cal Tech
Geoffrey Burbidge
Margarate Burbidge

• The seminal observation was detection of technetium 
in atmospheres of old (>several 109 years) stars

• 1930’s Hans Bethe discovers mechanisms by which stars shine
- fusion of hydrogen to helium primary energy source





4H He 0.7% of mass converted
to energy by E = mc2

Main Sequence

Off main sequence

He C, O, Ne
C, O, Ne Si, P, S
Si, S, P Fe, Co, Ni

Much lower energy obtained
from these reactions

End of line, most stable nuclei

Energy Production in Stars



The problem: Synthesis of Carbon-12

4H He
He + H [Li] He + H
He + He [Be] He + He

He + He + He [12C]* 3He Triple alpha Process
fast

slow 12C

gamma ray

Fred Hoyle solved this



The 3rd Dimension of the Periodic Table
Valley of Stability

Neutron RichProton Rich

Proton
Number

Neutron Number



The 3rd Dimension of the Periodic Table

Neutron Number

Iron

Proton
Number

Iodine

Tungsten

Uranium

Zirconium

Lead



Nucleosynthesis in Stars by s-process (slow neutron capture)

Neutron number



Neutron number

Nucleosynthesis in Stars by r-process (Rapid neutron capture)



Nucleosynthesis in Stars by r-process (Rapid neutron capture)



B2FH





Big Bang Nucleosynthesis



Stellar Evolution



Nucleosynthesis of elements 
heavier than iron

S-Process

n Occurs in post-main sequence giants

n Creation of stable nuclei up through 208Pb (lead) and 
209Bi (bismuth)

n Neutron Capture
13C + 4He à 16O + neutron

If iron “seed” nuclei are available then:
56Fe + n à 57Fe + n à 58Fe +n à 59Fe + n à 59Co 





R-Process

n Creates the heaviest (neutron rich) elements

n Involves creation of highly unstable nuclei

n Very rapid neutron capture helps create 

stable nuclei

n Requires very high temperatures and high 

“neutron flux”

n Supernovae environment





NEUTRON STARS



What happened to the iron core 
after the supernova?





NEUTRON STAR





220,000,000 tons
per cubic inch

Limit ~ 3 solar M



NEUTRON DEGENERACY PRESSURE
Neutrons have a limit to how tightly they can 

be packed together

What keeps the neutron star from 
collapsing?



Chandrasekhar Limit for 
neutron stars

M < 3.0 Mù



How do we know that neutron 
stars actually exist?

n First theorized in the 1930’s
n First discovered in 1967





“pulsed” energy every 1.34 seconds

LGM







Conservation of Angular Momentum









Rapidly rotating neutron star

-or-

PULSAR



The Crab Nebula







The Crab Pulsar



What if the iron core > 3.0Mù

n Degeneracy pressure is overcome by 
gravity

n The core continues to shrink 
producing NO HEAT.

n No force in nature can stop the 
collapse



ESCAPE VELOCITY

G = Universal Gravitational Constant
M = Mass of the gravitating body
R = Radius of the gravitating body

R
GMVesc

2
=



R
GMVesc

2
=

.
R R R R R

2
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r
mGmF =



R
GMVesc

2
= 2
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r
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R
R



Soon the escape velocity is 
greater than the speed of light!







Physical Properties of Black Holes

R = Schwartzschild Radius
Size of event horizon depends only on MASS

2

2
c
GMR =R

GMVesc
2

=

cVesc =



Mass bends space and time

- very peculiar effects on time
- space becomes warped



In orbit around a Black Hole



In orbit around a Black Hole at Event
Horizon







Examples

M = 3 Mù RS = 9km (5.4 mi)

M = 1 Mù RS = 3km (1.8 mi)

M = 1 Mearth RS ~ 1 cm



If we can’t see ‘em, how do 
we find ‘em?



Solitary stellar mass black hole



Solitary stellar mass black hole
















