Hotest Coolest

Surface Temperature

HD 12993
HD 158659
HD 30584
HD 116608
HD 9547
HD 10032
BD 61 0367
HD 28099
HD 70178
HD 23524
SAQ 76803
HD 260655
Yale 1755
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Temperature — Radius — Luminosity
Relationship

L. = luminosity of the star_
R = radius of the star |

T = surface temperature of the star
p,S = constants




Luminosity Classes

| - . Super Giants

Il Luminous Giants
11 Glants

IV Sub Giants -

V ~ Dwarfs

The Sun is a Dwarf...




So finally, stars can be classified.".

By spectral type (OBAFGKI\/I)

Luminosity class (1,11,111,1V,V)
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Spectral Type

Spectral Type

Betelgeuse: M1 |
Sun: G2 V




hot, bright cool, bright
@ ®

L = 4pR2s T4

Sun e

hot, dim cool, dim
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STELLAR FORMATION

Gas Pressure Gravity

~ Outward | ~Inward ..

| (temperature) (mass of cloud)




Stellar Birth

= 40 LY - Interstellar Cloud

fragment

B \J'/

-ﬂ__

e *_
e/ \a / * Gravitational
_ contraction

T Gravitational

—

Interstellar contraction

Cloud




What Is the source of the Sun’s
energy?

Recall the Sun’s Luminosity:

390,000,000,000,000,000,000,000,000 watts_

3 Amount of  fuel
Duration=————————————
Rate of consumption




Historical attempts to explain
energy production '

~Chemical Burning (coal, wood, gas)

. 3,000 years -




Gravitational
Contraction

... Gravitational

40 meters/year Contraction

50 million years




~n Mass and Energy are equivalent

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







Conditions at the Sun’s Core:

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

Core Pressure: 3 trillion pounds/in?




Thermonuclear Fusion




Proton — Proton Cycle

4H® 1He + 2g




Proton

Electron
.

Plasma
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Carbon-Nitrogen-Oxygen Cycle (CNO Cycle)




[ Boam qui(, x972)]Bol




4H = 6.693x1044 gm
-1He = 6.645x10%* gm

Difference of 4.8x10-20 gm (0.7%)

4.8 x 1026 gm

-

E=mc




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,=1.99x103° kilograms

Sun’s lifetime ~ 10 billion years




Radiation Escape from the Core — The.drunken
Random Walk

D = (d/I)2




Hydrostatic Equilibrium

RaelEiEion

Presgstire




Main sequence
hydrogen fusion
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Main Sequence Lifetime
15 Mgy __ 107 years

0.5 My __ 3x10% years

Why does a more massive star live a
shorter lifetime?

Fuel consumption!

15 M, - 107-108.K

0.5M, _ 10%sK




il Evalve I Step . Add stars ﬂ ﬂi EJ

_urraricisity [,_‘L.nlar huarn. |

Temparatune [K]







absolute visual magnitude (A4}

BO AD

3750
effective temperature (K)




1. Low Mass Stars M < 0.5 M

Hydrogen Envelope

Hydrogen Envelope '\ sl

\ s
c,,.

H—

Hydrogen
shell fusion




30% —.40% of total mass is lost




2. Intermediate Mass Stars
05<My <8

Hydrogen Envelope Hydrogen Envelope

e T Inert He

Hydrogen Envelope

Helium Flash

Hydrogen
shell fusion

s




Hydrogen shell
fusion

Helium shell Hydrogen envelope

fusion

Inert carbon/oxygen
core




The Sun
(main sequence)

The Sun
(red giant)
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Planetary Nebula
(has n-othing to do with planets!!)




Egg Nebula - CRL 2688 HST -

PRC96-03 - ST Sc¢| OPO - January 16, 1896
R. Sahai and J. Trauger (JPL), the WFPC2 Science Team and NASA




Hourglass Nebula - MyCn18
Hubble Space Telescope - WFPC2

oy T TP - I Sahae ) T w4 W || = NALSLA

[ omew s e







Eesa

www.spacetelescope.org
















Eesa

www.spacetelescope.org




Life Cycle of the Sun

Naw Gradual warming Red G|ant

F’Ian»al:ary_r Nehula

Wh ite Dwarf
I I

Blrth 1 2 3 4 5 5 ? 8 9 1{1 ]1 12 13 14
Billions of Years (approx.) not to scale










White Dwarf Stars

n
n
n
n

n

Composed mostly of carbon

Surface temperatures of 50,000 K or more

NO internal energy source

'Earth sized
Mass Is that of remnant stellar core

VERY DENSE!




11,000 tons per cubic
Inch

Limit ~ 1.4 solar M

L0 Eridanus B
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What stopped the gravitational
collapse of the white dwarf? .




The electrons did!

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

“ELECTRO'N DEGENERACY PRESSURE”




BUT! Electron Degelneracy Pressure .
has Its limits

Gravity can ‘overwhelm the electrons |
If the mass Is high enough..

M < 1.4 M,

- G )




0.5

1.0

1.5

2.0

25000 |
(0.036)

20000 1

(0.029)

=
[=]
P
L]

Radius [km] (Re)

:

(0.014)

5000

(6.007)|

%‘

Utra-relativistic limit

425000
(0.035)

(0.029)

E_l
=
o

410000
(0.014)

(0.007)

0.5

1:1::
Mass [Maz]

M

1.5



What happens if the core of the
star that remains i1s GREATER

than the Chandrasekhar Limit?




3. High Mass Stars M;, > 8

Hydrogen Envelope Hydrogen Envelope

Inert He

Hydrogen Envelope

. Helium Flash
Hydrogen
shell fusion




Hydrogen shell
fusion

Helium shell
fusion

Inert carbon/oxygen
core

Hydrogen envelope

Hydrogen shell
fusion

Helium shell
fusion

Inert carbon/oxygen
core




25 M, star

Element

Hydrogen
Helium
Carbon
Neon
.Oxygen
Silicon

Iron

Temperature

4x107 K

éxlO8 K
6x108 K
1.2x109 K+ -
1.5x10° K
2.7x10° K

nonel

Duration

7x10° yrs
5x10° yrs

600 yrs

1 year | :

months
days

hours
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carbon fusion
(600 years)

‘

ncon fusion
(1 year)

Stars > 25 solar masses

v

oxygen fusion
(6 months)

)

silicon fusion |
(1 day)




Red Super Glant







Silicon - lron

lron
core

Iron core < 1.4M

Continual silicon fusion increases mass of-core

Eventually Iron core.= 1.4M




Iron core > 1.4M,
Iron core cannot support itself against gravity
Iron core collapses...
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Supernova




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: 100xsthe 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 éﬁple 'o_ne metre straight up




Energy Considerations from a Supernova Explosion

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 cm? of your body every second

Neutrino release: 10000x the EM energy:

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







SN 1998bu
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Supernova Remnants




Supernova Remnants
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Cassiopeia A




CHANDRA X-RAY CHANDRA X-RAY HUBBLE OPTICAL SPITZER INFRARED
(HIGH EMERGY) (LOW ENERGY)




July, 1054 A.D.
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Synthesis of the Elements
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Nucleus ’
<
(protons & /
neutrons) J

Electrons

Protons.

Neutrons.

Electrons:

+ charge
determines chemistry

no charge
adds stability..to a

. degree

adds mass

- charge .
Interacts with rest of

world interacts with
light




Isotopes of the elements

6 protons & 6 neutrons
6 protons + 7 neutrons

6 protons + 8 neutrons, unstable t,,, = ~6000 years

6 protons + 9 neutrons, unstable t,,, = =12 years




absolute visual magnitude (A4}

BO AD

3750
effective temperature (K)




Death of a Star, Birth of the Elements

3)-5C + He 160 +n
Ne+ He >Mg+n

n +{Fe, Ni, Co...}s
s-elements







Nonburning hydrogen

Hydrogen fusion

Helium fusion

Carbon fusion

Oxygen fusion

Neon fusion

Magnesium .
fusion

Silicon fusion




0.7% of mass converted
to energy by E = mc?

He 03 O: Ne
C, O, Ne——S,PS
S,S P —Fe Co, Ni

Much lower energy obtained
from these reactions

End of line, most stable nucla




‘Fred Hoyle solved this




fad

(]

S AEAEA ™ BEAEA LRI LA HEH EA A RA LG NS
II - Ltd b= . LD L3 LB be L = s WYkl
. i | i - s il Wesie Ewils rajis Y i
Mo oo Medk | NedT B SeaE B Seiw St Sedd | edd | Seli | Sad? | el | el | e | Sl | Sell
- s it | Miss | R M. L s - e L' I - il &
II-I = - 1] = LY - Tl & o - " 4
{ T B T 1 ¥ | I3 - s ¥ =
F =% n: rm Ix (] [F5] [ [F] [ [F] (ki [F1] [F{]
N i (' [ LK™ By iE e e (5 (5 I & L
i) [ ¥ ) [ e [ oiete | s Ll
i 1 i L B o
] 4 Ol (] L 0 i 0 T (11 5 | T
" LE_ L l:'_- N [ ] #‘ﬂu (LY L] W LA - "i.
:\ [ Y [ = . - -Ii
— v—
- B (]
[ - " " l*\
L3
s | olia | AR, | 28 e
L - (8 " =
po gl E
= : L | ML
» [0 Ta
s [ = X Bain | Bedd § Pedd | Bed? | Bl
L= LR T el [T 1Y LT s e A '\
- - ¥ [ i . ke | - ] I._I.
o 3 L] | s s
~II- |1|:'II (T = l-:- |{}
[N 0
samwen | o v | ot | RS | onenew | ey
o [ il [ L =
11y
K L [} ot

\ 4

B 4 Neutron Number



Eabl il .
il Lot Bl et e bt i |

3 HHMHHrjﬂHW
“‘I




ds1
= "







ucleosyntnesis

JINA

Joint Institute for Nuclear Astrophysics 2002

Movie H. Schatz, Mational Superconducting Cyclotron Laboratory

Calculation | K. Vaughan, J L. Galache,
and A. Aprahamian, University of Notre Dame

Muodel B, Meyer, Clemson University
and R. Eurman, Morth Carolina State

aaaEEe o |

bl et il iilL
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In the r-process

d

]

Temperature: 1.50 GK
Time: 2.7e-14s



REVIEWS OF
MODERN PHYSICS

VoLume 29, NUMBER 4 Ocroser, 1957

Svnthesis of the Elements in Stars”®

E. MarcArer BurBmoe, G. R. Buremince, WniLtam A. Fowrer, Anp F. HovLE

Kellogg Radialion Laboralory, California Instilule of Technology, and
Mount Wilson and Palomar Observalories, Carnegie Instilution of Washingion,
California Institule of Technology, Pasadena, California

It is the stars, The stars above us, govern our conditions”;
(King Lear, Act IV, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Julius Caesar, Act 1, Scene 2)
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Big Bang Nucleosynthesis

7 8 q
Primordial Elements _ ,ﬂm ,5%4 ,35934

15 16

S

30.9738 | 32.064

23 24 25 2b 21 23. 33 34
V |ICr Mn|Fe |Co | Ni As |Se
50.942 | 51.996 |54.9380) 55847 |58.9332] 58.71 749216 78.96
41 42 43 44 45 46 1 22
Nb Mo | Tc |Ru |Rh |Pd Sb|Te
92 906 | 95.949 (94] 101,07 |1102.905 ] 1064 x 121,75 § 127.60
FC ] ki

T3 F i 16 i8 a0 83_ g4
Tal|lW (Re|Os| Ir | Pt Bi |[Po
180,948 | 183.85 | 186.2 190.2 192.2 | 145.09 208980 (210
q2

91
Pa|l U

[231)




Stellar Evolution

Main Sequence &
Post-Main Sequence
Nucleosynthesis

74.9216

Nb

Sb

196 967

208 980

232.038] [231)




Nucleosynthesis of elements
heavier than iron

S-Process
n Occurs In post-main sequence giants

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

n Neutron Capture

=

1SCEF “Hesan 1°0 =+ neutron

If iron “seed” nuclei are available then:

Fe + n & >'Fe’ + n & >%Fe +n-a >°Fe + n & ~>°Co




S-Process
Nucleosynthesis




R-Process
n Creates the heaviest (neutron rich) elements
n Involves creation of highly unstable nuclei .

~ Very rapid neutron capture helps create
stable nuclel

n 'Requires very high temperatures and high-

-« “neutron flux”

n Supernovae environment




R-Process
Nucleosynthesis




NEUTRON STARS




What happened to the iron core
- after the supernova?




electron




NEUTRON STAR



neutron star

Solar-mass white dwarf




Neuiron Star Interior |

~ Ironfelectron crust

4x10" 220,000,000 tons

superfluid neutrons

mantle _Fl? per cubicinch *
2x10

density : Limit ~ 3 solar M
(kg/m°) superconducting protons . .
- plus superfluid neuirons
core




What keeps the neutron star from
collapsing?

"NEUTRON DEGENERACY PRESSURE

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




" Chandrasekhar Limit for -
neutron stars

M < 3.0 My




How do we know that neutron
stars actually exist?

-irst theorized in the 1930's
First discovered in 1967
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“pulsed” energy every 1.34 seconds
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Conservation of Angular Momentum

< e

<
-
2




"pulse” of light
towards earth




MPIfR~-Bonn Pulsar Group




Eesa

www.spacetelescope.org




Rapidly rotating neutron star

_Or_

PULSAR













The Crab Pulsar

Eesa

www.spacetelescope.org




What If the iron-core > 3.0M

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










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




Radius =0

Mass = mass of the
original core

Singularity




EVENT HORIZON

4

Singularity




Physical Properties of Black Holes
EVENT HORIZON

Schwartzschild
w

Singularity

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




Mass bends space and time

- very peculiar effects on time
- space becomes warped




In orbit around a Black Hole

0.00




In orbit around a Black Hole at Event
Horizon

Capture Statistics

Captured frames: 0
Cropped frames: 0

File size: 1]

Wideo length: 0 Seconds

Capture length: 0 Seconds

Capture Properties

Frame size: 404 x 368
Frame rats: 15.0 frames/sec
Calars: 65536 colors
Compression: Microsaft Video 1

Record audio:  Enabled

Press Print Screen bo stop video capture




T HORIZON

Singularity




Finding the Invisible The Vayage Up Close and Personal
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509 s = - SN ERREER Distance
] Speed N from €arth [T]

Welcome to your interstellar spacecraft. To begin your journey to the black hole, you must first escape
Earth's gravity. Please select o speed.

75 mp.h. b 717 mph. Ithe speed of sound| ) 25,000 mp.h.




Examples

M=3M, ° Rs = 9km (5.4 mi)

M=1M, Rg = 3km (1.8 mi)

M=1M,_., Re ~ 1 cm




If we can’t see ‘em, how do

we find.‘em?




Solitary stellar mass black hole




Solitary stellar mass black hole







Formation of jets
from black hole accretion disk

N, Magnetic
field lines

Accretion
disk
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NGC 4291

75000 light-years

Black Hole Mass

2 billign suns

200 million suns

20 million suns
=]

3 million suns

Black hole event horizons

[ —
3000 light-years Diameter of Earth's Orbit
{186 million miles)




