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Extent of Our Astronomical
Knowledge

Everything counts — Energy
and matter (ie w/mass)

Accelerating extent of
Universe implies Dark
Energy

Dark matter has mass but
doesn't react with ordinary
matter

Everything we really know
about (4%)

- Atoms: People, stars,
planets, Black Holes...

- Today's topic contained
In this part

74% Dark Energy

WMAP - NASA

4% Atoms




Radiation

* Radiation: The transport of energy, information and sometimes mass
from one place to another without direct physical contact

— Moving particles
* Have mass & kinetic energy
* Sub-atomic particles (e.g. protons, electrons, neutrinos)
* Examples: Solar wind, cosmic rays, radioactive emission

— Propagating_electromagnetic (EM) energy Vielengi )
* Massless
* Waves of alternating electric and magnetic fields
* Examples: light, radio, gamma rays....

Electromagnetic wave

— Gravitational waves (Fheeretteal)
* Netdeteeted-yet-(Experiments-inprogress)
— LIGO Detected! (14 Sept 2015)
* Variation in the strength of the gravitational field
* Examples: black-hole merger
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Earth's Atmospheric
Electro-magnetic Opacity
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The Four Forces

* Strong Force — binds elementary particles (e.g. quarks)
into nuclear particles (e.g. protons) [r=10""> m, rel-strength =1]

* Electromagnetic Force — Magnetic and Electric Fields
exert force on electrically charged objects May repel (like)

or attract (unlike) charges [r=co, rel-strength=10'2]

* Weak Force — Involved 1n radioactive decay (fission)
[r=10'18 m, rel-strength~1 0'14]

* Gravitational Force — all objects with mass attract each

Today's

Focus other (Netwon), follow geodesics (Einstein) [r=oo, rel-

strength 10'38]
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Atoms, Sub-Atomic and Elementary

 Fermions consist of
quarks (heavy) and
leptons (light). All have
spin = 1/2)

 Protons & Neutrons are
made from 3 Quarks
each

 Electrons and neutrinos
are Leptons

« Each elementary particle

has a corresponding
anti-particle

 Atoms are composed of

protons, neutrons &
electrons

Particles

three generations o
(fermions)
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Source of Chemical Elements

AAS
Orange r-process
SN & NS mergers
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Stellar Nuc

|

* Losing mass in
nuclear reactions
becomes energy

(E=m002)

e Fusion releases

lear Energy

Hydrogen

Deuterium

‘Fusion

Lithium

energy (heats)
below Fe

Heliu

Mass per nuclear particle

M®Y Oxygen

Carbon Fission

Uranium
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e Fusion consumes
energy (cools)
above Fe
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Hertzsprung-

TEMPERATURE (Kelvin 'K")
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Luminosity (solar units)

Low and High Mass Evolution
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Stellar Outcomes — Three Options

Drwarves (Main S

Burning Burning helium Instabilty urm runs out

T Tauri Star Yallow Dwarf Red Giant Planetary Nebula
White Dwarf

=
=
=]

gen |

Hyd

Blue Dwarf Supamova

Very Large Stars

Large Stars

© 2014 Pearson Education, Inc.



Mass Determines the Final
Outcome of Star's Core

« Small stars (like the Sun) go out
without a bang — White Dwarf.

- Electron degeneracy

e Larger stars go supernova & [

collapse to Neutron “Stars”

Mcore>1.4 Mg (Chandrasekhar Limit)

Main sequence mass (M)

- Neutron degeneracy

 High mass stars My s>25 Mg go

supernova & collapse to Black
Holes Mcore > 3 Mg

- Singularity

© 2014 Pearson Education, Inc.

Stellar corpse mass (M) —»



Sirius

White Dwarfs

Small, Earth sized +/- f

Massive ~Mg Sirius B
white dwarf

Dense ~10° kg/m3
Electron degenerate
No fusion

Initially hot (white) then
cool to Black Dwarf &
crystallizes




NGC 4526 inVirgo Cluster
Type la Supernova 1994D




Neutron Stars

Neutron stars:

1.4-3 M, are so dense that they are ... g A
very small g i (7
@ Lakeway
] 17 The Hili o o]
Density =3 x 10 kglm3 — as dense =t menn S @8 L)
wk Rolingwood Austin | Municipal Park

as atomic nuclei

Neutron degenerate — holds up NS
against gravity

This image shows a 1-solar-mass

neutron star, about 10 km in radius, 3 oS e koo - okt
compared to City of Austin

The Sun has about 330,000 x M__ .,



LGM-1 - 1967

* 1st pulsar (rotating neutron star that radiates at radio
frequencies)

* Discovered by Dame Jocelyn Bell Burnell - a Postgraduate

student at Cambridge at the time
— (Her thesis advisor Anthony Hewish and others got the Nobel Prize)

l“‘“x “ 4_‘:




Bright Pulsars in Milky Way

Milky Way Center Geminga
Pulsar 8

! o s

f Crab -~ I
Vela Pulsar Pulsar

-
L

Elazarx 3C454.3




Indirect Evidence of
Gravitational Waves

arr\'i

Binary pulsar

Joe Taylor & Russel Hulse
Nobel Prize in 1993

Orbital decay of a binary pulsar
consistent with prediction by
General Relativity theory



Relativity Principles & Effects

Elevator
accelerates

Elevator

Apparent
position _
of star _—~

position
of star

Gravitational
force

2 ant !
Gravity & Acceleration
Equivalence

Atomic clock at Boulder,
Colorado (faster)

Atomic clock at Greenwich,
England (slower)

Gravitational Time Dilation: 7The rate ) .
at which an atomic clock records time is L|g ht-Speed ConStant N a”

diminished as gravity increases. Inertial frames



Spacetime Curvature

 Mass and energy
increase curvature of
spacetime

 Mass tells space how to
curve

e Curved space tells mass
how to move




Relativity

e Validation

- Gravitational refraction - (A. Eddington 1919)
- Frame dragging - Gravity Probe B

- Gravitational time dilation (Pound—Rebka 1959)
(Hafele—Keating 1971)

- Gravitational red-shift (Popper 1954)



Galactic Lensing

_Lenséd’

* Gravitation of large
structures is used to L
observe objects that are [HEEEEECENERSERE
too far away to see MR
otherwise . N

\ ®Lensed
Quasar

Credit: Rhawn Joseph, Ph:D=Black-Holes—Cosmologyconi



Bald Black Hole Types

L . L)
No-Hair Theorem

 Completly characterized by 3
parameters: energy, angular
momentum & electric charge

- Swartzchild BH

 VVacuum
- Kerr BH

* Rotating
- Kerr-Newman BH

* Rotating & charged




The Ultimate Escape Velocity
The Schwartzchild Radius

* We learned in Ch. 2 that the escape velocity of

any mass Is. VZ\/(2GM/7')
r=2GM /v’

G&F ent Horizon

sctwrar zechild radius
_2GM

RSl:h 2

C

(notice that the radius is directly proportional to mass) |

Singularity
* Substituting the mass of the Sun and . .
_ Simple Schematic of a
speed of light Vacuum Black Hole

r=v((2(6.67x10"" N m*/ kg?)(2x10 ke ))/(3x10° m/ s )?)
r=2964m
r =3km

* The Event Horizon is just a mathematical
boundary where nothing (even light) can
escape



Equilibrium - the Balance of Forces

Ideal Gas Law Pauli Exclusion Principle TBD Physics
Hydrostatic Electron Neutron Singularity
Equilibrium Degeneracy Degeneracy |Quark degeneracy?

Main sequence & | White Dwarfs Neutron Stars Black Holes
giant stars
R= Rz6X103 km R=10 km R,=3"M km

M=0.1-200 Mg M=~1 Mg 1.4<M<3 Mg 3<M<10° Mg

0=10° kg/m° 0=10 kg/m® 0=10"" kg/m° 0=00

Hudson

Gvent Horizon

Schwrar zschild radius
2GM

%ch: 2

C

Singularity




LIGO

Laser Interferometer Gravitational-
Wave Observatory

Michelson Interferometer
Arms 4 km long (x280)
Livingston LA & Hanford WA

- two observatories w/3002 km
separation allows differential
measurement

Null output port
Ultra high vacuum tunnels
Cryogenic instruments

Extreme vibration & noise
suppression

Basic Michelson

Interferometer with 4 km
Fabry Perot Cavities

Easer :

vV

4 km

b
4 km

A
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Solar Masses
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X-Ray Studies
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Three Observatory Localization
of Event GW 170814

CD5/P/Mellinger/color

+15.00

L0800

360" x 180



LIGO Technology

* Four stage mirror
assembly (test mass)

* Active seismic noise
cancellation sl asse <

(15t & 2" pendulums)

“Reaction Chain”
Side

» Passive (inertial)
quieting w/40 kg

mirror “Main Chain”
Side

Penultimate mass ;
(3"¢ pendulum) i

Reaction

. / mass

0.4 mm fused M
silica fibers «

Test mass
(4t pendulum)




LIGO Simulation of Events

» Detection of merger event

LIGO Merger Sim

THE GRAVITATIONAL. WAVE
DETECTOR LWJORKS! FOR THE
FIRST TIME, WE. CAN LISTEN
IN ON THE SIGNALS CARRIED
BY RIPPLES IN THE. FABRIC
OF SPACE ITSELF!

)

o)l

EVENTE BLACK. HOLE. MERGER IN CARINA (30 Mo, 30Mo)

EVENT? ZORLAX THE. MIGHTY LJOULD LIKE To CONNECT ON {INKEDIN
EVENT? BLACK HOLE. MERGER IN ORION (20 M, 50 M)
EVENT? MORTGAGE OFFER FROIM TRIGNGULUM GALAXY

EVENT? ZORUAX THE MIGHTY LJOULD LIKE. To CONNELT ON (INKEDIN
EVENT? MEET LONELY SINGLES IN THE. LOCAL GROUP TONIGHT!

Credit: xkcd.com



file:///C:/Users/springen/Documents/ASTRO/GWaves/Video/Neutron%20Star%20Merger%20Seen%20in%20Gravity%20and%20Matter.mp4

The End

——
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