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CERN LHC Detector
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CERN Director: Fabiola Gianotti
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Cygnus X1
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LIGO Laser (Prototype)
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LIGO Mirrors
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LIGO Seismic Isolation
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VIRGO Laboratory
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LIGO Sensitivity
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LIGO Event (Sept. 2015): Nobel Prize 2017
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Rainer Weiss, MIT

PHYS 180
R. Branden-
berger

Overview

Newtonian
View

Special
Relativity

General
Relativity

Black Holes
Cosmology |
Quantum
Forces

Cosmology

71/194



Prediction (Numerical GR)
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Binary Black Hole
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What have we learned?
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Neutron Star Merger Discovery: August 17
2017

PHYS 180
R. Branden-
berger

Overview

Contents and

Newtonian
View

Special
Relativity

General
Relativity

Black Holes
Cosmology |
Quantum
Forces

Cosmology




Birth of Multimessenger Astronomy: August 17
2017
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What have we learned?
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Super-Massive Black Hole in the Center of the
Milky Way
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Sagittarius A* in X-Ray
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Sagittarius A* in Radio
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Orbits of Stars about our Super-Massive Black
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lllustration of our Super-Massive Black Hole
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Event Horizon Telescope Program
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Event Horizon Telescope Image (2019)
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Roger Penrose, Nobel Prize 2020
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Stephen Hawking
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Hawking-Penrose Singularity Theorems
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Penrose Diagram of a Charged Black Hole
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Kerr (rotating) Black Hole
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Penrose Process
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Wormhole Visualization
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Parallax Method
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Andromeda Galaxy
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Galaxies
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Large-Scale Structure
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Spectrometer
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Electromagnetic Spectrum

PHYS 180
R. Branden-
berger

verview

Newtonian
View

Spe!
Relativity

General X ) 5 5 5
Wavelength 100 107 10' 1 100 10?10 104 10 106 10 10% 10
Relativity T T

107 10 10'?
(in meters) T

Size of a Q
wavelength Vot Wotr M
Common -
name of wave -
Cosmology | " VOLET VAR X RAY
e )
SOFI” X RAYS GAMMARATS
Quantum
Y
Forc ' @ % -
Light Bty The ALS Toy %
- 3 rople Vadoes
Cosmology Frequency T . ' . .
9 (waves per
second) 10° 107 102 10° 10 10" 107 10" 10 10" 10 107 10" 10 107
p— —
of o T
" n L L n n

(olectronvolts) 109 108 107 10% 105 10t 107 0?7 107 1 00 102 100 10t 100 10f

104/194



Galaxy Spectrum
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Galaxy Redshift
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Vesto Slipher: 1875 - 1969

PHYS 180

R. Branden-
berger

Overview

Newtonian
View

Special
Relativity

General
Relativity

Black Holes
Cosmology |
Quantum
Forces

Cosmology

107/194



Henrietta Leavitt: 1868 - 1921
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Edwin Hubble: 1889 - 1953
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Hubble’s Results
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Modern Hubble Diagram
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Curved Space-Time
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Georges Lemaitre: 1894 - 1966
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Standard Big Bang Cosmology (SBB)
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Hubble Law
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Spectrum of the CMB
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Niels Bohr (1885 - 1962)
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Bohr Model of the Atom
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Spectrum of Hydrogen
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Max Planck (1858 - 1947)
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Spectrometer
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Black Body Spectrum
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Electromagnetic Spectrum
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Werner Heisenberg (1901 - 19
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Erwin Schroedinger (1887 - 1961)
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d (1871 - 1937)
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Bohr Model of the Atom
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Spectrum of Hydrogen
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Max Born (1882 - 1970)
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Periodic Table
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[ Alkali metals ] Halogens
berger )
3 group [] Alkaline-earth metals [] Noble gases
E’ ! [] Transition metals [[] Rare-earth elements (21, 39, 57-71) 18
1 and lanthanoid elements (57-71 only) 2
"WH | o O oOthermetas 13 14 15 16 17 | He
3 2 [ Other nonmetals [ Actinoid elements 5 6 7 ) 9 10
2 A
Li | Be B|C|N|O F | Ne
3 1 12 13 14 15 16 17 18
Na (Mg | 3 4 5 6 7 8 9 0 1 12 [ Al | Si P S | Cl | Ar
4 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K [Ca|Sc | Ti V |Cr |Mn|Fe [Co| Ni |[Cu|Zn|Ga|Ge|As | Se | Br | Kr
37 (38 [39 [40 [41 [42 [43 (44 (a5 46 [47 [48 [49 [50 |51 |52 [53 |54
Rb | Sr | Y [Zr |[Nb|Mo | Tc ([Ru | Rh |Pd | Ag ([Cd | In | Sn | Sb | Te | Xe
55 56 57 72 73 74 75 76 7 78 79 80 81 82 83 84 85 86
Cs|(Ba|La|Hf | Ta|W [Re |Os | Ir [Pt [Au|Hg | Tl [ Pb | Bi | Po | At | Rn
87 [88 ([89 [104 [105 [106 [107 [108 [109 [110 [111 [112 [113 [114 [115 [116 [117 [118
Fr |Ra | Ac | Rf |Db | Sg |Bh |Hs | Mt |Ds |Rg |Cn | Nh | FIl |Mc | Lv | Ts | Og

Quantum fanthandid series 6 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce |Pr (Nd |(Pm|Sm | Eu [Gd [ Tb ([ Dy | Ho | Er | Tm | Yb | Lu

91 92 93 94 95 96 97 98 929 100 (101 |102 (103

Th |Pa| U |Np|[Pu|[Am |Cm | Bk | Cf | Es [Fm | Md | No | Lr

Fo

actinoid series 7

*Numbering system adopted by the International Union of Pure and Applied Chemistry (IUPAC). © Encyclopaedia Britannica, Inc.
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1 12 13 14 15 16 17 18
3| Na Mg | 3 4 5 6 7 8 9 0 1 12 [ Al | Si P S | Cl | Ar
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37 (38 |39 |40 |41 (42 |43 |44 |45 (46 |47 |48 (49 |50 |51 |52 |53 |54
SIRo|sr| Y |2z |Nb|Mo| Tc|Ru|Rh|Pd Ag ([Cd | In | Sn | Sb | Te | Xe
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6l cs|Ba|La| Hf [Ta| W | Re Os (Ir [Pt |Au|Hg | Tl [ Pb | Bi | Po | At | Rn
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7 Fr |Ra | Ac | Rf |Db | Sg |Bh |Hs | Mt |Ds |Rg |Cn | Nh | FIl |Mc | Lv | Ts | Og
Quantum fanthandid series 6 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce |Pr (Nd |(Pm|Sm | Eu [Gd [ Tb ([ Dy | Ho | Er | Tm | Yb | Lu
Forces o o1 |92 |93 |94 |95 |96 |97 |98 |99 [100 [101 [102 |103
Cosmology actinoid series 7| 'z | pa | U | Np | Pu |Am [Cm | Bk | cf | Es | Fm [ Md | No | Lr

*Numbering system adopted by the International Union of Pure and Applied Chemistry (IUPAC). © Encyclopaedia Britannica, Inc.
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Michael Faraday (1791 - 1867)
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Marie Curie (1867 - 1934)
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Beta Decay
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Hideki Yukawa
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Cyclotron Image

PHYS 180

R. Branden-
berger

Overview

Contents and
Formalities

Newtonian
View

Special
Relativity

General
Relativity

Black Holes
Cosmology |
Quantum
Forces

Cosmology

155/194



Murray Gell-Mann

PHYS 180
R. Branden-
berger

Overview

Contents and
Formalities

My Research

Overview

Newtonian
View

Special
Relativity

General
Relativity

Black Holes
Cosmology |
Quantum
Forces

Cosmology

156/194



Georg Zweig

PHYS 180

R. Branden-
berger

Overview

Contet
Formal

My
Ov

Newtonian
View

Special
Relativity

General
Relativity

Black Holes
Cosmology |
Quantum
Forces

Cosmology

157/194



PHYS 180
R. Branden-
berger

Overview

Newtonian
View

Special
Relativity

General
Relativity

Black Holes
Cosmology |
Quantum
Forces

Cosmology

Sheldon Glashow

158/194



Steven Weinberg
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CERN: Beam Pipe
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CERN: Detector
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CERN: Director General Fabiola Gianotti
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Standard Model of Particle Physics
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Large-Scale Structure
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Hubble Law
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Jim Peebles: Nobel Prize 2019
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Prediction of the Cosmic Microwave
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Spectrum of the CMB
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Nucleosynthesis
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Quark-Gluon Phase Transition
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Galaxy Rotation Velocity
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Galaxy Rotation Velocity
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Anisotropies in the Cosmic Microwave
Background (CMB)
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Microwave Anisotropies
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Horizon Problem

PHYS 180

R. Branden-
berger

age of universe

We can see gas at

points A and B before

they knew about each
%, other.

----- 500,000 yr
TR . distance
Gas at point A has received signals Gas at point B has received signals
fram Lhis part of the universe. fram this part of the universe.

Eopyright B Addion Waley,

Cosmology

192/194



Horizon Problem

PHYS 180

R. Branden-
berger

Cosmology

193/194



Large-Scale Structure
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Cosmological Density Fluctuations
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Structure Formation Problem
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Flatness Problem

PHYS 180

R. Branden-

berger
g Open 7
Critical

l

c

2

B

@

@

Closed
Black Holes : Time ———
Big Bang

Cosmology

197/194



PHYS 180

R. Branden-
berger

Newtonian

General
Relativity

Black Holes
Cosmology |
Quantum

Forc

Cosmology

Flatness Problem

198/194



	Overview of the Course
	Contents and Formalities
	My Research
	Overview

	Newtonian View of Space, Time and Matter
	Special Relativity Revolution
	General Relativity Revolution
	Black Holes
	Cosmology I
	Waves, Particles and Quantum Mechanics
	Forces of Nature
	Modern Cosmology

