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The three revolutions of 20th century physics

Special Relativity: unification of space and time
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Texts

E. R. Harrison, Cosmology, second edition (Cambridge
Univ. Press, Cambridge, 2000).
P.C.W. Davies, Space and Time in the Modern
Universe, (Cambridge Univ. Press, Cambridge, 1977).
R. Stannard, The New World of Mr. Tompkins
(Cambridge Univ. Press, Cambridge, 1999).
Brian Greene, The Elegant Universe (W.H. Norton,
New York, 1999).
R. Feynman, Six Easy Pieces (Basic Books, 2005).
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Format

Lectures - focusing on the important concepts
Independent reading
Homework sets (roughly bi-weekly)
Final essay
Office hours: TBA (via zoom, see Outline on
myCourses)
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Grading Scheme

Homework sets: 40%
Midterm exam (in class): 15%
Final essay: 15%
Final exam (3 hrs): 30%
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My Research: Theoretical Cosmology

1. Understand origin and early evolution of the universe.

What is the “Big Bang"?
Was there a “Big Bang"?
What was before the “Big Bang"?
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Goals of Early Universe Cosmology

1. Understand origin and early evolution of the universe.

What is the “Big Bang"?
Was there a “Big Bang"?
What was before the “Big Bang"?

2. Explain observed large-scale structure.

Patterns in the distribution of galaxies on large scales.
Anisotropies in CMB maps.

3. Make predictions for future observations.
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Prediction: Gravitational Waves Exist
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Gravitational Waves

Gravitational Waves:

Fluctuations of vacuum space-time.
Obey the wave equation.
Travel with c.
Two polarization states.
Are created by localized accelerating matter with a
non-vanishing quadrupole moment.
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LIGO Laser (Prototype)
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LIGO Seismic Isolation
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VIRGO Laboratory

68 / 194



PHYS 180

R. Branden-
berger

Overview
Contents and
Formalities

My Research

Overview

Newtonian
View

Special
Relativity

General
Relativity

Black Holes

Cosmology I

Quantum

Forces

Cosmology

LIGO Sensitivity
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LIGO Event (Sept. 2015): Nobel Prize 2017

70 / 194



PHYS 180

R. Branden-
berger

Overview
Contents and
Formalities

My Research

Overview

Newtonian
View

Special
Relativity

General
Relativity

Black Holes

Cosmology I

Quantum

Forces

Cosmology

Prof. Rainer Weiss, MIT
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What have we learned?

FIrst direct detection of gravitational waves.
Best evidence for the existence of a black hole horizon.
Best test of General Relativity close to a black hole
horizon.
First detection of a black hole binary system.
Rate of black hole binaries.
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Neutron Star Merger Discovery: August 17
2017
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Birth of Multimessenger Astronomy: August 17
2017
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What have we learned?

First detection of an optical counterpart to a direct
gravitational wave signal.
Birth of the field of Multi-Messenger Astronomy.
First multi-wavelength observation of a kilonova.
Verification that kilonovae can produce heavy elements
(like supernovae).
Stringent test of the Einstein equivalence principle.
Many alternative gravity models ruled out.
New standard candle → new way to directly measure
the Hubble expansion rate.
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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
Hole
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Hole
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Leader of the UCLA Group: Prof. A. Ghez
(Nobel Prize 2020)
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Illustration of our Super-Massive Black Hole
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Event Horizon Telescope Program
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Event Horizon Telescope Image (2019)

Note: Breakthrough Prize, 2019

86 / 194



PHYS 180

R. Branden-
berger

Overview
Contents and
Formalities

My Research

Overview

Newtonian
View

Special
Relativity

General
Relativity

Black Holes

Cosmology I

Quantum

Forces

Cosmology

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

90 / 194



PHYS 180

R. Branden-
berger

Overview
Contents and
Formalities

My Research

Overview

Newtonian
View

Special
Relativity

General
Relativity

Black Holes

Cosmology I

Quantum

Forces

Cosmology

Penrose Diagram of a Charged Black Hole
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Kerr (rotating) Black Hole

92 / 194



PHYS 180

R. Branden-
berger

Overview
Contents and
Formalities

My Research

Overview

Newtonian
View

Special
Relativity

General
Relativity

Black Holes

Cosmology I

Quantum

Forces

Cosmology

Penrose Process

93 / 194



PHYS 180

R. Branden-
berger

Overview
Contents and
Formalities

My Research

Overview

Newtonian
View

Special
Relativity

General
Relativity

Black Holes

Cosmology I

Quantum

Forces

Cosmology

Wormhole Visualization
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The Night Sky
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Parallax Method
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Andromeda Galaxy
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Large-Scale Structure

From: talk by O. Lahav
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Redshift Survey Results in 2003
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Galaxy Redshift
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Vesto Slipher: 1875 - 1969
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Henrietta Leavitt: 1868 - 1921
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Cepheid Period Luminosity Relation
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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)

Assumptions

1. Space-Time described by classical General
Relativity
2. Matter described by classical matter: superposition
of ideal gases
Cold matter: p = 0
Radiation: p = 1

3ρ

3. Space is homogeneous and isotropic
(Cosmological Principle)

Successes

Hubble law - Space is expanding
Existence and Black Body nature of the Cosmic
Microwave Background
Nucleosynthesis - Abundances of light elements
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Time Line: Big Bang Cosmology

Credit: NASA/WMAP Science Team
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Map of the Cosmic Microwave Background
(CMB)
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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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