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Large-Scale Structure

A: Milky Way

B: Perseus-Pisces Supercluster

C: Coma Cluster

D: Virgo Cluster/Local Supercluster
E: Hercules Supercluster

F: Shapley Concentration/Abell 3558

_900

G: Hydra-Centaurus Supercluster

H: "Great Attractor"/Abell 3627

I: Pavo-Indus Supercluster

J: Horologium-Reticulum
Supercluster
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WMAP Microwave Telescope
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Goals of Early Universe Cosmology

1. Understand origin and early evolution of the universe.

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

2. Explain observed large-scale structure.

o Patterns in the distribution of galaxies on large scales.

@ Anisotropies in CMB maps.

16/371



PHYS 182
R. Branden-
berger
Our Place

Light and
Matter

Telescopes
Relativity
[OIVETy (V)
Sun

Stars

Star Death

Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure

Goals of Early Universe Cosmology

1. Understand origin and early evolution of the universe.

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

2. Explain observed large-scale structure.

o Patterns in the distribution of galaxies on large scales.

@ Anisotropies in CMB maps.

3. Make predictions for future observations.
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Solar System: Sizes and Distances

00Ut eye fevel on the planet pedest

als. The building at the fef is
the National Air and Space Museum.

Mercury

Venus

Jupiter Eeit

Mars
«  Saum

-

hours;

Uranus

Neptune
Pluto

Eris

2 The scaled sizes (but not distances) of the Sun, the planets, and the two largest known dwarf planets

Pluto Neptune Uranus

7th
st

At and Industries. Hirshhom
Building Museum

b Locations of the Sun and planets in the Voyage model (Washington, D.C.); the distance from the Sun
to Pluto is about 600 meters (1/3 mile). Planets are lined up in the model, but in reality each planet
orbits the Sun independently and a perfect alignment never occurs.

FIGURE 1.6 Interactive figure The Voyage scale model represents the solar system at one ten-billionth of its
the Voyage model for context.

CHAPTER 1 A MODERN VIEW OF THE UNIVERSE

tance from the Sun to Pluto in just a few minutes, How

National Air and Space Museum

actual size. Pluto is included in
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How to determine distances within the solar
system?

PHYS 182

R. Branden-
berger
Our Place

Light and
Matter

How to determine distances within the solar system?

Telescopes
Relativity
[OIVETy (V)
Sun

Stars

Star Death

Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure

24/371



PHYS 182

R. Branden-
berger
Our Place

Light and
Matter

Telescopes
Relativity
[OIVETy (V)
Sun

Stars

Star Death

Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure

How to determine distances within the solar
system?

How to determine distances within the solar system?

@ Motion in the sky

24/371



How to determine distances within the solar
system?

PHYS 182

R. Branden-
berger

Our Place

Light and
Matter

How to determine distances within the solar system?

Telescopes

Relativity @ Motion in the Sky
[OIVETy (V)
o Parallax

Sun
Stars

Star Death

Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:

Cosmology

and the Origin

of Structure

24/371



Parallax Method
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The Night Sky
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Spectrometer
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Visible Spectrum
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Atmospheric Windows
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The Night Sky
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Andromeda Galaxy
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Galaxies
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Hubble Deep Field
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Solar Spectrum
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Hydrogen Spectrum
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Spectrometer
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Galaxy Spectrum
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Doppler Effect
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The Expanding Universe
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The Expanding Universe
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The Expanding Universe
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Redshift Survey Results in 1989
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Microwave Telescopes in Space: WMAP
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Anisotropies in the Cosmic Microwave
Background (CMB)
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Free Fall in Outer Space
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Angular Momentum
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Kepler’s First Law
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The Picture of an Atom
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Three Types of Spectra

PHYS 182

R. Branden-
berger

Spectrum

[ T |

Our Place

Light and
Matter

Telescopes
Relativity
Quantum
Sun

Stars

Star Death .
Our Galaxy Light source

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure

Spectrum with
absorption line

[ |

Gas cloud

Light source

Emission line

Gas cloud




Spectrum of Star and its Temperature
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Spectrometer
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Refraction of Sunlight

PHYS 182
R. Branden-
berger

Our Place

Light and
VENCT

Telescopes
Relativity
[OIVETy (V)
Sun

Stars

Star Death
Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure




Refraction of Sunlight

PHYS 182

R. Branden-
berger
Our Place

Light and
Matter

Telescopes
Relativity
Quantum
Sun

Stars

Star Death
Our Galaxy
Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure




PHYS 182

R. Branden-
berger

Our Plz

Light and
tter

Telescopes

Relativity

81/371



Refracting Telescope
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Reflecting Telescope
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Canada-France-Hawai Optical Telescope
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Arecibo Radio Telescope
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South Pole Telescope CMB Experiment
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WMAP CMB Satellite
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ALMA: Infrared Telescope Array
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Hubble Space Telescope: UV and Visible
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CHANDRA X-Ray Telescope
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FERMI: Gamma-ray Telescope
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Mass curves Space-Time
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Curved Space-Time
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Postdiction: Perhelion Precession of Mercury
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Prediction: Bending of Light
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Prediction: Black Holes
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Prediction: Gravitational Waves Exist
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LIGO Hanford Site
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Binary Black Hole
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Principle of Gravitational Lensing
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Gravitational Lensing Ring (Einstein Ring)
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Gravitational Lensing (HST Picture)
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Roemer: Determination of the speed of light
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Fizeau Experiment
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Michelson-Morley Experiment
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Length Contraction
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Niels Bohr

PHYS 182
R. Branden-
berger

Our Place

Light and
VENCT

Telescopes
Relativity
Quantum
Sun

Stars

Star Death
Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure

120/371



Max Planck
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Marie Curie
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Bohr Model of the Atom
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Spectrum of Hydrogen
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Beta Decay
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Hydrogen Wave Functions
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Hydrogen Wave Functions
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Fission vs. Fusion
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Solar Spectrum
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The Proton-Proton Fusion Chain
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Temperature Profile of the Sun
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Convection
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Solar Thermostat
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Convection
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Hot gas rises.

Convection

The process of hot gas rising and
cool gas sinking.

Since hot material radiates more
light, the rising hot parts appear
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Solar Surface: Sunspots
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Sunspot Mechanism
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Solar Photosphere
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Solar Prominence
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The Night Sky
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Constellations: Orion
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Spectral Sequence
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Visual Binary Star System
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Spectroscopic Binary Star System
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Eclipsing Binary Star System
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Eclipsing Binary Star System - Model
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Eclipsing Binary Star System - Data
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The Proton-Proton Fusion Chain
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Hertzsprung-Russell Diagram
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Sub-Giant Star
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Red Giant
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Hertzsprung-Russell Diagram
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Open Star Cluster
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Globular Cluster
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Molecular Cloud in IR
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Approaching the Main Sequence
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Approaching the Main Sequence
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Protostellar Disk
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Protostellar Jet
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Sub-Giant Star
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Planetary Nebula

PHYS 182
R. Branden-
berger
Our Place

Light and
Matter

Telescopes
Relativity
Quantum
Sun

Stars

Star Death
Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure
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Evolution after the Red Giant Stage

PHYS 182

R. Branden-
berger

Our Place

Bare Core

Envelope Ejection

10°

—~ 104
S

~ z 102
Stars B
[}

Star Death < 1
ﬂ, £

Our Galaxy 3 102

104

I I ! 1
40,000 20,000 10,000 5,000 2,500

Temperature (K)

187/371



Evolution of a Low Mass Star
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Red Supergiant Evolution
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Heavier Element Formation
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Structure of a Massive Star
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Stability of Nuclei
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Crab Nebula
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Pulsar Picture
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Crab Pulsar
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White Dwarf Binary
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X-Ray Binary
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X-Ray Binary
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Intensity Spectrum of a X-Ray Bur
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Sun as a Black Hole
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Cygnus X1
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Cygnus X1
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The Expanding Universe
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Prediction: Gravitational Waves Exist
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Michelson-Morley Interferometer
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LIGO Laser (Prototype)
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LIGO Mirrors
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LIGO Seismic Isolation
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LIGO Hanford Site
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LIGO Livingstone Site
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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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Prediction (Numerical GR)
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Binary Black Hole

PHYS 182
R. Branden-
berger

Our Place

Light and
VENCT

Telescopes
Relativity
[OIVETy (V)
Sun

Stars

Star Death
Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure




What have we learned?
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Neutron Star Merger Discovery: August 17
2017

PHYS 182
R. Branden-
berger

Our Place

Light and
VENCT

Telescopes
Relativity
[OIVETy (V)
Sun

Stars

Star Death
Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure

232/371



Birth of Multimessenger Astronomy: August 17
2017
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What have we learned?
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First detection of an optical counterpart to a direct
gravitational wave signal.
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Sagittarius A* in Radio

PHYS 182

R. Branden-
berger

Our Place Radio Arc

Light and SNR
Matter

Telescopes
Relativity
[OIVETy (V)
Sun

Stars Sgr B2 Sgr B1
Star Death
Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure




PHYS 182

R. Branden-
berger
Our Place

Light and
Matter

Telescopes
Relativity
Quantum
Sun

Stars

Star Death
Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure

Orbits of Stars about our Super-Massive Black
Hole




Orbits of Stars about our Super-Massive Black
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Leader of the UCLA Group: Prof. A. Ghez
(Nobel Prize 2020)
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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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Event Horizon Telescope Image (2019)
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Milky Way Galaxy from Earth
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Milky Way Galaxy
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Side View of the Milky Way Galaxy
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Structure of the Milky Way Galaxy
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Galaxy Rotation Velocity

PHYS 182
R. Branden-
berger

ur P

Light and

R (hpcl

Variation with distance from the galactic ce:

 of the linear velo { differential
rotation, ©(R), according to Simonson & Mader (1973) at R < § kpe and according lo
Schmidt {1965} at R = 5 kpc, and of the corresponding total galactic mass surface density,
&(R), according to Innanen (1973). The dots show the rotatio velocities found from H 1
abservations of the subcentral-point region by Shane & Bieger-Smith (1966)

249/371



Galaxy Rotation Velocity
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History of the Universe
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Spectrum of the Microwave Background
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Star Forming Cloud
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Planetary Nebula
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Crab Nebula - a Supernova Remnant
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Helium Fusion
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CNO Cycle
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Heavier Element Formation
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Planetary Nebula Spectrum
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Star Forming Cloud
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Andromeda Galaxy
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M51 Galaxy
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Infrared View of the Milky Way
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Radio View of the Milky Way
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X-ray View of the Milky Way
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Sea of Galaxies
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Hubble Deep Field
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Spiral Galaxy
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Spiral Galaxy
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Spiral Galaxy
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Andromeda Galaxy
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Barred Spiral Galaxy
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Elliptical Galaxy - M87
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Elliptical Galaxy - M110
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Galaxy Classification
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Hubble’s Data
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Sea of Galaxies
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Parallax Method
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Hertzsprung-Russell Diagram
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White Dwarf Supernovae (SN Type |A)
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The Expanding Universe
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Supernova Hubble Law
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Galaxy Clusters
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HST Galaxy Cluster
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Prediction: Bending of Light
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Bullet Cluster
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Redshift Survey Results in 1989
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Active Galactic Nucleus
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Super-Massive Black Hole in the Center of the
Milky Way
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Leader of the UCLA Group: Prof. A. Ghez
(Nobel Prize 2020)
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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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Radio Galaxy
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Cygnus A Radio Galaxy
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The Expanding Universe
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The Expanding Universe
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The Expanding Universe
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Supernova Hubble Law
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Expansion Redshift
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Expansion redshift vs. Doppler Redshift
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Matter and Radiation Scaling
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Jim Peebles: Nobel Prize 2019
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Prediction of the Cosmic Microwave
Background
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Prediction of the Cosmic Microwave
Background
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Discovery of the Cosmic Microwave
Background
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History of the Universe
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Thermal Equilibrium in the Early Universe
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Spectrum of the Microwave Background
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Cosmological Periods at “Late” Times
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Quark-Gluon Phase Transition
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Running of Coupling Constants
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CERN Laboratory
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CERN: Beam Pipe
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CERN: Detector
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Physics Phases of the Early Universe
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Supernova Hubble Law
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Spectrum of the Microwave Background
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Horizon Problem
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Large-Scale Structure
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Cosmological Density Fluctuations
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Anisotropies in the Cosmic Microwave
Background (CMB)
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Microwave Anisotropies
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Early Work

PR P }

1970Ap&ss

SMALL-SCALE FLUCTUATIONS OF RELIC RADIATION

e} ig (M/Mg)

Fig. 1a. Diagram of gravitational instability in the ‘big-bang’ model. The region of instability is

located to the right of the line My (#); the region of stability to the left. The two additional lines of

the graph demonstrate the temporal evolution of density perturbations of matter: growth until the

moment when the considered mass is smaller than the Jeans mass and oscillations thereafter. It is

apparent that at the moment of recombination perturbations corresponding to different masses
correspond to different phases.
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Evidence for Accelerated Expansion from
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Angular Power Spectrum of CMB Anisotropies
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Spiral Galaxy Rotation Curves
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Hot Gas in Galaxy Cluster
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Gravitational Lensing

PHYS 182

R. Branden-
berger
Our Place

Light and
Matter

Telescopes
Relativity
Quantum
Sun

Stars

Star Death
Our Galaxy

Chapter 10:
Galaxies and
Beyond

Chapter 11:
Cosmology
and the Origin
of Structure




Bullet Cluster
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