. The discovery of the expanding universe
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Three major discoveries

# The size of the univergel925)
Redshifts and the great debate

# The expanding univerges3o, 31)
Redshi fts and

# An origin for the universeéiost,)
Redshifts and the big bang




o

o

o

o

o

Hypothesis, observation anitscovery
Theoryvs experiment

Discoveryvs justification

Credit in science

Re-discovery

The unimportance of social context

Francis Bacon

Kuhn, FezerabendLatour



The discovery of the heliocentric universe

A Copernicus (1473-1543)

CommentariolusOn the revolutions
Explanation for retrograde motion
Circles and epicycles

A Kepler (1571i 1630)

Elliptical orbits of the planets
Observations of Tyco de Brahe

A Galileo (15717 1630)

Moons of Jupiter, phases of Venus
Criticized by peers and Church




Newt onods uni ver

A Keplerorbits due tagravity

A Attractive force caused by mass
A Explanation for solar system

A Universal law of gravity Isaac Newton (1642727)
A Incomplete- mechanism?

Par adi g m slovedawning?d o r
Accumulation of theory and evidence
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| The discovery of the nebul

# Observed byarius(1614),Halley, Messier

# Island universes: Kant, Laplace

Collections of stars at immense distance?
Evolving universe®?175596)

# WilhemHerschel

36-inch reflectingtelescope
Catalogue of a thousand786)

& Problem of resolution, distance




The Leviathan of Bir€astle

=

Third Earl of Ros¢1800-1867)
72-inch reflecting telescope (1845)
Most powerful telescope in the world

BH H

Spiralstructure osome nebulae
Containmany stars
Distinctgalaxies?

Two types of nebula?

B H B H

Problem of distanceneasurement




M51 (LordRosse

L eviathan of Birr castle



Spectra of the nebulae

A Photography, spectroscopy
A Analyselight of the nebulae?

A Two types of spectra (1864)

A Planetary nebulaeline spectra (gases) Sir William Huggins

A Spiral nebulae continuous spectra (stars)

Spiral nebulae contain stars
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HenriettaLeavitt

Discovery of distance scale

# HenriettaSwanLeavitt (1908, 12)

# Periodluminosityrelationshipgfor Cepheids
Leavitt

. . . . . . 00 02 04 06 08 10 12 14 16 18 20 22
®# Measure intrinsic luminosity from period 5
12 /' % 12
/ /|
: v
# Calculate distance (1918) ; // 74"
MV A 14
ARENAPZ4
# Standard candles + AT )
15 // jf/v
16/,_ r ;1', 16
00 ‘{12 04 06 08 10 12 14 16 1B 20 2




Doppler shifts of the nebulae

A Analyselight of the nebulae? LoweSlipher

A Camera speed, not telescope size

A Andromeda nebula blughifted (1912)
Interpret as radial velocityp e/ de=
Approaching at 300 km/s VestoSlipher

A Other spiral nebulae reshifted (1917)
Receding at 1000 km/s red shift
no motion

Much faster than stars ,
blue shift




The greatlebate revisited (1920)

n Stellar structure of spiral nebulae
# Redshiftsi not gravitationally bound? |
# Many faint novaé great distance?

Distinct galaxies

Harlow ShapleyvsHeber Curtis
o, = =

OR
# Big galaxy model300,000Lyr)
# Rotation datgVVanMaaner)
# Andromedanova/supernova
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A clear resolution (1925)

Hooker telescopéMt Wilson, 1917)
10G-inch reflector

Edwin Hubble (1921)
Ambitious astronomer

Resolved Cepheistarsin nebulae
Applied Leavitt o fp
Nebulae at huge distance! (19253)




Discovery of the galaxies

# Spiral nebulae are distinct galaxies

# Verdict quickly accepted

# Universe very large

# Kuhnianparadigm shift?NO

Slow dawning of an idea
Accumulation of evidence

Whatdo galaxy redshifts represent




Il The expanding universe

AWhat do theedshiftsrepresent?

ARecession velocities for distant galaxies?

A If so, why?

|Isaac Newton

A Newtonian gravitypulls in

A What is pushing out?

Space, time fixed




General relativity (1915)

A Space+time= spacetime
A Spacetime dynamic
A Distortedby motion, mass

A Cause®ther mass to move

Gravity = curvature of spacéime

— Bub
G. = C4T83

€ 3

A Eddingtonexperiment (191P




Two models of the cosmos

Einstein (1917)

# Cosmological principle
Matterfilled universe- contracting
No evidence for such a universe
Add cosmic constantstatic, stable
Closed curvature, finite radius

H H = =
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Gs 3+e"gs_ Tas

De Sitter (1918)

# Empty universe

#  Apparently static (cardinate system)
# Redshiftsdue to matter/time dilation

Explanation foredshiftsof the galaxies?



o

o

o

=

De Sitterredshiftsand astronom

Silberstein (1923)
pa/=o+/- /R (global clusters)

Carl von Wirtz (1924)

Redshiftdor nebulae different to clusters
Time dilation effect?

Lundmark (1924)
0OThe deter mi nat ispatcetime
i n de Si tStars and globwao clustdr

Stromberg (1925)
Veldist relation for globular clusters?




# General solutions (1922, 24)
# Time-varying radius
# EXxpanding or contracting

# Three possible curvatures
# Dependson mattey =d/ d
# Periodic solutions

Hypotheticalmodels ZfPh)
Di sl i ked by

Friedmanruniverses
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# De Sitter modeéxpanding
# New solution combining best &anddeS
# Matterfilled universe of increasing radius (1927)8

# Connection with astronomy
# Predicts redshlfts = expansiongpface SR
# Rate of expansion from average measurements of

distance and redshifl = 585 km/s/pc

Weyl(1925)

Obscure journal
Robertson (1928)

Rejected by Einstein




Hubble and the redshifts (1929

# Redshift/distanceelationfor the nebulae?
# Natural next step, test of theory

Velocity-Distance Relation among Extra-Galactic Nebulae.

New distance measure?

# Combinedistancaneasurementsith -
Slipherredshifts (24 galaxies)
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# Approxlinear relation (1929)
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# Empirical relation

Rapid acceptance (except Shapely)
Newmodel of the universequired Eddingtor)
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The expanding universe (1930,31)

Lemai tredos I nterven=

Eddington de Sitter convinced
Translatedheory (1931)

Hubble graph + theory

Space Is expanding (relativists)

AstronomerscepticalHubble)

Velocity-Distance Relation among Extra-Galactic Nebulae.
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HubbleHumasomraph (1931

# Distance measurements for

40 nEbulae/galaxies Hubble & Humason (1931)

20,000

15,000

# Corresponding redshifts by
Humason

10,000 -

5000

: 1929 Data
# Reduced scatter L .

10 20 30
Distance (Mpc)

Recession Velocity (km/sec)

# Linear relation

Justification



