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100 years of relativity

Overview

Thespecial theory of relativity (1905)
Thegeneral theory ofelativity (1915)

Relativity and the universe
The static models of Einstein and de Sitter
The dynamic models of Friedmand Lematre

The expanding universe (1930)
Therecession of thgalaxies
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Conclusions: Einstein and the big bang
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The special theory of relativity (1905)

# Two new principles for inertial observers

Invariance of laws of physics (including electromagnetism)

Invariance of the speed of light

# Implications for space and time
Spacetime not absolutadistortedby motion

m# Predictions
Length contraction; time dilation

Mass increase; equivalence of mass and energy

® Spacetime
Space + time = spaegme
4-dimensional entity

E = mc?

ds? = dx? + dy?+ dz? — c2dt?

Michelson-Morley Experiment

Light
Source

Beam
Splitter

- Screen to detect

Interference pattemn



3l3

Kaufmanh l

Evidence for special relativity
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Mass increase gy
The experiments éfaufmann anducherer

o<
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Time dilation

The longlived muon
2g sY 2e2s

Invariance of the speed of light
Many experiments to measure ¢

Particle experiments at the LHC

Maximum velocity = ¢
Mass increase
Particle creation




General relativity (1915)

# The generaltheory of relativity (1915)

Relativityand accelerated frames?
Relativityand gravity?

# Two newprinciples

Principle of equivalence

Ma c Iprinciple Albert Einstein
18791955

m Predictions
Spacetime distortecoy mass 8mG

Gravity = curvature of spacégme ¢ ‘.4-' 7o _ =
&) ?::";& 1At

¥ R i:'-'.“ "
e f ‘-(' -

# Empirical evidence | e
Orbit of Mercury: bending of starligh&ddington 1919) TR
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Evidence for general relativity

Bending of distant light by stars
Gravitational lensing

Gravitational redshift
Shift in wavelength of light due gwav. field

Gravitational time dilation
GPS corrections

Black holes
Centre of galaxies

Gravitational waves
HulseTi Taylor binary system

)
APPARENT -3
POSITION '

EARTH

=== Apparent position of the star

=== Actual position of the star




ll Relativity and the universe

i Apply general relativity to the cosmos (1917)
Ultimatetest for new theory ajravitation

®  Assumptions G 876

Staticuniverse
Isotropicandhomogeneous

Null solution Ei nsteino

8mG
Gw + Agu = Tt Tw

# Cosmological constant-
Add term to GFE for nezero solution
Universe of closed curvature: no boundary problem
Cosmic radius and matter density definedbby




i Apply general relativity to the cosmos

o

Include cosmological constant

OEmpt yod universe solution
Reasonable approximation G +Agw = 0
Curvatureof spaceoroportional to cosmic constant

Disliked by Einstein
Conflictwi t h Machdos principle
Singularity problem?
BY 40t SN 2nbie RSE e AANES S I o -0/ 5 A0

Interest from astronomers
Radiation from matter redshiftédSliphereffect?
Static or nomrstatic model?\(Veyl1923,Lematre 1925)

The de Sitter universe (1917)

.30
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Nov.1917.  Einstein’s Theory of Gravitation. 3

On Einstein's Theory of Gravitation, and its Astronomical Con-
sequences. ‘Third Paper.* By W. de Sitter, Assoc. R.A.8.

Contents of Thivd Paper,

. On the relativity of inertia, New form of the field-equations. Two
solutions A and B of these equations,

. On space with constant positive curvature. Comparison of the two
systems A and B. :

Rays of light and parallax in the two systems. Hyperbolical space,

Motion of a material particle in the inertial field of the two systems,
Further eomparison of the two systems,

- Differential equations for the gravitational field of the sun. Approxi-
mata integration of these equations,

Estimates of R in the system A.

. Estimates of K in the system B.

2

o
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L. In KHinstein’s theory of general relativity there is no
essential difference between gravitation and inertia. The combined
effect of the two is described by the fundamental tensor g, and
how much of it is to be called inertia and how much gravitation
is entirely arbitrary. We might abolish one of the two words, and
call the whole by one name only. Nevertheless it is convenient
to continue to make a difference. Part of the g, can be directly
traced to the effect of known material bodies, and the common
usage is to call this part “gravitation,” and the rest “inertia.”
Then, if we take as a system of reference three rectangular cartesian
space co-ordinates and the time multiplied by ¢ (the velocity of
light én vacuo), we know that, in that portion of the four-dimensional
time-space which is accessible to our observations, the gy, of pure



# Time-varying solutions (1922) 3R 3 )

; . : . I
Universe of timevarying radius
Assume positive spatial curvature
Twoindependent differential equations from GFE  ®* r' ¢ T
p q e R R (1888-1925)

# EXxpanding sphere
Densityof matterdecreasesvertime
1 (dR\? A-R+NRP
# Ignored by community (%) -
Considered suspi ciouso6 by Ei
Mathematicalcorrection, later retracted
Az 0ma USRS S T A S D BN S e =g ol T 0 =048

# Negative spatial curvature (1924)
Cosmicevolution, geometry depends miatter content




lemaltr&® s u n |

Similarto Friedman1922 model

Startsfrom static Einstein universe . ﬁ! -

g
"R R

Redshifts of nebulae = expansion of spate
Redshifts fronslipher, distances from Hubble

H = 585 kms'Mpct

Ignored by community
Belgian journal (inFrench)
Rej ect ed Notrephysiqueesteeh cxminn a

' SR8
Expanding modelof the cosmos from GR R Tl

Lemaitreinformedo f Friedmanodés sc R
Einstein not ugo-date with astronomy?

Fr Georged_emaitre




Il Astronomy and the universe

# The O6Great Bledat ebd g

Spiral nebulae= clusters of stars ?
Galaxies beyond Milky Way?
Light from many spirals redhifted Glipher1915, 1917)§

# The Hooker telescope (1917)
10CG-inchreflector

Edwin Hubble (1921)

# Distance of 2 spirals
Cepheid variablesesolved in nebulae

Leavi t t-loangnostyerelatiom d

# Spirals far beyond Milky Way (1925)
A universe of galaxies




Motion of nebulae: redshift

VestoSlipher

Frequencyof light depends on
motion of source relative to observer

Doppler Effect

Measuranotionof nebulady
measuring light emitt

Light from most nebulae red shifted

red shift

no motion

blue shift



Hubbl eds |

# A redshift/distance relation for the nebulae?
Motivation: establishing distances of all nebulae

Edwin Hubble (8891953

# Combined 24 distances with redshifts
Redshifts fronslipher not acknowledged

Velocity-Distance Relation among Extra-Galactic Nebulae,

# Linear relation (Hubble, 1929) o
H = 500kms!Mpc? : some errors
Most important data point not shown - s
Ao S
# Landmark result in astronomy | Y
Not cosmology ¥

Iy o¥PARsdCE ' 200" PARSELH -
FIGURE 1



The expanding universe

f RAS meeting (1930)

Eddington de Sitter
If redshifts arevelocities, and if effees non-local
Static cosmic modetso n 6t match observations

f Time-varying universe?
Hu b blhwe=0expansion of space?

f Lemalitre expanding model
Eddingtoncontacted by emaitre
1927 model republished in English (1931)

f Friedman-Lemaitre models circulated
Timevarying radius
Timevarying density of matter
Evolving universe




