Big Ba

s it true?.




Cosmology: the study of the universe

# How big Is the universe?
Is 1t finite or infinite?

# How old Is the universe?
IS It eternal?

# How did it begin?
How will 1t end?

# \What Is the nature of time?

Not science?



The Greek universe

Moon Earth Venus Sun Mars

Eternal universe

Earth motionless
Centre of universe

All motion about earth

Stars quite close

Aristotle (350 BC)
Ptolemy (200 AD)




The Renaissance universe

Copernicus (15th cent)
Sun-centered system?

Kepler (16th cent)
Elliptical orbits of the planets

Galileo (16th cent): telescope
Moons of Jupiter, phases of Venus,
Does earth move as other planets?

Many solar systems?
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Newton’s universe

» Planet orbits due to gravity
 Gravity caused by sun’s mass

 Attractive force

* Infinite, eternal universe

Olber’s Paradox?
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Astronomy (19th, 20t cent)

n Powerful telescopes
# Photography

Spiral nebulae
The great debate (1920)

Harlow Shapley vs Heber Curtis
# Within the Milky Way? i

# Distinct galaxies?

How big Is the Universe?




The galaxies (1925

Edwin Hubble

# Cepheid stars in nebulae
# Standard candles
# Huge distance

Hooker 100-inch reflector

Many galaxies




The runaway galaxies (Hubble

Velocity-Distance Relation among Extra-Galactic Nebulae.

# Galaxies moving away

+K0GEM

® Investigated relation between

distance and motion o~ L

# Hubble’s Law (1929) o
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Far-away galaxies rushing away

at a speed proportional to distance v=H.Jd
0




Motion of galaxies: redshift

frequency of light depends on
motion of source relative to observer

Doppler Effect

measure motion of stars
from light emitted

red shift

no motion

blue shift




The runaway galaxies (Hubble

Velocity-Distance Relation among Extra-Galactic Nebulae.

# Galaxies moving away
# Investigated relation between e
distance and motion : Ho 57
: o
# Hubble’s Law (1929) | :

FIGURE 1

Far-away galaxies rushing away

at a speed proportional to distance v=H./d




Explanation ?

Newton

e Gravity pulls in not out
* Space Is fixed

 Time has no beginning

How can galaxies be receding?
What is pushing out?




General theory of relativity (Einstein, 1916)

* speed of light = speed limit
* space + time not fixed
» affected by mass

e causes other mass to move

gravity = curvature of space-time




Evidence for general relativity

* Perihelion of Mercury

- Bending of light by gravity (1919)

« Black holes

- Time stretching by gravity

« GPS




Relativity and the universe

Apply Einstein’s gravity to the coOSmos

# Predicts dynamic Universe
# Space expanding, contracting

Einstein: static universe
Add cosmological constant A

Friedmann: 3 possibilities 2 =d/d_
Depends on matter




Lemaitre’s universe (1927)

# Einstein model not stable (1925)

New evolving solution : Einstein — de Sitter

# Redshifts of galaxies = cosmic expansion? Fr Georges Lemaitre

Rate of expansion from mean distances and redshifts
H = 585 km/s/Mpc

# No beginning: indefinite age

Starts from Einstein universe att = - o /

# Rejected by Einstein (1927) U
“Votre physique est abominable”




An expanding universe? (1930-)

e RAS meeti ng (1930) Velocity-Distance Relation a}noug Extl'a-Gala(tic Nebulae. -

Eddington, de Sitter

Redshift/distance relation of the nebulae

Static models don t fit i
New model required

» Expansion of space-time metric? oy~ — 2%
Considered by many theoreticians : 4
If redshifts are velocities (Zwicky) 2 4 '
If effect is non-local f—
Not accepted by astronomers (Hubble) b
0 o¥paksits 1al0¥ PAgsELS

= FIGURE L
o Letter from Lemaitre

Reminds Eddington of his 1927 model

Cosmic expansion?
Eddington, de Sitter impressed P



Eddington (1930, 31)

On the instability of the Einstein universe
The Eddington-Lemaitre model
Expansion caused by condensation?

de Sitter (1930, 31)
Further remarks on the expanding universe
Expanding universes of every flavour

Tolman (1930, 31)

On the behaviour of non-static models
Expansion caused by annihilation of matter ?

Einstein (1931, 32)
Friedman-Einstein model 1 =0,k=1
Einstein-deSitter model 1=0,k=0

If redshifts represent expansion...
Evolving models



An origin for the universe?

# Rewind Hubble graph

m U smaller in the past

m Extremely dense, extremely hot

# Quantum beginning?
Calculate age
Younger than the stars? A AN

apparent distance (Mpc)



The ‘big bang’ model (1931)

# U originally concentrated in
tiny volume

# Extremely dense, hot

s Expanding and cooling since

Singularity problem

Wrong age (Hubble) 0 density, oo temp at t = 0 ?




Additional evidence

How did the chemical elements form?
Nuclear physics (1940s)
Not In the stars

In Lemaitre’s infant universe ?
H, He nuclei (1)

U=75% H, 25% He
Agrees with observation

Heavier atoms formed In stars




Prediction: cosmic radiation?

# Radiation of infant universe

# Released when atoms formed
(300,000 yr)

# Still observable today?
Low temp, microwave frequency

No-one looked (1940s)

Bnfrared

Freguencies in Hx




-state model

# Rival model
# Expanding universe

BUT

d 4 Theiller swe comes wseso !’

Fred Hoyle e il

# Matter continuously created

# No beginning




Steady-State vs Big Banqg (1950s

= Continuous creation?
= Density of matter constant ?

= U unchanging, eternal ?

KARL POPPER

ALL LIFE IS PROBLEM SOLVING

= Younq universe similar to today ?

Falsification possible



Radio-astronomy (1960s

# Study most distant galaxies

# Compare with local galaxies Cambridge
3C survey

# Density the same at all times? (SS)
n Or different? (BB)

Answer: different

End of steady-state model

Martin Ryle




Bonus: cosmic radiation (1965

CMB discovered accidentally

# Universal signal

# Low frequency (microwave)

# Low temperature (3K)

Penzias and Wilson

Echo of Big Bang! BB model goes mainstream




The big bang — Is It true?

\ 1. The expansion of the U

\ 2. The abundance of H and He

v 3. The evolution of galaxies

"
{
i

Superhot, superdense \ 4. The cosmic background radiation

Expanding and cooling
How did it start?




Part II Modern measurements

 New measurements of CMB

Deployable Sun, Earth,
RF/Thermal Shield

e Full spectrum

Helium Dewar

« Comparison with theory Boobeai i roh

« Balloon experiments

» Satellite experiments

COBE satellite (1992)



COBE measurements of CMB

1.2+
» Expected temperature 2
% s 1.0+
« Expected frequency = § i Fit o blackbody curve
» Perfect blackbody spectrum 25 o6 Cosmic background
E g data from COBE
E"-‘{: 0.4
% 0.2
« Radiation very uniform e | | ,
05 1 2 5 10

Wavelength A in mm

» Galaxy formation?

 Variation of 1 in 10°
COBE (1992)

Nobel Prize 2006




Problems

Background radiation raised new questions

# Horizon problem why so uniform?

# Galaxy problem  how did galaxies form?

n Flatness problem fine balance?

Singularity problem Stephen Hawking
oo density, co curvatureatt =0 ?

quantum gravity?




The horizon problem

Two distant regions of background
radiation have very similar temps

Why?
Too far apart to be causally connected

* Finite speed of light

* Finite age of cosmos

Is U too big?




Galaxy formation problem

# Microwave background smooth
on large scale

& NoO obvious deviations from
homogeneity (1 in 100,000)

# How did slight perturbations
become galaxies?



The flatness problem

Slightest deviation from flatness

—

Runaway expansion or crunch

Not observed
Q=1

Scale Factor a(t)

Why so finely balanced initially?

Astrophysics: Q=0.3 (matter)

Att=1s, 2=1 to within 1:10%)



Solution: Inflation (1981

# Initial exponential expansion
# Driven by phase transition

Repulsive force

# Expansion of 10%° in 1032 s
# Smooths out inhomogeneities
# Smooths out curvature T
i era
‘No hair’ universe \‘




Figure 5.7. Comparison of the

5.8 The inflationary Universe and clues from particle physics

Standard Big Bang

evolution of the scale factor and

19
temperature in the standard Big Bang 10 GeV B Temperature T
and inflationary cosmologies.
Scale factor A
The scale factor can be thought of
as the distance between any two
14
points which partake in the 10 GeV - Factor of
uniform expansion of the 103110
Universe. R
3K 7} | |
10-43510.34 s Today
Inflationary Scenario
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The inflationary universe

# Solves flatness problem
Geometry driven towards flatness

# Solves horizon problem
Early U incredibly small

# Mechanism for galaxy formation
Natural variations inflated

=17

Conflict between theorists and experimentalists



Dark Matter

# First suggested in 1930s
s Stellar motion

normal gravitational effect but
cannot be seen directly

# Explains motion of stars
# Explains motion of galaxies
# Explains gravitational lensing

Matter = OM (30%) + DM (70%)

Also suggested by nucleosynthesis




Dark Ener the return of A

x Measuremens of supernovee (1998) e |-
# Furthest galaxies too far away m j :
# Hubble expansion accelerating C

# Geometry of U flat 8

# Support for inflation

redshift

Caused by dark energy



WMAP Satellite (2002)

* Detalls of CMB spectrum
» Details of galaxy formation
* Details of flatness of U

WMAP

Cosmic microwave background




WMAP measurements of CMB (2005)

Angular Scale

8000 . EIICI" EI" [}I.ﬁ"' GIE"
# Flat geometry (to 1%) smu
: ; ,I% 4000 - 1.|

® Spectrum of T variations P '"-. |

3 III". _

é ec)m- H\f’f\lf{\ l _
Agreement with supernova data ~ ™: M. U
Strong support for inflation ’ Molipole moment () "

Fit to theory



1=

Dark Energy

Cosmological constant?
Predicted by relativity
Natural tendency of space to expand

Energy of vacuum?
Why so small?
Why of similar density to matter?

Not well understood
Fate of universe?

Cosmic tug of war
The force of dark energy surpasses

that of dark matter as time progresses.

X

Da h Mane




New big bang model: 4-CDM

A flat, accelerating universe containing
matter, dark matter and dark energy

1.  Ordinary matter: 4% (astrophysics)

2. Dark matter: 22% (astrophysics)

ACDM

3. Darkenergy: 74% (supernova, CMB)




Putting It all together

Basic evidence (BB model)

* The expanding universe

 The abundance of the elements

* The evolving galaxies

* The cosmic background radiation

SCALE OF THE UNIVERSE

Modern measurements

- The CMB spectrum
 Inhomogeneties (galaxy formation)
* Flat Geometry (supernovae)

A flat, accelerating universe containing
matter, dark matter and dark energy



Is 1t true? Problems

# Nature of dark energy?
Fate of universe?

# Nature of dark matter?

# \Which model of inflation?

The multiverse

# What happened at time zero?
Quantum gravity?

Something from nothing?



New: Einstein’s steady-state model (19317?)

© The Hebrew University of Jerusalem DO NMAYN NLDIIIND |
: : o |

# Cites Hubble’s law | 1

Stability of static universe? Bt Ronrts posdun dar
m Cites evolving models (Tolman)

Conflict with stellar ages iy

\ \ SR e A s e pidnesle yo nlillecs

Q: Alternative solution el M

Expanding, unchanging cosmos?
Continuous creation of matter

Associated with A - energy of space . Ae? =y
g i Ac? K€ I
rtdan, ‘ _ . G

= TR Kl ()

# Anticipates Hoyle model
Doesn’t work: no creation term
Explored and discarded

5 t/‘li'/A_,-:,..'.-»v .



Einstein’s steady-state model

# Why does model fail?
De Sitter model (9/4— -3/4)
p=0

# How Is matter formed?

No ‘creation’ term

# Einstein’s crossroads
Realised S-S model requires term
Declined to add term to GFE

# Evolving models
Less contrived
SetA=0
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Einstein’s lost theory uncovered

Physicist explored the idea of a steady-state Universe in 1931.

Davide Castelvecchi

24 February 2014

"New Discovery Reveals Einsteirs
|Tried To Devise A Steady State
Model Of The Universe
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Almost 20 years before the late Fred Hoyle and his colleagues devised
the Steady State Theory, Albert Einstein toyed with a similar idea: that ths
universe was eternal, expanding outward with a consistent input of
spontaneously generating matter.

An TIrish physicist came across the paper last year and could hardly beliew:
According to this week’s article in Nature,

model of the universe wery different to

today’s Big Bang Theory.

The manuscript, which hadn’t been
referred to by scientists for decades,
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Einstein's Lost Theory Uncovered

The tamous physicist explored the idea of a steady-state universe in 1931

Nare

Feb 25, 2014 | By Davide Castelvecchi and Nature magazine

A manuseript that lay unnoticed by
scientists for decades has revealed that
Albert Einstein onee dabbled with an
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Einstein’s steady-state model
and cosmology today

 Accelerated expansion (1998)
Supernova measurements
Dark energy — positive cosmological constant

# Einstein’s dark energy

“The conservation law is preserved in that, by setting the A-term, space itself is not
empty of energy, its validity is well known to be guaranteed by equations (1).”

Anticipates the discovery of an accelerated expansion
Anticipates positive comological constant

# De Sitter line element
ds? = —e” (dx? + dx2 + dx%)+ c?dt?..
Identical to inflationary models
Different time-frame



Dark Energy
Accelerated Expansion
Afterglow Light \
Pattern Dark Ages Development of
400,000 yrs. / Galaxies, Planets, etc.

X AU P

i 2 ?’?“"?mm

) ~, I
,nl

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Further reading: The Big Bang (Simon Singh)

Antimatter  (COR)




