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1636 2013 1930s 



• Observational Cosmology to 1926 

• Theoretical Cosmology to 1939 

• Post-War Observational and Theoretical 
Cosmology - Highlights  

 





Descartes The World (1636) Wright An Original Theory of the 
Universe (1750) 



The early cosmologies 
were speculative ideas 
without quantitative 
support of observation. 
The first quantitative 
estimates of the scale and 
structure of the Universe 
were made by William 
Herschel. The hierarchical (fractal) 

Universe of Kant (1755) and 
Lambert (1761) 



Herschel’s star counts provided the first quantitative 
evidence for the island Universe picture of Wright, Kant, 
Swedenborg, and Laplace. 

   

John Herschel’s photograph of 1839 



• Herschel assumed that all stars have the same 
absolute luminosities. 

• Interstellar extinction had yet to be appreciated.  



• In 1767, Michell showed that Herschel’s assumption of 
the constancy of the absolute luminosities of stars was 
incorrect from observations of bright star clusters.  He 
pointed this out before Herschel created his map of the 
Galaxy.  Herschel ignored the problem 
 

• 1802: Herschel measured the magnitudes of visual 
binary stars  - he then agreed with Michell. 
 

• The 40-foot telescope showed that the stellar system 
was unbounded. 
 

• Herschel lost faith in his model of the Galaxy. 



Lord Rosse used his great 72-inch reflector at Birr Castle in 
Ireland to resolve nebulae into stars and discovered the spiral 

structure of spiral galaxies. 

M51 

Birr Castle, Ireland 



While commissioning the 
Crossley reflector, Keeler 
obtained spectacular images 
of faint spiral galaxies. 

M51 

Birr Castle, Ireland 

The development of the tracking 
reflecting telescope and photography 
revolutionised the observation of 
galaxies and nebulae. 



The Telescope weighed 
100 tonnes and was 
completed in 1918.  This 
instrument dominated 
observational cosmology 
until the commissioning 
of the Palomar 200-inch 
telescope in 1948. 

 



• What is the size of our Galaxy? 
 

• Are the spiral nebulae Galactic or extragalactic objects? 
 

Star Counts 
Kapteyn 1921 

Distribution of 
Globular Clusters 
Shapley 1918 

The Sun 

The Sun 



The Cepheid variables are very luminous stars which rise 
rapidly in brightness followed by a slower decline. 



Her major contribution was the determination of the magnitude 
scale of stars from m = 2 to 21. Her observations resulted in the 
famous period-luminosity relation for Cepheids.  



In 1925, Hubble used 
Cepheid variables to 
show that M31 is 
outside our own Galaxy. 
In 1926, he presented a 
complete description of 
galaxies as extragalactic 
systems. 



This paper was the pioneering description of galaxies 
as extragalactic systems. It includes: 

 
• Morphological classification 

of galaxies; 
• Numbers of different types; 
• Estimates of mass-to-

luminosity ratios; 
• Mean mass density of the 

Universe and comparison 
with Einstein’s static model. 

 





• The first discussion of the stability of the Universe 
under gravity took place between Newton and Bentley 
in 1692 as Bentley prepared the first series of Boyle 
lectures ‘to combat atheism’. 
 

• They agreed that the Universe had to be infinite 
because otherwise it would collapse to the centre 
under the attractive force of gravity. 
 

• In addition, however, they noted that, even in such a 
Universe, the system is gravitationally unstable.  



• As expressed by Edward Harrison, 
 

 ‘(Newton) agreed with Bentley that providence had 
designed a Universe of infinite extent in which 
uniformly distributed stars stand poised in unstable 
equilibrium like needles on their points.’  
 

• This statement was to be quantified only in the 20th 
century by Lemaître, Tolman and Lifshitz.. 



Working independently in Kazan in Russia and 
Hungary, Lobachevsky and Bolyai solved the 
problem of the existence of geometries which 
violated Euclid’s fifth axiom.  These were the 
first self-consistent hyperbolic (non-Euclidean) 
geometries and led to Riemann’s introduction of 
quadratic differential forms and his discovery of 
spaces of positive curvature.  



In his great text On the Principles of Geometry, 
Lobachevsky worked out the minimum parallax of any 
star in hyperbolic geometry  

 

 

where a is the radius of the Earth’s orbit and R the 
radius of curvature of the geometry.  In his textbook, 
he found a minimum value of R  1.66 x 105 AU.   This 
was 8 years before Bessel’s announcement of the first 
successful parallax measurement of 61-Cygni.  



He remarked, 

 

“There is no means other than astronomical 
observations for judging the exactness which 
attaches to the calculations of ordinary geometry.”  

 

Riemann generalised these concepts and discovered 
spherical non-Euclidean geometry.    



Special Relativity (1905) 
 

• We live in space-time, not in space and 
time.   
 

• This realisation leads to Einstein’s mass-
energy relation 

 
E = mc2 



 
 

Matter bends space-time 

 
 

Matter moves along paths in 
bent space-time 

This is why the theory is somewhat 
complicated 



Once General Relativity was formulated, 
Einstein realised that he had the tools with 
which to derive the first fully self-consistent 
model of the whole Universe in 1917.  At that 
time, the expansion of  the Universe had not 
been discovered.   

He created a static Universe with closed 
spherical geometry by introducing the 

cosmological constant L.  

 

 

 



Gravity 

In a static Universe, gravity 
would make the Universe 
collapse.  To prevent 
collapse, Einstein included 
the cosmological constant L 
which acts as a repulsive 
force which opposes gravity. 

Nowadays, the cosmological 
constant can be identified 
with the dark energy with 
negative pressure equation 
of state p = - rc2.  

Cosmological constant L 

Gravity 



Einstein believed that he had incorporated 
Mach’s Principle into General Relativity.  In 

his words, 
 

“The inertial structure of space-time was to 
be ‘exhaustively conditioned and 

determined’ by the distribution of material 
throughout the Universe.”  

  



The extension of the field equations was 
“not justified by our actual knowledge of 
gravitation”, but was “logically consistent”. 
(1917) 
 

The cosmological term was “necessary only 
for the purpose of making possible a quasi-
static distribution of matter, as required by 
the fact of the small velocities of stars”. 
(1934)  
 



The standard world models 
used by all cosmologists 
today were discovered in 
1922 and 1924 by the Soviet 
meteorologist Alexander 
Alexandrovich Friedman..  
The key realisation was that 
isotropic world models had 
to have isotropic curvature 
everywhere.  Also, there was 
no reason why the Universe 
should be static.   



Friedman (1922) 

 

 

Friedman (1924) 

 

 

In both cases, 

 



In 1923, between the 
publication of his papers, 
Einstein published a note in 
Zeitschrift für Physik criticising 
a step in Friedman’s 1922 
paper.  Friedman wrote to 
Einstein pointing out that there 
was no error.  Einstein 
immediately agreed and 
published a note in Zeitschrift 
für Physik withdrawing his 
comment.   



Gravity 

Uniformly expanding sphere 

We include Einstein’s 
cosmological constant  
to produce the current 
standard models of the 
Universe. 

v 

Gravity 

L 



1914: Artillery Officer in Belgian Army 

1920: PhD in Mathematics 

1923 Ordained as a priest 

1923: Graduate student at Cambridge, 
working with Arthur Eddington: ‘a very 
brilliant student, wonderfully quick 
and clear-sighted, and of great 
mathematical ability’.  

1924: Worked at Harvard College 
Observatory and MIT with Harlow 
Shapley learning astrophysics 

1925: Return to Belgium as part-time 
lecturer at University of Leuven.   



 They discovered independently the Friedman 
solutions.  Einstein told Lemaître about Freidman’s 
paper.   

 

• Lemaître (1927): He derived the ‘apparent Doppler 
effect’ where the receding velocities of extragalactic 
nebulae are a cosmical effect of the expansion of 
the Universe.’  

 

• Robertson (1928): found                   , where l = 
distance. From nearby galaxies he found the 

equivalent of a Hubble constant of 500 km s-1 Mpc-1. 

 



• In 1917,Vesto Slipher obtained the 
spectra of the spiral nebulae in very 
long integrations with small 
telescopes. He realised that, for the 
spectroscopy of low surface brightness 
objects such as the spiral nebulae, the 
crucial factor was the f-ratio of the 
spectrograph camera, not the size of 
the telescope. 
 

• Of the 44 redshifts used on Hubble’s famous 1929 
paper, 39 were measured by Slipher. 
 

https://www.google.co.uk/imgres?imgurl=http://www.roe.ac.uk/~jap/slipher/slipher.jpg&imgrefurl=http://www.roe.ac.uk/~jap/slipher/&docid=tGUlnyMOFSum3M&tbnid=t2_drvg3iM8bOM:&w=282&h=398&ei=-WFnU5ObErLb7AaDpoGoCQ&ved=0CAIQxiAwAA&iact=c


In Hubble’s 
velocity-distance 
diagram there are 
only 24 galaxies. 
 

 

 

 • Combined with the observed isotropy of the 
Universe from counts of galaxies, this demonstrated 
that the Universe is expanding uniformly. 



By 1934, they 
had extended 
the velocity- 
distance relation 
to 7% of the 
speed of light.  



• The uniformity of the chemical abundances of the 
elements in stars, thanks to the work of Cecilia 
Payne(-Gaposhkin). 

• The cores of stars were believed not to be hot 
enough to synthesise the elements. 

Two arguments favoured a primordial origin for the 
chemical elements: 
 

 
 

 
 

 
In 1931, Georges Lemaître proposed that the initial state 
of the Friedman models consisted of a ‘primaeval atom’.   



In 1931, Lemaitre published in Nature his paper ‘The 
Beginning of the World from the Point of view of 
Quantum Theory’.  According to this view, the Universe 
started as a single vast quantum which underwent 
‘super-radioactive decay’.  Since it consisted of a single 
quantum, there was no space or time.   
 
Once the decay took place, the chemical element were 
formed.  The cosmic rays were regarded as the 
remnants of the disintegration of the primaeval atom.     



In 1932, Einstein and de Sitter emphasised the unique 
nature of the Einstein-de Sitter or critical model. 
 

 

 

The critical density was r0 = 4 x 10-25 kg m-3. 

 

This was very much greater than Hubble’s estimate of the 
mass density in galaxies, but they argued that there might 
well be considerable amounts of ‘dark matter’ in the 
Universe. 

  



In 1933, Fritz Zwicky made 
the first dynamical 
estimates of the mass of the 
Coma clusters of galaxies 
and found a mass-to-light 
ratio of 500 for the cluster 
as a whole, compared with 
values of about 3 in our own 
Galaxy. Most of the mass 
must be invisible.   

All subsequent studies have confirmed Zwicky’s key result. 

//upload.wikimedia.org/wikipedia/commons/0/02/Coma_Cluster_of_Galaxies_(visible,_wide_field).jpg


In the standard models with L = 0 , the empty 
model has the greatest age, T0 = 1/H0, because 
the Universe has not been decelerated. 
 

Hubble’s estimate of Hubble’s constant in 1935 
was 500 km s-1 Mpc-1 corresponding to  

  T0 = 1/H0 = 2 billion years.   

It was known that the age of the Earth was 
about 4.6 billion years.  
  



Arthur Eddington and George 

Lemaître realised that the time-

scale problem could be 
resolved if they included the 
cosmological constant into the 
world models.  In Eddington’s 
words, the Universe would 
have a ‘logarithmic infinity’ to 
fall back on.    

http://www.google.co.uk/url?sa=i&rct=j&q=george+lemaitre&source=images&cd=&cad=rja&docid=f7dksP1M810UFM&tbnid=QDcOSqE5IlLMFM:&ved=0CAUQjRw&url=http://commons.wikimedia.org/wiki/File:Lemaitre.jpg&ei=QpBlUdjWDofuOqK7gaAC&bvm=bv.44990110,d.bGE&psig=AFQjCNH-1IS99MNDyx-wixz0jEvHhbyp_A&ust=1365696941281474


The age of the Universe can exceed 1/H0 if the dynamics 
are dominated by the cosmological constant L or WL.  



The Eddington-Lemaître model begins in a stationary state 
and expands exponentially away from that state.  The 
Lemaître model has a primordial expansion phase, a 
‘coasting’ phase when galaxies form and then an 
exponential expansion.  

Galaxies 
form 

Expanding 
Universe 

today 
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Eddington-Lemaître Lemaître 



Lemaître (1933) and Tolman (1934) carried out the first 
analyses of the development of spherical perturbations 
in an expanding medium.  The perturbations behave 
like mini-universes of slightly higher density than the 
mean in an otherwise uniform universe. 
 

 



They found the key result that the density 
perturbations grow only algebraically with scale factor 
rather than exponentially as in a static medium.  The 
general relativistic version of the problem was carried 
out by Lifshitz in 1946 with the same result: 

     
 

 

These authors inferred that the large-scale structure of 
the Universe could not have developed from 
infinitesimal perturbations and so galaxies could not 
have formed by gravitational collapse. 



In 1933, Lemaître realised that he could obtain a 
physical interpretation of the cosmological constant if: 
 

`Everything happens as though energy in vacuo would 
be different from zero.’  
 

Specifically, if p = - rc2, there would be a repulsive force 
Lc2R/3 counteracting the attractive force of gravity.  
This is precisely the same interpretation as the modern 
view of the cosmological constant. 

Lemaître’s original contributions to cosmology were 
over by 1933. 

 

   





• The heavy elements were created in extremely small  
quantities, but about 25% of the protons by mass were 
combined to form helium. 
 

• There should be background radiation with temperature 
about 5 K, the relic of the hot very early phases of the 
Universe. 

 
 

After the War in 1946, Gamow found that the time-
scale of the early  expansion of the Universe was too 
short for the equilibrium abundances to the 
established. By 1950, he, Alpher, Follin, Hermann, 
Fermi and Turkevich established the following: 
 



The telescope was 
designed by Hale in the 
1930s and commissioned  
by Hubble in the late 
1940s.  The 200-inch 
Telescope dominated 
extragalactic research 
from the 1950s to the 
1970s. 

 



After the Second World War, successive revisions 
took place to the value of Hubble’s constant. In 1955, 
Baade reduced it to 250 km s-1 Mpc-1 and then 
Sandage reduced it further to 180 km s-1 Mpc-1. 

By the 1970s, the value was reduced to between 50 
and 100 km s-1 Mpc-1. The precise value became a 
subject of considerable controversy. These values 
correspond to:  

T0 = H0
-1 = 20 and 10 billion years.   

There was therefore no need to include the 
cosmological constant in the cosmological models.  



In the early 1960s, it was realised that the 
percentage by mass of helium, wherever it 
could be measured in the Universe was always 
at least 23%.  This is much greater than can be 
created by stellar nucleosynthesis. 

In 1964, Hoyle and Tayler revived the ideas of 
Gamow and his colleagues and showed that 
this percentage of helium is synthesised in the 
early stages of the Big Bang.    

 



The light elements,     
4He, 3He, D, 7Li, created 
in the early phases of the 
Big Bang are very 
difficult to account for 
by nucleosynthesis 
inside stars. The 
predicted Big Bang 
abundances turn out to 
agree well with the 
observations. 
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The Bell Laboratories 20-foot 
horn antennae.  It was 
designed for satellite 
communication at centimetre 
wavelengths.  In addition, 
Penzias and Wilson had access 
to a 7.3 cm cooled maser 
receiver, with which they 
planned to undertake radio 
astronomical observations. 
Wherever they looked on the 
sky there was background 
radiation at T ≈ 3 K. 



The spectrum 
determined by the FIRAS 
instrument of the COBE 
satellite is a perfect 
match to a black-body 
spectrum at a 
temperature of 2.725 K. 
At some point in the 
past, the whole Universe 
was very close to 
thermal equilibrium. 



 

We do the same for the whole sky 

//upload.wikimedia.org/wikipedia/commons/4/49/Aitoff_projection_SW.jpg


T = 2.725 K 
At 1000 times higher sensitivity 

+100 mK 

-100 mK 

Relative to 
total temperature 
of 2.725 K 

The plane of our Galaxy 

The ripples in the background correspond to only about 
one part in 100,000 of the total intensity 

4-year COBE data 



• The thermal history 
of the Universe could 
be worked out in 
some detail, knowing 
that the Universe is 
extraordinarily  
isotropic and that the 
present temperature 
of the radiation is 
2.725K.    

 



 

 

• The importance of the COBE fluctuations is that they 
are the fingerprints of the formation of the largest 
scale structures on the last scattering surface. 
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The positions of 
galaxies in a ‘slice’ 
through the nearby 
Universe were 
measured. Our Galaxy 
is located at the centre.   

The positions of galaxies in this 
‘slice’ through the local universe 

were measured. 

There are huge voids 
and walls on a scale 
50 times the size of a 
cluster of galaxies. 

A great void 

‘The Great Wall’ 



The redshifts of 
over 180,000 

galaxies 
measured in 

slices.  

This image shows 
only a 4o wedge, 
illustrating the 

hole-void 
structure out to 
large distances. 

 

Multi-fibre spectroscopy at the Anglo-Australian Telescope 



 
 
 
 
 

In the early 1980s, Peebles, Bond and others proposed 
that the excessive predicted temperature 
perturbations could be reduced by supposing that 
dark matter with very small interaction cross-section 
with baryonic matter dominated the dynamics of the 
Universe.  This was to become the preferred model for 
the formation of structure.    

There are now two ‘invisible’ components of the 
Universe, the dark matter and the dark energy, with 
densities relative to the critical density of W0 and WL 
respectively. 

 



•Models are dominated by dark matter and 
dark energy with density parameters WM and 
WL respectively. 

•The spectrum of the initial perturbations is 
given by the Harrison-Zeldovich power-
spectrum p(k) = A kn, where n ≈ 1 with 
random phases. 

•The ordinary baryonic matter has density 
parameter WB, only about 1- 5% of the dark 
matter.     



From about 1/100 
present age of Universe 
(z = 20) to the present 
day in co-moving 
coordinates.  
Note the process of 
hierarchical clustering.  





•This WFC3 
image shows 
that galaxies 
were much 
more irregular 
and smaller in 
the distant 
past than they 
are in the 
Universe 
today. 



Observed 

by COBE 

Acoustic 

peaks 

In 1969, Zeldovich and Sunyaev predicted the presence of 
acoustic oscillations in the cosmic microwave background 
radiation.   
 







•  Remarkable agreement with simplest LCDM model. 



The radiation from the last scattering surface is slightly 
distorted by gravitational lensing by the large-scale distribution 
of dark matter between the surface and the Earth   



The 6 
parameter 

fit 

Derived 
parameters 



 
 
 
 
 

 
  

What are the Dark Matter and the Dark Energy? 

• Dark matter          Hard 
• Dark Energy          Very Hard 



• Acceleration of the Universe - Type 1A supernovae 

• Value of Hubble’s constant by independent routes 

• Mass density of the Universe from infall into large-
scale structures 

• The abundances of the light elements by primordial 
nucleosynthesis 

• Age of the Galaxy and the oldest stars and 
nucleocosmochronology 

• The statistics of gravitational lenses 
 

These estimates all agree with the Planck values 



• Isotropic on the largest scales 

• The flatness or ‘fine-tuning’ problem 

• Why a baryon-asymmetric Universe? 

•  WL  0.68, WD  0.27, WB  0.05.  Why is WL 
 10120 smaller than expectations of 
quantum field theory?   

• An initial power spectrum of perturbations 
of power-law form, roughly P(k)  k. 

 

The initial conditions for the simulations. The 
models are:  



• That is just how the Universe is – the initial 
conditions were set up that way. 

• There are only certain classes of Universe in 
which intelligent life could have evolved. The 
Anthropic Cosmological Principle states that the 
Universe is as it is because we are here to 
observe it. 

• The inflationary scenario for the early Universe. 

• Seek clues from particle physics and 
extrapolate to the earliest phases of the 
Universe. 

• Something else we have not yet thought of. 





• The effect of the early inflationary phase is to drive 
particles outside their local particle horizons.  If 
there were sufficient e-folding times, particles which 
were originally in causal contact in the very early 
Universe and so could homogenise the material of 
the Universe, were driven far beyond their causal 
horizons by the present epoch, solving the horizon 
problem. 

• The inflationary expansion also straightens out the 
geometry of the Universe, however complex it may 
have been in the early Universe. The Universe is 
driven to flat geometry at the present epoch.  



• However, the Inflationary picture has a 
remarkable property which was not expected 
when it was first proposed. We need to consider 
the quantum fluctuations in the scalar fields 
during the inflationary era in the very early 
Universe 

• Amazingly, in the simplest model of inflation, the 
fluctuations in the scalar field result in exactly the 
Harrison-Zeldovich spectrum, P(k) ∝ k.  



• The theory also 
predicts a spectrum 
of primordial 
gravitational waves.  
Their detection 
would be one of the 
greatest 
achievements of 
observational 
cosmology  



• The scalar E-modes arise from simple density 
fluctuations. The B-modes arise from primordial 
gravitational waves. These need to be distinguished 
from B-modes from gravitational lensing. 
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• Extending observational capabilities. 
 

• New  ways of doing astronomy  - angular and 
spectral resolution, sensitivity, size of data-sets, new 
techniques for astronomy, new concepts in physics, 
astrophysics and cosmology, new regions of 
parameter space. 
 

• The partnership between space and ground-based 
astronomy and technology, including data analysis. 
 

• Advance of theory, including supercomputing. 


