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11. Cosmology; evolution of the 
universe 



Observable universe 

• The Earth is not at the center of the universe, but it is at the center of the 
observable universe. 

 

• Because of the limited age of the universe, we can only see as far as the 
speed of light permits. 
– The actual universe may be larger than we can ever see and, according to the Big 

Bang theory, it is. 



Cosmological observations 

• The galaxies seem to be evenly distributed in the 
universe, also in depth. 
– Based on computations for millions of galaxies and on 

multi-wavelength observations. 

 

• The expansion of the universe. 

 

• Cosmic microwave background radiation everywhere. 

 

What does all this mean and tell about our universe? 



The expansion of the universe and Hubble’s law 

• Edwin Hubble measured the redshifts in the spectra of galaxies  
redshifts are larger for galaxies that are further away!  

 

• Equation for cosmological redshift: 

 

 

 

 

• The earliest quasar detected: z = 6.5 (about 13 billion years old). 

 

• Redshift is connected to the velocity of the object (recessional 
velocity  expansion of the universe). 
– NOT due to Doppler shift! 
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Expansion means that in the 
past, the universe has been 
smaller. Actually, a long time 
ago, the universe was squeezed 
in an infinitely small volume, 
and was very hot and dense. 
 



• Hubble’s law for the expansion of the universe: v = Hr 
– Here, v is the velocity of the galaxy, r its distance, and H is Hubble’s 

constant. 
 

• The estimated value of H has varied, depending on the method.  
– v is easy to measure from the redshift but determining r is difficult.  
– Current value is (from Planck data) H = 67.80 ± 0.77 (km/s)/Mpc. 

 
• The expansion of the universe seems similar in all parts of the 

universe – a consequence of Hubble’s law. 
 
 

 



Cosmic microwave background 

• If the temperature of the universe was high in the beginning, after 
the Big Bang, it would now have cooled down due to the expansion. 
– In the 1940’s, George Gamow computed that the temperature of the 

universe should currently be about few degrees Kelvin and, therefore, 
it should be observable as thermal radiation. 

– Observation was attempted in the early 1950’s but the sensitivity of 
the equipment was not sufficient. 

 

• Cosmic thermal radiation was accidentally observed in 1965 by 
Arno Penzias and Robert Wilson. They noticed weak noise-like 
radiation in all parts of the sky in microwave region – this is called 
the cosmic microwave background (CMB). 



Observing the 
CMB 

• Very precise 
observations of the 
CMB are made by 
satellites: 
– Cobe (Cosmic 

background 
explorer) in 
1990’s. 

– WMAP (Wilkinson 
microwave 
anisotropy probe), 
2001 . 

– Planck, 2009 . 
 
 

A comparison of the sensitivity of the first observation by 
Penzias and Wilson, Cobe satellite, and WMAP. 



First Planck results were 
released in March 2013. 
 
This image shows the 
CMB as seen by ESA's 
Planck satellite (upper 
right half) and by its 
predecessor, NASA's 
WMAP (lower left half). 
So far, Planck has 
delivered the most 
precise image of the 
CMB. 
 
The Planck image is 
based on data collected 
over the first 15.5 
months of the mission; 
the WMAP image is 
based on nine years of 
data 
 
(ESA & NASA) 
 



Properties of the CMB 
• The distribution of radiation follows the Planck’s law (black-body radiation) 

extremely closely. Radiation corresponds to a temperature of 2.73 K; the 
maximum is at few millimeters wavelength. The age of the universe can be 
estimated from CMB: 13.798 ± 0.037 billion years. 
 

• Strength of radiation is basically similar in all directions. 
– The motion of the Galaxy is seen as a minor redshift on the other side of the sky 

and a minor blueshift on the other. The speed of the Galaxy is about 620 km/s with 
respect to the cosmic background. 

– Small fluctuations (irregularities) seen in CMB; the colder (blue) regions indicate 
the predecessors of current galaxies and galaxy groups. 



The shape of the universe 
• The shape of the universe can be solved based 

on the equations of the theory of general 
relativity. To obtain a static universe, an extra 
term needs to be included: the cosmological 
constant suggested by Albert Einstein.  

 

• If Einstein’s cosmological constant is set to 
zero, the equations give three possible shapes 
for the universe, known as the Friedmann 
models: 
– Flat (in 2D: an infinite plane, no edges), 
– Spherical (in 2D: like the surface of a balloon), or 

– Hyperbolic (in 2D: like the surface of a saddle, 
curvature in two directions, no edges, infinite). 

 

• Shape depends on the average density of 
matter: if the density = critical density, then 
the universe is flat. Smaller density leads to 
hyperbolic shape, larger to spherical. 



The shape of the universe 

• The average density has been difficult to determine: adding 
up the masses of visible stars, interstellar matter, etc. does 
not give the correct answer because of the abundance of 
dark matter in the universe. 
 

• In 2003, the average density was determined from WMAP 
observations: shows all matter in the world visible in a 
380000 years old universe.  The average density is exactly 
the critical density and, therefore, the universe is flat. 
 

• BUT: based on the observations, the cosmological constant 
has a small value that deviates from zero  not a static 
universe but expanding with accelerating rate.  



Dark energy and dark matter 

• The cosmological constant affects reversely to gravitation and signifies the 
expansion of the universe. Expansion is caused by dark energy (called 
“dark” because its character is not known).  

 

• Based on the Planck results, the total energy of the universe is divided into: 

– 68.3% dark energy (causing the expansion), 

– 26.8% dark matter, and 

– 4.9% visible matter (stars, galaxies, everything we can see).  

 

• Dark matter: invisible, can be observed by its  

 gravitational effects on visible matter. Suggestions: 

– Black holes, 

– Dwarf planets, 

– Nonluminous gas, or 

– Weakly interacting massive particles (WIMP)?  



• Galaxy rotation curve for the Milky Way; the sun is marked 
with a yellow sphere. The observed curve of speed of 
rotation is the blue line and the predicted curve based upon 
observable stellar mass and gas in the Milky Way is the red 
line. Scatter in observations roughly indicated by gray bars. 
The difference is due to dark matter. 

Dark matter: 
how do we 
know about it? 



The evolution of the universe: the beginning 

• The actual beginning is still a mystery.  
– Where did Big Bang originate from? 
– What happened at t = 0 s? 

 

• ”What happened before the Big Bang?” is not a relevant 
question since time did not exist before the Big Bang; it was 
formed at the Big Bang together with space. 
 

• Spacetime:  
– Three dimensions of space, fourth dimension is time.  
– Time cannot be separated from space, because according to the 

special theory of relativity, time passes at a rate depending on 
your velocity and the presence of gravitational fields. 

 



• The Big Bang is a cosmological model of how the universe has 
expanded into its current state from an initial state of infinite 
density and temperature. 

 

• As the universe started to expand, it kept (and keeps) cooling 
as energy is conserved – the same amount of energy is 
“stretched”. 
– Not an explosion of matter moving outward to fill an empty universe – 

instead, space itself expands with time everywhere and increases the 
physical distance between two points moving in the same direction. 

 

• Planck epoch (0 s – 10-43 s): density and temperature too high 
for currently known physics to explain what happened.  
– The force of gravity is believed to have been as strong as the other 

fundamental forces  possibility that all the forces were unified. 

– Cannot be understood without a quantum model of gravity. 

 



Cosmic inflation 

• Before the inflation, gravity was separated from the other three 
fundamental forces (all in one electronuclear force during this time). 

 

• Strong interaction separated from electronuclear force. This may have 
triggered the inflation.  

 

• Cosmic inflation around t = 10-33 s: the universe expanded extremely 
rapidly; this prevented a collapse back into a singularity.  
 

• Around the same time, an asymmetry occurred which later resulted in the 
formation of more matter than antimatter. 
– This is known as baryogenesis. 
– Antimatter: all natural particles have their antiparticles, e.g., electron-

positron. Opposite charge! 
 

• Electromagnetism and weak interaction separate after the inflation. 
 
 
 



Where did matter come from? 

• In the beginning, there was only radiation in the universe. 
 

• Energetic radiation can spontaneously become a pair of particles 
and antiparticles (a phenomenon called pair production). 
 

• Pair production produced matter and antimatter in equal amounts 
in the very early universe; these were destroyed immediately in 
annihilation, an opposite phenomenon to pair production. 
 

• After the inflation, energetic collisions created several exotic, new 
particles (such as the Higgs boson – the elementary particle that 
gives mass to other particles).  
 
 



• When the universe was 10-8 s – 10-4 s old, the temperature was, for the 
first time, low enough for particles such as protons and neutrons to form 
from quarks and gluons. Also, antiprotons and antineutrons were formed, 
but due to baryogenesis, the were only 999 999 999 antiprotons for every 
1 billion protons so 1 proton could survive and was not annihilated back to 
radiation. This small excess of matter is the building material for the 
currently observable universe. 
 

• In a universe 10-3 s – 1 s old, also electrons started to survive. A large 
amount of neutrinos was also produced; currently there are about 600 of 
these neutrinos in every cm3 – a cosmic neutrino background! 
 

• Around t = 100 s, the universe was cold enough for helium nuclei 
formation: 2 protons and 2 neutrons form a He nucleus.  
 

• Before this, a large amount of neutrons had degraded because single 
neutrons are not stable particles.  An excess of protons led to the 3:1 
relation in the amounts of hydrogen and helium in the universe. 



• Photons still strongly interacted with matter; the universe was 
filled with dense nuclei-electron-photon plasma. 

 

• After 380 000 years, when the universe had expanded further 
and the temperature cooled down to about 3000 K, neutral 
atoms could form.  
– Electrons started orbiting the nuclei (H and He). 

– As electrons were bound to atoms, the universe became transparent, 
letting photons escape. 

 

• The photons produced at that time are still observable as the 
cosmic microwave background! 
– The temperature has cooled down from 3000 K to 2.73 K due to the 

expansion and cooling of the universe.   

– CMB is the strongest evidence of the Big Bang. 

 



 



Dark Ages 

• t = 380 000 – 500 000 years. 
 
• The time between the recombination + the escape of 

photons, and the formation of the first galaxies 
(quasars) and stars. 
 

• There are no observations from this period (yet). 
 
• No large-scale structures yet exist to heat up and ionize 

the atoms, although H and He atoms begin to cluster as 
denser clumps of matter.  



Reionization 

• t = 500 000 – 1 billion 
years. 

 

• First stars and galaxies 
produce energy to 
ionize matter into 
plasma and radiate light 
into the dark universe. 

 

• This phase is observable 
today as a cosmological 
redshift of z = 10 – 6.  



Stars and galaxies 

• In the early phases of the evolution of the first galaxies, black holes 
started to form in their central regions. Black holes gained mass 
rapidly which caused their surroundings to radiate very brightly as 
quasars. 
 

• First stars were composed only of hydrogen and helium, and their 
possible planets as well. After several billions of years, the 
interstellar medium was enriched with heavier elements due to 
fusion processes in the stars. 
– Formation of terrestrial planets (and carbon-based life!) became 

possible when heavier elements were available. 
 

• The universe was at its brightest about 5-6 billion years ago. 
Currently, star formation is more infrequent than in the past and, as 
the stars slowly fade, the universe becomes dark again. 
 





The expansion of the universe 

• At the early phases of the universe, the expansion became slower and 
slower as gravity controlled the movement of escaping matter. 
 

• As the distances grew larger, gravity had a decreasing effect, and the 
repulsion due to the dark energy (cosmological constant) grew stronger  
expansion started to increase in speed and slowly changed from 
decelerating to accelerating about 5 billion years ago. Acceleration is even 
now increasing.   
 

• If the geometry of the universe would be spherical, the expansion would 
eventually reverse and the universe would collapse, making galaxies bright 
and star formation active again. In the end, the universe would be in a 
very hot and infinitesimally small volume again, full of radiation.  This 
theory is called the Big Crunch.  
 

• According to current knowledge, the universe keeps on expanding forever, 
gradually turning into a very dark place eventually filled with nothing but 
black holes.  



The future 

• When the age of the universe is around 1027 years, the matter in galaxies 
has gradually turned into black holes.  
 

• In addition to gigantic, galactic black holes, there are cooled black dwarf 
stars, planets, neutron stars, and stellar-sized black holes in the universe. 
 

• Black holes do not exist forever but eventually disintegrate in ”Hawking’s 
process” (black hole evaporation). 
– For gigantic black holes, the disintegration happens in about 1090 years.  

 

• Eventually, even stellar remnants and planets collapse and become black 

holes, and these disintegrate in Hawking’s process. All matter has 

disappeared from the universe in 1010
26

 years. Only rare, single photons 

remain here and there in the expanding and otherwise dark and empty 

space.
 


