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Cosmology I

Part I: Observations



Two Pillars in Cosmology 
Understanding the Universe and its laws

Standard Model Particle Physics General Relativity

Before start building models/theories let us observe the Universe!

spacetime

Space and TimeMatter



Supported by observations 

HDF-North      HDF-South 

The universe is isotropic— 
it looks the same in every direction 



The universe is homogeneous—each 
volume is about like every other volume 

Large volumes of the sky in different directions, 100�s of 
Mpc in size, look about the same. 



The importance of the 
Cosmological Principle 

The isotropic and homogeneous nature of the universe 
are often spoken of together as the cosmological 
principle.  Basically, it says that the universe is more or 
less the same everywhere, and it looks more or less the 
same from any location.   

Two consequences: there is no preferred location (i.e., a 
center) in the universe; and our own Milky Way (and Sun 
and…) is not in any particularly special place. 



Some assumptions 
The Universe is homogeneous and isotropic on large scales 







The Universe is Expanding!





The scale factor a 

time 

r(t)=r(t0) a(t) 

v12=dr12/dt=a r12(t0)=a/a r12(t) 
. . Looks like Hubble law 

Comoving coordinates! 

H= 
a 
a 

. 
Important! 



How old is the Universe? 

t0=r/v=r/(H0r)=1/H0 

Hubble time 

Hubble radius c/H0 
Also called Hubble horizon 

Exercise: compute numerical values for H0=70km/s/Mpc. 

Remember Olbers? 
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Original Hubble diagram used Parallax and Cepheids, 
therefore limited to distances of about z < 0.1



Extending the Hubble Diagram with Luminosity Distance

Luminosity Distance

L - luminosity,      F - Flux,           d- Distance
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Scatter in absolute magnitude 
correlated with shape of light 
curve, rate of decline peak light 
empirical “Phillips relation”

Type Ia supernovae result from 
explosions of white dwarf stars

Supernovae vary widely: 
peak brightness, how long 
stay bright, how fade away 



Modern Hubble Diagram indicates 
The Universe is Accelerating!



What is cause for the Universe acceleration?



The universe cools as it expands; the stretching of light 
results in a reduction of temperature (think Wien�s Law).   

If the universe is large, cool, and expanding today, it must 
have been smaller, warmer, and expanding in the past. 

This leads to the cosmic microwave background. 

Let�s switch gear…  



The cosmic microwave 
background (CMB) radiation 

Regular hydrogen gas lets light pass through more or less unimpeded.  This is 
the case today, where the hydrogen gas is either cold and atomic, or very 
thin, hot, and ionized. 

But in the early universe, when it was much warmer, the gas would have been 
ionized, and the universe opaque to light—as if you were in a dense fog. 
As the universe cooled, the electrons and protons �recombined� into normal 
hydrogen, and the universe suddenly became transparent. 





The perfect blackbody!!

TCMB= 2.725 +/- 0.002 K   !

error uncertainties less 
than the width of the 
blackbody curve 

Far Infrared Absolute Spectrophotometer 



Hot and cold spots ! Tiny ripples in density ! seeds of galaxies 

Detailed statistical properties of these ripples tell us a lot about the Universe 

CMB isotropic to 10−3 ,  10−5 if dipole subtracted!



Where do the perturbations come from? 
How is that  we see the perturbations? 

Too difficult… 



We see them like temperature 

On scales larger than a degree,  
fluctuations were outside the  
Hubble horizon at decoupling 

Photons need to climb out of potential  
wells before they can travel to us 
 (redshift or blueshift) 

Given by  

Potential hill 
Blueshifted 
Looks hotter 

Potential well 
redshifted 
Looks colder 



New in  2006 There is extra information:polarization 

Just because you asked: 



•Stars in galaxy bulge should move fast


•Stars at the galaxy edge should move slower

Stars rotating in a galaxy (Vera Rubin 50 years ago)



Evidence for Dark Matter:    
Stars’ velocity does not decrease!

• Gravitational attraction is not decreasing with 
distance from galaxy centre


• Mass must increase with distance from galaxy centre!


• This Mass one cannot see is: Dark Matter!

Even outside!



Dark Matter represents 90% of the total mass, 
normal matter only contributes with 10% 



Cluster of Galaxies
+ Intergalactic gas + Dark Matter Galaxies

 (10%) (90%) ( 90% of total cluster mass )



How do we “see” in cosmology 

(Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al. Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al. Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.)

90%10%



Mass curves spacetime, and that makes light bend

spacetime

Gravitational Lensing: probe to “see” dark matter



The larger the mass (large spacetime curvature) the bigger 
is the image distortion!

Mass (spacetime curvature) distorts images



Gravitational Lensing can be used to map 
spacetime curvature (mass concentrations)



Collision of Clusters:  
galaxies separated from intergalactic gas

(Credit: KIPAC/John Wise)

10% mass in galaxies

90% mass in x-ray gas



x-ray gas, although 90% of 
standard matter, does not 
contribute to spacetime 

curvature!

Lensing contours: large 
spacetime curvatures

There is something very 
massive (and dark!) around 

the galaxies!

Strong spacetime curvature 
(Mass) with galaxies



Non-Standard (Dark) matter crucial to explain 
observations at many different scales!
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All Observations indicate we need the same 
amount of Non-Standard (Dark) Matter / Energy!

Matter Density
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Dark Stuff dominates the Universe: 95% !!
The observational evidence of dark sector is overwhelming!



ΛCDM (or LCDM) 

+flatness+scale invariance 

The standard cosmological  model 

Cosmology has now a standard model:   

6 parameters fit observations of the Universe from z=1100 to z=0 
 " Basic parameters are accurately determined 

" Many can be measured using multiple techniques 

" CMB  best fit now consistent with other measurements 



Dark Matter and Dark Energy shake the 
two pillars of cosmology

Standard Model Particle Physics General Relativity
spacetime

Space and TimeMatter

OK!

What are the properties of the new particles?

new 
particle

How can we detect such new particle?



Standard Model Particle Physics General Relativity
spacetime

Space and TimeMatter

OK!

What is gravity?  
What is the spacetime structure?

new spacetime
description

Dark Matter and Dark Energy shake the 
two pillars of cosmology



Test Theoretical Models against Observations


