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OUTLINE 

•  The standard cosmological model 
•  The successes of cosmology over the 

past 10 years 
•  Cosmic Microwave Background 
•  Large-scale structure 
•  Inflation and outlook for the future 

Lectures and additional material will appear at  
http://icc.ub.edu/~liciaverde/CLASHEP.html 



Cosmology 
 Cosmos= Universe, Order, beauty 
-logy= study Greek! 

Study of the Universe as a whole 
Aim at getting an understanding of:  
-its origin  
-its structure and composition 
(where do galaxies, stars, planets, people come from?) 
-its evolution 
-its fate 

In general for cosmologists galaxies are points…. 



Scales involved! 

1.2d4Km 40AU=6d9Km 

1d18Km 
3d19Km 



New units of measure 
 For distance, we use pc, Kpc & Mpc 

For comparison, mean Earth-Sun  
distance (Astronomical Unit): 

"  Cosmologists often express masses 
"  in units of  the solar mass: 



MOTIVATION 

•  Cosmology over the past 15 years has made  the 
transition to precision cosmology 

•  Cosmology has moved from a data-starved science 
to a data-driven science 

•  Cosmology has now a standard model. The 
standard cosmological model only needs few 
parameters to describe origin composition and 
evolution of the Universe 

•  Big difference between modeling and understanding  



Motivation: Why should you care about 
observational cosmology? 



Deep connections  
 between cosmology and  fundamental physics 



Cosmological data can be  used to  
 test fundamental physics 

The interplay between astrophysics and fundamental physics  has 
already produced spectacular findings (e.g. the solar neutrino problem)  

Cosmology has entered the precision era very  recently 

Testing fundamental physics by looking up at the sky is not new 

4 Areas  

Dark matter 

Neutrinos 

Inflation 

Dark energy 



Fundamental assumptions 

Physics as we know it can describe the Universe 

On the largest scales the driving force is gravity  
(forget about “gastrophysics”) 

General Relativity rules!  
(for many applications you can be Newtonian) 

Homogeneity and isotropy 

FLRW metric 

Thee possible global geometries only 



Some assumptions 
The Universe is homogeneous and isotropic on large scales 

This is supported 
by observations 

HDF north 
and south 

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

2dF GRS  



Parameters that govern the  
global geometry of space-time 

Parameters that govern the expansion rate 

Parameters that characterize inhomogeneities 

{The smooth  
Universe 

Inhomogeneous  
Universe { 

Derived parameters 
Parameterizing  
our ignorance { 
Beyond the minimal model: “extra” parameters  

Different type of parameters 

GR geometry, fate of Universe,  content (but not much details) 

Statistically speaking:  clustering, galaxies etc… 

test:  which is which? 

The standard cosmological model: parameters 



The smooth Universe: 
content 

Gives the global geometry/curvature 



Content: Baryons: stars 

HST image of stars being born, 
but it has no direct use  
for Cosmology; 
exploding stars (supernovae)  
are very useful  
(you’ll see later on) 

By the way, we are star-dust 



galaxies 

LMC 

SMC 

M31 – the Andromeda Galaxy 

Collections of ~1011~ 1012 Stars  



galaxies 



galaxies 



groups 



Hubble deep field 



There is more than meets the eye 
In the solar system sun + planets Mass-to-light ratio 

Let’s consider galaxies 

optical light 
Gas (H,21cm) 

rotating 

And clusters: Xrays 



Content: Dark matter 



Dark matter 

Gravitational lensing 



New evidence 
Bullet cluster 

REAL DATA! 



Abell 2218	


Reconstructed dark matter distribution of cluster Abell 2218  



DIY dark matter 
Underground detectors 

Underground astronomers 



Computer simulation of dark 
matter distribution 



Expanding Universe 



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! 



Distances are difficult: 
velocities are “easy” 

Thank you Edwin Hubble 



REDSHIFT 

or 

In relativity: 

For small velocity 

or 



Hubble’s Law 
dHvcz 0==

Ho=74.2 +- 3.8   km/s/Mpc 

Hubble 1929	

 (PNAS vol 15)	




The universe had a beginning! 

The extremely successful BIG BANG theory! 

The universe  is expanding! 



IT WOULD HAVE BEEN ALL AT THS PONT … EXCEPT… 



Sn pics 

Standard candles 



Humm the expansion seems to accelerate… 

1998! 



Courtesy of W.Kinney 



Courtesy of W.Kinney 



Courtesy of W. Kinney 





•  This program gives 
most accurate value 
for Hubble’s constant 
–  H=74.2 km/s/Mpc, 

error<4% 
•  Find acceleration, not 

deceleration! 
–  Very subtle, but really 

is there in the data! 
–  Profound result! 







Friedmann equations  
NOT independent! 

If you want to solve for  

need more info… 

Interesting cases: 

Non-relativistic matter 

R adiation 

Cosmological constant 

Accelerating fluid 
This is weird…… 
 but looks like we are stuck with it 



Parameters: the smooth 
Universe 

Next: the perturbations  

+radiation 

During the Universe expansion different components scale  
Differently (eq. of state parameter) 



Parameters describing 
structure 

THE POWER SPECTRUM 

These fluctuations grew under gravity 



Primordial power spectrum=A kn 

Amplitude of the power law 
slope 

ln k 

ln P(k) 
A (convention  

dependent) 

! 



The standard cosmological model (LCDM) 

Only  6 parameters, fits  observations of the Universe from 
z=1100 to today. 

Extremely successful model 

Spatially flat, made of baryonic matter, cold dark matter, 
 cosmological constant, radiation-unimportant today-, 
present-day expansion rate 

 inflationary scenario generated perturbations: 
 amplitude and slope of the power spectrum of primordial 
perturbations 

Optical depth (reionization) 



The standard cosmological model 

Spatially flat Universe 

Power-law, primordial power spectrum 

Only 6 parameters 

ΛCDM model 

Λ	




Bennett et al 2003 

COBE 1992 

WMAP 2003 

Bennett et al. 1996 





Today 

2dFGRS 



SDSS here 

SDSS 



The Cosmic Microwave 
background 



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. 



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 last scattering surface: a snapshot of the early universe 



Some history 
Discovery 

Two engineers for Bell Labs accidentally discovered the CMB radiation, as a uniform  
glow across the sky in the radio part of the spectrum, in 1965.  It is the blackbody  
emission of hot, dense gas (T~3000 K, λmax~1000 nm) red-shifted by a factor of 1000, 
 to a peak wavelength of 1 mm and T~3K. 

1978 Nobel	


“Well boys, we have	

 been scooped”	


“The primordial fireball” 

Support to the hot  
big bang theory 



COBE (1992): Nobel prize in Physics in 2006	


Mather: for measuring the	

 CMB to be a Blackbody	


Smoot: for measuring the 	

tiny temperature variations	


"These measurements... marked the inception of cosmology as a precise science" "

Some history 

Density fluctuations: seeds of 
cosmological structures 



Clustering and gravitational instability 
If the Universe is homogeneous and isotropic on large scales 

Dark matter 

How did we get there from an almost uniform distribution? 

Recall Penzias and Wilson!!!! 

This has puzzled cosmologists for decades and (with hindsight) 
Is one of the crucial evidences for DARK MATTER  
(and dark energy) 

But first… 



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 



“Seeing sound” (W. Hu) 

Last scattering surface : snapshot of the photon-baryon fluid 

Photons     radiation pressure 

Gravity     compression 

On large scales : primordial ripples What put them there? 

On smaller scales: Sound waves 

Horizon size at LSS   Fundamental mode    (over tones) 

Stop oscillating at  
recombination 

{ } 

CMB THEORY 



Perturbations: Some history 



alm

δT(θ,ϕ) = almYlm(θ ,ϕ)
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Compress the CMB map to study cosmology 



State of the art: temperature 

ACT 



The future is here 
Planck satellite  successfully launched in May! 

“PR” image 



The Universe back then was made of a very hot and dense “gas”, 
so  it was emitting radiation 
This is the radiation we see when we look at the CMB 

Uniform , but with tiny (contrast x 100000)  density (and temperature) ripples 
Ripples in a gas?    SOUND WAVES! 

We are seeing sound!  Truly a cosmic symphony… 

How’s that? 

These tiny fluctuations, quantitatively, give rise galaxies  

We try to listen to the sound and figure out how the instrument is made 

Fundamental scale Fundamental mode and overtones 

like blowing on a pipe…. 



Primordial ripples 

Fundamental mode 

Geometry 

Potential wells 

mΩ

compression 

baryons 

Rarefaction… etc 

Jungman, Kamionkowski, Kosowsky, Spergel, 1996 

+primordial perturbations 



Primordial ripples 

Fundamental mode 

1 deg 

compression 

rarefaction 
compression 

Acoustic peaks 
(extrema) 



There is time between when a perturbation enters the horizon (and starts oscillate) 
And decoupling, when oscillations freeze…. And get imprinted in the CMB. 

The largest scales (sound horizon) can only go through a compression, 
Smaller scales can go through a compression and a rarefaction 
Etc… 

Longer wavelength modes oscillate slower 
The frequency of the oscillation is equal to the 
wavenumber times the speed of sound: ω = kcs. 

Animations courtesy of W. Hu  







We (and all of chemistry) are a small 
minority in the Universe. 

We do not know what 96% of the Universe is ! 

Courtesy of WMAP team 



The standard cosmological model 

Spatially flat Universe 

Power-law, primordial power spectrum 

Only 6 parameters: WMAP5yr analysis 

ΛCDM model 

Λ	


Survived! 



Next… 




