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The	  material	  for	  Prof	  



The	  material	  for	  student	  



The	  classes	  and	  exercises	  

It’s	  perfectly	  fine	  to	  make	  mistakes	  
You’ve	  got	  to	  try	  it	  (again	  and	  again	  and	  again)	  



Today….	  



Can	  we	  understand	  THIS?	  

GeQng	  there!	  



What	  happens	  next?	  



With some approximations 
�̈ + 2
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In the notes δ is Δ	


But then in the exercises  we sometimes end up using: 

What is ρ? 	


What is δ ? 

Why matter here? 
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Please recall  that a critical Universe always is critical (and an empty is always empty) 
But in general  ρ   and H are NOT constant.  
 In particular a density scales with the scale factor as…. (as long as we are the 3D…) 



Evolution of perturbations 
Radn dominated era 

Λ dominated era 

Only when matter dominates perturbations grow 

Decaying, neglect 

AH! 
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ȧ

a

@�

@t
= 4⇡G⇢̄�

Solutions….. 

�(t) = D(t)�0(x)

Note separability! 

D(t) = a(t)g(t) �! D(z) = a g(z)

+ decaying mode 

But you can have endless fun in going to higher order in PT 



Note that  a Gaussian  distribution on linear theory will remain Gaussian  

And this is what it looks like! 

Note that when the Universe 
 is matter-dominated this goes constant, 
as expected. 

In LCDM, for most of the Universe life the universe was matter dominated… 



¨�k + 2H ˙�k = �k(4⇡G⇢̄� k2cs)

solution

�k(t)�k,0 exp(�i!t)

where

!2
= c2sk

2 � 4⇡G⇢̄

Look at the SIGN (only if negative perturbations grow, 
 if positive then oscillations!) 

�k(t) = �k,0 exp(�iwt)
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Jeans lenght, again! 

To be complete 
2 



What happens for perturbations on  gravitational potential  

So they do not grow in an Einstein de Sitter Universe 

They decay in Λ domination! 



The cosmic microwave background 

Planck satellite collaboration 



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

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



RECALL: 

On large scales (above the horizon at that time)  

On smaller scales 
 this is different! 

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) 

Potential hill 
Blueshifted 
Looks hotter 

Potential well 
redshifted 
Looks colder 



How do we know how many photons there are  
(i.e. The radiation content of the universe)? 
 



HOW?     WHY? “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 

{ } 

Cosmology from the CMB?	




Now in equations 

�̈b + 2
ȧ

a
�̇b = gravity term� pressure term

�̈b + 2
ȧ
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�̇b = 4⇡G⇢DM�DM � �bk
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use ⇥ =
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T
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⇥̈ =
4

3
⇡G�DM⇢DM � k2c2s⇥

If gravity is given by DM 
and pressure by the baryon-photon 
plasma speed of sound 

Simple oscillator equation! 

Can further re-write as: 

⇥̈ = �1

3
k2�k � k2c2s⇥

cstrec = �SSound horizon: 



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  



The power spectrum (and the 2 point correlation function) 

What is a power spectrum? 

Think about a graphic equalizer 

How much power at any given wavelength? 



Trebble heavy 



base heavy 



Well balanced 



Now in equations .. Before we can look at pictures again…. 

Spherical harmonics  Ylm 



Legendre polynomials 

Angular power spectrum 

Power spectra 

We want to know the statistical properties! 

m 



From W. Hu  CMB tutorials: http://background.uchicago.edu/~whu/metaanim.html 

The temperature power spectrum separates 
 the intensity of hot and cold spots in the  
temperature map of different angular scales 





Primordial ripples 

Fundamental mode 

compression 

Acoustic peaks 

(extrema) 

Rarefaction 
compression 

90	
 2	
 0.5	




Primordial ripples 

Fundamental mode 

compression 

(extrema) 

Rarefaction 
compression 

90	
 2	
 0.5	


baryons 
Potential wells 

mΩ
geometry	




                      Some movies 
 
 
 can you explain what is going on and why?  



Changing the amount of matter  



Changing the amount of baryons 



Changing the curvature/geometry or Lambda (~distance to Last scattering) 



Precision	  Cosmology	  

Figure	  from	  a	  real	  scien3fic	  paper	  (Planck	  collabora3on)	  



The era of precision cosmology: 
LCDM: the “standard” model for cosmology 

Homogenous background Perturbations 

Few parameters describe the Universe composition and evolution 





? 



Cold Dark matter 



Dark matter interacts weakly, it decouples from radiation at much earlier  
time than the baryons. 

So perturbation in the dark matter component can start growing insid ethe horizon 
 as a power law,  since matter domination   (z ~ 3000) 

When baryons decouple….. 
 
The fall into dark matter potential wells….. 

As a consequence…… 

Recall last exercise from Wednesday! 



Schematic of perturbation growth 





What is dark matter… 

Must be dark 

What do you mean….. 



Courtesy of W. Kinney 



Courtesy of W. Kinney 





Vera	  Rubin	  

"In	  a	  spiral	  galaxy,	  the	  ra3o	  of	  dark-‐to-‐
light	  maXer	  is	  about	  a	  factor	  of	  ten.	  

That's	  probably	  a	  good	  number	  for	  the	  
ra3o	  of	  our	  ignorance-‐to-‐knowledge."	  

Vera	  Rubin	  



Fritz Zwicky 





Must	  be	  almost	  pressureless/non	  interac3ng	  

The	  bullet	  cluster	  

Red	  represents	  	  
the	  gas	  
	  (as	  seen	  in	  X-‐rays)	  

Blue	  represents	  
	  the	  dark	  maXer	  
(as	  seen	  via	  lensing)	  

Note	  where	  galaxies	  are	  



Computer-SIMULATION 



Must be “cold” 
In fact assume it is hot (i.e. It has a high velocity dispersion) 
Then it would not be able to cluster on scales r<vt 

Assume that there are two components one cold and pressureless and one hot 
(hint: neutrinos) And let us assume Ωtot,m=1 



Must be “cold” 
In fact assume it is hot (i.e. It has a high velocity dispersion) 
Then it would not be able to cluster on scales r<vt 

Assume that there are two components one cold and pressureless and one hot 
(hint: neutrinos) And let us assume Ωtot,m=1 
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Recall that in Ω	

goes the component that 
Clusters (forces) 

Forcing is reduced 
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Solution: if f hot=0  δ ~ t 2/3 

If  fhot  Non zero but small  

↵ ⇠ 2

3

✓
1� 3
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f
hot

◆

Growth suppression below free streaming scale 

If large more complicated expression but still same qualitative result: 



COLD 

WARM 

HOT 



Observational consequences? 

•  Discuss… 



Most matter it is not made of baryons 

Ω b~0.04     Ω m ~ 0.25 

Dark matter does not couple electromagnetically (i.e. to photons) 

Dark matter can start growing earlier than baryons 

Hypothetical weakly interacting particle 



Before we proceed further… 

The power spectrum! 

Compress this information 

With several 
 poetic licenses 

With one  
Major 
 poetic licence 



Transfer function  

Matter domination 

A power law becomes …… 

a) Why can one write the equation above? 
b) Explain this shape 

What happens next? 

What does the “break” correspond to? 
Can it change? How? 



The matter power spectrum is  (almost) in shape ~ z~3000 
What happens next?   



Question for you: 

When (in the life of the Universe) can these fluctuations grow? 

PS recall horizons 

How? 



Effect of hot dark matter on the power spectrum…. Anyone? 



Question for you 

This is the power spectrum of what? 



Galaxies as cosmological probes 

Highly non-linear objects! 



Simulations: 

galaxies 

Dark matter 

(some  
poetic licences) 



If you were to take a 2D (xy) slice though the DM distribution  and the z axis 
Was the density this would look like 
 

Where would galaxies form? 



Put all that complicated (g) astrophysics into a name 
 
bias,b 
 
 
Hope that δg= b δm 
 

PS this is not always the case,  
but given how naive this is it works remarkably well 



Baryon acoustic oscillations 

Sound horizon at  
decoupling 



 Baryonic Acoustic Oscillations	


Courtesy of D. Eisenstein 

For those of you who think in Real space 

Evolution of a single 
 perturbation, 
Imagine a superposition  



Fore those of you who think in Fourier space 

If baryons are ~1/6 of the dark matter these baryonic oscillations 
 should leave some imprint in the dark matter distribution  



BAO 

For those of you who think in Fourier space 

Photons coupled to baryons 

If baryons are ~1/6 of 
the dark matter these 
baryonic oscillations 
 should leave some 
imprint in the dark 
matter distribution 
(gravity is the coupling) 

Observe photons 

“See” dark matter  



What surveys aim to measure 

But there is much more cosmological information 

Error-bars 
for current 
data 





Measuring cosmic distances 

Hubble law 

Thnak you mr Hubble 

Would be perfect in a uniform Universe, 
 but the Universe is clumpy! 

If we use redshift as a distance indicator, 
We get a distorted map  

Have to live with it. 







Three measurements in one? 

Typical region 

overdense  
region 

Gravity vs Expanding universe 

Deviates from the Hubble flow 

But we assume uniform Hubble flow  
to convert recession velocity in distances! 

This is a problem… or maybe not…. 



(linear) Equation for the velocities 

�̇ = �1

a
r · ~u �! �̇k =

1

a
ik · v

u = a�̇
k

ik2
=

show

=
Hak

ik2
d ln �

d ln a
�
k

Oohh look v and k are always alligned! What does this mean? 

This is called f 
Ω 0.55~0.6 



Can learn about 

Content of the universe 
Inflation 
Expansion history 
 
 
 
Beyond parameter fitting! 




