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What do you know so far 
Universe composition 
Universe expansion history 
Universe shape (geometry) 
 
Are they related? 
 
Universe fate? 
What is the CMB? 
What is Hubble law? 
What is the physics most relevant to describe the Universe (on large scales) 
 
What is inflation? 
Is inflation weird? In what sense (and in what sense it is not) 
 
What about the big bang? 
 
The concept of horizon 
 
How do we observe the Universe? 



Outline	
Sta+s+cal	descrip+ons	
	
Linear	growth	of	perturba+ons	
How	growth	depend	on	Universe	content		
Large–scale	structure	
	
The	Cosmic	microwave	background	
Galaxy	surveys	
What	can	“we”	expect	to	learn	
Veloci+es	
BAO	
The	future	



SeIng	the	stage	
infla+on	

If	the	Universe	is	homogeneous	and	isotropic	on	large	scales	

Dark	maMer	

How	did	we	get	there	from	an	almost	uniform	distribu+on?	

Well…	let	us	take	it	simple…	



Can	we	understand	THIS?	

This	is	actually	s+ll	difficult!	





Can	we	understand	THIS?	

GeIng	there!	







What	is	the	relevant	informa+on	here?	

“You,	nameless	galaxy,	
	shall	form	here”?	



If	it	was	a	2D	distribu+on	

Where	would	galaxies	form?	

If	you	were	to	take	a	2D	(xy)	slice	though	the	DM	distribu+on		and	the	z	axis	
sas	the	density……	this	would	look	like	
	



If	it	was	a	2D	distribu+on	



Iso-density	contours	





Define	density	contrast:	
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Define	density	contrast:	
	

� =
⇢� ⇢̄

⇢̄

So,	δ	is	posi+ve	(nega+ve)	for	overdense	(underdense)	regions	
For		δ small linear perturbation theory can be applied  
���	

What	is	a	func+on	of	both	
	posi+on	and	+me	and	what		
of	+me	only?	



S+ll…	
We	need	some	sta+s+cal	property….	Recall	the		Cosmological	principle	

Clustering	proper+es	

The	simplest	clustering	observable	is	the	two	point	correla+on	func+on	
Excess	probability	over	random	that	a	second	object	will	be	found	at	some		
distance,r,	from	another	

dP = n(1 + ⇠(r))dV



Even	beMer:	The	Power	spectrum	
	

Closely	related!	

Must	first	introduce	the	concept	of	Fourier	transform	and	Fourier	“space”	

In	1	Dimension	



Fourier	space	

In	1	D,	but	can	be	done	in	2,	3	D	

Need	F(x_i)	

Need	only	3		
pieces	of	info		

The	three	frequencies	
And	their	amplitudes	





Fourier	transform	2D	

(spa+al)	frequency	

Real	space	 Fourier	space	

For	every	x,	y		
We	get	given	an	
Intensity	(darkness)	

For	every	spa+al	
	frequency	kx,	ky	
	we	get	given	an	
	intensity	

But…..	Why?	



The	universe	is	(on	average)	isotropic	
and	homogeneous	

The	power	spectrum:	
How	much	power	is	there	at	each	frequency	(k)?		
(I	do	not	care	if	it	is	in	the	x,	y	or	z	direc+on)	

Technically		average	of	the	square		
of	the	modulus	

h|�(k)|2i

I	do	not	care	about	the	phase	





B.	BasseM	





Random	phases…..	

P.	Coles	



Power spectrum 

How much power as function of wavelength 

i.e. You do not care where are maxima and minima but you care about 
 how they are distributed statistically.  



Correla+on	func+on	and	power	
spectrum	are	related!	



The	measured	power	spectrum	

Actual	fig.	from	actual	scien+fic	paper	



What	happens	next?	



Define	density	contrast:	
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Take Assume a static background for now 

R 

Use extra info:  
Mass conservation 

THE GROWTH OF PERTURBATIONS 

This differential equation in δ has solution……. 



Dynamical time depends on <ρ> not on R  

Take Assume a static background for now 

R 

Use extra info:  
Mass conservation 

THE GROWTH OF PERTURBATIONS 



Dynamical time depends on <ρ> not on R  

For air? (1kg/m3) 9hr… tornados???? 

Take Assume a static background for now 

R 

Use extra info:  
Mass conservation 

THE GROWTH OF PERTURBATIONS 



Dynamical time depends on <ρ> not on R  

For air? (1kg/m3) 9hr… tornados???? PRESSURE & sound speed 

Take Assume a static background for now 

R 

Use extra info:  
Mass conservation 

THE GROWTH OF PERTURBATIONS 



Cs for air 300m/s 

As for stars the answer is pressure! As an overdense region collapses,  
a pressure gradient develops in it. 
 
It takes time for the pressure gradient to  develop hydrostatic equilibrium.  

tpress<tdyn à R<cs tdyn 

The maximum size for which hydrostatic equilibrium can be obtained is special… 



Jeans Length 
Overdense regions larger than Jeans length can 
collapse, smaller than that… oscillations (sound). 

Jeans length for air .. 105 km… sound waves are stable 

For the Universe: 

Consider the radiation dominated era: 

So, the Jeans length is still on the order of the Hubble length. 
 Thus, structures smaller than the Hubble length are supported by pressure 
 and cannot collapse.  
 



Jeans Length 
Overdense regions larger than Jeans length can 
collapse, smaller than that… oscillations (sound). 

Jeans length for air .. 105 km… sound waves are stable 

For the Universe: 

Radiation dominated era:  
Inside horizon perturbations are stable! Sound! Implications for CMB? 

Clearly, structures much smaller than this must have collapsed to form the  
Cosmic structures we see today.  
 

The baryonic structures we see must have formed after the time of photon decoupling.  
 

Or…
. Work with w, speed of sound 



Jeans Length 
Overdense regions larger than Jeans length can 
collapse, smaller than that… oscillations (sound). 

Jeans length for air .. 105 km… sound waves are stable 

For the Universe: 

Radiation dominated era:  
Inside horizon perturbations are stable! Sound! Implications for CMB? 

Baryons: Decreases by factor 

Size of a GC, small galaxy! 



Expansion cannot be neglected 

Study solutions! 

Ok, we knew that 

But we can use it  

3 

- 

G 



Radiation dominated 

a ⇠ t1/2 ;H ⇠ 1

2t
⌦m << 1

�̈ +
1

t
�̇ = 0This becomes…. 

Solution…. 



Radiation dominated 

a ⇠ t1/2 ;H ⇠ 1

2t
⌦m << 1

MESZAROS effect! 

�̈ +
1

t
�̇ = 0This becomes…. 

�(t) = C1 + C2 ln tSolution…. 

Any overdensity grows LOGARITMICALLY with time 

(collapse timescale longer than expansion timescale) 



(dark) Matter dominated 

This becomes…. 

Solution…. 

a ⇠ t2/3 H =
2

3t
,⌦m ⇠ 1 ; �̈ +

4

3t
�̇ � 2

3t2
� = 0



(dark) Matter dominated 

This becomes…. 

Solution…. 

a ⇠ t2/3 H =
2

3t
,⌦m ⇠ 1 ; �̈ +

4

3t
�̇ � 2

3t2
� = 0

�(t) ⇠ Ctn

Plug in and find 

3n2 + n� 2 = 0 ! n = �1, n =
2

3



 Matter dominated 

This becomes…. 

Solution…. 

a ⇠ t2/3 H =
2

3t
,⌦m ⇠ 1 ; �̈ +

4

3t
�̇ � 2

3t2
� = 0

�(t) = c1t
�1 + C2t

2/3

Only power law growth,   oc scale factor a or 1/(1+z) 

Pressureless OR above Jeans lenght 



Inflation/Λ domination 

H = const = H⇤ ⌦m << 1 ; �̈ + 2H⇤�̇ = 0

Solution….. 



Inflation/Λ domination 

H = const = H⇤ ⌦m << 1 ; �̈ + 2H⇤�̇ = 0

Solution….. 

�(t) = C1 + C2e
�2H⇤t

Again fluctuations do not grow!!! 



Evolution of perturbations 
Radn dominated era 

Λ dominated era 

Only when matter dominates perturbations grow 

Decaying, neglect 

AH! 



 you will do this in a less handwaving way. 

Sec 4.1,.4.2, 4.3, 4.6  of the notes 

Let us set it up anyway… 



In the meantime 

•  Ex 4.1 



Meszaros effect again 

•  Ex 4.3 



End of first two h 


