
So far so good but there is one small detail left 
out: cosmological and astrophysical 
observations have now shown that all of the 
above accounts for only a tiny 4% of the entire 
Universe. In a way, it is not so much the visible 
things, such as planets and galaxies, that define 
the Universe, but rather the void around them! 
Most of the Universe is made up of invisible 
substances known as 'dark matter' (26%) and 
'dark energy' (70%). These do not emit 
electromagnetic radiation, and we detect them 
only through their gravitational effects. What 
they are and what role they played in the 
evolution of the Universe are a mystery, but 
within this darkness lie intriguing possibilities of 
hitherto undiscovered physics beyond the 
established Standard Model. 
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Further references 

Webb paper on PRL: Varying fine-structure constant: http://arxiv.org/abs/1008.3907

Oklo paper: http://arxiv.org/abs/1008.3957

More recent, from observations: http://arxiv.org/abs/1501.00560

http://www.nature.com/scientificamerican/journal/v23/n4s/full/scientificamericantime1114-70.html

Proponent of a varying fine structure constant: Bachall etal 2004
http://www.sns.ias.edu/~jnb/Papers/Preprints/Finestructure/alpha.pdf

Popular article from 2010: 
http://www.technologyreview.com/view/420529/fine-structure-constant-
varies-with-direction-in-space-says-new-data/ 

Scientific American 23, 70 - 77 (2014) 
Published online: 23 October 2014 | doi:10.1038/scientificamericantime1114-70
Inconstant Constants
John D. Barrow & John K. Webb

Uzan, LRRVarying constants, Gravitation and Cosmology : http://relativity.livingreviews.org/Articles/
lrr-2011-2/download/lrr-2011-2Color.pdf
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Start from a homogeneous and isotropic Universe



5	Picture from Ned Wright's Cosmology Tutorial
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a(t)		scale	factor	
	
K	curvature:	K	>	0	(closed,	at	r	=	1/sqrt(K),	infinite	distance)	

											K	<	0	(open,	no	singularity)	
																							K	=	0	Flat	
	
One	can	always	change	the	overall	normalizaFon	of	a	and	r.	
	
r,	θ,	φ	are	the	spherical	coordinates	
	
Comoving	coordinates	(at	rest	with	respect	to	the	expansion):		
r,	θ,	φ	are	constant	
	

Friedmann	Roberson	Walker	
(FRW)	metric	

ds

2 = gµ⌫dx
µ
dx

⌫
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We	can	factorize	the	expansion	completely	by	defining	the	
conformal	*me:	

Expansion	rate:	

ds

2 = �dt

2 + a(t)2
✓

1

1�Kr

2
(dx2 + dy

2 + dz

2)

◆
Cartesian	coordinates:	

Comoving metric

ds

2 = gµ⌫dx
µ
dx

⌫



Stress	energy	tensor	

PePorino,	WePerich	et	al,		in	preparaFon	
PePorino,	Amendola,	Baccigalupi,	Quercellini	2012	
Amendola,	PePorino,	Vollmer,	Quercellini	2011	

PePorino,	Wintergerst,	Amendola,	WePerich	2010	
PePorino	Baccigalupi	2008	

To print: 
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Energy	momentum	tensor	for	a	perfect	relaFvisFc	fluid,	
homogeneous	and	isotropic	

Trace	



Einstein	equations	

PePorino,	WePerich	et	al,		in	preparaFon	
PePorino,	Amendola,	Baccigalupi,	Quercellini	2012	
Amendola,	PePorino,	Vollmer,	Quercellini	2011	

PePorino,	Wintergerst,	Amendola,	WePerich	2010	
PePorino	Baccigalupi	2008	

To print: 
 
Pg. 6/14 Carroll 
 

LeZ	hand	 side:	 Einstein	 tensor,	 funcFon	of	 the	metric	 and	 its	
derivaFves,	i.e.	it	depends	on	the	geometry	of	the	space	Fme		

Right	hand	side:	stress	energy	tensor,	 funcFon	of	 the	content	
of	the	Universe,	i.e.	maPer,	radiaFon,	baryons,	ecc.	



The term “Big Bang” was originally given to the theory (originally called 
“primeval atom”) by Fred Hoyle on a radio program in which he was 

mocking the theory. However, the misnomer stuck and has been causing 
confusion ever since. 

 
Let’s first look at what the Big Bang theory really states: “Our universe 

began in a hot dense state which began, and still is expanding. In this 
initial event, all the matter in our universe was created with approximately 

80% hydrogen and 20% helium.” 
 

nowhere do we find the word “explosion.” Instead we find the term 
“expansion.” 

 
the matter is all actually standing still while space itself expands dragging 

the matter with it. 
 

The general analogy for this is having a series of paperclips on a rubber 
band. As the rubber band is stretched, the paperclips appear to move 
away from one another even though they are in fact holding still with 
regard to the rubber band. Similarly, galaxies hold still more or less 

(there are small movements due to gravitational interactions) while they 
are carried by the expanding universe.  

 
So again, there was no “explosion” but instead, an expansion which is 

carrying all the rest of the universe away from us. 
 

the big bang did not occur somewhere in space; it occupied the whole of 
space. Indeed, it created space. Distant galaxies are not traveling at a 
high speed through space; instead, just like our own galaxy, they are 

moving relatively slowly with respect to any of their neighboring galaxies. 
It is the expansion of space, between the time when the stars in these 
distant galaxies emitted light and our telescopes receive it, that causes 

the wavelength of the light to lengthen (redshift). Space is itself 
infinitely elastic; it is not expanding into anything.“ 

"Every observer in the universe is surrounded by a sphere beyond which 
nothing can be seen: the observer's cosmic horizon (the point at which the 
apparent recessional velocity equals the speed of light). Because it is the 
expansion of space rather than the high velocity of distant galaxies that 
prevents us from seeing beyond our cosmic horizon, there is no reason to 
suppose that galaxies outside it are any different from those inside it. 

Indeed, the extreme isotropy, or smoothness, of the cosmic background 
radiation (it appears to have the same temperature in all directions, to 
about one part in 100,000), together with the law of General Relativity 
and other physical assumptions that seem reasonable, implies that the 

universe must remain pretty much the same out to a considerable distance 
beyond our horizon. 

Friedmann	equaFons	for	a	mulF-component	Universe:	

Expansion	 MaPer	content	and	geometry	

AcceleraFon	equaFon:	

Einstein	equations	



Density	ratios	and	critical	density	

Define the critical density:      ρcrit = 3H0
2/8πG 

                                                       ≈ 1.9h2x10-29 g/cm3

and the density parameter:      Ω = ρ/ρcrit

ρm ~ a-3        ρrad ~ 
a-4 



Closed Open Flat

Geometry	of	the	spatial	3d	universe	
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More	on	Friedmann	equation	

It	can	be	also	wriPen	in	terms	of	H0	as:	



Conservation	equations	

PePorino,	WePerich	et	al,		in	preparaFon	
PePorino,	Amendola,	Baccigalupi,	Quercellini	2012	
Amendola,	PePorino,	Vollmer,	Quercellini	2011	

PePorino,	Wintergerst,	Amendola,	WePerich	2010	
PePorino	Baccigalupi	2008	

To print: 
 
Pg. 17 Baccigalupi 
Book luca 
 

The	 (covariant)	 derivaFve	 of	 the	 stress	 energy	 tensor	 (which	
depends	on	energy	density	and	pressure	of	each	fluid)	is	zero,	
i.e.	energy	is	conserved.	

Valid	 for	 the	 total	 stress	 energy	 tensor	 (summed	 up	 over	 all	
components).	
	
If	 each	 species	 has	 an	 evoluFon	which	 is	 not	 coupled	 to	 the	
one	 of	 other	 species,	 then	 also	 each	 separate	 stress	 energy	
tensor	is	conserved.	



Conservation	equations	
To print: 
 
Pg. 17, 18 Baccigalupi 
Book luca 
 



To print: 
 
Pg. 17, 18 Baccigalupi 
Book luca 
 

Exercise 1: derive the evolution of matter in MDE and radiation in RDE in a flat 
universe as a function of the scale factor and of redshift.  Assume matter is cold 
(zero pressure) and radiation has w = 1/3

Exercise 2: using the Friedmann equations, show whether the universe is  
decelerating or accelerating in MDE and RDE.

Exercise 3: using the Friedmann equations, calculate the evolution of the Hubble 
parameter H as a function of a and t.



Conservation	equations	

MaPer	 w	=	0	

RadiaFon	 w	=	1/3	
deceleraFon	

To print: 
 
Pg. 17, 18 Baccigalupi 
Book luca 
 



Clues of the Universe 

Supernovae	
	
Cosmic	Microwave	Background	(CMB)	
	
Large	scale	structures	

Galaxy	rotaFon	curves,	clusters	and	X-rays,	gravitaFonal	lensing,	baryonic	
acusFc	oscillaFons,	age	of	the	universe,	…	



Overview of standard cosmology 

Cosmological principle, isotropy and homogeneity 
 
Distances: Hubble law and expansion of the Universe 
 
Abundances of light elements 
 
Background Cosmology in General Relativity 
 
 
Supernovae and Cosmic acceleration  
 
Cosmic Microwave Background 
 
Structure formation 
 
The Dark Universe 



Supernovae	

In	1994	the	High-z	Team	was	formed:	
“To	Measure	the	Cosmic	DeceleraFon	
	of	the		
Universe	with	Type	Ia	Supernovae”	

Supernova	Cosmology	Project		
and	the	High-z	Team	



Supernovae	

Distant SNe are 0.25 
mag dimmer than they 

would be in a 
decelerating Universe



Supernovae	
SNIa	not	standard	candles,	1	sigma	spread	of	0.3	mag	in	B-band	luminosity	
Works	 in	 1990’s	 establishes	 an	 empirical	 correlation	 between	 SN	 Ia	 peak	
brightness	and	the	rate	at	which	the	luminosity	declines	with	time	after	the	peak:	
Intrinsically	brighter	SNe	decline	more	slowly	
->	standardizable	candles	with	a	dispersion	of	15%	in	peak	brightness.	

Different light-curve fitters

Shape and color corrections plus a third parameter describing variation of SNe 
luminosity with host galaxy mass



Luminosity	distance	

Calculate from 
flux and intrinsic 

luminosity

Given a model, it can 
be written in terms of 

the various Ωα



Hubble (Leavitt) diagramme, JLA analysis

Betoule et al. 2014

Hubble	Diagram	



Older results, compared to different geometries



Surprise?	

•  1998:	Supernovae	
•  1988:	already	a	theoreFcal	framework	for	dark	
energy.	
-  InflaFon	predicts	a	flat	Universe	
-  ObservaFons	on	DM	were	poinFng	towards	

-  Ages	of	globular	clusters	and	H,	required	accelerated	
expansion		

	

•  Need	of	0.75	missing	energy	dominaFng	at	recent	
epochs	to	allow	structure	formaFon.	



The term “Big Bang” was originally given to the theory (originally called 
“primeval atom”) by Fred Hoyle on a radio program in which he was 

mocking the theory. However, the misnomer stuck and has been causing 
confusion ever since. 

 
Let’s first look at what the Big Bang theory really states: “Our universe 

began in a hot dense state which began, and still is expanding. In this 
initial event, all the matter in our universe was created with 

approximately 80% hydrogen and 20% helium.” 
 

nowhere do we find the word “explosion.” Instead we find the term 
“expansion.” 

 
the matter is all actually standing still while space itself expands 

dragging the matter with it. 
 

The general analogy for this is having a series of paperclips on a rubber 
band. As the rubber band is stretched, the paperclips appear to move 
away from one another even though they are in fact holding still with 
regard to the rubber band. Similarly, galaxies hold still more or less 

(there are small movements due to gravitational interactions) while they 
are carried by the expanding universe.  

 
So again, there was no “explosion” but instead, an expansion which is 

carrying all the rest of the universe away from us. 
 

the big bang did not occur somewhere in space; it occupied the whole of 
space. Indeed, it created space. Distant galaxies are not traveling at a 
high speed through space; instead, just like our own galaxy, they are 

moving relatively slowly with respect to any of their neighboring 
galaxies. It is the expansion of space, between the time when the stars 

in these distant galaxies emitted light and our telescopes receive it, 
that causes the wavelength of the light to lengthen (redshift). Space is 

itself infinitely elastic; it is not expanding into anything.“ 
"Every observer in the universe is surrounded by a sphere beyond which 

nothing can be seen: the observer's cosmic horizon (the point at which 
the apparent recessional velocity equals the speed of light). Because it 

is the expansion of space rather than the high velocity of distant 
galaxies that prevents us from seeing beyond our cosmic horizon, there 
is no reason to suppose that galaxies outside it are any different from 
those inside it. Indeed, the extreme isotropy, or smoothness, of the 

cosmic background radiation (it appears to have the same temperature 
in all directions, to about one part in 100,000), together with the law of 
General Relativity and other physical assumptions that seem reasonable, 

implies that the universe must remain pretty much the same out to a 
considerable distance beyond our horizon. 

Expansion	

Most	of	the	universe	is	not	made	of	ordinary	maPer!	

It	started	acceleraFng	about	5	billion	years	ago	

ä/a = �1

6
(⇢+ 3p)

Expansion	and	acceleration	

MaPer	 w	=	0	

RadiaFon	 w	=	1/3	
deceleraFon	

Most	of	the	universe	is	not	made	of	ordinary	maPer!	

Expansion Density and pressure



LCDM
Constant w

Followed by SNLS, ESSENCE, HST, …



Flat w-CDM fit parameters, JLA analysis

Betoule et al. 2014


