




THE BIRTH OF 
 DARK ENERGY 



COSMOLOGICAL	  CONSTANT	  OR	  
DARK	  ENERGY?	  

In general, p=wρ with w=-1 for the cosmological constant Λ	




Observational cosmology  

Distance measurement 

Density	  fluctua<on	  growth	  
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1929:  Hubble obtained 
 slope  H=530 km/sec/Mpc 

Alexander Friedmann: 
1924 
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1930 



1927: Georges Lemaitre obtained  
slope H=625 km/sec/Mpc 
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70 years progress 



    1949 

nuclear physicists plunge in 



RALPH	  ALPHER	  
	  GEORGE	  GAMOW	  

predicted	  origin	  of	  light	  elements	  	  
&	  fossil	  radia<on	  	  	  	  



Burbidge, Burbidge, Fowler, Hoyle: 1957 



1964	

RELIC RADIATION DISCOVERED BY ARNO 
PENZIAS AND ROBERT WILSON 	




COBE  1990 

John Mather 



    1980 

particle physicists plunge in 



	  THE	  BEGINNING	  

HERE WE 
ARE 

LHC 



FROM	  EXPANSION	  TO	  INFLATION	  (1980)	  

Andrei Linde 
Alan Guth 



Predicts space is flat and large 



THE	  OLD	  BIG	  BANG	  



THE	  INFLATIONARY	  UNIVERSE	  





Need initial density fluctuations  
in order to form structure! 



Inflation predicts thermal fluctuations  



measure	  space	  curvature:	  dark	  ma6er	  plus	  dark	  energy	  once	  we	  know	  the	  age	  of	  the	  universe	  



COBE  1992 

George	  Smoot	  	  	  	  	  John	  Mather	  
STOCKHOLM	  2006	  

WMAP 2010 





A	  SPACE-‐TIME	  DIAGRAM	  OF	  THE	  UNIVERSE	  

ON	  ANGULAR	  SCALES	  ABOVE	  A	  DEGREE,	  WE	  ARE	  	  

VIEWING	  QUANTUM	  FLUCTUATIONS	  IN	  THE	  SKY!	  

THE DARK AGES	


FIRST LIGHT	




Temperature fluctuations  2011 
SPT 



Isaac Newton 

Yaakov Zeldovich 

HOW STRUCTURE FORMED 

Jim Peebles 

James Jeans 



if the matter was evenly disposed throughout an infinite 
space, it could never convene into one mass; but some of 
it would convene into one mass and some into another, 
so as to make an infinite number of great masses, 
scattered at great distances from one to another 
throughout all that infinite space.And thus might the sun 
and fixed stars be formed, supposing the matter were of a 
lucid nature. 

if the sun at rest were an opaque body like the planets or 
the planets lucid bodies like the sun, how he alone should 
be changed into a shining body whilst all they continue 
opaque, or all they be changed into opaque ones whilst 
he remains unchanged, I do not think explicable by mere 
natural causes, but am forced to ascribe it to the counsel 
and  contrivance of a voluntary Agent. 

Isaac Newton, letter to Richard Bentley, December 10, 1692 



James	  Jeans:	  
	  	  "We	  have	  found	  that	  as	  Newton	  first	  conjectured….	  

	  All	  celes<al	  bodies	  originate	  by	  a	  process	  of	  fragmenta<on	  
of	  nebulae	  out	  of	  chaos,	  of	  stars	  out	  of	  nebulae,	  of	  
planets	  out	  of	  stars	  and	  satellites	  out	  of	  planets."	  

Criterion for  gravitational stability  found by Jeans (1902): 
pressure opposes collapse: 

 sound waves  must cross region to communicate pressure changes before 
collapse	


	  “From	  the	  intrinsic	  evidence	  of	  his	  crea<on,	  the	  Great	  Architect	  of	  
the	  Universe	  now	  begins	  to	  appear	  as	  a	  pure	  mathema<cian.’’	  



ASSUMPTIONS	  



FROM	  INFLATIONARY	  DENSITY	  FLUCTUATIONS	  TO	  GALAXIES	  	  

INFLATION PREDICTION 

Tegmark 2004 



Structure forms bottom-up 





A	  CHRONOLOGY	  OF	  THE	  UNIVERSE	  

DARK	  ENERGY	  DRIVES	  INFLATION	  

FLUCTUATION GROWTH 

 DARK MATTER DOMINATION 



Vera Rubin 1928- 

Vera Rubin 



Fritz Zwicky 1898-1974 

Fritz Zwicky 



Most of the matter in 
the universe is dark! 

It’s a weakly interacting elementary particle that 
we have yet to identify. This has led to a new 
discipline: Particle Astrophysics 

Dark matter is not ordinary matter 



helium 

deuterium 

lithium 

Dark matter 
is not baryons 

baryon density 
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Injecting neutrons 
destroys lithium  
but at a price 

Coq 2011 
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Dark	  maher	  is	  not	  neutrinos	  
cold warm 



Favoured	  SUSY	  candidate	  is	  a	  	  WIMP	  in	  mass	  range	  	  0.01-‐10	  TeV	  

The	  WIMP	  miracle:	  	  relic	  abundance	  	  if	  <σv>~3x10-‐26	  cm3/s	  ~1/Ωx	  

	  	  	  Astrophysical	  probes	  	  complement	  	  collider	  experiments	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Dark	  maher	  “most	  likely”	  is	  	  	  
a	  weakly	  interac<ng	  (massive?)	  par<cle	  
Eg	  	  	  WIMP	  	  (or	  	  LSP)	  mo<vated	  by	  theory	  of	  supersymmetry	   

Occasionally	  annihilate	  today	  
In	  the	  halo	  to	  energe<c	  	  
par<cles:	  ν,γ,pbar,e+ 



Dark energy accelerates... 

Distant type Ia supernovae are too faint!  

we	  measure	  	  	  dark	  ma6er	  minus	  dark	  energy	  



accelera<ng	  

non-‐accelera<ng	  

Freedman	  al.	  2009	  

Log(distance) 

Redshift 



Dark matter distorts  
redshift space 



ACT/WMAP 

SDSS 



Large-‐scale	  structure	  (BAO):	  	  DM	  

CMB	  fluctua<ons:	  	  	  DM	  +DE	  

	  Supernovae:	  	  	  	  	  	  	  	  	  	  	  DM	  -‐	  DE	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

dark	  maher	  

dark	  maher	  

dark	  energy	  

p=wρ	  

Amanullah et al 2010 

Most of the energy in 
the universe is dark! 



75%	  

4%	  

21%	  
€ 

ρvac ≈10
−10eV4

€ 

M ~ MPlanck =G−1/ 2 =1028  eV ⇒  ρvac ~ 10112eV4

	  	  	  	  	  	  One	  of	  the	  greatest	  problems	  in	  physics!	  

observe 

predict 



Mo<vates	  
mul<verse	  	  
explana<on	  
of	  why	  dark	  
energy	  is	  so	  
small	  

Eternal inflation produces  
a nearly infinite number of  
inaccessible universes	  



The multiverse theory can’t make any predictions 
… it can explain anything…                                     
George Ellis 

We live in one tiny pocket where the value of the cosmological 
constant is consistent with our kind of life          Leonard Susskind  

A. Linde 



Alterna<ves:	  
we	  may	  hope	  for	  	  a	  fundamental	  
physics	  	  theory	  of	  dark	  energy………..	  	  

or	  seek	  an	  astrophysical	  	  explana<on	  



an example: from 10500 Calabi-Yau manifolds to 3 

Candelas	  et	  al	  2008	  



Clivon	  &	  Ferreira	  2008	  



CAN	  REPLACE	  ACCELERATION	  BY	  A	  GIANT	  LOCAL	  VOID	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  Lemaitre-‐Tolman-‐Bondi	  model	  

Which	  hypothesis	  is	  more	  “fine-‐tuned”?	  

SDSS-‐II	  2009	  



E-ELT 

THE FUTURE FOR DARK ENERGY   

EUCLID 

DES 

PLANCK 




