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Dark Energy 



The Standard Model of Cosmology 

1. The hot big bang 
+ expansion of 
the Universe  
– explains 

nucleosynthesis 
and the CMB 

 
2. + dark matter 

and dark energy 
– explain the 

growth of 
structures and 
distances to 
bright objects 



The LCDM Model 

• The standard cosmological model, LCDM, explains 
observations consistently in a simple framework – 
but we do not understand its components 
 
– Need inflation or some other theory to explain flatness 

of geometry and smoothness of CMB 
 

– We haven’t detected dark matter and don’t know what it 
is (it’s outside the standard model of particle physics) 
 

– We don’t know what dark energy is or why the value of 
the cosmological constant is 120 orders of magnitude 
off 



Initial Conditions Problems 



The Flatness Problem 



The Horizon Problem 
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Density Perturbations 

1. The hot big bang model does not account for origin of 
small initial density perturbations 
 

2. There are CMB perturbations whose wavelengths are 
larger than the horizon at last scattering (thus acausal) 

LSS 



Inflation 
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Inflation 

Some extra scalar field required to start (and stop) inflation 





Expansion Inflation 

Structures enter the 

Hubble radius “horizon” 

Structures leave the 

“horizon” 
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• Density perturbations: 
 
1. Inflation gives the natural primordial perturbations: 

quantum fluctuations 
2. It is natural to have super-horizon perturbations 
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Dark Matter 

• WIMP = weakly 
interacting massive 
particle 
– SUSY predicts as lightest 

super-symmetric particle 
– But SUSY disfavored by 

LHC? 
 

• “WIMP miracle” – correct 
abundance requires cross-
section which is roughly 
what’s expected for weak 
scale particle ~ 100 GeV   



• Direct detection: 

CDMS 

CoGeNT 



Confusing results… 

detections 

exclusions 



• Indirect detection: Positron excess a hint of DM 
annihilation or local pulsars? 



Galaxy Formation 

• Cusp-Core 
problem: DM 
halo profile fits 
cuspy NFW in 
simulations but 
rotation curves 
of galaxies have 
a core 

 

• Likely to be 
resolved by 
galactic physics 



Galaxy Formation 
• Missing Satellites problem: Many more satellites in CDM 

simulations than observed 
 
– Warm dark matter would suppress formation of satellites 
– Satellites may be too faint or contain only dark matter 



Galaxy Formation 

• “Too big to fail” 
problem: simulations 
predict many more 
massive subhalos 
than could be hosts 
of the Milky Way’s 
brightest satellites  

 
– They aren’t too faint 

to be observed, thus 
“too big to fail” 

Boylan-Kolchin, et al. 2011, MNRAS, 415, L40 



Dark Energy 

• Cosmological constant 
problem: quantum field 
theory predicts huge 
value for vacuum 
energy, but 
 
 
 

• Coincidence problem: 
why is the era of 
accelerated expansion 
happening now? 

2 42 2 120 2

0 (10 GeV) 10 plH M    



Models of Acceleration 



Models of Acceleration 

Frieman, et al. 2008, ARAA, 46, 385 



Models of Acceleration 

Jain & Khoury 2010 



The Anthropic Landscape 




