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Outline

• Brief revisit to Models of Dark Energy
• What each of the following probe have told us: 

–Lensing
–Cluster
–CMB
–SN 
–BAO 

Image: Robert Lupton & SDSS



Dark Energy Models

• LCDM
• Equation of State 
• Dark Energy density 
• Dark Energy interacting with Dark Matter 
• Decaying Dark Energy



Dark Energy Models

• Equation of State 
• Dark Energy density 
• Dark Energy interacting with Dark Matter 
• Dark Energy decaying into radiation

What do we know about these models?

BOSS collaboration 2014



Outline

• Brief revisit to Models of Dark Energy
• What each of the following probe have told us: 

–Cluster
–Lensing
–CMB
–SN 
–BAO 

Image: Robert Lupton & SDSS



Dark Energy Progress
• Cluster Vikhlinin et al. 2008

36 clusters from Chandra



Dark Energy Progress

• Gravitational Lensing

Mandelbaum et al. 2012

SDSS-DR7 lensing 
+ WMAP7 
+ SDSS clustering



Dark Energy Progress
• Supernova Suzuki et al. 2012



Dark Energy Progress
• Supernova Suzuki et al. 2012

SN+
WMAP7+
BAO (SDSSI/II+2dF)



Dark Energy Progress
• CMB 

Naess et al. 2014



Dark Energy Progress

• CMB Planck Collaboration 2013



Dark Energy Progress

• Planck +
• WMAP polarization+
• BOSS 1st year data

Planck Collaboration 2013



Dark Energy Progress

• BAO
• BOSS DR11 (near final)  
• Same Acoustic Oscillations

as in CMB

BOSS galaxy clustering WG + 
BOSS collaboration 2013



Dark Energy Progress

• BAO
• BOSS DR11 (near final)  
• Distance 

measurement at
of 1% at z=0.57 and 
2.1% at z=0.32

BOSS galaxy clustering WG + 
BOSS collaboration 2013



Dark Energy Progress

• BAO constraints on Dark Energy

BOSS galaxy clustering WG+ 
BOSS collaboration 2013



Dark Energy Progress

• Combining all BAO measurements

Lines are Planck LCDM model predictions

BOSS collaboration 2014



Dark Energy Progress

• BOSS galaxy BAO

BOSS galaxy

BOSS collaboration 2014

BOSS collaboration 2014



Dark Energy Progress

• Other BAO results: including Lyman-alpha forest

BOSS Lya and Lya X QSO

BOSS collaboration 2014



Dark Energy Progress

• Combined constraints: 

BOSS collaboration 2014



Dark Energy Progress

• Dark Energy Density as a function of z:
Positive Dark 
Energy component 
at z<1.
Slightly negative 
ones at z>1.6, due to
Lya data. 

BOSS collaboration 2014



Dark Energy Progress

• BAO

CMB chisq contributions are not shown

We will display various dark energy
models we have considered, and how
each of the measurement contributed
to the chisquare of the best fit model

BOSS collaboration 2014



Dark Energy Progress

• BAO

CMB contributions are not shown

BOSS collaboration 2014



Dark Energy Progress

• BAO

CMB contributions are not shown

More general forms of dark energy models 
gives constraints that are consistent with LCDM 

BOSS collaboration 2014



Dark Energy Progress

• BAO

CMB contributions are not shown

Alternative models

BOSS collaboration 2014



Dark Energy Progress

• BAO

CMB contributions are not shown

BOSS collaboration 2014



The End



Dark Energy Progress

• CMB 



Dark Energy Progress

• Gravitational Lensing

Heymans et al. 2013

CFHTLS combined with other datasets



Dark Energy Progress
• Cluster Spergel, Flauger & Hlozek 2013



Dark Energy Progress

• CMB 



Dark Energy Progress

• SN or 
• BAO (BOSS 1st year)
• + Planck 
• + WMAP Polarization

Planck Collaboration 2013


