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The Distant Universe
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Dark Matter



Dark Energy

Evidence from probes of geometry (SNe, clustering)
and growth (RSD, lensing)



D A R K  E N E R G Y

Possible explanations: 

• a vacuum energy; 

• additional particle field(s); 

• modification to theory of gravity 

All are exciting new physics! 



Probes: Supernovae 1a



Gravitational waves



Galaxy Clustering



Standard ruler from ‘Baryon 
acoustic oscillations’

A, Babul



Velocities



Constraints



Probes: Strong lensing



Weak lensing



The ΛCDM Model
• The standard cosmological model, ΛCDM, 

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



Tests of Gravity

Lensing
feels Ψ+Φ 

Mass generates
potential Ψ
(Poisson)

Non-relativistic 
objects respond
to Ψ



Future: Different 
wavelengths

Radio cosmology is
burgeoning

New techniques such
as intensity mapping
will make it 
competitive with 
optical



Future: New optical surveys

Major space surveys: 
e.g. Euclid, WFIRST

Major ground-based 
surveys: e.g. LSST

Combination will be 
incredibly powerful
for testing detailed
models of dark sector.



SummaryA  S T R A N G E  C O M B I N AT I O N

Incredible measurements 
of the Universe’s behaviour 

1% accuracy on physics of  
dark energy with forthcoming 
telescopes

Huge puzzlement as to what 
is going on!



Enjoying cosmology



Summary

Cosmology is fascinating and nowhere near 
figured out yet.

You have the amazing opportunity to make a 
lasting contribution.

Seize the moment, and enjoy it!


