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The dark energy puzzleCosmologist’s tools 
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• Cosmology is now a data-driven science dominated 
by a series of “big experiments”

• Advanced computer simulations of the Universe are 
needed for end-to-end testing of analysis pipelines 
and determining measurement errors

• Sophisticated statistical tools and algorithms are 
required for answering questions

The link between cosmology and eResearch



• Cosmological model predictions are inherently statistical

• We live in an era of “precision cosmology” which 
demands robust statistical methods

• Systematic errors must also be quantified

• We are typically doing one of : hypothesis testing, 
parameter estimation, model selection or forecasting

The need for statistics!Statistical methods in cosmology 7

Fig. 1 Left: distance modulus vs redshift for Supernovae type 1A from the UNion sample [2].

Right: bandpower P(k) for DR5 SDSS galaxies, from [3]. In both cases one may fit a theory (and
the theory parameters) to the data with the Chisquare method. Note that in both cases errors are

correlated. In the right panel the errors are also strictly speaking not Gaussianly distributed.

where Q denotes the inverse of the so-called covariance matrix describing the co-

variance between the data. The best fit parameters are those that minimize the !2.

See an example in Fig.2.

For a wide range of cases the probability distribution for different values of !2

around the minimum of Eq.7 is the !2 distribution for " = n−m degrees of free-

dom where n is the number of independent data points and m the number of pa-

rameters. The probability that the observed !2 exceeds by chance a value !̂ for

the correct model is Q(", !̂) = 1−# ("/2, !̂/2) where # denotes the incomplete

Gamma function. See the Numerical Recipes bible [6]. Conversely, the probabil-

ity the the observed !2, even for the correct model, is less than !̂ is 1−Q. While

this statement is strictly true if measurement errors are Gaussian and the model is

a linear function of the parameters, in practice it applies to a much wider rangeof

cases.

The quantity Q evaluated the the minimum chisquare (i.e. at the best fit values

for the parameters) give a measure of the goodness of fit. If Q gives a very small

probability then there are three possible explanations:

1) the model is wrong and can be rejected. (Strictly speaking: the data are unlikely

to have happened if the Universe was really described by the model considered)

2) the errors are underestimated

3) the measurement errors are non Gaussianly distributed.

Note that in the example of the power spectrum we know a priori that the errors

are not Gaussianly distributed. In fact, even if the initial conditions were Gaussian

and if the underlying matter perturbations were evolving still in the linear regime

(i.e.$%/% " 1) and galaxies were nearly unbiased tracers of the dark matter, then

the density fluctuation itself would obey Gaussian statistics and so would its Fourier

transform, but not its power spectrum, which is a square quantity. In reality we

now that by z = 0 perturbations grow non-linearly and that galaxies may not be



• Is the Universe homogeneous and isotropic?  [hypothesis 
testing]

• Are the initial conditions of the Universe consistent with 
Gaussian fluctuations?  [hypothesis testing]

• What is the value of the cosmic expansion rate today?  
[parameter estimation]

• Are the properties of dark energy constant over the age 
of the Universe, or do they evolve?  [model selection]

• How well will Planck satellite measurements determine 
the gravitational wave background?  [forecasting]

Typical questions asked by a cosmologist



Homogeneity and isotropy

The cosmological principle

Ripples are
1 part in 100,000

Cosmic Microwave 
Background radiation 

(WMAP)

Galaxy distribution on 
the sky (APM survey)



• Assume we have observed a fair sample of the Universe

• Assume the Universe is homogeneous and isotropic

• Assume the density is a Gaussian random field 
[theoretical motivation from inflation, analytic tools]

• All information is encoded in the 2-point statistics (power 
spectrum or correlation function)

• Real-world issues : higher-order statistics, determination 
of errors, survey “selection function”, galaxy “bias”

How do we model the Universe?



Atoms

Dark matter

Radiation

Neutrinos

We can solve
these equations

exactly and predict 
2-point statistics !

How do we model the Universe?



The dark energy puzzleDark energy : what do we know?

• Dark energy smoothly fills 
space with a roughly 
constant energy density

• Dark energy dominates the 
Universe today but is 
insignificant at high redshift

• Dark energy propels the 
cosmos into a phase of 
accelerating expansion



The dark energy puzzleDark energy : what don’t we know?

• Physically, is it a manifestation of 
gravity or matter-energy?

• Why now? - why does dark energy 
become important billions of years 
after the Big Bang?

• If dark energy is vacuum energy, 
how can we explain its magnitude?

• How are our observations of dark 
energy affected by inhomogeneity?



Dark energy : is it a cosmological constant?

A cosmological 
constant matches 
the data so far, but 

its amplitude is 
inexplicable



Dark energy : determining its nature

Cosmic 
expansion 

history

Cosmic 
growth 
history



The WiggleZ Dark Energy Survey

• 1000 sq deg , 0.2 < z < 1.0

• 200,000 redshifts

• blue star-forming galaxies

• Aug 2006 - Jan 2011



The WiggleZ Dark Energy Survey

Southern sky surveys [image courtesy of Simon Driver]

WiggleZ



Standard candles and rulers



Standard ruler : baryon acoustic peak

• Preferred co-moving separation 
of 105 Mpc between clumps 
imprinted at recombination 

• We observe a preferred angular 
separation between galaxies at 
some redshift

• Allows distance determination 
by simple geometry

rs

DA



The baryon acoustic peak in WiggleZ



Hubble diagram



Hubble diagram



Hubble diagram



Hubble diagram



The dark energy puzzleDark energy : the “w” parameter

Equation of state :

Conservation of energy :

Re-arranging :

Friedmann equation :

Physics of dark energy ...

Matter :
Radiation :

Cosmological constant :
Accelerating fluid :

Key values ...



Cosmological parameter fits
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Cosmological parameter fits

Cosmological
constant



Cosmological parameter fits



Cosmological parameter fits

Spatially-flat cosmological 
constant model



• Einstein equations relate gravity/geometry to matter/
energy.  Is dark energy a form of matter:

• Or is it gravity:

• We cannot distinguish between these cases if we only 
measure the distance-redshift relation.  Galaxy surveys 
provide extra information through growth of structure

The physics of dark energy



observer

Galaxy flows

Extra
redshifts

Extra
blueshifts



Galaxy flows in WiggleZ



Growth rate measurements from WiggleZ



Growth rate measurements from WiggleZ



• Large galaxy surveys offer a powerful means to test 
the cosmological model

• Baryon acoustic oscillations measure cosmic distances 
to z=0.8 and provide cross-check with supernovae

• Galaxy flows provide accurate measurement of 
growth of structure to high redshift

• General Relativity + cosmological constant models 
have been tested in a new way and remain a good fit

• If dark energy behaves as Lambda, what is its physics?

Summary of results from WiggleZ



Thank you!


