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Course aims
My overall aim in these lectures is to explain a 
framework in which we can carry out science, 
with particular focus on Bayesian methods of 
inference and their practical application.

Lecture 1: Physical laws, models, and cosmological examples

Lecture 2: Inference

Lecture 3: Parameter estimation and Monte Carlo methods

Lecture 4: Model selection and multi-model inference

Lecture 5: Forecasting and experimental design
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Purpose of data analysis

Fit the present data acceptably.

Have the ability to make predictions for future data.

A model is a physical/mathematical construct intended to represent 
some aspects of the real world. The predictions of the model 
normally depend on some unknown parameters. Most commonly, 
the aim of data analysis is to work out what values of those 
parameters are compatible with the data. More ambitiously, one may 
ask what choice of parameters is indicated by the data.

Useful models should

Be predictable by the models we aim to test.

Have modelable intrinsic randomness and experimental error.

Useful data should
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If one wants to understand English culture, say the deeper creative 
aspects from Shakespeare to Pinter, it stands to reason that one really 
needs to learn English. Analogously, if one really wants to understand 
the deeper cultural meanings of the sciences, the beautiful 
relationships that underpin the workings of nature and the physical 
world - physics in particular, whose language is mathematics - one 
really does have to learn mathematics. 
To those who say that one should be able to explain Science without 
mathematics, I respond: `Do you think we use mathematics to make 
life harder for ourselves? No, we use it because it is the only way to 
understand it. It's not my fault, there really is no other way.'

Harry Kroto
1996 Nobel Prize winner in Chemistry
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What is a model, part I?
In the physical sciences, models are usually intended to 
capture the essence of underlying physical laws, and a 
principal goal is to uncover the nature of these laws.

Such models usually come in two parts:

Clever Ideas: e.g. theory of gravity
       hot big bang cosmology
       quantum mechanics

Parameters: e.g. strength of gravity
       expansion rate of Universe
       speed of light
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What is a model, part II?
In the biological and geo-sciences, models are usually 
intended to explain a dataset that has been obtained, to 
assess causal links, and to develop some predictive power for 
future data.

Such models also usually come in two parts:

Model structure: e.g. medical outcome related to a 
linear combination of possible 
causative factors

Parameters: e.g. relative weights of different 
factors in determining an outcome

6



[Data images 
from a lecture by 

David Hogg]

7



[Data images 
from a lecture by 

David Hogg]

8



14 1. The Cosmological Parameters

Figure 1.2: The angular power spectrum of the CMB temperature anisotropies
from WMAP5 from Ref. [2]. The grey points are the unbinned data, and the solid
are binned data with error estimates including cosmic variance. The solid line shows
the prediction from the best-fitting ΛCDM model. [Figure courtesy NASA/WMAP
Science Team.]

the reionization optical depth, τ = 0.087, is in reasonable agreement with models of how
early structure formation induces reionization.

WMAP5 is consistent with other experiments and its dynamic range can be enhanced
by including information from small-angle CMB experiments including ACBAR, CBI,
and QUaD, which gives extra constraining power on some parameters.

1.3.4. Galaxy clustering:
The power spectrum of density perturbations depends on the nature of the dark matter.

Within the Cold Dark Matter model, the shape of the power spectrum depends primarily
on the primordial power spectrum and on the combination Ωmh, which determines
the horizon scale at matter–radiation equality, with a subdominant dependence on the
baryon density. The matter distribution is most easily probed by observing the galaxy
distribution, but this must be done with care as the galaxies do not perfectly trace the
dark matter distribution. Rather, they are a ‘biased’ tracer of the dark matter. The need
to allow for such bias is emphasized by the observation that different types of galaxies
show bias with respect to each other. Further, the observed 3D galaxy distribution is in
redshift space, i.e., the observed redshift is the sum of the Hubble expansion and the
line-of-sight peculiar velocity, leading to linear and non-linear dynamical effects which
also depend on the cosmological parameters. On the largest length scales, the galaxies are
expected to trace the location of the dark matter, except for a constant multiplier b to the
power spectrum, known as the linear bias parameter. On scales smaller than 20 h−1 Mpc

September 28, 2009 10:47
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Basic model construction
Model 
inputs: 

Model 
structure

Known 
parameters

Unknown 
parameters

Predictions:
Predictions for 

observables

Observations: Measurements of observables, 
with uncertainties
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Model 
inputs: 

Model 
structure

Known 
parameters

Unknown 
parameters

Predictions:
Predictions for 

observables

Observations: Measurements of observables, 
with uncertainties

Typical objectives:   
a) To use the observations to measure or constrain the 
unknown parameters.
b) To test whether the model structure is capable of 
explaining the data obtained.
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What do we do with the outcome of 
our analysis?

Sit back happily, satisfied that you have figured out a little piece 
of how the world works.

E.g. an astronomer might be content to have measured the 
expansion rate of the Universe to the best accuracy to date.

Use the validated model/parameters to make predictions for 
future outcomes.

E.g. a medical statistician might use the model to make 
predictions of disease susceptibility in future patients.

Decide you can think of a new model that might do even better.

Suppose you have satisfactorily explained the data with our model 
and extracted its preferred parameter values. Then you might ...
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Some cosmology
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Precision observations

Precision theory

The era of precision cosmology
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The superb quality of new observational data, from many 
sources.

The development of theoretical models containing enough 
ingredients to explain observed phenomena.

The power of modern high-performance computers for 
data acquisition and analysis, and for determining 
theoretical predictions from models.

The cosmological quest

Our aim?   To put in place a precision description  
                 of our Universe that can stand the test 
                 of time, and perhaps outlive us all.

Modern cosmology is a global and collective effort. 

This ambition is possible because
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These are the principles and physical laws underpinning the Universe.

Hot big bang cosmology
Describes the global properties of the Universe, its 
expansion, and its material content.

Galaxy formation by gravitational instability
Describes the growth of structure from initially-small 
irregularities. Gravity for the initial collapse, lots of other 

physics in the details.

Inflationary cosmology
The leading candidate theory for explaining where those 
initial irregularities came from: quantum fluctuations 
during rapid expansion of the young Universe.

What cosmological model?
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It has been known for about 
80 years that the Universe is 
expanding. Einstein’s theory 
of general relativity is used 
to explain this.

The Hot Big Bang

Vesto SlipherEdwin Hubble
Our challenge is to figure 
out the material constitution 
of the Universe, currently 
believed to have five parts.

Baryons (ie protons, neutrons and electrons)
Radiation (photons)
Neutrinos (a very weakly-interacting particle)
Dark matter
Dark energy (eg cosmological constant)
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The Universe evolves, and will 
continue to do so. Galaxies form 
and are presently assembling into 
galaxy clusters and superclusters. 

Structure formation

Gravity is the main player: 
initially overdense regions exert 
greater gravitational attraction on 
their neighbouring regions and 
accumulate material.

The details of the gravitational instability mechanism depend on 
the properties of the Universe, such as its material composition. 
Study structure formation, and you learn about the Universe.
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Millennium Simulation
Movie courtesy Volker Springel (Garching)
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What created the seeds that gravitational instability amplified?

Inflationary cosmology
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Cosmology, Inflation and 
the Origin of Structure
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The origin and evolution of the primordial

perturbation are the keys to understanding

structure formation in the earliest stages of the

Universe. They carry clues to the types of physical

phenomena active in that extreme high-density

environment. Through the evolutionof the

primordial perturbation, generating first the

observed cosmic microwave background

anisotropies and later the distribution of galaxies

and dark matter in the Universe, they probe the

properties and dynamics of the present Universe. 

This graduate-level textbook gives a thorough

account of theoretical cosmology and perturb-

ations in the early Universe, describing their

observational consequences and showing how to

relate such observations to primordial physical

processes, particularly cosmological inflation.

With ambitious observational programmes

complementing ever-increasing sophistication in

theoretical modelling, cosmological studies will

remain at the cutting edge of astrophysical

studies for the foreseeable future.

David H. Lyth is Professor of Particle

Astrophysics in the Physics Department at

Lancaster University. 

Andrew R. Liddle is Professor of Astro-

physics in the Department of Physics and

Astronomy at the University of Sussex.

They have a long-established research

collaboration and have jointly developed

some of the key concepts in studies of

cosmological perturbations, particularly in

relation to the inflationary cosmology.

They previously co-authored the

Cambridge University Press textbook

Cosmological Inflation and Large-Scale

Structure in 2000.

Cover illustration: The very large-scale
structure of the Universe, as predicted by the
eternal inflationary cosmology. Courtesy of
Andrei Linde and Dimitri Linde.

Cover design: Sue Watson

The 
Primordial

Density
Perturbation

According to the leading paradigm, 
cosmological inflation, the seeds were 
created by quantum uncertainty in the 
very young Universe.

By studying the seeds from which galaxies 
grew, we learn about processes in the very 
young Universe. These processes 
determine how the Universe looks today.
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This is relic radiation left over from the hot early stages of the Big 
Bang. It tells us about physical conditions in the young Universe.

The cosmic microwave background

All-sky CMB map by 
the WMAP satellite 

(2003-2008)

Discovery of `seed’ irregularities 
in the CMB led to the award of 
the 2006 Nobel Prize to John 
Mather and George Smoot.
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Movie credit: NASA/WMAP Team
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Questions:

The cosmic fingerprint

How fast is the Universe expanding?

What are the amounts of the different kinds of materials in it?
          Atoms versus radiation versus dark matter versus dark energy

How old is the Universe?

What form do the initial seed irregularities take?

....

Each of the different possible 
Universes predicts a distinctive 

pattern in the structures seen in the 
cosmic microwave background. 
Measure them, and we find out 

which Universe is ours!
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Cosmological parameters can be broken up into two classes: 
those describing the homogeneous Universe and those 
describing the irregularities.

Homogeneous Universe
• Hubble parameter

• Spatial curvature 

• Baryon density

• Dark matter density

• Reionization optical depth

• Galaxy bias parameter

• ...

Perturbations
• Initial amplitude of perturbations

• Scale dependence of perturbations

• Primordial gravitational waves

• ...

What cosmological parameters?
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WMAP Science Team
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To the future ...

The standard cosmological models answers many questions about our 
Universe - what is its material composition, how old is it, how fast does 
it expand - but leaves some unanswered and raises some new ones.

What is the dark matter?

Why is the Universe filled with matter, not anti-matter?

What is the dark energy? Does it evolve? How will it 
affect the future evolution of the Universe?

The answer, as always, is “get more data”!

Dark Energy Survey

Planck satellite

“... Cry as you
will, take what you

need, the night is young
and limitless our greed.”

J.H. Prynne, The White Stones
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Planck Satellite arrives in 
French Guiana, February 18th

Planck satellite integration 
March 2nd

Fuelling on April 14th
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Cleaning under ultra-violet, 
March 6th
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Planck Satellite
Planck 

Satellite at 
ALCATEL, 
France.

Operations:                        
Successfully launched on May 12th 2009. 
First all-sky survey started in late August.
Publication schedule for main results: 
Late 2012: suite of science papers and first 
data release.
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Statistical challenges for cosmology

Estimation of cosmological parameters

How do we best extract information about our cosmological 
models from the complex datasets at hand?

Cosmological model selection

How can we use the data to inform us about the possible 
choices of cosmological model?

Survey forecasting and design

How can we assess how well future experiments will be able 
to address the questions we wish to answer? And what can 
we do to optimize their chances of doing so?

Within cosmology, we face statistical challenges of various types, 
many of which I will use as concrete illustrations during this course.
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