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The cosmological quest

Modern cosmology is a global and collective effort.

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

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

This ambition is possible because
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What is a model?

A model is a physical/mathematical construct intended to
represent some aspects of the real world. Models usually
come In two parts.

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

e.g. strength of gravity
expansion rate of Universe

speed of light

If a model is to be much good, it should be
(a) consistent with observations, and (b) predictive.
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In 1915, Einstein published his general theory of relativity. It was
a theory of gravity, attributing gravitational forces to a curvature

of space-time.

Soon afterwards, working with Willem de Sitter, he made the
first cosmological models, but they were static Universe models.
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expanding Universe models, still known
today as the Friedmann models.

He realised that the geometry of the
Universe could come in three types: flat,
spherical (closed), or hyperbolic (open).

Open

Size

Time









Edwin Hubble

e e

4 :_l ] 1‘:
sy W ‘ith
the ¢ , -1, f ere
was . h “in
an a
pers
peal | yet
# ifeta
her first

pand.







Edwin Hubble

Grace Hubble, recollecting her first
meeting with her future husband.

In 1924, by resolving cepheid variable stars in other
galaxies, he showed that the Milky Way is just one amongst
many galaxies.



Edwin Hubble

Grace Hubble, recollecting her first
meeting with her future husband.

In 1924, by resolving cepheid variable stars in other
galaxies, he showed that the Milky Way is just one amongst

many galaxies.

In 1929, with Milton Humason, he measured the expansion
rate of the Universe, by determining the distances and

velocities of nearby galaxies.



® oL | E:. | | I
VWL 11U E

prs

ol
o

; ;fOic :
tand yet

.....

ting her first
3 husband.

In 192
galaxi
many

ongst

In 192
rate of
veloci

ANsion
)



- .rr










The cosmic microwave background

In 1964, Arno Penzias and Robert
Wilson discovered the cosmic
microwave background, a relic radiation
left over from the big bang. Its existence
vindicated the work of Alpher, Herman,
and Gamow, and established the Hot
Big Bang model as the standard
description of the Universe.
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Wilson discovered the cosmic
microwave background, a relic radiation
left over from the big bang. Its existence
vindicated the work of Alpher, Herman,
and Gamow, and established the Hot
Big Bang model as the standard
description of the Universe.

In this epoch of cosmological studies, attention was mostly
focussed on measuring two parameters, the Hubble constant
and the total density of the Universe (combined, these
determine the curvature).

Allan Sandage












As long ago as the mid 1930s, Fritz Zwicky discovered dark
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As long ago as the mid 1930s, Fritz Zwicky discovered dark
matter in a nearby cluster of galaxies, the Coma cluster.

In the 1970s, detailed studies of galaxy dynamics, especially
by Vera Rubin, left cosmologists in little doubt that there was
more to the Universe than met the eye.

Suddenly, there were more than two cosmological parameters.
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Also around 1970, cosmologists became interested in the
formation of structures in the Universe, for instance galaxies
and clusters of galaxies. These were believed to form due to
gravitational instability, acting on small irregularities in the
density of the Universe from point to point.
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gravitational instability, acting on small irregularities in the
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Simulation (n): The action or practice
- of simulating, with intent to deceive;
false pretence, deceitful profession.

Oxford Eng.l.rish Dictionary
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The dark stuff, part Il

The last ingredient of modern
cosmological models fell into place
in the late 1990s. Observations of
distant supernovae indicated that
the expansion of the Universe is
accelerating. Several types of
observation now support this
conclusion.
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Supernova Cosmology Project
Perimutter et al. (1998)
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No-one knows what is responsible for this acceleration, but
whatever it is has come to be known as

The simplest type of dark energy, known as a cosmological
constant, was actually first considered by Albert Einstein!



Interlude

What does a theoretical
cosmologist actually do?







A day in the life ...
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What cosmology

actually looks like ...

“Karma police, arrest this man

C. Tracker potentials

Cosmological tracker potentials/solutions have been
studied in detail by numerous authors [2, 17, 18, 19, 20].
These potentials are such that the late-time evolution of
the field can be essentially independent of initial condi-
tions, thus providing a possible solution to the coinci-
dence problem. This behaviour is achieved through a
type of dynamical attractor solution, and the conditions
for it to be possible given a particular potential have
been given and studied in detail by Steinhardt et al. [18].
Defining I' = V”V/V'? where prime denotes a derivative
with respect to the field, the two sufficient conditions for
a potential to possess a tracker solution are

1—wy
6+ 2wy,

. dr do V! v v
blsE ey

dlna dlna \'V V" 727

The first of these conditions ensures convergence to the
tracker solution (i.e. perturbations away from it are sup-
pressed), and the second ensures an adiabatic evolution
of the field that is necessary for the first condition to be
applicable (and is what one would expect of a function
that is to maintain a dynamical attractor independent of
initial conditions).

If these conditions are fulfilled, the field will eventually
approach the tracker solution (unless the initial quint-
essence energy d s too low), and the equation of
state will then evolve according to

wp, —2(F' — 1)
)

possibly breaking away from the tracker solution if ei-
ther of the conditions later become violated. In assessing
whether tracking is taking place, one also has to check
whether the actual evolution on the tracker potential cor-
responds closely to the tracker solution. An illustration
of tracker behaviour can be seen in Fig. 1.

We additionally impose the condition wg < wy, where
wy, is the background energy density. This is to ensure
a possible solution of the coincidence problem by having
the dark energy density grow with respect to the matter.
This third condition is usually avoided by specifying the
tracker condition as I' > 1 rather than Eq. (16). The
reason for not choosing I' > 1 as our condition is related
to our numerical treatment, and is discussed further in
Section IVC1.

As we need a non-zero second derivative of the poten-
tial with respect to the field for T' to fulfil the tracker
conditions, we restrict ourselves to the quadratic poten-
tial and the Padé series for the tracker viability analysis.

r >1- (16)

< 1.(17)

(18)

W¢ = Wiracker —

III. OBSERVABLES

The observables used are essentially geometric and are
hence related to the comoving distance for a cosmology

he talks in maths

he buzzes like a fridge
he’s like a detuned radio”
Radiohead, Karma Police

Equation-of-state (w,)

8 1 2 0

10° 10
Z+1

10 10 10

FIG. 1: Examples of the behaviour of the equation of state
(here called wq) for a tracker potential. The thin-dashed line
originating at wq = 0 corresponds to the tracker solution.
Reproduced from Ref. [18].

described by the parameter vector ®, given by

z ’
r(z;© =H_1/
(2:0) = H; |, B0

where
; 1/2
E(2;0) = [Qm(l +2)8 4+ (1 Qm)eF(“@)] (20)

and

F(z;0)=3 /OZ (14 we(2;©))dIn(1 +2').  (21)

We have not included growth-of-structure observa-
tions, which are not yet competitive with the measures
we do use (see e.g. Ref. [21] for a directly-comparable
example).

A. SNIa luminosity—redshift relation

The luminosity distance is given by

= Dy, (z;

di,(2;©) o

=(1+2)r(;0). (22)

The apparent magnitude m(z; ®) of a type Ia supernova
can be expressed as
dy(z; ©)

m(z;©) =M + 5log, Mpc

+25,  (23)

where M is the absolute magnitude of SNIa (supposing
they are standard candles). This can be rewritten as

m(z;0) = M +5log, Dr(z; 0), (24)

where M = M — 5logo(Ho Mpc) + 25 = M —
5logo(h7o) + 43.16 [where hzg = Hy/(70km/s/Mpc)].
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Sussex specialities

We aim to understand how physical processes taking place in
the very young Universe affect its properties today.

We use some of the most powerful available
computers to understand our models.

We aim to develop new methods to extract the best possible
information from observational data.

We are involved in large ground- and
space-based observational programmes.
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Precision theory
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What cosmological model?

These are the principles and physical laws underpinning the Universe.

Describes the global properties of the Universe, its
expansion, and its material content.

Describes the growth of structure from initially-small
irregularities. Gravity for the initial collapse, lots of other

physics in the details.

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






The cosmic fingerprint

These assumptions define the physical processes we believe determine
how the Universe evolves. But they leave many questions open ...

How fast is the Universe expanding?

What are the amounts of the different kinds of materials in it?

How old is the Universe?
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The Wilkinson Microwave
Anisotropy Probe

The WMAP satellite was the successor
to COBE, aiming to make precision
maps of the CMB, with higher
sensitivity and angular resolution...
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... which it did!

; David Wilkinson



Movie credit: NASA/WMAP Team




The cosmic microwave background as imaged by WMAP
three years of data, released March 2006).









The Cosmic
Microwave
Background

WMAP has given
an exquisite
measurement of
the CMB
irregularities.
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Old Universe — New Numbers
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There is no doubt that models based on the
assumptions described here give an
outstandingly good description of our
Universe, worthy of the name
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... the reason we were making all those
measurements is because we were hoping to
understand something about why the
Universe is as it is. And there the picture is
not so rosy.
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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?
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