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C H A P T E R 1

OUR PICTURE OF
THE UNIVERSE

...A little old lady at the back of the room
got up and said: “What you have told us is
rubbish. The world is really a flat plate
supported on the back of a giant tortoise.”
The scientist gave a superior smile before
replying “What is the tortoise standing on?”

“You’re very clever young man, very
clever,” said the old lady. “But it’s turtles
all the way down!”
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Overview

0 Where are we?
o How did we get there?

0 Where are we going?

Caithness, Sep 2010

¥ University
/ of Glasgow



Overview

0o Where are we?
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State of the Universe — Sep 2010
4%

22%

Universit
‘SUPA E of Glasgoxg

Caithness, Sep 2010




Cosmic tug of war

The force of dark energy surpasses
that of dark matter as time progresses.
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Dark Energy
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BIG BANG
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Present Universe

Quantum fluctuations
super adiabatic amplified by
inflation (rapid expansion)

Galaxy & Large scale
Structure formation




The ‘why now?’ problem

100%
" Dark energy
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Dark matter
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Present-day
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Overview

O

o How did we get there?
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A long time ago,

In a galaxy far, far away...




Edwin Hubble
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1922: Hubble finds
Cepheids in the Great
Nebulain Andromeda
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Hubble measured dlstances to |

dozens of nearby nebulae
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Hubble also measured
the shift in colour, or

, of the light
from distant galaxies.
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Hubble also measured
the shift in colour, or

, of the light
from distant galaxies.

Laboratory
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Hubble also measured
the shift in colour, or

, of the light
from distant galaxies.

Laboratory

QBJECT RECEDING:
LONG RED WAVES

ATAAVAVAVAY

Caithness, Sep 2010

QBJECT APPROACHING:

SHORT BLUE WAVES
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Scientific American, July 2010. (Tamara Davis)

Doppler shift calculated
fram comparing velocities

L Observer's velodty

In spacetime

Space In the presant

_ Photon's trajectory
Inspacetimea

-
Galay's welodty '_

In spacetime
-

Space at the time of photon amission

GALAXY REDSHIFT AS A DOPPLER SHIFT

Agalaxy's redshift is identical to the Doppler shift an observer would see emitted the photon (purple armow) with the velocity of the observer at the
when watching a police car recede at the same relative velocity as the time when the photon was received (green arrow) and then—using the
galaxy—as long as "relative velocity” Is Interpreted in the appropriate appropriate math derived from general relativity—calculate the relative
way. First, one must trace the trajectories of the galaxy and of the observer  velocity. The Doppler shift calculated from this relative velocity coincides
not in space but in spacetime. (In the schematic view here, space s an with the galaxy’s redshift, suggesting that the galaxy's redshift can be
evolving two-dimensional surface; spacetime trajectories cut through it.) interpreted as the result of relative motion, rather than of the expansion
Second, one must compare the velocity of the galaxy at the time when it of space. Therefore, no energy s lost.




Hubble’s Law
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Distant galaxies are moving away from us
with a speed proportional to their distance
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Spacetime is expanding like
the surface of a balloon.

As the balloon expands,
galaxies are carried farther
apart

M University
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Einstein's general relativity has a
reputation for being a very complex
and highly mathematical theory

EINSTEIN STMPLIFIED
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Gravity in Einstein's Universe

"Spacetime tells matter
how to move, and
matter tells spacetime
how to curve”
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Weighing the Universe

Can we assume light traces mass?...
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Weighing the Solar System
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Weighing the Solar System
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More than meets the eye?...

Fritz Zwicky

1933: finds evidence
for dark matter in the

Coma galaxy cluster
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SEE & of Glasgow

Caithness, Sep 2010




Weighing galaxies

Vera Rubin

1970s: studies the

rotation curves of

spiral galaxies, and
finds that they are flat.
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Vera Rubin

1970s: studies the
rotation curves of
spiral galaxies, and

finds that they are flat.

Weighing galaxies
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Observed rotation curve

Rotation curve predicted
from luminous matter
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Can be explained Iif

the visible galaxy Is

embedded in a ‘halo’
of dark matter
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galaxy disk




What we see

10 times as much as
the luminous matter
In the visible galaxy

s

.» % .
.

What is really
there....




Even more dark matter in clusters...

Fritz Zwicky

1933: finds evidence
for dark matter in the

Coma galaxy cluster

— @ University
SEE & of Glasgow

Caithness, Sep 2010




Exouc Dark
ViatLer:

OrdinayDartes —
Viatier

Ordinary Visible
Matter




1980s: Cosmic Cookery

Lightest elements
made during first 3
minutes after the
Big Bang...

D+Ne—d+7y
d+n —>H3+y
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1980s: Cosmic Cookery

Amount of each
element depends
on the density of
baryons.
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1980s: Cosmic Cookery

Amount of each
element depends
on the density of
baryons.

Observed amounts
match predictions
very well, but only
If baryons make up
about 15% of all
the dark matter.
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So what exactly is
this dark matter?...

Computer models
of galaxies tell us
that it must be cold
—1.e. not moving at
speed of light.

Cold
dark matter

Millennium Run-.
10.077.696.000" particles .~ |

Caithness, Sep 2010
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So what exactly is
this dark matter?...

Computer models
of galaxies tell us
that it must be cold
—1.e. not moving at
speed of light.

Cold
dark matter
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g | -4
92FC2828 . Eﬁj

Dapsh 1100m

Boulby Mine
Dark Matter Facility
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So what exactly is
this dark matter?...

Computer models
of galaxies tell us
that it must be cold
—1.e. not moving at
speed of light.

Cold
dark matter

T /U 11iC 27 km ring
f S (previously used for
S g | LEP e'e collider)

BT University
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How fast Is the Universe expanding?

Hubble space Telescope
Key Project: 1990-2000

Cepheid distances to ~30
galaxies, linking to other
standard candles

s

——
=

Caithness, Sep 2010 et

University
of Glasgow




Virgo Cluster galaxy
M100, 60 million light years distant.....




Cepheid Variable Star in Galaxy M100

HST-WFPC2

April 23

May 4

Mayg




How fast Is the Universe expanding?
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Hubble space Telescope
Key Project: 1990-2000

Cepheid distances to ~30
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standard candles Uni _
b niversity
() &/ of Glasgow

Caithness, Sep 2010



Will the Universe expand forever?

Answer depends on the density of matter in the Universe.

Density too low; Universe

expands forever \

Scale factor ——=

So, Is the
.\ expansion
. . slowing down?
‘Critical’ density \_ )

Density high enough to cause re-
/ collapse, leading to ‘Big Crunch’
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Is the Universe speeding up or slowing down?

My - 5 log(h/65)

We can answer this question
using type la supernovae

Shape of the universe affects the

relationship between redshift and

distance of remote supernovae

-20.
-19;_
18-
e

16

B Band

Narrow range of
brightness when they

Standard Candle

explode indicates a good

60
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Distant Supernovae HST « WFPC?2
PRC98-02 « January 8, 1998 « ST Scl OPO
F. Garnavich (Harvard-Smithsonian Center for Astrophysics) and NASA




Hubble diagram of distant supernovae
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Cosmic tug of war

The force of dark energy surpasses So what exactly is
that of dark matter as time progresses. this dark energy’7
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Cosmic tug of war _
So what exactly is

The force of dark energy surpasses
that of dark matter as time progresses. this dark energy’7
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Host Galaxies of Distant Supernovae

Hubble Space Telescope = Advanced Camera for Surveys

NASA, ESA, and A. Riess (STScl)
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Sloan Digital
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Residual

Latest results: still speeding up!!!
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Latest results: still speeding up!!!

Supernova Cosmology Project

46

Amanullah, et al., Ap.J. (2010)
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The Background Radiation

Since 2003, measurements of the Cosmic Background
Radiation have helped to convince us that the Universe
really is accelerating, and dominated by dark energy.

CBR = relic
radiation from the Big
Bang itself.

Appears to us like a
‘bank of fog’

BT University
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Early Universe too hot for __a
neutral atoms to exist @ o @:

Free electrons scatter <§ 22 @ ar@

light (as in a foQ)
Z;a 990
Sl X R

BT University
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Early Universe too hot for
neutral atoms to exist

Free electrons scatter
light (as in a foQ)

After ~380,000 years,
Universe cool enough
for neutral hydrogen to
form: the fog clears!

Caithness, Sep 2010
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Background radiation
predicted in 1950s and 1960s
by Gamov, Dicke, Peebles.
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Deployable Sun, Earth,
 RF/Thermal Shield

L
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COBE map of temperature across the sky
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CBR ‘ripples’ are the
seeds of today’s galaxies

Galaxy formation is highly
sensitive to the pattern, or
power spectrum, of CBR
temperature ripples










WMAP map of temperature across the sky
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Afterglow Light
Pattern
400,000 yrs.

Inflation

Fiuctuatinns

Dark Energy
Accelerated Expansion

Dark Ages Development of
f Galaxies, Planets, elc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years




GEOMETRY OF THE UNIVERSE
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Angular Scale
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‘Strength’ of temperature fluctuations

Angular Scale

90° 2° 0.5° 0.2°
1 | 1 |
o TT Cross Power
' Spectrum
Predicted curve very sensitive
to ‘ingredients’ of cosmological _ — A-CDMAIl Data
model ' $ WMAP
' 3 cBl
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Angular Scale
90° 27

0.5° 0.2°

Predicted curve very sensitive
to ‘ingredients’ of cosmological
model.

By measuring the CBR
we can work out (very
precisely) the

cosmic recipe!!
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The shape of thethiverse IS FLAT

The Universe wil continue to expand
fowever

The expansion Is accelerating
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State of the Universe — Sep 2010

4% Supernova Cosmology Project

Amanullah, et al., Ap.J. (2010)
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Overview

O
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0 Where are we going?
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Looking back to the dawn of time
Un regard vers I'aube du temps

Planck launched May 2009
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WMAP map of temperature across the sky
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Simulated Planck temperature map
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The Planck one-year all-sky suruey Eesa (0 ESA, HFI and LFT consortia, July 2010
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Flat 3.5 deg. FOV
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3.5 degrees
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LSST Survey of 20,000 sq deg.

-3 billion galaxie

Weak lensing maps

Baryon acoustic oscillations
~1 million supernovae
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