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2dF Galaxy Redshift

40
56237 galaxies
113439 total

Small-scale structures — homogeneous and 1sotropic at large

scales
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1sotropic and homogeneous

To be interpreted 1in average sense

Perfect Cosmological Principle?

‘Universe looks same and all
places’

Not correct: the Universe 1s expanding







» Light arriving from distant galaxies 1s redshifted

* The effect increases with distance
* The effect 1s due to the expansion of light wave as

pace expands




* Detectable effect on spectrum ‘barcodes’
for different elements, e.g., Sodium:
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* Doppler effect: A = A/(1+z)
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* In an infinite, static Universe, every line of
sight would end at the surface of a star

» Absorption does not help (Herschel)

* Finite spherical Universe no help either




Trigonometric parallax:

motion of Earth around orbit — O(100) pc
Spectroscopic Parallax:

based on Hertzsprung-Russell diagram — 50 Kpc
Cepheid variables: — 4 Mpc
Other ‘Standard Candles’:

clusters, galaxies, radio sources, supernovae ...

weak lensing, microwave background, ...
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 The Universe was once 3000 smaller, hotter
than today




‘#ﬁ"y‘ .:d" .
SrecTRUM OF THE Cosmic

: MurROWAVE BACKGROUND
Discovered by Frequency (GHz)

Penzias & Wilson, " e
1965

T =2.725 + 0.001°K
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Very close to a perfect
black-body spectrum &

Intensity (MJy/sr)
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Almost the same in
different directions =2

Small

variations
discovered
by COBE
satellite 2>




 The Universe was once 3000 smaller, hotter

than today

e The Universe was once a billion times
smaller, hotter than today
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Universe contains about 24% Helium 4

Could only have been cooked by nuclear reactions
in dense early Universe

Dependent on amount of matter in Universe

Dependent on number of particle types
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Baryon-to-pin ratio i, &

Not enough ordinary matter to make the Universe recollapse



Size:
Age:
Temperature:

Energies:
Rough magnitudes:

Need particle physics to describe earlier history
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rays produce |
various types !
of elementary ,
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Atoms
= contain
electrons ...

. that orbit
a nucleus ...

% ... which is
M made out of o u
AN
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All matter 1s made out of = What are the elementary particles?

the same constituents = How do they interact?
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Proposed by Abdus Salam, :
Glashow & Weinberg T AN

W\:1 -
T A . ‘w“

Crucial tests 1n

experiments at CERN

of the number §

In agreement with all 3 ! of families of §

confirmed laboratory == ' elementary
experiments = - E}’t.c_es:3!
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The matter partlcles
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Why is the Universe so blg and old?
Why 1s 1ts geometry nearly Euclidean?
Where did the matter come from?
How did structures form?

What 1s the dark matter?

- Need particle physics to answer these questlons
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» Total density ~ critical

Theory of inflation, measurements of
CMB:

* Baryon density small

Big-bang nucleosynthesis, CMB:
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Not enough ordinary matter to make the Universe recollapse



According to WMAP
- at one frequency




Combining different frequencies
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Total density ~ critical
Theory of inflation, measurements of CMB:

Baryon density small
Big-bang nucleosynthesis, CMB:

Total matter density much larger
Clusters of galaxies:

Mainly cold dark matter
Enables structure formation
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Galaxies rotate more rgpidly X—ray emitting gas held ! Evena
than allowed by centripetal | in place by extra & ‘dark galaxy’

%

force due to visible matter % dark matter & without stars
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Gravity = Centripetal Acceleration
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Light bent by gravitational _ {@® : Contours of mass
field of dark matter | * i o
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Dark energy
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Direct evidence for dark energy & o o
- —

Universe now accelerating,
previously decelerating

SN Ia Composite Light Curves

o low-z SNe la
o HST-discovered SNe Ia
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Fad) —  Scatier method
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Need amplification

Possible with massive weakly-interacting
particles

Light neutrinos escape from smaller
structures = disfavoured




4° slice
06237 galaxies

Galaxies =2 Clusters = smooth at larges_t scles
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Initially quite homogeneous: gravity — structures form — today

.

Simulation of present-day
Universe:

- Filaments of dark matter,

- Clusters of galaxies at nodes




Flat Universe:
Cold dark matter:

No hot dark matter,
Few baryons:

Dark energy:
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Have very small masses

Might make up some of dark matter

And would escape from galaxies
Also heavier neutrinos?

Need heavier stable dark matter particles




Data on large-scale structures

(Lod __u) (1)°d
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Neutrinos: 0.1% — 5% ;
Baryons: 4 +1% &
T e ~___ CMB: 0.01%

Cold Dark Matter:
29 + 4%

Dark Energy: 67 £ 6%
The ‘Concordance Model’ T
prompted by astrophysics & cosmology







Total density ~ critical
Theory of inflation, measurements of CMB:

Baryon density small
Big-bang nucleosynthesis, CMB:

Total matter density much larger
Clusters of galaxies:

Mainly cold dark matter
Enable structure formation

Most of density 1s dark energy




Why is the Universe so blg and old?
Why 1s 1ts geometry nearly Euclidean?
Where did the matter come from?
How did structures form?

What 1s the dark matter?

- Need particle physics to answer these questlons
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Dirac predicted the existence of antimatter: [
same mass 4
opposite internal properties:

electric charge, ...

Discovered in cosmic rays
‘&\W / = [ %

Studied using accelerators
Matter and antimatter not quite equal and 0pp0$1te WHY‘7

™ W T
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Why does the Universe mainly contain matter, not antimatter?

VAR

Experiments at LHC and elsewhere 100k1ng for answers




Sakharov

* Need difference between matter, antimatter

* Need matter-creating interactions

* Need breakdown of thermal equilibrium

Can we calculate from laboratory measurements?
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Why is the Universe so blg and old?
Why 1s 1ts geometry nearly Euclidean?
Where did the matter come from?
How did structures form?

What 1s the dark matter?

- Need particle physics to answer these questlons
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Dark Matter :
“Supersymmetric” particles ?

"'":;* "l1
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LHC




Supersymmetry would relate

Might help explain mass scale of particles
Lightest supersymmetric particle stable?

Density similar to required cold dark matter

Directly laboratory searches, 1nd1reet astrophys1cal searches
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Annihilation 1n galéctic halo

Annihilation 1n galactic centre
Annihilation 1n core of Sun or Earth

Scattering on nucleus 1n laboratory
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From global fit to accelerator data Latest experlmental upper 11m1t
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Why is the Universe so blg and old?
Why 1s 1ts geometry nearly Euclidean?
Where did the matter come from?
How did structures form?

What 1s the dark matter?

- Need particle physics to answer these questlons




very early in the history of the Universe (10 355‘?) - ©

the energy density was dominated by a ~ constant piece V:
would have caused ~ exponentlal expansmn H \V
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False Vacuum
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Gravitational Instability

Large Scale Structure

Inflation Fresent

Would have expanded Universe
much more than standard Big Bang

!
Magnitude of Scalar Field
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Closed Universe? Flat Space? Open Universe? |
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Spherical Space

'"Qpen’ universe

Wlll the axpand s lorever

Distanice

EXPANSION  [iasteshiod

galaxles
reverse - ' '‘Decillating’

o unlvorse
or continue?

1

Blg Bang Blg Crunch 4
[ Roughly 100 billion years = Time 2
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Exponential expansion makes Umverse look nearly ﬂat |
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one part in 10° | w\‘ Matter falls into

' 4~ the overdense regions |

Faise ‘»-"actl.;lum - e s
metastable
¢ ¥ l "Wrinkles"

& Valleys

0 0 Accumulation in Valleys




Proton- Proton Collider

T1eN + /7 TeV

e

!

R

Primary targets:
*Origin of mass
*Nature of Dark Matter

- ePrimordial Plasma

Matter vs Antimatter
{ 8 i _ .' '




"Typical’ supersymmetric
Event at the LHC

Multiple jets,
Electrons




Recreate the first 10 seconds ...

~early universe
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* The matter content | Experiments at
of the Universe ~ particle colliders

Learn particle physics from the Universe
Use particle physics to understand the Universe
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