The evolution of galaxies
and large-scale structure
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ety ot Dt Recent advances in
cosmology

* The contents of our Universe
* The early universe
* The origin of galaxies

®* The virtual universe

Institute for Computational Cosmology




The Initial conditions
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Virtual Voyage:
Milky Way to the Virgo Cluster

HDTV Visual Excerpt from "Runaway Universe"
Courtesy NOVA/WGBH, PBS
Tom Lucas Productions
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(as many as stars' in"Milky Way)
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Dark matter = matter that does not emit light at any wavelength







HECC

mesvooman | GAlAXy rotation curves

V2= GM(<1)  Flat V.2 M(<r)«r but L(<r)=const

r => dark halos around galaxy

[ Institute for Computational Cosmolog_y]




Galaxies are
embedded in
huge halos’ of
dark matter

Computer
simulation of
galaxy halo







We know dark matter exists because:

* The rotation velocity of stars in galaxies

* The distortion of galaxies behind clusters
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- Agalactic dark matter halo

g A : : . « » . .

. Shingel Wang, Vlgensberger, Ludo

% JenkinsgHelmi, Navarro, Frenk & White ‘08




The search for dark matter

Experimental physics




Boulby Mine
Dark Matter Facility







ICT Detecting cold dark matter

University of Durham

Supersymmetric particles are their own antiparticles

If cold dark matter consists of supersymmetric
particle, then under in very high density regions it
would annihilate producing vy rays

Institute for Computational Cosmology




Milky Way halo seen in DM
annihilation radiation

Fermi satellite Theoretical
= prediction

Springel, White, Frenk et al m— —— 10, Log (M2, kpe ¥ s
Nature Nov/08



The first all-sky image from
GLAST/Fermi

Institute for Computational Cosmology




The content of our universe

why is DM so important?
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gL The progress of physics
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The Initial conditions
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energy) and as a result expanded very fast in a short
period of time - cosmic inflation

Institute for Computational Cosmology




The Initial conditions

INFLATION t=10-35 sec

Inflation theory
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The growth of cosmic structure

T

Tl-ﬂ ENT'RE ‘
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o UNIVERSE! @
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t=10-3% seconds

According to inflation theory
galaxies grew out of tiny,
“‘quantum fluctuations”

qU

Institute for Computatio\half(kﬁ’mology







The growth of cosmic structure

Tl-ﬂ ENT'RE ‘

oBSEIVABus

o UNIVERSE! @
o\a

t=10-3% seconds

According to inflation theory
galaxies grew out of tiny,
“‘quantum fluctuations”

qU

How do we test this?

Institute for Computatio\haxf(:t&?.’mology




enser In the past.

In the very distant past, the Universe would been very dense

Institute for Computational Cosmology




?C The echo of the Big Bang

In 1964, Arno Penzias & Bob Wilson were carrying out experiments using a
microwave antenna for satellite communications.

As they pointed the antenna towards the sky, their receiver registered a faint ‘hiss’
coming from all directions that would not go away.

Institute for Computational Cosmology




The CMB

The cosmic microwave background radiation (CMB)
provides a window to the universe at t~3x10° yrs

In 1992 COBE discovered temperature fluctuations (AT/
T~10-°) consistent with inflation predictions




"THE INDEPENDENT

.| lifeonEarth emerge 1 billion years

A Nasa spacecraft has detected 1A '

the stars after the Big Bang has
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Explorer
(Cobe) satellite and presented to

‘excited astronomers at a meeting

of the American Physical Society
in Washington yesterday.

“Oh wow ., .you can have no
idea how exciting this is,” Carlos
Frenk, an astronomer at Durham
University, said yesterday. “All
the world’s cosmologists are on
the telephone to each other at the
moment trying to work out what
these numbers mean.”

Cobe has ided the answer
to a question that has baffled sci-
entists for the past three decades
in their attempts to understand
the structure of the Cosmos. In
the 1960s two American research-
ers found definitive evidence that
a Big Bang had started the whole
thing off about 1S billion years
ago. But the Big Bang would have
spread matter like thin gruel
evenly throughout the universe,
The problem was to work out how

S

mai
venly throughout the universe. By detecling the radiation,
jhe problem was towork out how  is' “a wollderful it ine” @

lhe lumps ()stars, planets
galaxics got into the

“What we have found is
evidence for the birth of
the universe,” said Dr
George Smoot, an astro-
ghyncst at the University

California, Berkeley,
and the leader of the Cobe
team.

Dr Smoot and col-
leagues at Berkeley joined
researchers from several
American research organi-
sations to form the Cobe
team. These mcluded the
Goddard S?ace
Center, Nasa’s Jet Propul
sion Laboratory, the Massachu-
setts Institute of Technology znd
Princeton-  University.  Joel
Primack, a physicist at the Uni-
versity of California at Santa
Cruz, said that if the research is
confirmed, “it’s one of the major
discoveries of the century. In fact,
it’s one of the major discoveries
of science.”

Michael Turner, a University
of Chlcago physicist, called the
discovery “unbelievably impor-
tant... The significance of this
cannot be overstated. They have
found the Holy Grail of cosmol-
ogy . ..if it is indeed correct, this
certainly would have to be consid-
ered for a Nobel Prize.”

Since the ripples were created
almost 13 billion years ago, their
radiation has been travelling to-
ward Earth at the speed of light.
By detecting the radiation, Cobe
is “a wonderful time machine”

3 minutes

Stable subnuclear particles,
neutrons and protons,
are formed

f,‘;.:. ®

1 second

L2

10" second

able to view the young uni-
verse, Dr Smoot said.

A remnant glow from
the Big Bang is still around
today, in the form of mi-
crowave radiation that has
bathed the universe for the
billions of years since the
explosion. Galaxies must
have formed by growing
gravitational forces bringing mat-
ter together. To produce a
“lumpy” universe, radiation from
the Big Bang should itself show
signs of being lumpy.

Cobe, which has been orbiting
500 miles above the Earth since
the end of 1989, has instruments
on board that are sensitive to this
extremely old radiation. The rip-

les Cobe has found are the first
d evidence of the long-sought
lumpiness in the radiation.

Cobe detected almost imper-
ceptible variations in the tem-
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The CMB
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Angular Scale
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Amplitude of fluctuations S5-year data
z~1000

ACDM

The data confirm
the theoretical
predictions
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The growth of cosmic structure

t=13.8 billion yrs f;;. SR
Sp/p ~1-106 &

Institute for Computatio}a!/(\kﬁ’mology




Testing the CDM paradigm

“Cosmology machine”
— e .4 § M‘ -

= 4

~ B 7

t=380,000 yrs Simulations: .,
dp/p ~10-° "

Supercomputer simulations use the

laws of physics to calculate how : -
small primordial perturbations grow Gy Tt i
into galaxies today R L T
t=13.8 billion yrs -, "< A s
%’?‘20' @
op/p ~1-10° o2
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aa-a Large Scale Structure

Computer
simulation
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t = 0.06 Gyr
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Galaxy formation: the basics

* Infalling gas shock-heated to T,;,

* Gas cools radiatively onto central
galaxy and forms disk, conserving J

9 rdisk = }"h rcool
e Stars form in disk

* And give rise to feedback effects

* Satellite sinks by dynamical friction
and merges onto central galaxy

* Mergers trigger central starburst

° In major mergers, stellar disks -
spheroids & central black hole grows

°* New disk may form by gas accretion

Institute for Computational Cosmology







~._Halo mass function
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o Cole etal. 2001
Kochanek etal. 2001
Huang etal. 2003
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z =0 Galaxy light
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Springel, Frenk & White
Nature, April ‘06
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1. FAT geometry:

2. Small (quantum) ripples

Inflation

Quantum “Foam*

ipples seen as hot & cold spot
in cosmic radiation

L
45

Recent measurements of CMB
temperature fluctuations and of the galaxy
distribution confirm this paradigm.

>A

Galaxies
(t~13x10%rs)







Cold dark matter ?

Theory predicts: dark matter is a particle,
probably a SUSY particle

Dark matter discovery? ¥4
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ACT The future

JWST: the next - |
space telescope: Planck: mapping
| the CMB
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