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:*’ * What is it made of ?
v How did it evolve to its present state?
‘ﬂ What does the future hold’?

g e How did the Universe begin?

Flammarion 1888: tete des et0|les



ty The science of the Universe

Modern cosmology is based on:

The laws of Physics: general rules about natural phenomena,
derived empirically and expressed mathematically, e.g. Newton’ s
law of gravitation, Boyle’ s gas law, quantum mechanics, relativity

— Experimentally verified on Earth

— Universal (?)

Institute for Computational Cosmology




Cosmic history is a story about
nothing

... or rather of how nothing became
everything







In physics “nothing” is called
the “vacuum”

... and the vacuum is full of energy ...

... the vacuum energy
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Galaxies are collections of up to a hundred billion stars



Virtual Voyage:
Milky Way to the Virgo Cluster

HDTV Visual Excerpt from "Runaway Universe"
Courtesy NOVA/WGBH, PBS
Tom Lucas Productions



The content of the Universe




' iCC The content of our universe
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Normal matter = matter made of ordinary atoms



' 1T The content of our universe
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Dark matter = matter that does not emit light at any wavelength
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Dark energy = mysterious form of energy which opposes gravity



The cosmic expansion

SN 1998M 2z=0.63 SN 1998] z=0.83

N
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h, Nt

= N\,
Accelerating ;Q\
expansion

.7,
Slowing

expansion

(~15 billion years) :

. -
SN 1997¢j z=0.50 SN 19981 2=089 ]bble 1 929




What is the cosmic dark energy?

A form of energy that produces a repulsive force,
causing the universal expansion to accelerate

It is likely to be energy associated with empty space — the vacuum



The content of our universe
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Clumps of dark matter: dark halos

- dark matter keeps galaxy in place




What is the dark matter?



3 minutes

The bignui V?Jhousandyears ; | | 4
~— Dark matter ™"

10—*3 seconds

1032 degrees,

1027 degrees

0'> degrees

1010 degrees

10° degrees

w radiation €  positron (anti-electron) 6000 degrees ;
o particles . proton )
W*% heavy particles @® neutron 4

Y ::::\Yv?agk force @ e ° degreesf ’

= H hydrogen

2 g D deuterium /
7 anti-quark He helium 3degreesK /
€. electron L ithium ‘




Key assumption: the dark matter is an

elementary particle formed in the early universe,
different from particles in ordinary atoms







The search for dark matter

Experimental physics



YL The search for dark matter
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1) BCLC |Searching for the dark matter ?

University of Durham

[ Institute for Computational Cosmolog_y]
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The content of our universe

why is DM so important?

DARK
750k A <25% :mD

I NORMAL
S % MATTER

Dark matter = matter that does not emit light at any wavelength
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“' Where do the galaxies come from?
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B€E | ... to the beginning of time (almost)

University of Durham
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The Initial conditions

INFLATION t=10-3% sec
LR0L quanTum
'. < IN* SPACE-TIME

THE ENTIRE
OBSERVABLE
UNIVERSE!

from G. Efstathiou
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The Initial conditions

INFLATION t=10-35 sec
Inflation theory o
I"‘ m ‘ QUANTUM
early universe seeded by | ‘& G T roamr
A
tiny In
produced by
processes

‘ ‘ ¥ o
N THE ENTIRE @

oBSERVAELE

@
o UI&IVE‘RSE.‘



The growth of cosmic structure

t=10-3° seconds

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

\r
0 -
P

t=13.8 billion yrs @‘"%;;;

Institute for Computatlo\&l/(\:(gmology




13
The tiny quantum |rregular|t|es were hugely
amplified by the 'gravity of the, dark matter




ACa Large Scale Structure

Computer
simulation

Small irregularities
in the early universe £
grow under the

action of gravity:

500 million light ye

t = 0.06 Gyr



The force of gravity




CICNIROCKS



ty The science of the Universe

Modern cosmology is based on:

The laws of Physics: general rules about natural phenomena,
derived empirically and expressed mathematically, e.g. Newton’ s
law of gravitation, Boyle’ s gas law, quantum mechanics, relativity

— Experimentally verified on Earth

— Universal

To be Physics, it must be testable!

Institute for Computational Cosmology




The growth of cosmic structure

t=10-3° seconds

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

How do we test thls’?

Institute for Computatlon\( C(?'mology




Need to be able to look into the past!

We can because light travels at a finite speed
(300,000 km/s)



Need to be able to look into the past!

—

The farther away an object is, the longer its light
has been travelling and the farther into the past
we can see



University of Durham

The early
universe '
was very hot ~




15 thousand million vears

350,000 yrs after BB~
The cosmic microwave =
background is emitted

300 tho

The bngM

10—5 seconds

3 minutes

0—1% seconds

Thé early universe
was foggy

\_/ ey

10° degrees

v radiation € positron (anti-electron) 6000 degrees

o  particles @ proton

W*% heavy particles ‘ neutron

W_} fha:\yv?agk force @ meson 18 degrees

= H hydrogen

2 s deuterium

7 anti-quark He helium 3 degrees K

€» electron Lﬂ lithium



University of Durham

The echo of the Big Bang
3 -~ ‘ ‘ )"

Everywhere we look in the Universe we should feel the heat left

over from the Big Bang.

Institute for Computational Cosmology




e 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




w radiation
o particles
W* 9 heavy particles
W™ carrying
the weak force
Z
2 quark
i anti-quark

€. electron

The bngM

10—5 seconds

0—1% seconds

0'> degrees

€  positron (anti-electron)

. proton
‘ neutron
@ meson

H hydrogen
deuterium

He helium

Lﬂ lithium

1010 degrees

15 thousand million vears

The temperature of this
radiation should show
small irregularities

3 minutes \

300 tho

10° degrees

6000 degrees

18 degrees »

3 degrees K
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W The temperature of this
- radiation should show =
The blgn 300 tho

small irregularities
10—5 seconds |

0—1% seconds

10—34 second
r fundamental

10—*3 seconds

1032 degrees,
1027 degrees

0'> degrees

1010 degrees
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o particles ‘ proton
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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

A Nasa spacecraft has detected «

BACK TO CREATION

How the universe evolved
from the Big Bang, through
the first three minutes, to the
first clusters of matter 300,000
years on. By 15 billion years
humanity had emerged from
the dust of the stars.

| lifeon Earth smerqa 1 billion years

Epoch of recombination: the firstripples of cosmi
Discovery announced yesterday
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‘Turner, a University
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gy - .- ifit is indeed correct, this
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e ripples were created

meu

A

the stars after the Big Bang has|

FOURTEEN thousand million

esterday,
announced that’ thcy have heard
the echo.
A Nasa spacecraft has detected
at the edge of the Cosmos
are the fossilised i t of
the birth of the stars and galaxies
around us today, -
According to Michael Rowan-
Robinson, a leading British
cosmologist, “What we are seeing

‘here is the moment when the

structures we are part of — the
stars and galaxies of the universe
 Thavip e wers apsesd by

¢ ripples were spotted by the
Cosmic

Explorer
(Cobe) satellite and presented to

‘excited astronomers at a meeting

of the American Physical Socicty
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 telcphonc to each other at the
moment trying to work out what
these numbers mean.”

Cobe has provided 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

the lumps (stars, planets
and galaxies) got into the
porridge.

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

f 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 lncluded thc
Goddard Spaoe
Center, Nasa’s Jet Propul
sion Laboratory, the Massachu-
setts [nstitute 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 Ctucago 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 15 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 particies,
neutrons and protons,
are formed

N

\4.4

L

1 second

10-"% second

107

qua
bare
part

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-
ELets 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-

i P i
the mdlmu
‘M ;
<

~

Flammarion 1888: tete des etoiles
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@UICC Temperature anisotropies in CMB

niversity of Durham
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[ Institute for Computational Cosmolog_y]




@ g€ € Planck: CMB temperature anisotropies

rham

Angular scale

1° 0.2° 0.1° 0.07°
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5000 | 1
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p— 4 i . -
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)
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2000 | |
1000 | -
0 1 ! ]

2 10 50 500 1000 1500 2000 2500
Multipole moment, £

Institute for Computational Cosmology

Planck coll. 2015
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University of Durham

The growth of cosmic structure

6p/p ~1-10°

Institute for Computatlo\alf(:(g{.mology




Testing the cold dark matter paradigm

4

<)

dp/p ~10°

Supercomputer simulations use the
laws of physics to calculate how

small primordial perturbations grow 7
Into galaxies today * ‘ 7
t=13.8 billion yrs ", 08 »‘ /gé,
dp/p ~1-10° o2/

Institute for Computatio}alfcq‘}.’mology




z = 48.4 1

0.05 Gyr

'500 kpc









The Eagle Simulations SB

EVOLUTION AND ASSEMBLY OF GALAXIES AND THEIR ENVIRONMENTS

The Hubble Sequence realised in cosmological simulations

Irr Trayford et al ‘15



he origin of cosmic structure

Inflation (t~10-3°s)

Small (quantum) ripples

flation ; ’ ’B\ c

Quantum "Foam”

Galaxies
(t~13x10%rs)

R|pples seen as hot & cold spots
|n cosmlc radlatlon

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




Is this the end of the story?




——

Open questlon

What IS the
%‘ dark matter’?
1,

What is the
dark energy’?

art-wallpaper.org




There has been great progress in cosmology in
the past 30 years

... and there is still a lot more to come




