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Evolution of the Universe R

Critical density

Friedmann equations give dependence

between matter density in the Universe If Qiot = QU + Q0 =1
and curvature of space. = Universe is 'flat’ (euclidean)
Critical density: curvature k =0
3H? 26 kg GeV If Quor <1
Pc = 831G ~ 10~ m 10m = Universe is 'open’
curvature k = —1

Density parameters

(density in units of p¢): If Qo > 1

= Universe is 'closed’

Q, — curvature k = +1

P
pe
A
Qpn = —-
A 3H2
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Evolution of the Universe e st

Total matter/energy density in
the Universe determines the space
curvature on cosmological scales

Locally we know, that space is flat
(sum of triangle angles is 180°). Q,<1

But it is very hard to check on
large distances...
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Evolution of the Universe .

How to estimate the density of matter in the Universe? Q=p/pc

Many possible approaches:
@ looking at radiation of stars and interstellar matter
= luminous matter Quumi ~ 0.006

o from the abundance of light elements + Primordial nucleosynthesis
model (BBN)

= baryonic matter Q, ~ 0.04—0.05

@ measurement of gravitational interactions and structure formation

= "gravitational” matter (total ?)
Qn ~ 03

Comparison of different results indicate, that in addition to “ordinary”
(baryonic) matter the Universe consists also of the so called Dark Matter...
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Evolution of the Universe .

How to estimate the density of matter in the Universe? Q=p/pc

Many possible approaches:
@ looking at radiation of stars and interstellar matter
= luminous matter Quumi ~ 0.006

o from the abundance of light elements + Primordial nucleosynthesis
model (BBN)

= baryonic matter Q, ~ 0.04—0.05

@ measurement of gravitational interactions and structure formation

= "gravitational” matter (total ?)
Qn ~ 03

e from fitting ACDM model to CMB measurements  (today)

Comparison of different results indicate, that in addition to “ordinary”
(baryonic) matter the Universe consists also of the so called Dark Matter...
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1

We know that dark matter:
is “cold” (non-relativistic)
is non-baryonic

is stable (does not decay)

interacts very weakly (gravitational only?)

@ contributes to about 1/4 of critical density (5x baryon matter)
We do not know:

e What it consists of (one or more paricles)?

@ How to observe it directly?

One of the candidates is the Lightest Supersymmetric Particle (LSP),
which we hope to find at LHC...
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Gravitational lensing ot

As described by the general theory of relativity matter curves the space.
It results in bending of the light rays propagating in space.
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Gravitational lensing o

Very precise measurements
were possible thanks to the
Hubble Space Telescope.
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Gravitational lensing s

JO73728.45+321618.5 J095629.77+510006.6 J120540.43+491029.3 J125028.25+0652349.0

- . -

J140228.214632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-083910.2

Einstein Ring Gravitational Lenses
Hubble Space Telescope » Advanced Camera for Surveys

NASA, ESA, A. Bolton (Harvard-Smithsonian CfA), and the SLACS Team STScl-PRC05-32
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Gravitational lensing ;

Strong lensing

For large masses we observe significant curving of space resulting in large
image distortions or even multiple images of an object.
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Gravitational lensing

Strong lensing

For large masses we observe significant curving of space resulting in large
image distortions or even multiple images of an object.

Weak lensing

For small masses, weakly affecting the space geometry, we only observe
small distortions of images.

shape
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Gravitational lensing

Strong lensing
For large masses we observe significant curving of space resulting in large
image distortions or even multiple images of an object.

Weak lensing
For small masses, weakly affecting the space geometry, we only observe
small distortions of images.

In both cases, we can estimate the mass of the structures between us and
the observed object, responsible for bending the light.

M.Krawczyk, A.F.Zarnecki Particles and Universe 14 June 9, 2015 12 / 46



X-ray emission

Atom collisions in the interstellar space can be the source of very weak but
measurable X-ray radiation. Since 1999, very precise measurements of
X-ray emission are possible thanks to the Chandra X-ray Observatory.
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X-ray emission

From the intensity and spectra of radiation we can deduce the matter
density and temperature = pressure = gravitational field
We can estimate the total “gravitational” mass of given structure

Coma Cluster
0.5-2.0keV
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Bullet cluster s

In visible light
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Bullet cluster

1E0657-56 (The Bullet Cluster)

SHOCK FRONT

/

BULLET-SHAPED HOT GAS
+ Vital Statistics

z=0.30 (3.35 Gyr ago, or 1.2 Gpc away)

Supersonic merger

In plane of sky (+/-15 degrees)

Speed ~ Mach 3 (4500 km/s)

Touter ~ 6-7 keV
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Bullet cluster =

Visible vs X-ray
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Bullet cluster

Based on the measurements of the weak gravitational lensing we could
also evaluate the “gravitational” mass distribution in the cluster.

In is compatible with the star distribution.

Non compatible with the interstellar matter distribution!

g"58Mm42° 36° 30° 24° 18 6"58M42° 36° 30° 24° 18°
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Bullet cluster
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Cosmic Microwave Background =

Predictions
While the Universe expanded, average particle energies (temperatures)
decreased. Heavier particles were no longer reproduced and disapeared...

In few hours after the Big Bang the Universe was filled with nuclei of light
elements (including protons), electrons and photons. Atoms were not
stable, as they could be easily disintegrated by energetic photons.

e +p" = HH~y
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Cosmic Microwave Background =

Predictions
While the Universe expanded, average particle energies (temperatures)
decreased. Heavier particles were no longer reproduced and disapeared...

In few hours after the Big Bang the Universe was filled with nuclei of light
elements (including protons), electrons and photons. Atoms were not
stable, as they could be easily disintegrated by energetic photons.

e +p" — H+ny

Only after about 300°000 years after the Big Bang photons were no longer
energetic enough. Electrons are captured by nuclei creating neutral atoms.

The Universe starts to be transparent for photons.

Photons still fill the space, but their energies decrease (wavelengths
increase) with the expansion of the Universe.
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Cosmic Microwave Background :

Predictions

In 1948, George Gamow, Ralph Alpher and Robert Herman came to the
conclusion that photons emitted 300'000 years after the Big Bang should
still fill the Universe.

Only their energy is so small, that we are not able to detect them.

This is the so called Cosmic Microwave Background (CMB)
also known as relic radiation

Spectral distribution of the radiation should correspond to the black body
radiation at temperature

T ~ 5K

Observation of CMB was the final argument for the Big Bang theory,
it could not be explained in the model of static Universe.
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Cosmic Microwave Background =

Discovery

Cosmic Microwave Background was
discovered by A.A.Penazisa and
R.W.Wilsona in 1965.

It was more and more studied in the
next decades, but it was difficult.

Precise measurements became possible
with satellite detectors - it was
confirmed that the spectra corresponds
to the black body radiation at

T = 2725+0.002 K

COBE satellite results ~ (1999)

Intensity d7/dv, ergsm~2s~ st~! em

1=

o
7y
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Cosmic Microwave Background

Angular distribution

To the first approximation But when we look closer
(AT ~ 1K) radiation is isotropic: (AT ~ 1mK):

we see the effect of Earth motion
with respect to the 'global’ frame 7
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Cosmic Microwave Background

Angular distribution

Correcting for Doppler effect Subtracting radiation coming from
(AT ~200uK): the Galaxy and other known sources
(AT ~ 100uK):

—750 — o— 750 pK

= we see radiation of our galaxy => starts to be interesting !!!
(Milky Way)...
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Cosmic Microwave Background I

Fluctuations

Fluctuations at

Temperature fluctuations are due to the
this angular scale

fact that the Universe was not “static” OOOOQOCMJ

when CMB was emitted

i Surface Of
Lgrc:\llﬁmytelgiilnl f;t)’ ;tg:‘?e Las‘t’l S Zg:tering
Wllapsi‘/ causes rebound  je——>
It "oscillated’ around the equilibrium
. . S~ ~ s~ -, Gas
state, where the radiation pressure is ooo -~
balanced by gravitational attraction = =
- 3‘— asma
Larg?tal;“g!ular
Angular size of these fluctuations Aucastioos
have had
time to grow

depends on the size of the Universe at
the time of CMB decoupling...

= it depends on the cosmological parameters
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Cosmic Microwave Background Vo

Fluctuations

Observed angular sizes of
CBM fluctuations depend
strongly on the curvature of Simulation results:

the Universe
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Cosmic Microwave Background =

Fluctuations

Observed pattern of fluctuations can be Results of simulation for
described by calculating correlations different model parameters:
between pixels at given angular distance.

Flat

Formally, we can describe it as the image Closed =

decomposition into the so called spherical
harmonics (Legendre polynomials) in cos 6;;
(angular distance).

Power
eI P - T )

The power spectra (power distributions
between different “multipoles” - Multipole
fluctuations at different angular scales)

depend on the model parameters.

eg. for flat Universe (€2 = 1) we would expect dominant contribution
(main peak) at / ~ 200
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Cosmic Microwave Background

Measurements BOOMERANG

Baloon Observations Of Millimetric Extragalactic Radiation and Geomagnetics

6000

4000

{r1)C/em [pK]?

2000

L L L L L
0 200 400 800 800 1000
e =] ¢

10 day South Pole flight (1998,/99) = Q4or = 1.03 £ 0.06
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Cosmic Microwave Background N

Measurements  WMAP: Wilkinson Microwave Anisotropy Probe
Space probe launched on 30.06.2001.
CMB measurement in 5 bands - for better background rejection

Angular Scale
6000

5000 F

4000

3000

2000

Anisotropy Power (uK?2)

1000 |

L . PR S
10 100 500 1000
Multipole moment (7)

Main peak for anglar scale 0.8° (/ ~ 220)
= total density: Qo = 1.00 +0.03 = Universe is flat?! (k = 0)
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Cosmic Microwave Background =

CMB satellites  Best for precise fluctuation measurements

L - ‘1.—- ‘4‘ -' 0:
T ~ - O o
. - " A . - &
W 1 ‘ @ '&' S l ;1 w
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. - .
COBE WMAP Planck
1989 2001 2009
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Cosmic Microwave Background {0

Planck Satellite
CMB detected by 75 sensors

in 9 frequency bands
from 30 to 857 GHz

Low frequency sensors at 20 K
High frequency sensors at 0.1 K !!!
Scan of the whole sky in 6 month

| | Sensitivity increased by factor of 25,
compared to WMAP
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Planck Satellite

Model fitting
Simulation results:
CMB power spectrum depends not e 10

CT /Ry T [T 7 TT

ly on the total density, but al : 1 e 2
only on the total density, but also on B
other cosmological parameters. z e T/A T

= o TN

. g \ W

Model used in the Planck data & z &

.. o Telop |, T o1 ]
analysis includes densities for: 1000 0 500 1000

e photons (= CMB)

baryons

o

@ neutrinos

. 7
o

1(1+1)

B

cold dark matter (CDM)

cosmological constant (A)

1

E 3 B ety e g
o 500 1000 0 600 1000
1 1

= Universe evolution can be described by 6 independent parameters
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Planck Satellite s

Model fitting
By fitting the full power spectra, most parameters can be constrained

6000 T T T T T
WMAP 7yr &
ACBAR %

QuUabD =

5000

4000

3000

2000

1(1+1)C,TT/(2m) [uK?]

Universe is flat:
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Planck Satellite =

Results (2015)  Consistent with flat Universe: Qs &~ 1 +0.0025
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Planck Satellite

Fit results

The Universe seems to be flat within Parameter Planck TT+lowP+lensing
() ~
0.25% accuracy (2 ~ 1) Qi 0.02226 = 0.00023
o Q2 . 0.1186 + 0.0020
Total matter contribution is about 1000mc « v vvnn .. 1.04103 + 0.00046
0 i . T 0.066 + 0.016
31% of the critical density () oy 3063 £ 0,029
i o My oo 0.9677 + 0.0060
= we need to include contribution
; Ho oo, 67.8+£09
from the cosmological constant A o 0.308 = D.012
(dark energy?) Quid. . 0.1415 + 0.0019
Qi ... ... 0.09591 + 0.00045
Only about 5% comes from atoms, =~ 7s...--- - 0815+ 0.009
. . osQ0S 0.4521 + 0.0088
baryonic matterii (p) Age/Gyr ... ... 13.799 + 0.038
= rest of matter must be “invisible” g - 147.60 + 0.43
Kog oo 0.01027 + 0.00014

dark matter
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Planck Satellite :i. :

Fit results

The Universe seems to be flat within
0.25% accuracy (2 ~ 1)

Total matter contribution is about
31% of the critical density ()

= we need to include contribution
from the cosmological constant A
(dark energy?)

Only about 5% comes from atoms,

baryonic matterii (2p)

= rest of matter must be “invisible"
dark matter

A;c;?s Dark
Energy
Dark 69%
Matter
26%

TODAY

Ty = 13.799 +0.038 Gy
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Supernova oo

Distance measurement

Direct distance measurements in the
Universe is much more difficult than
the redshift (velocity) determination.

We have to use the so called
standard candles, objects for which
the absolute brightness is known.

At largest scales type 1A Supernova
are used

June 9, 2015
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Supernova g

We try to study the most distant supernova in detail

Magnitudo (brightness) vs redshift (velocity)
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Supernova g

“Redshift” measurements for
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Supernova Vi

Results obtained from different measurements (structure formation, CMB
fluctuations, distant supernova) are consistent:

Supernova Cosmology Project

Suzuki, e Ap.J. (2011)
P B e L BB B

No Big

- 144
No Big Bang Bang
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Systematics

Supernovae
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To describe all the data we have to assume that:
e atoms (baryons) contribute only to about 5% of the critical density
@ about 25% of the critical density is added by the Dark Matter

o we need additional 70% to make the Universe flat
= it has to be described by Dark Energy (cosmological constant)

M Dark Energy

@ Dark Matter

M Free Hydrogen & Helium
Ostars

@O Neutrinos

@ Heavy Elements
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Recent years brought many new results of interest to both particle physics,
astronomy, astrophysics and cosmology
= new field of research: Astroparticle physics

We are still trying to find answers to many questions:
@ Dark Matter  we still do not know what it is composed of, even
if we have few theories (eg. supersymmetric particles)
@ Dark Energy  Einsteins “mistake” which turned out to be true
absolute mystery...
@ Baryon Asymmetry  we do not understand how matter-antimatter
symmetry was broken...
e UHECR Ultra High Energy Cosmic Rays, with energies
up to 10%° eV, where do they come from?...

We do hope LHC will find some answers,
but there are also many other dedicated experiments...
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