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FRW Dynamics

In a FRW Universe,
densities are in the order of the critical density,
the density at which the Universe has a flat curvature
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FRW Dynamics

In a matter-dominated Universe,
the evolution and fate of the Universe entirely determined
by the (energy) density in units of critical density:

Arguably, Q is the most important parameter of cosmology !!!

Present-day Po = 1.8791x 10729 th g Cﬂ’r3
Cosmic Density: — 2.78x10" Oh? M Mpc‘3
- o]

what the Universe exists of:

Cosmic Constituents
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Cosmic Constitution

Atoms
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Matter

- Baryonic Matter

« Nonbaryonic Dark Matter

Barvonic Matter

The amount of baryonic matter in the Universe is (by now) very well
determined, by two independent determinations:

1) Primordial Nucleosynthesis

2) Acoustic Oscillations in CMB power spectrum,
2nd peak (CMB)




Baryonic Matter:
primordial nucleosynthesis

}:rom measured ]igl-nt element abundances:
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Baryonic Matter: CMB
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Baryonic Matter

Cosmic bargons
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Baryonic Matter

Note:

* STARS are but a fraction of the total amount of baryonic matter

* There is still a large amount of undetected baryonic matter:

- hiding as warm Intergalactic Gas (WHIM) ?
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Non-baryonic DM:
candidates

Weakly Interacting Massive Particles

- neutrinos
- sterile neutrinos
- neutralinos

MACHOs: Massive astrophysical compact halo object
Modified Gravity: = modification of General Relativity

SIMPs ... Strongly Interacting Massive Particles

Dark Matter: disk galaxies

The dark matter in these galactic dark halos will keep the stars and gas clouds in the outer
reaches of the spiral galaxies swirling around the galaxy with such high velocities.
GM(r)r = v2?

Moreover, the dark matter halos would provide a natural stabilization of the thin and fragile
rotating spiral discs, which otherwise are rather unstable structures which would easily be
disrupted by “perturbative vibrations”.
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Clusters of Galax1es. -
X-ray 1ntracluster gas

Coma Cluster
0.5-2.0 keV

ROSAT X-ray image Coma Cluster

Clusters of Ga_'lax1es.
Grav1tat10nal t:._f?fenses
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Clusters:
Gravitational Lensing

Clusters of Galaxfes: -
Dark Matte;__f_'__j;;__j_f,_ :
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Bullet Cluster colliding ...
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Dark Energy
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COSMOLOGICAL CONSTANT
Every inch of space-time has
been accelerating forever

QUINTESSENCE
Acceleration of space-time
changes with time and place

MODIFIED GRAVITY TR ) INHOMOGENOQUS UNIVERSE
Particles of gravity leak into higher Contains galaxy-rich
dimensions and distort space-time R and galaxy-poor areas

Energy: Ildentity & Nature

Ya. Zel’dovich - 1960s

Cosmological Constant S. Weinberg - 1989
Cosmic Backreaction

(inhomogeneities) Cosmological Constant to be
Modified Gravity identified with zero-point
Quintessence, vacuum energy ?

in a variety of flavours
Phantom Energy
Chameleon Energy minor problem:
Chaplygin gas
Agegraphic DE 1st order estimate
off by 120 orders magnitude:

~ 10120
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Phantom Energy: -

Q. vs. O, [
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SCP Union2 constraints (2010)
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02 Union2 SN la
: Compilation

with SN

Systemalics

SCP Union2 constraints (2010)

on values of matter density Q,,
dark energy eqn. state w

Dark Energy Eqgn.State

Union2 SN la
Compilation

1.5 L0 0.5 [}
ity

on dynamical evolution dark energy:

eqn. state parameters W,

W,

Adiabatic Expansion

17/01/2016
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Adiabatic Expansion

e The Universe of Einstein, Friedmann & Lemaitre

expands adiabacally

- Energy of the expansion of the Universe corresponds
to the decrease in the energy of its constituents

« The Universe COOLS as a result of its expansion !
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Cosmic Epochs

Planck Eeoch t < 10% sec
GUT transition

Phase T ransition [ ra electroweak transition 10" sec<t< 10%sec
quark—hadron transition

Hadron E ra t~107sec

muon annihilation
neutrino dccouP]ing

M clectron—Positron annihilation 107 sec <t < 1 min

Primorclial nuclcosynthcsis

diati radiation-matter cquivalcncc ,
M recombination & dccouling I min <t <579,000 yrs

tructure & (Galaxy formation
Y

Dark Ages

Reionization

Matter-Dark E_ncrgg transition

Post-Recombination [ ra t> 379,000 yrs

History of the Universe
in Four Episodes: I

On the basis of the

1) complexity of the involved physics
2) our knowledge of the physical processes
we may broadly distinguish four cosmic episodes:

Origin universe

?7?

Planck Era
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History of the Universe
in Four Episodes: 11

o
Qtot:

curvature/
flatness

WE] -3
10¥ <t< 10’ sec 0y (ny/n)

* “exotic’

dark matter

* primordial

fluctuations
VERY early -
universe

History of the Universe
in Four Episodes: 111

(1T)

10_3 < t< 1013 secC nucleo-

synthesis

Standard + blackbody

radiation:
CMB

Hot Big Bang
Fireball
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History of the Universe
in Four Episodes: IV

(I' V 3 t > 10" sec

Post
(Re)Combination

universe

Cosmic Curvature

19



Cosmic Microwave Background

Map of the Universe at Recombination Epoch (Planck, 2013):
« 379,000 years after Big Bang
« Subhorizon perturbations:

primordial sound waves
< ATIT < 10-5

Measuring Curvature

Measuring the Geometry of the Universe:

Object with known physical size,
at large cosmological distance

Measure angular extent on sky

Comparison yields light path,
and from this the curvature of space

Geometry of
Space

17/01/2016
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Measuring Curvature

« Object with known physical size,
at large cosmological distance:

- Sound Waves in the Early Universe !!!!

Temperature Fluctuations
CvMB

Fluctuations-Origin

Gravitational
Attraction

Dark Matter
Concentration

Baryons

21
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Music of the Spheres

e small ripples in

primordial matter & photon distribution
e gravity:

- compression primordial photon gas

- photon pressure resists

e compressions and rarefactions
in photon gas: sound waves

e sound waves not heard, but seen:
- compressions: (photon) T higher
- rarefactions: lower

e fundamental mode sound spectrum
- size of “instrument”:
- (sound) horizon size last scattering

e Observed, angular size: 0~1°
- exact scale maximum compression, the
W“gosmic fundamental mode of music”
. Hu

Cosmic Microwave Background

COBE measured fluctuations: >0
Size Horizon at Recombination spans angle ~1°

22



Flat universe from CMB

 First peak: flat universe

By " STl £ oy
y 1Y v - . ' We know the redshift and the time
- X r’ 4 F . * it took for the light to reach us:
! - P
N . " % § from this we know the
. - length of the legs of the
triangle
. - the angle at which we are
| -5 i . measuring the sound horizon.
C
i | VR —
| V3
N |
: | e 200/ /T 0
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Angular Scale
S 0.5° 0.2°
L} T

TT Cross Power
Spectrum

— A-COM Al Data
WMAR

' ¥ cBl

! ACBAR

Cgsmic sound horizon

vy |

v

The WMAP CMB temperature
powerrspectrum

HI+1)Col2m (uK2)

The Cosmic Microwave Background Temperature Anisotropies:
Universe is almost perfectly FLAT !!!!

CMB - Fluctuations
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Standard Big Bang:

what it cannot explain ...

the Universe is remarkably flat, and was even (much)
flatter in the past

the Universe is nearly perfectly isotropic and
homogeneous, much more so in the past

There are hardly any magnetic monopoles in
our Universe

Structure in the Universe: origin

17/01/2016
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Flatness Problem

Flatness Problem

FRW Dynamical Evolution:

Going back in time, we find that the Universe was much flatter than it is at the
present.

Reversely, that means that any small deviation from flatness in the early Universe
would have been strongly amplified nowadays ...

We would therefore expect to live in a Universe that would either be almost
Q=0 or Q~oo;

Yet, we find ourselves to live in a Universe that is almost perfectly flat ... ,,~1

How can this be ?

17/01/2016
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Flatness Evolution

CEES

Q(t)

8pe~3.6%10%

1-Q

1|« Planck time

7| ¢ At radiation-matter equiv.

—4
1| 1-Q,,|<2x10
« Big Bang nucleosynthesis

el | <3x10™

1-Q,|<1x107®

AN s

F

Opan [omegas1]
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TT Cross Power
Spectrum

— A-COM Al Data
WMAR
cBl
ACBAR

The WMAP CMB fémperafgre
powerspectruny

Cdsmic sound horizon
\

LAY ﬁ‘\

HI+1)Col2m (uK2)

VvV VY
\}/4\

W

The Cosmic Microwave Background Temperature Anisotropies

Universe is almost perfectly flat

Horizon Problem

28
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Cosmic Horizons

Fundamental Concept for our understanding of the physics of the Universe:

« Physical processes are limited to the region of space with which we are
or have ever been in physical contact.

« What is the region of space with which we are in contact ?
Region with whom we have been able to exchange photons
(photons: fastest moving particles)

« From which distance have we received light.

« Complication: - light is moving in an expanding and curved space
- fighting its way against an expanding background

« This is called the

Cosmic Horizons

age of universe

We can see gas at

points A and B before

they knew about each
/%'o other.

500,000 yr
y distance
Gas at point A has received signals Gas at point B has received signals
from this part of the universe. from this part of the universe.

Copyright @ Addison Waslay.
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Cosmic Horizons

In an Einstein-de Sitter Universe

R, =3ct

Horizon distance in physical space

Hor

Cosmic Horizons

The horizon distance at recombination/decoupling
(ie. time at which Cosmic Microwave Background is coming from)

angular size on the sky:

Large angular scales:
NOT in physical contact

Small angular scales:
In physical (thus, also thermal) contact

17/01/2016
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Cosmic Microwave Background

COBE measured fluctuations: >7°
Size Horizon at Recombination spans angle ~1°

How can it be that regions totally out of thermal contact have the same temperature ?

Cosmic Microwave Background

COBE measured fluctuations: >7°
Size Horizon at Recombination spans angle -~ 1°

COBE proved that superhorizon fluctuations do exist:

17/01/2016
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Structure Problem
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Universe at
379000 years:

AT

5
—<10 ; AT 1 4x10°

:r~60.4m

The Universe should be
Uniform: homogeneous & isotropic

Migration Streams of
matter induced by gravity
resulting from small perturbations

33
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Cosmic Structure Formation

Formation

Cosmic Web:

simulation

sequence

(cold)

dark matter

Millennium
Nbody simulatien

fresolution
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Universe at 13.8 Gyrs:
rich & complex structure

map SDSS, clearly visible
underdensities (Platen et al. 2010)

with the advent of large galaxy redshift surveys
- LCRS, 2dFGRS, SDSS, 2MRS -

voids have been recognized as one of the quintessential components of the Cosmic Web

17/01/2016
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Courtesy: Johan Hidding

most detailed reconstruction
of the

local dark matter
Cosmic Web

1.0 6.0

Courtesy: Francisco Kitaura
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7

ﬁ Nexus+ tracing of filaments:

inherent multiscale
character of filamentary web

Hidding, Cautun, vdW 2015

Horizon Problem

38
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Cosmic Horizons

Fundamental Concept for our understanding of the physics of the Universe:

« Physical processes are limited to the region of space with which we are
or have ever been in physical contact.

« What is the region of space with which we are in contact ?
Region with whom we have been able to exchange photons
(photons: fastest moving particles)

« From which distance have we received light.

« Complication: - light is moving in an expanding and curved space
- fighting its way against an expanding background

« This is called the

Cosmic Horizon

age of universe

We can see gas at

points A and B before

they knew about each
/%'o other.

500,000 yr
y distance
Gas at point A has received signals Gas at point B has received signals
from this part of the universe. from this part of the universe.

Copyright @ Addison Waslay.
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Probleem van Kosmische Horizon

-

Size Horizon Recombination

a1, ]
SIWSP

COBE metingen CMB temperatuur fluctuaties:
Schaal Horizon Zichtbare Heelal 379000 jr. na Big Bang:

Temperatuur hetzelfde over gehele hemel,
maar hoe kan dat zonder ooit in thermisch contact te zijn geweest?

INFLATION

17/01/2016
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Time . Big bang
l 10-35

10-25

10-15

1075

. Limit of indirect observation

Time since Big Bang (seconds)

_.._. Limit of direct observation

10-30 10-20 10-10 1 1010

Scale of Universe (centimeters)
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Kosmische Inflatie

~10-%¢ sec. na Big Bang:

Heelal dijt exponentieel uit:
factor 10%° in 10-34 sec

Afmeting huidige zichtbare Heelal:

begin inflatie: 10-'® afmeting atoom
eind inflatie:  diameter van stuiver

£
;
i
:

Limit of direct observation

17/01/2016
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Propelling Inflation: Inflaton

§ Energy Density of Inflaton Field —» =

-High -«—— Strength of Inflaton Field ——

Inflatie & Multiverse

17/01/2016
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Cosmic Future

Cosmic Fate

100 Gigayears:
the end of Cosmology

o the Ml Wy,

100 BILLION YEARS FROM NOW 100 TRILLION YEARS FROM NOW
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EXPANDING UNIVERSE, SHRINKING VIEW

The universe may be infinite, but consider what happens to the patch of space
around us (purple sphere), of which we see only a part (yellow inner sphere).
As space expands, galaxies (orange spots) spread out. As light has time

to propagate, we observers on Earth (or our predecessors or descendants)
can see a steadily increasing volume of space. About six billion years ago,
the expansion began to accelerate, carrying distant galaxies away
from us faster than light.

Observable region

o At the onset of acceleration,
we see the largest number of
galaxies that we ever will. ) .

o The visibla region grows, but the
overall universe grows even faster,
so we actually see a smaller

NOTE: fraction of whatis out there, ©) Distant galaxies (those not bound to
Because space is expanding us by gravity) move out of our range of
uniformly, alien beings in other view. Meanwhile, gravity pulls nearby
galaxies see this same pattern. galaxies together,

17/01/2016
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