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Basic information

® Theory: Each Wednesday from 14:00 - 16:00 h (~14 lectures)

Lecturer: Francisco Torrenti
f.torrenti@unibas.ch - Skype: tsocap - Office: 4.15, PH

® Exercises: Approx. every two weeks, starting the week 15.03-19.03
[Date to be decided] (~6 sheets)

Lecturer: Kenneth Marschall
kenneth.marschall@unibas.ch - Skype: ken.marschall - Office: 4.15, PH

https://unibas.zoom.us/j/94958214553?

LINKTO 200M: - /d=RXdpUWCXWTIKA3NLSXBzQO0JHbNJLAZ09

® Exam: Wednesday 9th of June, 14:00 - 16:00 h
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Contents of the course

1. Geometry and Dynamics of the Universe

FLRW metric, distances, Friedmann equations...

2. Thermal History of the Universe

Equilibrium distributions, energy and entropy, Boltzmann equations, CDM,
recombination, BBN...

3. Cosmological Perturbation Theory and structure formation

Perturbed equations, initial conditions, curvature perturbation, DM
clustering, CMB...

4. Inflation

Homogenity and flatness problems, slow-roll inflation, quantum
fluctuations, reheating...
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COSMOLOGY: an overview on the

contents of the course




What is cosmology?

® COSMOLOGY:

- The scientific study of the origin, evolution, and
large scale structure of the universe.
- Treats the universe as a whole

e COSMOLOGY is NOT:

Astrology:
Pseudoscience

Astronomy: Astrophysics:
Studies individual objects Uses laws of physics to
(eg. stars, planets, galaxies), explain the nature of

normally with observations those objects . ASTROLOGY |

WHAT YOU NEED TO KNOW ABOUT
THE 12 ZODIAC SIGNS, TAROT READING,
NUMEROLOGY, AND KUNDALINI RISING

KIMBERLY MOON
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Modern cosmology

a4 )
MODERN COSMOLOGY
based on

) ¥ N ’

(HOT) BIG BANG MODEL INFLATION
® Describes the evolution of ® Provides the initial

the Universe from a fraction conditions for the hot
of a second until today Big Bang model
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Modern cosmology

-

\_

MODERN COSMOLOGY

~

based on

(HOT) BIG BANG MODEL

® Describes the evolution of
the Universe from a fraction
of a second until today
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Cosmological principle

COSMOLOGICAL PRINCIPLE:
The Universe is homogeneous and isotropic at large scales.

.

_

HOMOGENEITY
is a global property:
there are no preferred
points in space

ISOTROPY
is a local property:
Universe looks the same
at all directions
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The FLRW metric

( )
The only 4D metric compatible with the cosmological principle is the

FRIEDMANN-LEMAITRE-ROBERTSON-WALKER (FLRW) METRIC

d 2
ds? = dt*—a’(1) 242
1—kr?

e )

k: spatial curvature

a(t): scale factor

It gives the size of the spatial
slices, and depends on time:
the Universe
expands or contracts

CLOSED

OPEN

FLAT

MAP390006
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The FLRW metric

® The main results of the FLRW models where derived by Friedmann (1925) and,
independently, by Lemaitre (1927).

® Robertson and Walker proved rigorously that the FLRW metric is the only
homogeneous and spatially isotropic metric (1935).

® FLRW
® FRW
® RW
® FL
A. Friedmann G. Lemaitre H. Robertson A. Walker
] 1 >
Al

https://en.wikipedia.org/wiki/Friedmann-Lemaitre-Robertson-Walker_metric
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Cosmological principle + General Relativity

v

FRIEDMANN EQUATIONS
< a > 2 76 k p(t): energy density
— = — )+ — p(t): pressure
a 3 a’ 3 k: spatial curvature
a 41l A: cosmological constant
—=——p+3p+A7)
a 3
s EXPANSION / ' ' CoO O h
NTENT OF THE
CONTRACTION UNIVERSE
\_ J
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The ACDM MODEL

ACDM model: parametrization of the Big Bang

Ordinary
matter

Heavy Elements

Universe Mass =
'l 0.03%

Composition

Neutrinos
0.3%

We only understand
4% of the content of
Free Hydrogen the Universe!

and Helium
1% _ Y,

Dark Matter
23%

)

Beyond-the-SM particle?

Dark Energy

72% '\ Cosmological constant
(vacuum energy?)

NASA Figure
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2.5

2.0

1

— Qa=1, de Sitter
4— Qm=0.3,Qr=0.7, A\CDM
— Qk=1, empty universe
— Qm =1, Einstein de Sitter

N\

— Qm=6,Qx=-5, closed

A "Big Bang” ~13700
millions of years ago

0.5

0.0

>/ /. \.
"""""""""""" An exponential
| expansion at late times
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Today -
Life on earth @ b

Acceleration - 11 blllmn years
Dark energy dominate : g

Solar system form e e DL
Star formation peak \Ca 3 bilfion years _
Galaxy formation era\ y ' '
Earliest visible galaxies

700 miII.ion years
Recombination Atoms form ‘6 00,000 years ':Gi
Relic radiation decouples (CMB)\ ¢ Q o2 Q (.J s

Matter domination
Onset of gravitational collapse

5,000 "Years

Nucleosynthesis — 3 minutes

Light elements created - D, He, Li ,
Nuclear fusion begins 0.01 seconds —

Quark-hadron transition
Protons and neutrons formed

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation
Quantum gravity wall

Spacetime description breaks down

14 hillion years ———7

el

The Universe was much
hotter in the past!!




Big Bang theory

1. Expansion of
the Universe

2. Abundances of light
elements

Observational /V

evidences of the
Big Bang theory

\ 3. Cosmic Microwave

Background

4. Formation of galaxies
and large-scale structure
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Big Bang theory

1. Expansion of
the Universe

Observational
evidences of the
Big Bang theory
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Expansion of the Universe

FLRW metric ==l

HUBBLE LAW: v = Hd

L4

Results from Hubble (1929):

H, ~ 500 km/s/Mpc A }//

DISTANCE

J

o ¥ PARSECS 2210* PARSECS
FIGURE 1 :

Velocity-Distance Relation among Extra-Galactic Nebulae.
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Velocity [(km/sec]

30000

20000

10000

N

“Effective velocity”
inferred by the expansion

Modern data:

I | I |
- % Planck (2018): -
Hy = 67.66 £ 0.42km/s/Mpc
] | ] |
0 100 200 300 400 500

Distance [Mpc]



Big Bang theory

2. Abundances of light
Observational /V elements

evidences of the
Big Bang theory

Theoretical Cosmology - FS 2021 - U. Basel



Today

Life on earth
Acceleration

Recombination Atoms form

Relic radiation decouples (CMB) &
S

Matter domination
Onset of gravitational rnllanca

Nucleosynthesis
Light elements created - D, He, Li

- ‘-ll\;nn hn“ins

e

Quark-hadron transition
Protons and neutrons formed

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

14 hillion years
- ]
11 billion years
e
. 3 hilfion years

700 miII.ion years

400,000 years =
\_S< ~.

& ©
5 000 years

— 3 minutes

0.01 seconds




Big Bang nucleosynthesis (BBN)

® AtT= 109 K(t = 3 min), the temperature is small enough that
new atomic nucleons start forming from protons and neutrons.

® Chain of nuclear reactions:

n’ — pt+e +v,

D+p" —3 He+x
D+2D —3T+p'
‘;’T+§He —>:‘; Li+ 7y
;He +2D —4 He +p*
iLi+p" —4 He +3 He

p"+n’ —? D+~

1D +?D —3 He +n°
iT+?D —) He + n’
>He + n’ —3 T + p'

>;He +4 He 7

7 0 7 143 1
sBe+n’ — . 14 +p

® After 20min, the Universe is cool enough that the chain of reactions
stops: there is no creation of elements heavier than Be.

® Predicted ratio:

nHe ~

ny

1

4
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Big Bang nucleosynthesis (BBN)

Abundance of nuclear elements in the solar system

Light elements H, He:
produced in BBN

M B B B B I B A '.
ol Abundance of Si .
ol is normalized to 10° ]
| Elements -
8 ]
1N ge . . ) 4= produced ]
0 [ 2 S ]
P> 6 \ ° ° -
N - ]
£ \AR £ arcy Ni in stars nuclei ]
CHT
= 4 -
< 3} ]
C'E 2 [ > - :
< Zr
.J . 2 xe
l v Mo gn 1< g B2 pe P -
0 w seR 18 .
Sl Nb A Th ]
[ In Pr . i -
-2 Re -
[ PEEPSEPUT B UEPSEPSEPE B S S PSS BRI PSP B USSP USSR R U PPN RN U SRS SN UU SPUR Y AlA]A

Z., Atomic number

Poorly synthesised
in both BBN and stars
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Big Bang theory

Observational
evidences of the
Big Bang theory

\ 3. Cosmic Microwave

Background
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Today

Life on earth
Acceleration

Recombination Atoms form
Relic radiation decouples (CMB)

Matter dominauun
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

14 hillion years
- ]
11 billion years
e
. 3 hilfion years

700 miII.ion years

1400 ,LJ, years
OS2

— 3 minutes

0.01 secbnds .




Recombination

f Recombination (t=380000 years, T=1eV): \
charged electrons and protons first become bound to form
\ electrically neutral hydrogen atoms J

e —|—p+ = H —l—@ T=1eV

® The photons were able to propagate large distances: the Universe becomes
transparent.

® These photos are now detected in the microwave spectrum: the COSMIC
MICROWAVE BACKGROUND (detected in 1965).
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Cosmic microwave background spectrum (from COBE)

400 I I I

350

300

250

200

Intensity [MJy/sr]

150

100

50

[ [ [

[

COBE data +——+—
Black body spectrum ——

T~ 273K

[
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osmic Microwave Background

Penzias and
| Wilson
COBE
CMB
anisotropies!

Source: nasa.gov
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Cosmic Microwave Background

PLANCK 2018:

d s A
o ¥, ¥

T =12.7260 £ 0.0013K
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6000 1 W | ! 1 1 1 ]
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. [
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ok
600 |- -4 60
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Description
Physical baryon density parameter?]
Physical dark matter density parameter'@
V/J 1/}
Base ACDM model”, o .
. Age of the universe
parameter constraints dent
Scalar spectral index
(Planck 2018): para-
meters Curvature fluctuation amplitude,

ko = 0.002 Mpc™"

Reionization optical depth
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Precision cosmology

Symbol Value
Q,h? | 0.02230 +0.000 14
Q.h? | 0.1188 +0.0010
i 13.799 +0.021 x 10° years
Ny 0.9667 +0.0040
AZ | 2441 7005 x10-9120)
T 0.066 +0.012




Big Bang theory

Observational
evidences of the
Big Bang theory

4. Formation of galaxies
and large-scale structure
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Today

Life on earth
Acceleration

Recombination Atoms form

14 hillion years
- ]
11 billion years
ST
. 3 hilfion years

7ﬂn T R

-

(2] <)
—+7400,000 years e

Relic radiation decouples (CMB)\¢ Q 2 Q =

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

5,000 "Vears

— 3 minutes

0.01 secbnds .




Large scale structure

® First galaxies formed about a billion years after the Big Bang.

® After that, larger structures have been forming: galaxy clusters and
superclusters.

® Populations of stars age and evolve: distant galaxies (observed as they
were shortly after the Big Bang) appear very different from nearby
galaxies (observed in a more recent state).

® Observations of star formation, galaxy and quasar distributions and
larger structures, agree well with Big Bang simulations of the formation
of structure in the universe.
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Source: http://cosmicweb.uchicago.edu/filaments.html
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Modern cosmology

4 )
MODERN COSMOLOGY
based on
\_ \ J
INFLATION

® Provides the initial
conditions for the hot
Big Bang model
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Today

Life on earth
Acceleration

Recombination Atoms form

Relic radiation decouples (CMB) &
S

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition

Clanda~----
torces differentiate
Inflation

uu'dllll"ll yravity wan
Spacetime description breaks down

14 hillion years
- ]
11 billion years
e
. 3 hilfion years

700 miII.ion years

400,000 years =
\_S< ~.

& ©
5 000 years

-3 niinutes

0.01 secbnds .




Problems of Big Bang theory

o

Universes dominated by matter and/or radiation —> — <0

a

1. The horizon problem

. Particle horizon: Casually connected regions

T =12.7260 £ 0.0013K
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These points were never in
casual contact before.
Why do they have the same
temperature??




0.013
Qg = —0.011+9913

Q) = 0 is a point of unstable

equilibrium in the Friedmann
equations

0 e s B

N Q ~ 1 X NOW

. J
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PHYSICAL REVIEW D VOLUME 23, NUMBER 2 15 JANUARY 1981

Inflationary universe: A possible solution to the horizon and flatness problems

Alan H. Guth*

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 11 August 1980)

The standard model of hot big-bang cosmology requires initial conditions which are problematic in two ways: (1)
The early universe is assumed to be highly homogeneous, in spite of the fact that separated regions were causally
disconnected (horizon problem); and (2) the initial value of the Hubble constant must be fine tuned to extraordinary
accuracy to produce a universe as flat (i.e., near critical mass density) as the one we see today (flatness problem).

These problems would disappear if, in its early history,|the universe supercooled to temperatures 28 or more orders
of magnitude below the critical temperature for some phase transition.|A huge expansion factor]would then result
from a period of exponential growth,|and the entropy of the universe would be multiplied by a huge factor when the
latent heat is released. Such a scenario is completely natural in the context of grand unified models of elementary-
particle interactions. In such models, the supercooling is also relevant to the problem of monopole suppression.
Unfortunately, the scenario seems to lead to some unacceptable consequences, so modifications must be sought.

.

— >0

a The observable Universe is within the horizon

‘ Q. = 0 is a point of stable equilibrium

~
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® |[nflation can be realized by a scalar field ¢ (the inflaton) with potential
energy V(¢), as long as V(¢p) obeys certain conditions.

a(t) ~ e

V(cp)‘

slow-rolling
inflaton

reheating

-~

_

50-60 efolds of
inflation solves flathess
and horizon problems

~

J

a(t) ~ t1
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® Inflation generates a (quasi) scale-invariant spectrum of primordial
metric perturbations: scalar and tensor fluctuations (GWs).

® These perturbations get imprinted in the CMB.

Planck
constraints
(2018):

N

Different V(¢p)
give different
predictions
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Tensor-to-scalar ratio (79.002)
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Natural inflation
Hilltop quartic model
« attractors
Power-law inflation
R? inflation
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Low scale SB SUSY
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Contents of the course

1. Geometry and Dynamics of the Universe

FLRW metric, distances, Friedmann equations...

2. Thermal History of the Universe

Equilibrium distributions, energy and entropy, Boltzmann equations, CDM,
recombination, BBN...

3. Cosmological Perturbation Theory and structure formation

Perturbed equations, initial conditions, curvature perturbation, DM
clustering, CMB...

4. Inflation

Homogenity and flatness problems, slow-roll inflation, quantum
fluctuations, reheating...
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