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Cosmology: The science of the Universe as a whole

o Nature is written in the mathematical language (Galileo).
@ The laws of physics are the same in all Universe.

@ We (the observers) do not occupy specific
location in space and time (The Copernicus principle).

@ The Universe is comprehensible by human.

@ The laws of physics at the smallest scales are the
building blocks to uncover the dynamics of Universe on
largest scales.

@ Cosmology is a God-given laboratory to understand
the laws of physics at the deepest level. Not to mention
a lot of philosophical insights!
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Copernicus:
De Revolutionibus Orbium
Coelestium (1543)
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Galileo: Starry Messenger (1610), Dialogue
Concerning the Two Chief World Systems(1632)
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Einstein Gravity

There is no separate notion of “ space” and “ time.
We have the spacetime as the 4-dimensional manifold.

The dynamics of the spacetime is determined by the
distribution of matter.

“Spacetime tells matter how to move, and
matter tells spacetime how to curve and twist. "

The whole Universe is studied as a physical system
under Einstein gravity!
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New units of measure

For distance, we use pc, Kpc & Mpc 1 pc = 3.086 x 10"°m
1 Mpc = 3.086 x 10”m

For comparison, mean Earth-Sun 1 AU = 1.496 x 10" m
distance (Astronomical Unit): | pc = 2.1 x 10°AU

. Cosmologists often express masses 1 Mg = 1.99 x 10°kg
-in units of the solar mass:

- In 1838, Bessel anncunced that 61 Cygni had a parallax
TNT of 0.314 arcseconds; which, given the diameter of the
Earth's orbit, indicated that the star was about 3
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the Local _ - the universe
- Supercluster, |

the Local Group
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the solar system
(not to scale)
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We need some symmetry assumptions in to study the Universe.
The cosmological Principle:

The Universe is the same in all locations and in
all directions, except for local irregularities.

Homogeneity and Isotropy

(in space, but not in time)

Homogeneous Isotropic but not Isotropic and
but not Isotropic Homogeneous Homogeneous

Observationally, the Universe is homogeneous and isotropic
on scales larger than 100 Mpc.




Expansion to what?
There is nothing outside the Universe to expand to!

It expands to itself!!




Standard Big Bang Cosmology :

http://www.astro.ucla.edu/~wright
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p . Total energy density including
ordinary matter(atoms), dark matter,
dark energy,...


http://www.astro.ucla.edu/~wright

A Brief History of Universe

Today ‘{ 14 billion years

Life on earth =
Acceleration —~ 11 billion years -

Cark energy domnaleNs =
Solar system forms\ S
Star formation peak '\
Galaxy formation era\ §

Earliest visible galaxies

A

Supperted by DCE

Dark anergy
accelerated

expansion

Structure
formation
2C15

Recombinalion Atoms form
Fellc radiation decouples (CMB

Matter domination
Cnszt of gravitational collapse

Nucleosynthesis
Light elements created ~ D, He, Li |5

Nuclear fusion begins

Background radiction

Cosmic Microwave
is visible
Particle Data Group, LBNL ©

EN Quark-hadron transition
g V’. - R Protons and neutrons formed
3 ;

. Electroweak transition
' &

Bledromagnetic and weak nuclear
forces firsl differantiate

Supersymmetry breaking

1.5 x 10719 joules)

Axlons etc.?

Grand unification transition F=—=10
Hedroweak and strong nuclear A
forces differentiate

Inflation

Quantum gravity wall
Soacetime descrption breaks down

Particle era
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E = Energr of phatons (units GeV =

t = Time (veconds, year:)




The Standard Model of Cosmology

® Ordinary Atoms:(Baryons) 5%
® Dark Matter: 26%
® Dark Energy: 69%

Dark Matter

Dark Energy

® Spatial Curvature ~ 0

Photo: Belinda Pratten, Australian Photo: Scanpix/AFP
National University

Saul Perimutter Brian P. Schmidt Adam G. Riess

Nobel 2006 (CMB) Nobel 2008 (dark energy)






Wavelength [mm]

1 0.67 0.5
T T T

FIRAS data with 400G errorbars |
2.725 K Blackbody

Intensity [MJy/sr]
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space-based cosmological observations

WMAP

Planck

1992 2003 2013

Planck used 9 frequency bands



Temperature anisotropy power spectrum
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The Initial Conditions Puzzles

Despite the successes of the big bang cosmology,
there are initial conditions problems:

® The Horizon Problem:Why is the Universe so homogeneous and
isotropic? During its evolution, the Universe did not have enough
time to become so isotropic and homogeneous.

® The Flatness Problem:Why is the Universe so flat? If 2 ~1

today, then extrapolating back to very early Universe at Planck
time we find |Q — 1| ~ 107%

® There are tiny fluctuations at the level of 10~ on the
smooth CMB background, which are almost scale invariant,
adiabatic and Gaussian.VWhat mechanism can create these
perturbations ! —— e

A short period of acceleration in very early . e
Universe will provide all these necessary initial
conditions and flattens the Universe. In addition, ,
quantum fluctuations during inflation source the SR
structure in cosmos!




Slow-Roll Inflation

The simplest models of inflation are based on a scalar field dynamics:

The Slow-Roll Models.

5= [ d'xvg g — 20.60"6 — V(@)

Large field inflation:

V= S22 i ~ 15 Mp
2 Ad
=9 A~107M @~ 22 Mp
Small field inflation: VA v
Vig)=V, [1 - (%);lu
— Vo — ~m24? +




Inflation, a brief review

The necessary condition for inflation

V(o)
. 4G p A
a=—T(P+3P)>0 — P<—§ M/,/
In most models, inflation is derived by a scalar field, the inflaton. ¢
At the background inflation we turn on the quantum fluctuations ~ Feng doms ¢
Ag
¢(t$ x) — gg(t) + 5¢(t3 x) Baumann.
. H
The curvature perturbationis (=1 + —d¢
The curvature perturbation power spectrum is
P, A A
(C(k1)¢ (ka)) = 575(2m)°6° (k1 + ko) - (ATMAT#))
1

The perturbations are almost scale invariant,
almost Gaussian and almost adiabatic



Reheating Lev Kofman

1043 sec

Inflation

no entropy
no temperature

£(¢7 X ?P, Aua wlln hul/)

The Standard Big Bang Cosmology Starts after Inflation !



Inflation in the context of ever changing fundamental theory

1980 Old Inflation
New Inflation Chaotic inflation
_SUGRA inflafion™
: Power-law inflation
Double Inflation ~Extended inf@
1990

< Hybrid inflation ~

SUSY F-term @ted i@
inflation SUSY D-ter —
inflation

2000 SUSY P-term Super-natural
Inflation
DBI inflation

Racetrack inflation lachyon m@ inflation

Borrowed from Lev. Kofman
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Inflation and Observations

All observations (WMAP, Planck,...) strongly support inflation.

The basic predictions of inflation are that the primordial perturbations are
nearly scale invariant, nearly adiabatic and nearly Gaussian.

In CMB perturbations we observe the quantum vacuum fluctuations.

Planck Observation




Constraint on Single Field Inflation
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@ The joint data analysis from Planck/BICEP2/Keck Array indicates r < 0.1.
o The data prefers concave potential with 8?2V < 0.

e Simple potential such as ¢? and ¢* are disfavored.
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Supernova Observations 998

Using type la supernova as standard candles,
two teams, independently concluded that
the expansion of the Universe is speeding

up

Photo: Scanpix/AFP

Photo: Belinda Pratten, Australian

National University

Question: Can one trust type la | |
Saul Perimutter Brian P. Schmidt Adam G. Riess

Supernova as standard candles!?

Problem with dark energy
and cosmological constant

| | 871G
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Dark Energy

Planck TT,TE,EE+lowE+lensing w=wqy+ (1 —aw,

+BAO/RSD-+WL

Cosmological constant
is a very good fit !

1 -
_2 -
3 |
—2 —1 0 1
Wo
Planck 2018

(68 %, Planck TT,TE,EE+lowE

wo = —1.028 + 0.032 +lensing+SNe+BAO),



Problems with the Dark Energy
Gravity is repulsive rather than attractive!
A form of energy that exists even in empty space.

It does not cluster. It is invisible to ordinary matter, it
acts only gravitationally.

Good news from Quantum Mechanics:

The vacuum is not empty. The vacuum is full of quantum
fluctuations (the Casimir effect).

Adding up the QFT vacuum energy leads to

theoretical prediction = 107 {120} times bigger than observation.

Can Supersymmetry help with Dark Energy?

Bosons have positive vacuum energy. Fermions have
negative vacuum energy. In SUSY these two adds up to
zero.

However, SUSY is broken, perhaps at the TeV scale

supersymmetry prediction = 107{60} times bigger than observation.

S. Carroll
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String Theory Landscape




Conclusions

We are in age of cosmology.

The Standard Model of cosmology is well described
by the 6 parameter LCDM model.

Inflation is the leading paradigm for early universe and
generating perturbations on CMB and seeds of large scale
structure.

The cosmological data strongly support the LCDM model with
the initial conditions set by a period of inflation.

There are important open questions in LCDM model:

What is the fundamental physics behind inflation?




