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Evolution of the universe:
Latest ~13.8 billions of years...

P. Milenovic, November 2020



Evolution of the universe

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.
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Epochs of the universe

Years after the Big Bang
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Epochs of the universe
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Epochs of the universe
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From radiation-dominated era to recombination

Years after the Big Bang
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Universe expanding and cooling down to ~3000 K ...
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From radiation-dominated era to recombination

Years after the Big Bang
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... allowing for first neutral stable atoms to form...
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From radiation-dominated era to recombination

Years after the Big Bang
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Afterglow of the Big Bang
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Afterglow of the Big Bang

They found is the most perfect blackbody spectrum in Nature...
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Penzias & Wilson discovered the Cosmic Microwave Background (CMB) in 1965

Observed in every direction and has no single orlgm point...
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Observing the CMB radiation
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Observing the CMB radiation
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Observing the CMB'fadiaei,on

Contrast
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With ever-more precise space-based experiments (COBE, WMAP, Planck)

CMB iiMmd at extraordinary details!



Observing the CMB radiation

-+300

Temperature of the CMB found to vary with direction...
...With tiny variations, just | part in 10,000!




CMB : Fingerprinting the universe

Matter/density variations in an early universe imprinted in tiny CMB "ripples™.
Initial CMB cooled down gradually with the expansion of the universe.
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CMB pattern today allows to infer: age, shape, and composition of our universe!



CMB : Fingerprinting the universe

Shape: Universe predominantly has flat geometry!




CMB : Fingerprinting the universe

Composition: Universe seems to be dominated by nhon-ordinary forms of matter!

“Ordinary matter”
Dark energy 4%
74%

Dark matter -

22%




Dark matter: indirect evidences

Observatrons
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Galaxy rotation curves and stars velocity dispersions

consistent with presence of dark matter!
T SSHHH




Dark matter: indirect evidences

T

Galaxy rotation curves and stars velocity dispersions

consistent with presence of dark matter!
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Dark matter: indirect evidences

galaxy cluster

' \ lensed galaxy images

distorted light-rays

Dark matter bends space-time resulting in lensing effect:
observations consistent with presence of dark matter!




Dark matter: (almost) direct evidences
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Distribution of matter during the collisions of two clusters of galaxies:

most of the mass exhibits interaction consistent with dark matter!
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Emerging from the Dark Ages

Years after the Big Bang
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Epoch of dark ages:
CMB temperature cooled down from ~3000 K to ~60 K, .
no visible light photons, hydrogen/helium density stable.

~15 ma: CMB had a temperature of a "warm summer day on Earth”




Emerging from the Dark Ages
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From quantum fluctuations to large-scale structures
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Quantum fluctuation in space-time induced variations in matter density
ordinary matter falls into the structures created by dark matter!




From quantum fluctuations to large-scale structures

First smaller and larger non-linear structures begin to take shape (100 ma)
first proto-stars made of hydrogen and helium begin to shine (200-300 ma)!




From quantum fluctuations to large-scale structures

Large-scale astronomical objects (protogalaxies, quasars) begun forming
porto-stars producing heavy elements allowing for "metallic” stars (>300 ma) !




Origin of elements
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All heavy chemical elements have stellar origin:

Dying Low Mass Stars

from stellar merging/dying/exploding events !



Large-scale structures of the universe

From Sky surveys and mappings: Cosmic structures follow a hierarchical model
with organization up to the scale of superclusters and filaments (hot beyond).
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Simulations of the Universe reproduce its key structural features

still the largest structures observed are larger than expected (~10 billion ly) !
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Expansion of the universe: Hubble's law

Receding Velocity vs. Distance
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Galaxies are moving away from Earth at speeds proportional to their distance
giving observational basis for the expansion of the universe !




Accelerated expansion of the universe
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Observation could be explained by constant energy density
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filling space homogeneously (vacuum energy of space itself):
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Observed expansion of the universe can be
explained by the dark energy (e.g. vacuum energy or scalar field) !




Dark energy & accelerated expansion

Confirmed by studying distribution/distance/velocity of Supernovae Type la
(Nobel Prize in Physics 201 1).
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Dark energy also consistent with need for the observationally flat universe,

and observed large-scale wave-patterns of mass density in the universe!
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Evolution of the universe

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.
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Additional material




CMB : Fingerprinting the universe

Matter/density variations in an early universe imprinted in tiny CMB "ripples™.
Initial CMB cooled down gradually with the expansion of the universe.
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We can only see

the surface of the

cloud where light A PRESENT

was last scattered t‘) 13.7 Billion Years
PSYA: after the Big Bang

The cosmic microwave background Radiation'’s
“surface of last scatter” is analogous to the
light coming through the clouds to our

eye on a cloudy day.

CMB pattern today allows to infer: age, shape, and composition of our universe!




Evolution of stars

Planetary Nebula

Small Star Red Giant

b White Dwarf
.—*e—n- > @

Supernova

Red S [ /
upergiant . TR o Neutron Star
Large Star B T

Stellar Cloud
with

Protostars

Black Hole

Stellar evolution is complex/cyclic process, often with compact final objects:
white/brown dwarfs, neutron stars, and black holes !




EARTH

Our location at the Universe




INNER SOLAR SYSTEM

Our location at the Universe
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OUTER SOLAR SYSTEM

Our location at the Universe
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CLOSEST STARS
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Our location at the Universe

® Groombridge 34 A
® Groombridge 34 B

Struve A
Struve B

# Ross 248

61 Cygni B
. 61 Cygni A

Teegarden’s Star

# DX Cancri
#® Lalande 21185
Luyten’s Star .
» Procyon A WISE 0855-0714
Procyon B
Ross 614 A Epsilon Eridani
Ross 614 B .
- Wolf 359 . Luyten 726.8 B Tau Cefi
3 YZ Ceti
e EZ Aquarii C
uarii
'Si fus A Luyten 726-8 A Barnard’s Star .
. Sirius B EZ Aquarii A
125 ' Luhman 16 A
0s$ Luhman 16 B £2 Aquarii B
Alpha Centauri A
Lacaille 9352
.. Proxima Centauri .
- L
Alpha Cent B
8- Op a Centauri - IR
liese 1061
# Wolf 1061
# Kapteyn’s Star
® Lacaille 8760
Epsilon Indi A
# DEN 1048-3956 . Epsilon Indi Ba
Epsilon Indi Bb

# SCR 1845-6357 A
# SCR 1845-6357 B




MILKY WAY GALAXY
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LOCAL GROUP

Our location at the Universe
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LANIAKEA

Our location at the Universe
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LOCAL SUPERCLUSTERS

Our location at the Universe -«
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