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Models of universe — and its fates

(based on redshift)
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White-dwarf SN - accelerating universe

« Dark energy —more
prevalent than every
other form of
mass/energy!
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« Arepulsive force that
counteracts gravity?

0.5% stars 5% ordinary
matter (atoms)
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Variations in CMB on small scales:
“sound waves bouncing around”

Temperature differences are «--..., "
greatest between patches
separated by 1°

relative size of temperature fluctuations
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“Overall Geometry” of Universe
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What CMB ripples and distant SN imply
about cosmology parameters
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Major puzzie: Why is CMB so uniform?
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Infiation: coupling all portions

of universe

period of
inflation }

Al
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Accelerated Bpansion of the Universe

What is Olber’s paradox? D.

A. If the universe was infinite, any direction
you looked you would eventually see a
star

B. If the universe was infinitely old, the
starlight would have time to get here

C. The sky should look bright at night—
because all directions would have
starlight

D. Al of the above

OIbersaRaradox]

If universe were
1) infinite
2) unchanging
3) everywhere
the same
Then stars would
cover the night
sky

SO WHY NOT?

“Observational Pillars” of Big Bang Theory

- 1. The universe is aglow with thermal
- radiation, the Cosmic Microwave
@

Background (CMB)
s 2. The observed abundances of light elements
agree with Big Bang predictions

- 3. The universe is expanding

E 4. The night sky is dark

Timeline and Events
Since Big Bang

3 minutes

0.001 sec

Evolution
of Universe




Briefly recall physics in our realm now:

” ”
Standard Model
particle properties habits
|
-y up quark always in groups of 3,
B | + or - charge form nucleons:
| large mass proton = u+u+d
Bl d down quark neutron = u+d+d
H domm
p—
) no charge .
:1\'5 neutrino . 8 barely interacts
eecmn tiny mass
s
—
i ot
- charge .
| | M3 electron i 3 orbits nucleus
1 small mass

Quarks and gluons: building blocks

electron
-y <10"%cm

o —
j proton
ﬁ (neutron)
/- 3 ~10%%cm
{ quark
[ ~10""°cm
nucleus L 3
~101%
atom~10-*cm il
Ancient Greeks
hypothesize “atmos” b 1900 .
or indivisible particles early s - atoms
P composed of nucleus |9305 - protons
and neutrons
1700s-1800s many and electrons
composed of
different kinds of uarﬁs
atoms discovered nucleus composed of q
(elements) protons, neutrons

In the earliest stages after inflation

High-energy photons create
quarks, anti-quarks

Quark-gluon plasma - at very high
temperatures (T>10'2 K),
strong force not strong enough
to hold quarks together.

Once photon energy drops below
102K, strong force overcomes

v o8 o
*** g  kinetic energy.
B\ B ) .
% *. Quarks are jmmediately confined
+QO 00 — protons, neutrons

From quarks to atoms

o everything held (4)
G 0 together by o ()

q Strong force
proton = utu+
neutron = u+d+d

e hydrogen = proton @ @
3He “He

deuteron =p +n
(isotope of hydrogen)

helium isotopes
tritium = p + 2n 2 protons
(isotope of hydrogen) + 1,2 neutrons
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Making helium in first 3 minutes

Step 1 Step 2 Step 3
Proton and Two deuterium  Hydrogen-3
neutron fuse nuclei fuse fuses with
to form a to make deuterium
deuterium hydrogen-3. to create
nucleus. helium-4.

9 photon 3 ° 3 ?
\ \ ~” \~”

9
JUST DO NOT MAKE EVERYTHING INTO HELIUM !




during
helium
synthesis
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after
helium
synthesis

abundance of light nuclei
(relative to hydrogen)
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1 helium

atomic mass = 4
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Matter, Anti-matter and Energy
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Particle creation

gamma-ray photon glectren

gamma-ray photon anfiglectron

Particle annihilation
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After “recombination™ [Era of Atoms

. Finallycool A 'eraolatorns af ]
Iorelec?rons;o o R 1 ) S
combine with nuclei of | W1l ale b
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(380,000 yrs)

* Photons now
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Universe becomes
transparent to light

1,500 K

-— lempearalura

[<— Big Bang
Gravity freezes out
Strong Force freezes out

Timeline

Matter consists largely of
quarks, electrons, positrons,
& neutrinos

Weak Force freezes out :

Quarks combine into protons, neutrons, & their antiparticles
Virtually all anti-matter is annihilated.

Fusion creates Helium

«<— Neutral atoms form, light decouples from matter
(Cosmic Microwave Background)

Very good but complex: Fig 22.4 + 22.5

Dark Energy
Accelerated Expansion
Afterglow Light

Pattern
400,000 yrs.

Dark Ages Development of

Galaxies, Planets, etc.

Inflation

Quai
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansi
13.7 billion years
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