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The Internet







Einstein’'s General Theory of
Relativity ¥
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Galaxy Velocity & Distance




A Predicted After Glow




The Search




What did they See?

locations are the same).




We need more and Better Data

Original Horn

Boomerang Balloon Observations Of Millimetric Extragalactic Radiation ANd Geophysics
COBE Cosmic Background Explorer -
WMAP Wilkinson Microwave Anisotropy Probe
Planck European Space Agency




0, what does this data indicate




In a Nut Shell
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We néed a path from the past to the present that explains what we physically see. =



Current Observations

In 1930’s Hubble observed
that the Universe was
expanding.

In 1960’'s CMB was
observed by Penzias and
Wilson.

In 1970’s Dark Matter’s
effect was observed.

In 1990’s Perlmutter and
Schmidt observed that the
Universe was accelerating.




The Age of the universe




The Age of the Visible Universe
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The Size of the Visible Universe

Expansion History: Scale Factor 5(f)
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The Size of the Visible Universe

Now it is time to determine d . This is going to get a lot tricky. We will need to start with our Scale Factor vs Time
diagram. What we need to take into consideration, is that between any two intervals of time, we can calculate the

distance light moves in that interval (d=ct). t 1

So, if we graph the reciprocal of S(t), then the lemit S (t) = L F
area underneath this curve between any to c el 1 o
times will provides us with a number (time now = j da
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the velocity of light to determine the current ’
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Early History of the Universe

<10%3s
>103%4K

<103 m—-0.17m ????
Quantum Dominated?

/The moment immediately after the Big \
Bang, typically viewed at around

one Planck Time (time it takes light to

travel one Planck Length (1.6x10-3m)). It

is here where all forces were unified. It is

the triggering event when the Visible
Universe went from being small and

\dense, to growing and become less densey
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Early History of the Universe

Grand Unification epoch
10-36s
>10%’K
<103°m—-0.17m ??7?7?
3 forces of

and are unified,
remains separate

/As the Universe expands, the temperatures \
necessary to maintain the superforce

decrease. As a result, gravity separates,

leaving the electroweak and strong nuclear
forces together (electronuclear force). At this
time, the electromagnetic, weak, and strong
forces are identical, matching the conditions
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requested in the Grand Unification Theory.

Qeginning of an asymmetry? /
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Early History of the Universe

Cosmic Microwave

RHIC & Background radiation
s 5 ety z
Accelerators  LHC is visible
; :"-Ccv‘/
ILHC ions.
|protons yniverse

High-energy
cosmic rays

'~ size of visible

Inflationary epoch \
>10-36s to 10732

>102’K down to 1022K then back to

| b,
Haohon

102K ' 2
Each axis increase by 1026 B
o}
The Flatness of our measurements
(angles add to 180°). Explain why two ends of the
visible could have shared properties ,
l.e. causally connected.

(After the Big Bang, vacuum state of the Universe was\ 4 2 S §>$
different from the one seen at the present time: the st o AR A « i
inflationary vacuum had a much higher energy density. Key «,'0
According to General Relativity, any vacuum state with g v O rowio B ion
non-zero energy density generates a repulsive force %‘ ‘t’m e boroms B
that leads to an expansion of space. In inflationary 5 e Q  meson
models, early high-energy vacuum state causes a very 8 R

Krapid expansion (inflaton, scaler (inflaton) field). /




Early History of the Universe

Quark epoch
10'2sto 106 s
>1015K
Each axis increases
The forces of the
have separated.

(During the Quark epoch, the Universe was filled with a
dense, hot quark—gluon plasma, containing

quarks, leptons and their antiparticles. The Quark epoch
ended when the Universe was about 107¢s old.
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Early History of the Universe

Cosm'f‘o'}:yicrowave
RHIC & Background radiation
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Hadron epoch
106sto1s
10"°K down to about 109K
can form :
asymmetry is formed.

t = Time (seconds, years) ¢
E = Enorgy of photons {units GeV = 1.6 x 1010 joules) %

Upon elimination of anti-hadrons, The protons began to
collide with electrons at extremely high speeds which
formed neutrons and neutrinos. Hadrons (3 Quarks),
Mesons (2 Quarks). You can think of this epoch as the

\ _beginning of Baryogenesis. Y,




Early History of the Universe

Lepton epoch
1 secondto 10 s

109K down to about 10°K
This was the period in the

evolution of the early
the
universe.

in which
dominated the mass of the

After the majority (but not all) of hadrons and
antihadrons annihilate each other at the end of the
, leptons (such as electrons) and

antileptons (such as positrons) dominate the mass of
\_the universe.
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Early History of the Universe

Photon epoch

Lepton epoch

Photon epoch
10 second to < 380000 years
109K down to 3000K
This All radiation energy was thus
“trapped” and plasma was opaque to radiation.

[At the start of this period, many photons had sufficient \
energy to break apart deuterium, so those atomic nuclei

that formed were quickly separated back into protons and
neutrons. After the ten second mark, fewer high energy
photons were available to photodissociate deuterium, and
thus the abundance of these nuclei began to increase. As
\we shall see, this epoch spans other epochs. j




Early History of the Universe

Major Events

Time Since
Since Big Bang

Big Bang

Humans
stars, observe
the cosmos

Big Bang Nuclear
Synthesis BBN .

Galaxies
. g atoms and

plasma)
First galaxies

1 billion . 3 ’_ K -
years = O S L4 4 atoms and form
" plasma
(stars
begin
to form)

Atoms form;
photons fly free
and become
microwave
background

: usion coases;
PHIS slactrons normal matter is
protons, neutrons, 19 hydrogen,
eloctrons. neutrinos 257 helium, by

mass.

28 (antimatter rare)
Matter annihilates

Nucleosynthesis epoch
10s to 20 minutes
109K to 107K
300 light-years in radius

and are

plasma of
B hydrogen and

Particle Era % a
' : . mm. Electromagnetic and weak
10 ’°°°"d7 S e R forces become distinct.
Electroweak Era "Nt i Bt Lt - articles Strong force becomes
10-* seconds - . 9 ) distinct, perhaps
olementary causing inflation of
particles universe.

10°* seconds
Planck Era 1777

bound into primordial atomic

nuclei, and
(75% to 25% ratio by mass, or e mm = e
about 92% to 8% by quantity). " e

GUT Era

antielectrons < ?'-7 quarks - ‘\f'

p+n—+ ’H + y

(The Universe was very close to homogeneous at this \ p+2H — *He ++
time, and strongly radiation-dominated. The fusion of _, ?H 4+ ?H —s*He+n
nuclei is occurring. The temperature range in the i i — e TE ’H 4+ 2H — *H 4+ p
Universe was cool enough (photon energy decreasing) : ; e 30— Hacr
for deuterium to survive, but hot and dense enough S o 2H —s YHe a1

\_for fusion reactions to occur at a significant rate. ) - -




Early History of the Universe

Coun}atdkrwovc
RHIC & Background radiation
Accelerators | LHC is visible
hoav Yy

LHC
protons

Recombination epoch
380,000 years

3000K
84 million light-years across

iverse .
ze of Jisible univer e

and atomic nuclei first become
bound to form neutral atoms. are
no longer in thermal equilibrium with matter
and the universe first becomes transparent.

g
e =2
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The baryonic matter density at this time is about 500 million * i, W & S
hydrogen and helium atoms per m3, approximately a billion =

times higher than today. This density corresponds to pressure

on the order of 10~17 atm and produces affect like sound waves
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