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Standard Cosmology




1. Standard Model

Cosmological Principle

* The universe is spatially homogeneous.

* The universe is isotropic.
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Cosmological Principle
Energy-Momentum Tensor
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Newtonian Picture

Energy Conservation
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2. Cosmological Parameters

Friedmann Equation (—

Hubble Parameter H = (9)

The present Hubble parameter = Hubble constant H,
obs: Hy = hg X (IOOkm/S/MpC) Mpc ~ 3 x 10**cm
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Ho Hubble Constant = 465km/s/Mpc




Hubble Space Telescope

http://hubble.nasa.gov/




(velocity) = Hy X (distance)
Ho Hubble Constant = 68-75km/s/Mpc




Friedmann Equation
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3. Density of the Universe

Einstein equation | —(a°p) = —p— (a?)

equation of state D= wp
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In cosmology, three kinds of densities are
important

P Matter (non-relativistic, non-thermal)
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The present Universe

particle | temp (K) (dl?:r:;ry) (:\j/”csr:??’) Oh?
photon 2.73 415 0.23 2.2X107

neutrino | 195 113X3 | 0.052X3 | 4.9%10 X3
baryon i 25X10" | 250 0.02




The present Universe

particle | temp (K) (dl?:;l;ry) (:\j/ncsr:g) Oh2
photon 2.73 415 0.23 2.2X107
neutrino |  1.95 113X3 | 0.052X3 | 4.9X10 X3
baryon i 25X10" | 250 0.02
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Resent WMAP result

74% Dark Energy
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Matter vs Radiation

B, |
radiation X a

on _ |G O matter
X a

Pm  QB+QDMm

>

w7 _—
= 3.7. X 1 0pEadicin. (%) dark energy o ao\
Time

=1 = R

(82, = @50 +Qpwo)

The early universe is radiation-dominated

20 5020 o (A R
a ot




4. Matter Dominated Universe
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solved analytically for A=0
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for small T




D. Entropy of the Universe

Thermodynamics

=P | S(V.T) = 7(o(T) +p(T)

Entropy of the Universe
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D. Entropy of the Universe

Thermodynamics

>

S{VE Ry f(P(T) +p(T))

Entropy of the Universe The universe
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Entropy of the Universe

CL3

S = Z(p(T) + p(T))

Relativistic particle in thermal equilibrium
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6. Redshift

Wavelength of light becomes longer as the universe expands
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7. Radiation Dominated Universe

The early universe is dominated by radiation
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We can neglect K- and A- terms




!
Tl e
Total energy density
T g
- —q.T
P =
B Los T N
%3 b%ngi <T> & g fegongi (T)

for example

T=1MeV (v, e, 3v)

7 7 43
9*22—|—§><2><2—|——><3><2:_

W

¥ eT I,




3 2
T 8w G 1 G i
S JIh e
( ) 3 3MZ 30

Mo = 2099 Sl ML
8tz
1/2
e 45 il
:> (27‘(’2g*> T2
25 2
o2 L SRISRECIgy (WLOK)
LD ol
AR TS ek (sz)

= a(t) o t1/?




8. Horizon

Particle Horizon

maximum travel distance of light emitted at t=0 until t
dr?
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Hubble Radius
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9. History of the Universe

(Hot Universe)

Big Bang
A 1sec 10sec 1000sec 0.4Myr Present
| | | |
>

P T
Neutrino ( BBN ) (Structure)
Decoupling Formation

Recombination

Cosmic Microwave
Background Rad.

Electron-positron
annihilation

>
Established in standard cosmology




10. Neutrino Decoupling

T>2 MeV
Neutrinos are in thermal equilibrium via
weak interaction v, + v, «— e +e

ezl 4G?
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cross section:  (ov) = (B = =T
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(Hot Universe)
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At present
T%() = 2. (20 KE T,/70 = 1.95K

Nk ity SR
i SR\ e SR e

N~ 0 = 415 cm° = nyo = 113 em




History of the Universe

(Hot Universe)

Big Bang
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11. Big Bang Nucleosynthesis (BBN)

In the early universe (T=1 - 0.01MeV)

2n -2 —He +small D 3He “Li

A. Initial Condition
p and n interchange via weak interaction
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['> H == Chemical Equilibrium
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B.O.1 MeV<«T<1MeV
P+ 1N ) 4 A R [/
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C. Heavier Light Elements?

No
No stable nuclei with A=b5 or 8

Coulomb Barrier

But tiny amount of Li7
‘He + "H — TLi + ~
‘He & Heo " 2uel Boitgtsey

Abundances of Light Elements only depend on
baryon-to-photon ratio
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Observational Abundances of Light Elements

He4

Y, = 0.238 = 0.002 == 0.005 Fields,0live (1998)

Yp — IED AT 0002(220005) Izotov et al. (2003)

Y, = 0.250 = 0.004
D/H

Fukugita,Kawasaki (2006)

D/H = Q.8+ 085102

Li7/H
log,o (" Lot B

Kirkman et al. (2003)

- 0.056 (=

0.3)
Bonifacio et al. (2002)
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BBN and WMAP
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History of the Universe

(Hot Universe)

Big Bang
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Established in standard cosmology




12. Recombination
p+e — H+ o at T = 4000K

ignoring He4
np =Ny, TNg Ny = T
Thermal density
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