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Hot Big Bang

General Relativity

1
G, =R, +5Rgﬂv =3rG 1,




ds’ =—dt’ +a’(1)(dx; + dxs +dx3)

flat space

)Xy




Spatial Curvature

a’ (1)
Closed Flat Open




Matter Content: Perfect Fluid
r,=pg,+t(p+pUU,

Isotropic in its rest frame:
1", =diag(-p(t), p(?), p(2), p(?))




Friedmann equations




Friedmann equation

K =0 escape velocity

K >0 recollapse

K <0 expand forever



Einstein-de Sitter model

(3GMjl/3
e
A

Coaéting pbint
(unstable)




Universe dynamics (K=0

Radiation:

4
Pr *4d




Cosmological Parameters

Rate of expansion

Age of the Universe

Acceleration Parameter

Spatial Curvature



Cosmological Parameters

Rate of Expansion (Hubble)

H,= i&(to) =100 2 km/s/Mpc
A




Critical density (K=0)




Density parameter




Spatial Curvature

Closed Flat Open
Q,>1 Q, =1 Q, <1




Cosmic Sum Rule

Friedmann equation

Today:

No vacuum: Q=0 = Q. =1-0

Flat space: Q =0 = Q, =1-Q,,



Deceleration parameter
_a& | _4rG

(p+3p)

QO - &(tO): 3H2
0
1 1

g. =Q +—Q. . —Q +—




Uniform expansion
o = 0

Accelerated expansion

g, <0

Decelerated expansion
qy >0
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d
Bounce Hj,= j—a = o0
0

1+Q,(C-1)+Q,(a* -1)
Uniformexp. ¢,=0 = Q,=1Q,

Critical univ.
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The Expanding






ds’ =—dt’ +a’(1)(dx; + dxs +dx3)

flat space

)Xy




Geodesic motion

du”
ds

o BT u’ =0; u”:(y/,}/vi)




] 1-Kr

FRW kinematics

Physical distance

Light cone:

2

j aczi) >

dr

\/1 Kr’

= f (1) =+

-

arcsiny, K =1
7 K=0

arcsinhr, K =-1



Taylor expansion

L _a)_, +H,(t—1,)+0(—t,)
| a,

To first approximation

Hubble 1aw  EREN: RNAEFE s




Edwin P. Hubble

(1920s) Mount Palomar

Mount Wilson




~relative Ubserved rlux

W‘-» | z=1-820
- e 2=1-560
/Iw«% 7=1.281

Redshifts
to galaxie:

Hubble law
Hd=z=vc
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The Accelerating






Supernova 1998ba
Supernova Cosmology Project
(Perimutter, ef al, 1998)
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Supernova
Discovery
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Hubble Space
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* (as seen from
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on Earth)

Difference
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Luminosity distance

L Absolute Luminosity of source

I Measured Flux at detector

e L

e T s
4r (1+2)a;r’(z) 4rdi(z)
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Supernova Cosmology Project
Knop et al. (2003)
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SuperNovae Cosmology Project (1998-2003)
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Something'is pushing the galaxies apart

DARK EN ERGY -'
\’ -



The Physics of Nothing

How can nothing be most of everything in the univ :

The answer (maybe) is q'uantum uncertainty:
‘empty space” is a sea of virtual particles winking
in and out of existence:

---
L

Nothing is something!



osm. Const. = Vacuum Energy

|
n _ERg”V +Agﬂv =87ZGTW

R
I, =0.8w="P8&n = A=87Gp,




Normal Matter

d(pV)+ pdV =TdS ~ 0

Pr=p| p<0

velv e




Nature of Dark Energy":

P.F. p
A=87Gp,=const. = w =-—+=-1]

Py
p.#zconst. = w_#-1




oasting Point
Assuming w_=w=const.<0

[ Q,+1+3w)Q (1+2)
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Perimutter et al. 2002
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Riess et al. (2004)
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Taylor expansion to higher order

9O el =ty - Do (=t ) + L HE (—1) +K

Jo = 3

a, 2 2
1
4o =~ O)ZEZ(1+3Wi)QiZEQM_QA
& O):%Z(1+3wi)(2+3wi)£2i:QM+QA

- | S

1 .
d, (z2) = {1+—[1 qo]z—g[l—qo —3q; + j,1z° +K}
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Riess et al. (2004)
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Flat Universe
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Model Building

SCDM H(z)=H,(1+z)"* ruledout!

ACDM H(z)=H,Q,(1+z) +1-Q, 1"
= Q,=0.29+0.04




Linear Ansatz:

Linder Ansatz:

w(z) =w, +w,z

bestfit: w,=-1.2, w, =2.0
W, Z

14z

best fit: w, =-1.3, w, =2.8

= A/

w(z) =w, +

matter - A
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The Aging



If the universe is expanding,
necessarily it must have been

denser and hotter in the past
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CAUTION:
Conterts are extremely dense and ae

Gnder SNoTMOuUS pressure.
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