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■ GR: urvature = matter-energy ontent
■ verbal averaging: homogeneous, isotropi spatial slies
■ shape of spae (urvature + topology)+ observations of expansion ⇒ hot big bang
⇒ blak body radiation, nuleosynthesis
■ but: ∃ galaxies ⇒ inhomogeneous, anisotropi spatial slies

■ standard model: density perturbations (anisotropy)

■ salar (GR) averaging: statistially homogeneous spatial slies
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■

∫ (t,r2,θ,φ)

(t,r1,θ,φ)

ds = a(t)∆r = a(t)|r2 − r1|

where all expansion/ontration → w:sale fator a(t)
■ universe is stati in omoving oordinates (r, θ, φ)

http://en.wikipedia.org/wiki/Comoving distance
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∫

dt

a(t)

⇒
ds2 = a2(u)

[

−du2 + dr2 + r2⊥(dθ
2 + cos2 θdφ2)

]

■ but ∫ du 6= proper time; more: arXiv:astro-ph/0707.2106

where
for a omoving radius of urvature and urvature of sign

http://arxiv.org/abs/astro-ph/0707.2106
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RC sinh r
RC

k < 0

r k = 0
RC sin r

RC
k > 0for a omoving radius of urvature RC and urvature of sign k
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http://cdsads.u-strasbg.fr/abs/1927ASSB...47...49L
http://en.wikipedia.org/wiki/File:Friedmann_universes_bold.svg
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(light-one onvention: often means )radiation density:
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■ matter density: ρm ∝ a−3

■ wavelength: λ ∝ a [GR�transport four-veloity: Synge (1960);Narlikar (1994; ADS:1994AmJPh..62..903N)℄
⇔

λobs

λem

=
aobs
aem

(light-one onvention: often means )radiation density:

http://cdsads.u-strasbg.fr/abs/1994AmJPh..62..903N
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■ matter density: ρm ∝ a−3
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3 a
− c2 k

■ matter-dominated epoh: ρ = ρm = ρm0 a
−3

■ k = 0 ase: da ∝ a−1/2dt for a > 0

Einstein�de Sitter model (EdS);Lemaître (1927) ADS:1927ASSB...47...49L: 0.6 GyrHubble (1929) ADS:1929PNAS...15..168H: 0.5 GyrEdS would give Gyr Gyr1980's: or Gyr or Gyr, resp.

http://cdsads.u-strasbg.fr/abs/1927ASSB...47...49L
http://cdsads.u-strasbg.fr/abs/1929PNAS...15..168H


FLRW matter-dominated epoh

Cosmology 0 | FLRW | k | top | 3obs | a(t): EdS Ω q r dA dL | ΛCDM | GR | 25 Marh 2014 � 16
■ Friedmann Eqn: ȧ2 = 8πGρm0
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a
= −H2Ωm

2
+ ΩΛ H

2

Defn: �deeleration parameter�aeleration equationif then , i.e. aeleration

http://cdsads.u-strasbg.fr/abs/1917SPAW.......142E


Einstein's free parameter: Λ

Cosmology 0 | FLRW | k | top | 3obs | a(t): EdS Ω q r dA dL | ΛCDM | GR | 25 Marh 2014 � 20
■ Einstein: prevent expansion/ontration via ΛADS:1917SPAW.......142E

Friedmann Eqn (Λ 6= 0): c2 k

a2
+

ȧ2
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ȧ2

�deeleration parameter�
■ q = Ωm

2
− ΩΛ

aeleration equationif then , i.e. aeleration

http://cdsads.u-strasbg.fr/abs/1917SPAW.......142E


Einstein's free parameter: Λ

Cosmology 0 | FLRW | k | top | 3obs | a(t): EdS Ω q r dA dL | ΛCDM | GR | 25 Marh 2014 � 20
■ Einstein: prevent expansion/ontration via ΛADS:1917SPAW.......142E

Friedmann Eqn (Λ 6= 0): c2 k

a2
+

ȧ2
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2ȧ−2H2

0

if



distanes in FLRW osmology

Cosmology 0 | FLRW | k | top | 3obs | a(t): EdS Ω q r dA dL | ΛCDM | GR | 25 Marh 2014 � 21
■ azimuthal equidistant r: proper distane at t0 ≡ omoving radialdistane r =

∫ t0
t

c dt′

a(t′)

■ Friedmann Eq: 1 = Ωm + Ωk + ΩΛ

■ Ωm = ρ
ρcrit

= ρ0 a−3

ρcrit0 (H
2/H2

0 )
= Ωm0H

2
0a

−1ȧ−2
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