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2 22

2 11

2 00

described

contributions from photons etc. as well as matter

curvature k = +1: positive curvature k = 0: flat k = -1: negative
curvature

2

2

Energy density for k=0 critical density ρc = 3H2 / 8πG

= 1.88·10-29 g/cm3 (H2/100 km/s/Mpc) define ≡ ρ(t) /ρc(t)
then

H2, R2, c2 all positive = 1 ↔ k = 0 < 1 ↔ k < 0 > 1 ↔ k
> 0

2

2

u = πd

The Cosmological Constant Λ

Friedmann equation (like Newton) not static Einstein believed
Universe is static (pre-Hubble) introduced cosmological constant Λ
to allow this

basically an integration constant in Einstein’s equations can also
be expressed as Λ = Λ/3H2; then usually call density parameter m to
distinguish the two

3)( )()(

The equation of state •

need to relate P

some useful equations of state:

•

T

<< 1,

Λ: as its energy density is constant with time, PΛ

= -ρc2 this gives acceleration, since ρc2 + 3P

< 0

= flux

03 2 =

Can now substitute (using a = R/R0

) ρ = ρ0a−3 (matter), ρ = ρ0a−4 (radiation), or ρ = ρ0 (Λ)

to get a differential equation for R(t)

2

2

&

in real life a combination in real life a combination of all
three!of all three!

Curvature and History

The Beginning of Time

Everything has a start!

lowest temperature: 0 K = -273,15 °C

lowest elevation: Earth’s Centre at 6 378 140 m below

sea level

absolute starting point of every way north:

the South Pole

World Lines in an empty Universe light from the past

local light

World Lines in an empty Universe light from the past

local light

Curvature and Historyu > πd

•

= const) •

•

is along constant proper time τ vd

> c

possible

The

physical

distance

Redshift

z

d

=m

from the past

local light cone

World Lines in a curved Universe light from the past

local light

Curvature and History

Hubble Plots from Supernovae

Hubble Plots from Supernovae

Temperature of the Universe

1 2

ddcosdd d

WMAP Data

a CMB*

ΔT between

and mean CMB temp.

derived from pairs T(θi

= b

WMAP Sky Maps (2001-03)

Q-Band (41GHz/7.3mm) W-Band (94GHz/3.2mm)

Movement of Earth 1. orbit: 30 km/s

(direction in ecliptic)

(dir. φ=90°, b=0, Cygnus)

4. milky way rel. to centre of local cluster: 40 km/s 5. local
cluster rel. to CMB: 600 km/s

result: ×

370 km/s = CMB dipole (dir. φ=264°, b=+48°, Leo)

2

3

WMAP

Sky

Maps: ΔT weighted linear combination of 5 Bands (23–94 GHz) to
eliminate galactic foreground range ±200µK

The Early Universe is not Transparent

Plasma (nuclei + electrons + photons)

e

s

of matter (baryons) and radiation (photons)

that filled the universe at recombination time

Harmonic Analysis: Fourier

φφ laf l

l sin)( 19

Data Analysis

spherical harmonics

complete set of orthonormal

functions on the sphere l = 0: mean T, not measured (mean ΔT=0) l =
1: dipole moment = Doppler shift (removed from data)

),(),( 800

Example: l

= measure of “granularity”

Example: l

= measure of “granularity”

Rotational (In)variance

for any l

radiation)

⟩ = 0 ⇒ σ2(alm

,al′ m′

set of Cl

T E = polarisation

Local: Metric tensor

Problem: Move local orthonormal coordinates

The Friedmann-Lemaitre equations

The Lightcone

World Lines in a curved Universe

Curvature andHistory

Redshift z=5.4

Hubble Plots from Supernovae

Hubble Plots from Supernovae

Dipole: Doppler Shift

Photon/Matter-Decoupling
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