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Cosmological Principle

o on very large (“cosmological”) scales, the
UnIverse 1s

homogeneous

1sotropic









Cosmological Principle

o on very large (“cosmological”) scales, the
universe 1s

homogeneous

1sotropic

o ‘“‘very large” means > 100 Mpc



Galaxy 1
X X12
X2 Galaxy 2

Hubble’s Law:

v, = Hyx

v, = HyXx,

From Galaxy 1:

X = XXy

Vio = V=V,
= Hj x, — Hy x
= Hj (X, —x)

= Hy xy



Hubble Expansion

o 1s there an “edge” to the expansion?

o NO — expansion 1s a stretching of space, not the
motion of galaxies through space




The Big Bang

. V=HD = t=D/V = H;"

same for all galaxies

Big Bang!




Olbers Paradox

the visible universe is finite

Resolution:

y old

the universe 1s not infinitel



Age of the Universe

oldest globular clusters: 10—12 Gyr
oldest white dwarfs: 10 Gyr

radioactive decay of 23°U and 238U: 10 Gyr
NCPU) o NCPU) L (k)
N (2380)) ~ N @8D) €
obs SN

inverse Hubble constant: Hy* = 13.9 Gyr



Cosmic Scale Factor

cosmological principle means that the relative
expansion of the distance between any two galaxies
must be the same

everyone sees the same Hubble constant
expansion 1s described by a single quantity R (t)
. scale factor of the universe

. defines past and future cosmic expansion

. H= R/R
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The Hot Big Bang
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Cosmological Redshift




The Hot Big Bang

matter density: Omatter X R73
radiation density: Oradiation < R™*

radiation temperature:  Trqgiation € R 1

early universe was hot and dense

earliest universe was radiation dominated



Friedmann Equations (Newton)

po- JGM Ao
R? g
R 4 .
7 = —30r AV + pPV = PV
pct = —g (pc2+P)
AU = PdV | P




Friedmann Equations (GR)

2
ds® = cAdt? — RQ(t) (1 drk 7 T r?df? + r? sin” 9d¢2>
— kr

R = scale factor \
of the universe k ~ curvature of the universe

\V)

3| =

, geometry affects dynamics
8
H? = ( ) — 7T_ 0 — ‘ /

pressure gravitates!

pce = —3— ,oc +P

5| =

\V)
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Friedmann Equations (GR)

2
ds® = c*dt® — R*(t) ( dar + r?df? + r? sin? 9d¢2>

/4 1 — kr?
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of the universe k ~ curvature of the universe

N\
| 59
: DO
I
X
“‘Q
N
|
SIS

5| =
|
|
e | &
A
T~
e
_I_
Bk
~

\V}
|
w
|
—

)
o
\V}
_|_
~
~

pct = 7



verse

i f the un

Si1ze O

Relative

Dark Matter + Dark Energy
affect the expansion of the universe

|
A>0
accelerating

- ..
0.3 0.7 >
0.3 0.0
1.0 0.0
5.0 0.0 =
/'l | \
/ | | l\
-10 Now 10 20

Billions of Years

30



Three Universes

. dark energy dominated

2

(g) =§A — R = R eVA/3t

- matter dominated

)
R
- radiation dominated

() =5() = r=r()"”

-y (%)3 = R = R,(At)2/3



Dark Matter

Dark Energy

Planck
project
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Decoupling

. universe 1onized for T > 3000 K

- matter and radiation strongly coupled, in
thermal equilibrium

p+e - Hat T~3000K
z = 1100

. universe became transparent; radiation has |
propagated freely through space ever since |

. now redshifted to 2.7 K — microwave
background




- remove the Galaxy

- ...and the dipole signal
due to our 371 km/s
motion through space

COBE
mission

- ...the remaining signal 1s
isotropic to 1 part in 10°
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