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Cosmology AS7009, 2009Cosmology AS7009, 2009
Lecture 2Lecture 2

OutlineOutline
�� The cosmological principle:The cosmological principle:

�� IsotropyIsotropy
�� HomogeneityHomogeneity

�� Big Bang vs. Steady State cosmologyBig Bang vs. Steady State cosmology
�� RedshiftRedshift and Hubbleand Hubble’’s laws law
�� Scale factor, Hubble time, Horizon distanceScale factor, Hubble time, Horizon distance
�� OlbersOlbers’’ paradox: Why is the sky dark at night?paradox: Why is the sky dark at night?
�� Particles and forcesParticles and forces
�� Theories of gravity: Einstein vs. NewtonTheories of gravity: Einstein vs. Newton
�� Cosmic curvatureCosmic curvature

Covers chapter 2 + half of chapter 3 in Ryden

The The CosmologicalCosmological PrinciplePrinciple II

�� Modern Modern cosmologycosmology is is basedbased on the on the 
assumptionassumption that the that the UniverseUniverse is:is:
�� HomogeneousHomogeneous

�� IsotropicIsotropic
The cosmological principle

The The CosmologicalCosmological PrinciplePrinciple IIII
�� TheseThese tenetstenets seemseem to to holdhold on on largelarge scalesscales

(>100 (>100 MpcMpc), ), butbut definitelydefinitely not on smallnot on small

Voids
typically

70 Mpc across

The The PerfectPerfect CosmologicalCosmological PrinciplePrinciple

�� In this In this casecase, , oneone assumesassumes that the that the 
UniverseUniverse on on largelarge scalesscales is:is:
�� HomogeneousHomogeneous

�� IsotropicIsotropic

� Non-evolving

This is incompatible with the Big Bang scenario,
but the Steady State model

(popular in the 1940-1960s) was based on this idea
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SteadySteady State State CosmologyCosmology

… But this cosmology fails to explain the CMBR, TCMBR(z), 
the production of light elements and the redshift evolution of 

galaxies & AGN

Universe continuously expands, but due to continuous
creation of matter, no dilution occurs → Steady State, 

no hot initial Big Bang and no initial singularity…

a(t)=exp(Ht)

Suggestion for Literature Exercise:
Quasi-Steady State Cosmology

�� AttemptAttempt in 1990s to in 1990s to resurrectresurrect SteadySteady--StateState
and and explainexplain the: the: 
�� CMBRCMBR
�� productionproduction of of lightlight elementselements
�� darkdark mattermatter
�� supernova supernova typetype Ia dataIa data
�� LargeLarge--scalescale structurestructure

�� CyclicCyclic creationcreation events events →→ LongLong--term term steadysteady expansion, expansion, 
butbut with with shortshort--termterm oscillationsoscillations

�� To To meetmeet observationalobservational constraintsconstraints, QSS , QSS requiresrequires::
�� StrangeStrange intergalacticintergalactic dustdust
�� CyclicCyclic creationcreation events (events (””littlelittle bangsbangs””) ) whichwhich causecause locallocal

expansion of expansion of spacespace

Suggestion for Literature Exercise:
Quasi-Steady State Cosmology

time

Scale factor
a(t)
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HubbleHubble’’s law Is law I

Distance

R
ed

sh
ift

or
 v

el
oc

ity

Galaxies

HubbleHubble’’s law IIs law II
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Hubble’s law:
Luminosity 

distance

The Hubble 
“constant”

In observational astronomy, the term 
recession velocity, v, occurs frequently:

At low z: →
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Expansion of the Universe IExpansion of the Universe I Expansion of the Universe IIExpansion of the Universe II

RedshiftRedshift and distance Iand distance I

�� Low Low redshiftredshift (z(z≈≈0) corresponds to:0) corresponds to:
�� Small distance (local Universe)Small distance (local Universe)

�� Present epoch in the history of the UniversePresent epoch in the history of the Universe

�� High High redshiftredshift corresponds to:corresponds to:
�� Large distanceLarge distance

�� Earlier epoch in the history of the UniverseEarlier epoch in the history of the Universe

RedshiftRedshift and distance IIand distance II

�� But beware:But beware:
�� At low At low redshiftredshift, Doppler components coming , Doppler components coming 

from peculiar motions may be substantial from peculiar motions may be substantial ––
must be corrected for before must be corrected for before dd is derived from is derived from 
zz or or vv

�� The The redshiftredshift coming from cosmic expansion is coming from cosmic expansion is 
notnot a Doppler shift a Doppler shift –– dondon’’ t treat it like one!t treat it like one!

�� The linear version of HubbleThe linear version of Hubble’’s law is only s law is only 
appropriate at z<0.15 (at 10% accuracy)appropriate at z<0.15 (at 10% accuracy)

ScaleScale factorfactor
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Time t (earlier)
Scale factor a(t)

Time t0 (now)
Scale factor a(t0)=1

r13r12

r23

r13
r12

r23

r12 (t) = a(t)/a(t0) r12 (t0) = a(t) r12(t0)
v12(t) = a’/a r12(t) 

ScaleScale factorfactor and and redshiftredshift

aa

a
z

1
1 0 ==+

Cosmic scale factor today (at t0) 
— can be set to a0=1

Cosmic scale factor when the 
Light was emitted (the epoch 
corresponding to the redshift z)
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The Hubble The Hubble ““constantconstant””

H0 ≈ 72±5 km s-1 Mpc-1 [s-1]

Note: Sloppy astronomers 
often write km/s/Mpc…

Errorbars possibly
underestimated…
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In general:

Today

Not a constant
in our Universe!

Hubble timeHubble time

Gyr14
1

0
H ≈=

H
t

In the case of constant expansion rate, the 
Hubble time gives the age of the Universe:

In more realistic scenarios, the expansion rate 
changes over time, but the currently favoured 
age of the Universe is still pretty close –
around 13—14 Gyr.

OlbersOlbers’’ paradox Iparadox I

IfIf the the UniverseUniverse is:is:
�� SpatiallySpatially infinite (i.e. infinite infinite (i.e. infinite volumevolume))

�� InfinitelyInfinitely oldold and and unevolvingunevolving

-- thenthen the night sky the night sky shouldshould be be brightbright!!

”Why is the sky
dark at night?”

(Heinrich Olbers 1926)

OlbersOlbers’’ paradox IIparadox II

OlbersOlbers’’ paradox IIIparadox III

Planet Earth surrounded by stars 
in an infinte, unevolving Universe

OlbersOlbers’’ paradox IVparadox IV

Main solution: The Universe has finite age
The light from most stars have not had time to reach us!

Horizon
distance
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HorizonHorizon distancedistance
� Horizon distance = Current distance to the most faraway

region from which light has had time to reach us
�� This This delimitsdelimits the the causallycausally connectedconnected part of the part of the UniverseUniverse

an an observerobserver cancan seesee at at anyany given timegiven time
�� HorizonHorizon distancedistance at time tat time t11::

�� MostMost realisticrealistic scenarios scenarios givegive: : 
ddhorhor(t(t00)~c/H)~c/H00 (the (the soso--calledcalled Hubble Hubble radiusradius))
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ParticlesParticles and and forcesforces II
�� The The particlesparticles that make up the that make up the mattermatter wewe

encounterencounter in in everydayeveryday life:life:
�� Protons, pProtons, p

938.3 MeV938.3 MeV

�� Neutrons, nNeutrons, n

939.5 MeV939.5 MeV

�� ElectronsElectrons, e, e--

0.511 MeV0.511 MeV

Baryons (made of 3 quarks)

Lepton

Since most of the mass of ’ordinary matter’ is contributed by 
protons and neutrons, such matter is often referred to as baryonic.
Examples of mostly baryonic objects: Planets, stars, gas clouds
(but not galaxies or galaxy clusters)

ParticlesParticles and and forcesforces IIII

�� OtherOther importantimportant particlesparticles (for this (for this coursecourse):):
�� PhotonPhoton, , γγ

Massless, Massless, velocityvelocity: c: c

�� Neutrinos, Neutrinos, ννee ννµµ ννττ

~eV (?), ~eV (?), velocityvelocity closeclose to cto c

InteractsInteracts via via weakweak nuclearnuclear forceforce onlyonly

Leptons

ParticlesParticles and and forcesforces IIIIII
�� The The fourfour forcesforces of Nature:of Nature:

� Strong force
�� VeryVery strong, strong, butbut has has shortshort rangerange (~10(~10--1515 m)m)
�� HoldsHolds atomicatomic nucleinuclei togethertogether

� Weak force
�� WeakWeak and has and has shortshort rangerange
�� ResponsibleResponsible for for radioacticeradioactice decaydecay and neutrino and neutrino interactionsinteractions

� Electromagnetic force
�� WeakWeak butbut longlong--rangerange
�� ActsActs on on mattermatter carryingcarrying electricelectric chargecharge

� Gravity
�� WeakWeak, , veryvery longlong--rangerange and and alwaysalways attraticeattratice

On the large scales involved in cosmology, 
gravity is by far the dominant one

NewtonianNewtonian gravitygravity
�� Space is Space is EuclidianEuclidian (i.e. flat)(i.e. flat)

�� Planet are Planet are keptkept in in theirtheir orbitsorbits becausebecause of of 
the the gravitationalgravitational forceforce::

�� The acceleration The acceleration resultingresulting from the from the 
gravitationalgravitational forceforce::

2r

mGM
F gg−=

amF i=

Gravitational
mass

Inertial
mass

EquivalenceEquivalence PrinciplePrinciple

�� GravitationalGravitational acceleration acceleration towardstowards an an objectobject with with massmass
MMgg is:is:

�� EmpiricallyEmpirically MMgg==MMii (to (to veryvery high precision)high precision)
�� The The equalityequality of of gravitationalgravitational massmass and and inertialinertial massmass is is 

calledcalled the the equivalence principle
�� In In NewtonianNewtonian gravitygravity, , MMgg==MMii is just a is just a strangestrange

coincidencecoincidence, , butbut in General in General RelativityRelativity, this , this stemsstems from from 
the the ideaidea that that massesmasses causecause curvaturecurvature of of spacespace
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General General RelativityRelativity
�� 4D 4D spacespace--timetime

�� MassMass//energyenergy curvescurves spacespace--timetime

�� GravityGravity = = curvaturecurvature

�� Pocket Pocket summarysummary::
�� MassMass//energyenergy tellstells spacespace--timetime howhow to to curvecurve

�� CurvedCurved spacespace--timetime tellstells massmass//energyenergy howhow to to movemove

SmallSmall--scalescale curvaturecurvature

Small-scale
distortions
caused by 

astronomical
objects

What about the
large-scale
curvature?

Global Global CurvatureCurvature II
In the world models of general relativity, 

our Universe may have spatial curvature (on global scales)

Negative curvature

Positive curvature

Zero curvature
(flat/Euclidian space)

Global Global CurvatureCurvature IIII

�� This an This an intrinsicintrinsic curvaturecurvature in 3D in 3D spacespace

�� NoteNote: No : No needneed for for encapsulatingencapsulating ourour 3D 3D 
spacespace in 4D in 4D spacespace to make this to make this workwork

Very tricky stuff…

This represents 3D

No need for anything here

Global Global CurvatureCurvature IIIIII

Angles in curved spaces

α β

γ

Flat:
α+β+γ = 180°

Negative:
α+β+γ < 180°

Positive:
α+β+γ > 180°

α
γ
β α

γ

β

MetricsMetrics II

�� MetricMetric: A : A descriptiondescription of the of the distancedistance
betweenbetween twotwo pointspoints

�� MetricMetric in 2 in 2 dimensionaldimensional, flat , flat spacespace::

�� MetricMetric in 3 in 3 dimensionaldimensional, flat , flat spacespace::

222 ddd yxs += (Pythagoras)

2222 dddd zyxs ++=
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MetricsMetrics IIII
�� MetricMetric in 3 in 3 dimesionsdimesions, flat , flat spacespace, polar , polar 

coordinatescoordinates::

�� MetricMetric in 3 dimensions, in 3 dimensions, arbitraryarbitrary curvaturecurvature::
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