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TitleTitle

The Expanding UniverseThe Expanding Universe
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FriedmannFriedmann--LemaîtreLemaître--RobertsonRobertson--Walker CosmologyWalker Cosmology

r, r, θθ, , φφ,, coco--movingmoving
spherical coordinatesspherical coordinates
r is dimensionlessr is dimensionless

•• On scales On scales ≳≳ 100 Mpc, space is maximally symmetric100 Mpc, space is maximally symmetric
(homogeneous & isotropic)(homogeneous & isotropic)

•• The corresponding The corresponding RobertsonRobertson--Walker metricWalker metric isis
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Einstein’s  “Greatest Blunder”Einstein’s  “Greatest Blunder”

Friedmann equation forFriedmann equation for
Hubble’s expansion rateHubble’s expansion rate 3a
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•• Quantum field theory of elementary particlesQuantum field theory of elementary particles
inevitably implies vacuum fluctuations becauseinevitably implies vacuum fluctuations because
of Heisenberg’s uncertainty relation,of Heisenberg’s uncertainty relation,
e.g. E and B fields can not simultaneously vanish e.g. E and B fields can not simultaneously vanish 

•• Ground state (vacuum) provides gravitating energyGround state (vacuum) provides gravitating energy
•• Vacuum energy Vacuum energy ρρvacvac is equivalent to is equivalent to ΛΛ

Cosmological constant Λ
(new constant of nature)
allows for a static universe
by “global anti-gravitation”

Newton’s constantNewton’s constant

Density of gravitating mass & energyDensity of gravitating mass & energy Curvature termCurvature term
is very small or zerois very small or zero
(Euclidean spatial geometry)(Euclidean spatial geometry)
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Zero Point Energy of Quantum FieldsZero Point Energy of Quantum Fields

Energy levels of the harmonic oscillatorEnergy levels of the harmonic oscillator
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•• NonNon--vanishing zerovanishing zero--point energy because ofpoint energy because of
Heisenberg’s uncertainty relationHeisenberg’s uncertainty relation

•• Location and momentum not simultaneouslyLocation and momentum not simultaneously
determined and therefore not both zerodetermined and therefore not both zero

Electromagnetic field: Electromagnetic field: 
E and B not simultaneously zeroE and B not simultaneously zero
because of uncertainty relationbecause of uncertainty relation

Energy density in the ground level (vacuum) isEnergy density in the ground level (vacuum) is
sum over infinitely many oscillatorssum over infinitely many oscillators

∞=
ω

=
+

=ρ ∑
n

n
22

22
BE h ∞=

ω
=

+
=ρ ∑

n

n
22

22
BE h

Nominal vacuum energy of the quantum fieldsNominal vacuum energy of the quantum fields
++ ffoor every bosonic degree of freedom (photons etc.)r every bosonic degree of freedom (photons etc.)
−− ffoor every fermionic degree of freedom (electrons etc.)r every fermionic degree of freedom (electrons etc.)
How to interpret ???How to interpret ???

∞∞
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Casimir Effect (1948)Casimir Effect (1948)

Hendrik Bugt CasimirHendrik Bugt Casimir
(1909 (1909 -- 2000)2000)

A measurable manifestation of the zeroA measurable manifestation of the zero--point energypoint energy
of the electromagnetic fieldof the electromagnetic field

Bordag et al., New Developments in the Casimir Effect, Phys. RepBordag et al., New Developments in the Casimir Effect, Phys. Rept. 353 (2001)t. 353 (2001)
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h Casimir force between parallelCasimir force between parallel

plates (distance d, area A)plates (distance d, area A)

LongLong--wavelength fieldwavelength field
modes between the modes between the 
plates are “displaced,”plates are “displaced,”
causing a reduction ofcausing a reduction of
the vacuum energythe vacuum energy
compared with free spacecompared with free space
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Expansion of Different Cosmological ModelsExpansion of Different Cosmological Models

Time (billion years)Time (billion years)

Adapted from Bruno Leibundgut

Cosmic scale factor aCosmic scale factor a

todaytoday−−1414

ΩΩMM = 0= 0

−−99

ΩΩMM = 1= 1

−−77

ΩΩMM > 1> 1

ΩΩMM = 0.3= 0.3
ΩΩΛΛ = 0.7= 0.7
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BestBest--Fit UniverseFit Universe

Perlmutter
Physics Today
(Apr. 2003)

Kowalski et al.
arXiv:0804.4142
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Hubble DiagramHubble Diagram

Supernova IaSupernova Ia
as cosmologicalas cosmological
standard candlesstandard candles

RedshiftRedshift
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Hubble’s orginal data (1929)Hubble’s orginal data (1929)

zz == 0.0030.003
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Hubble DiagramHubble Diagram

Accelerated expansionAccelerated expansion
((ΩΩMM == 0.3, 0.3, ΩΩΛΛ == 0.7)0.7)

Decelerated expansionDecelerated expansion
((ΩΩMM == 1)1)

Supernova IaSupernova Ia
as cosmologicalas cosmological
standard candlesstandard candles
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Latest Supernova DataLatest Supernova Data

Kowalski et al.,Kowalski et al.,
Improved cosmological constraints from new, old andImproved cosmological constraints from new, old and
combined supernova datasets, arXiv:0804.4142combined supernova datasets, arXiv:0804.4142
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Supernovae Supernovae −− Almost as Bright as GalaxiesAlmost as Bright as Galaxies

SN 1994D in NGC 4526SN 1994D in NGC 4526SN 1998S in NGC 3877SN 1998S in NGC 3877
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Universal Supernova Ia Light CurveUniversal Supernova Ia Light Curve

Supernova Ia lightcurves areSupernova Ia lightcurves are
empirically a 1empirically a 1--parameter familyparameter family

After transformationAfter transformation
a universal light curve,a universal light curve,
i.e. a dei.e. a de--facto standard candlefacto standard candle
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Scalar Fields and Cosmological ConstantScalar Fields and Cosmological Constant

Higgs field Higgs field ΦΦ

VV00

VV
HighHigh--T phaseT phase

LowLow--T phaseT phase

Why is zero of allWhy is zero of all
scalar field potentialsscalar field potentials
(almost) exactly at(almost) exactly at
VV = 0= 0

Georg Raffelt, Max-Planck-Institut für Physik, München Introduction to Astroparticle Physics, WS 2009/10, LMU

QuintessenceQuintessence

Quintessence field Quintessence field ΦΦ

VV

Absolute zeroAbsolute zero
determined bydetermined by
unknown effectunknown effect

Scalar field stillScalar field still
relaxing to zerorelaxing to zero
(slowly rolling)(slowly rolling)

LagrangianLagrangian ][ )(VgL 2
1 Φ+Φ∂Φ∂= μ

μ ][ )(VgL 2
1 Φ+Φ∂Φ∂= μ

μ

Equations ofEquations of
motion formotion for
homogeneoushomogeneous
mode (mode (∇∇ΦΦ=0)=0)
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Quintessence as a Perfect FluidQuintessence as a Perfect Fluid

EnergyEnergy--momentum tensor of homogeneousmomentum tensor of homogeneous
ΦΦ--mode that of an isotropic perfect fluidmode that of an isotropic perfect fluid
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Example: Exponential potentialExample: Exponential potential Φπλ−=Φ NG8
0 eV)(V Φπλ−=Φ NG8
0 eV)(V

General equation of stateGeneral equation of state ρ= wp ρ= wp

Explicit solution of eqs of motion implyExplicit solution of eqs of motion imply 1
3
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Like vacuum energyLike vacuum energy λλ22 = 0= 0 ww = = −−11

Accelerated expansionAccelerated expansion λλ22 < 2< 2 ww < < −−1/31/3

Like matterLike matter λλ22 = 3= 3 w w = 0= 0

Like radiationLike radiation λλ22 = 4= 4 ww = 1= 1

ObservationalObservational
evidence forevidence for
equation of stateequation of state
with “nonstandard”with “nonstandard”
ww--parameter?parameter?
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Phantom EnergyPhantom Energy

What is the meaning of  w < What is the meaning of  w < −−1 ?1 ?

•• Violates “dominant energy condition”  Violates “dominant energy condition”  ρρ + 3p > 0+ 3p > 0
•• Signals vacuum instabilitySignals vacuum instability

(e.g. Cline, Jeon & Moore, hep(e.g. Cline, Jeon & Moore, hep--ph/0311312)ph/0311312)

Singularity of scale factor in the Singularity of scale factor in the finitefinite future (“big rip”)future (“big rip”)

((CaldwellCaldwell, , KamionkowskiKamionkowski & & WeinbergWeinberg, astro, astro--ph/0302506) ph/0302506) 
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Constraints on QuintessenceConstraints on Quintessence

Kowalski et al.,Kowalski et al.,
arXiv:0804.4142arXiv:0804.4142

Λ
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TitleTitle

Structure Formation and
Precision Cosmology

Structure Formation and
Precision Cosmology
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Sky Distribution of Galaxies (XMASS XSC)Sky Distribution of Galaxies (XMASS XSC)

http://spider.ipac.caltech.edu/staff/jarrett/2mass/XSC/jarrett_allsky.html
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A Slice of the UniverseA Slice of the Universe

Galaxy distribution from theGalaxy distribution from the CfA redshiftCfA redshift surveysurvey
[[ApJApJ 302 (1986) L1]302 (1986) L1]

Cosmic Cosmic 
“Stick Man”“Stick Man”

~ 185
~ 185 Mpc

Mpc
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SDSS SurveySDSS Survey
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Structure Formation in the UniverseStructure Formation in the Universe

SmoothSmooth StructuredStructured

Structure forms byStructure forms by
gravitational instabilitygravitational instability
of primordialof primordial
density fluctuationsdensity fluctuations
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Generating the Primordial Density FluctuationsGenerating the Primordial Density Fluctuations

ZeroZero--point fluctuations of quantumpoint fluctuations of quantum
fields are stretched and frozenfields are stretched and frozen

Early phase of exponential expansionEarly phase of exponential expansion
(Inflationary epoch)(Inflationary epoch)

Cosmic density fluctuations areCosmic density fluctuations are
frozen quantum fluctuationsfrozen quantum fluctuations
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Redshift Surveys vs. Millenium SimulationRedshift Surveys vs. Millenium Simulation

www.mpa-garching.mpg.de/millennium
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Power Spectrum of Density FluctuationsPower Spectrum of Density Fluctuations

Field of density fluctuationsField of density fluctuations
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Power spectrum essentially squarePower spectrum essentially square
of Fourier transformationof Fourier transformation
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Power spectrum is Fourier transform ofPower spectrum is Fourier transform of
twotwo--point correlation function (point correlation function (x=xx=x22−−xx11) ) 
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Gaussian random field (phases ofGaussian random field (phases of
Fourier modes Fourier modes δδkk uncorrelated) is fullyuncorrelated) is fully
characterized by the power spectrumcharacterized by the power spectrum
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Gravitational Growth of Density PerturbationsGravitational Growth of Density Perturbations

The dynamical evolutionThe dynamical evolution
of small perturbationsof small perturbations

1
)x(

)x( <<
ρ

δρ
=δ 1

)x(
)x( <<

ρ
δρ

=δ

is independent for eachis independent for each
Fourier mode Fourier mode δδkk

•• For pressureless,For pressureless,
nonrelativistic matternonrelativistic matter
(cold dark matter)(cold dark matter)
naively expectnaively expect
exponential growthexponential growth

•• Only powerOnly power--lawlaw
growth in expandinggrowth in expanding
universeuniverse

Matter dominatesMatter dominates
a a ∝∝ tt2/32/3

SubSub--horizonhorizon
λλ ≪≪ HH−−11

SuperSuper--horizonhorizon
λλ ≫≫ HH−−11

δδkk ≈≈ constconst δδkk ∝∝ aa22 ∝∝ tt

δδkk ∝∝ a a ∝∝ tt2/32/3

Radiation dominatesRadiation dominates
a a ∝∝ tt1/21/2
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Processed Power Spectrum in Cold Dark Matter ScenarioProcessed Power Spectrum in Cold Dark Matter Scenario

Primordial spectrumPrimordial spectrum
usually assumed to beusually assumed to be
of powerof power--law formlaw form

n2
k k)k(P ∝δ= n2
k k)k(P ∝δ=

HarrisonHarrison--ZeldovichZeldovich
(“flat”) spectrum(“flat”) spectrum
n n == 11

expected from inflationexpected from inflation
(may be slightly less(may be slightly less
than 1, depending on than 1, depending on 
details of inflationarydetails of inflationary
phase)phase)

PrimordialPrimordial
spectrumspectrum

Suppressed by stagnationSuppressed by stagnation
during radiation phaseduring radiation phase
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Power Spectrum of Cosmic Density FluctuationsPower Spectrum of Cosmic Density Fluctuations
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LymanLyman--alpha Forestalpha Forest

•• Hydrogen clouds absorb from QSOHydrogen clouds absorb from QSO
continuum emission spectrumcontinuum emission spectrum

•• Absorption dips at LyAbsorption dips at Ly--αα wavelenghwavelengh
corresponding to redshiftcorresponding to redshift

www.astro.ucla.edu/~wright/Lymanwww.astro.ucla.edu/~wright/Lyman--alphaalpha--forest.htmlforest.html

Examples for LymanExamples for Lyman--αα forest inforest in
lowlow-- and highand high--redshift quasarsredshift quasars

http://www.astr.ua.edu/keel/agn/forest.gifhttp://www.astr.ua.edu/keel/agn/forest.gif
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Weak Lensing Weak Lensing −− A Powerful Probe for the FutureA Powerful Probe for the Future

UnlensedUnlensed LensedLensed

Distortion of background images by foreground matterDistortion of background images by foreground matter
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Discovery of the Cosmic Microwave Background RadiationDiscovery of the Cosmic Microwave Background Radiation

Discovery of 2.7 KelvinDiscovery of 2.7 Kelvin
Cosmic microwave background radiationCosmic microwave background radiation
by Penzias and Wilson in 1965by Penzias and Wilson in 1965
(Nobel Prize 1978)(Nobel Prize 1978)

Beginning of “bigBeginning of “big--bang cosmology”bang cosmology”

Robert W. WilsonRobert W. Wilson
Born 1936Born 1936

Arno A. Penzias Arno A. Penzias 
Born 1933Born 1933
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Last Scattering SurfaceLast Scattering Surface
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COBE Temperature Map of the Cosmic Microwave BackgroundCOBE Temperature Map of the Cosmic Microwave Background

T = 2.725 K (uniform on the sky)T = 2.725 K (uniform on the sky)
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COBE Temperature Map of the Cosmic Microwave BackgroundCOBE Temperature Map of the Cosmic Microwave Background

T = 2.725 K (uniform on the sky)T = 2.725 K (uniform on the sky)
Dynamical range  Dynamical range  ΔΔT = 3.353T = 3.353 mK  (mK  (ΔΔT/T/ T T ≈≈ 1010--33))

Dipole temperature distribution from Doppler effectDipole temperature distribution from Doppler effect
caused by our motion relative to the cosmic framecaused by our motion relative to the cosmic frame
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COBE Temperature Map of the Cosmic Microwave BackgroundCOBE Temperature Map of the Cosmic Microwave Background

T = 2.725 K (uniform on the sky)T = 2.725 K (uniform on the sky)
Dynamical range  Dynamical range  ΔΔT = 3.353T = 3.353 mK  (mK  (ΔΔT/T/ T T ≈≈ 1010--33))

Dipole temperature distribution from Doppler effectDipole temperature distribution from Doppler effect
caused by our motion relative to the cosmic framecaused by our motion relative to the cosmic frame

Dynamical range  Dynamical range  ΔΔT = 18T = 18 μμK  (K  (ΔΔT/T/ T T ≈≈ 1010--55))

Primordial temperature fluctuationsPrimordial temperature fluctuations

Georg Raffelt, Max-Planck-Institut für Physik, München Introduction to Astroparticle Physics, WS 2009/10, LMU

COBE SatelliteCOBE Satellite

John C. Mather John C. Mather 
Born 1946Born 1946

George F. Smoot George F. Smoot 
Born 1945Born 1945

Nobel Prize 2006Nobel Prize 2006
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Sky map of CMBR temperatureSky map of CMBR temperature
fluctuationsfluctuations
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Power Spectrum of CMBR Temperature FluctuationsPower Spectrum of CMBR Temperature Fluctuations
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Acoustic PeaksAcoustic Peaks
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Flat Universe from CMBR Angular FluctuationsFlat Universe from CMBR Angular Fluctuations

totmax 200 Ω≈l totmax 200 Ω≈l

ΩΩtot tot = 1.02 = 1.02 ±± 0.020.02

Spergel et al. (WMAP Collaboration)Spergel et al. (WMAP Collaboration)
astroastro--ph/0302209ph/0302209

Triangulation with acoustic peakTriangulation with acoustic peak

Known physicalKnown physical
size of acoustic peaksize of acoustic peak
at decoupling (zat decoupling (z ≈≈ 1100)1100)

MeasuredMeasured
angular sizeangular size
today (ztoday (z == 0)0)

flat (Euclidean)flat (Euclidean)

negative curvaturenegative curvature

positive curvaturepositive curvature
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CMBR CMBR −− The Cosmic Rosetta StoneThe Cosmic Rosetta Stone

PowerPower--law index (tilt)law index (tilt)
n = n = 1.01.0, , 1.11.1, , 1.21.2

Hubble constantHubble constant
HH00 = = 5050, , 6060, , 7070

Total densityTotal density
ΩΩtottot = = 1.01.0, , 0.50.5, , 0.30.3

Baryon densityBaryon density
ΩΩBB = = 55, , 7.57.5, , 1010 ××1010--33

Physics Today 1997:11, 32Physics Today 1997:11, 32
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Latest CMB Results (WMAPLatest CMB Results (WMAP--5 and Others)5 and Others)

Komatsu et al., arXiv:0803.0547Komatsu et al., arXiv:0803.0547
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PLANCK SatellitePLANCK Satellite
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Concordance Model of CosmologyConcordance Model of Cosmology

A FriedmannA Friedmann--LemaîtreLemaître--RobertsonRobertson--Walker model with the followingWalker model with the following
parameters perfectly describes the global properties of the univparameters perfectly describes the global properties of the universe erse 

The observed largeThe observed large--scale structure and CMBR temperature fluctuationsscale structure and CMBR temperature fluctuations
are perfectly accounted for by the gravitational instability mecare perfectly accounted for by the gravitational instability mechanismhanism
with the above ingredients and a powerwith the above ingredients and a power--law primordial spectrum of law primordial spectrum of 
adiabatic density fluctuations (curvature fluctuations) P(k) adiabatic density fluctuations (curvature fluctuations) P(k) ∝∝ kknn

Expansion rateExpansion rate 11
0 Mpcskm)3.11.70(H −−±= 11
0 Mpcskm)3.11.70(H −−±=

AgeAge years10)12.073.13(t 9
0 ×±= years10)12.073.13(t 9
0 ×±=

Vacuum energyVacuum energy 015.0721.0 ±=ΛΩ 015.0721.0 ±=ΛΩ

Baryonic matterBaryonic matter 0015.00462.0B ±=Ω 0015.00462.0B ±=Ω

PowerPower--law indexlaw index 014.0960.0n ±= 014.0960.0n ±=

Spatial curvatureSpatial curvature Gpc33Rcurv > Gpc33Rcurv > 009.0018.0 k <<− Ω 009.0018.0 k <<− Ω

Cold Dark MatterCold Dark Matter 013.0233.0CDM ±=Ω 013.0233.0CDM ±=Ω
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BestBest--Fit UniverseFit Universe

Perlmutter
Physics Today
(Apr. 2003)

Kowalski et al.
arXiv:0804.4142
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TitleTitle

Dark Energy 73%Dark Energy 73%
(Cosmological Constant)(Cosmological Constant)

NeutrinosNeutrinos
0.10.1−−2%2%

Dark MatterDark Matter
23%23%

Ordinary Matter 4%Ordinary Matter 4%
(of this only about(of this only about
10% luminous)10% luminous)
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TitleTitle

Evidence for Dark Matter
on Small Scales

Evidence for Dark Matter
on Small Scales
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Structure of Spiral GalaxiesStructure of Spiral Galaxies

Spiral Galaxy NGC 2997 Spiral Galaxy NGC 891891
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“Rotation Curve” of the Solar System“Rotation Curve” of the Solar System

Kepler’s LawKepler’s Law

radius
MG

v centralNewton
rotation =

radius
MG

v centralNewton
rotation =
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Rotation curve of the galaxyRotation curve of the galaxy NGC 6503NGC 6503
from radio observations of hydrogen motionfrom radio observations of hydrogen motion
[MNRAS 249 (1991) 523][MNRAS 249 (1991) 523]

Galactic Rotation Curve from Radio ObservationsGalactic Rotation Curve from Radio Observations

Expected from luminous Expected from luminous 
matter matter in the diskin the disk

Observed flat Observed flat 
rotation curverotation curve

Spiral galaxySpiral galaxy NGC 3198NGC 3198 overlaidoverlaid
with hydrogen column densitywith hydrogen column density
[[ApJApJ 295 (1985) 305]295 (1985) 305]
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Rotation Curve of the Milky WayRotation Curve of the Milky Way

Xue et al., Xue et al., 
arXiv:0801.1232v5 (2008)arXiv:0801.1232v5 (2008)

Finch & TremaineFinch & Tremaine
ARAA 29 (1991) 409ARAA 29 (1991) 409

Expect dark matter densityExpect dark matter density
near solar system of aboutnear solar system of about
300 MeV cm300 MeV cm−−33
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Dark Matter in Spiral Galaxies Dark Matter in Spiral Galaxies -- SummarySummary

Flat rotationFlat rotation
curvecurve
instead ofinstead of
KeplerianKeplerian

No obviousNo obvious
limit tolimit to
total masstotal mass

ExpectedExpected
fromfrom
luminosityluminosity
distributiondistribution

InferedInfered
fromfrom
rotationrotation
curvecurve

Vera
Rubin
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Structure of a Spiral GalaxyStructure of a Spiral Galaxy
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Structure of a Spiral GalaxyStructure of a Spiral Galaxy

Dark HaloDark Halo
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Coma ClusterComa Cluster

Dark Matter in Galaxy ClustersDark Matter in Galaxy Clusters

A gravitationally boundA gravitationally bound
system of many particlessystem of many particles
obeys the virial theoremobeys the virial theorem

gravkin EE2 −= gravkin EE2 −=

r
mMG

2
mv

2 rN
2

=
r

mMG
2

mv
2 rN

2
=

1
rN

2 rMGv −≈ 1
rN

2 rMGv −≈

Velocity dispersionVelocity dispersion
from Doppler shiftsfrom Doppler shifts
and geometric sizeand geometric size

Total MassTotal Mass
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Dark Matter in Galaxy ClustersDark Matter in Galaxy Clusters

FritzFritz Zwicky:Zwicky:
DieDie RotverschiebungRotverschiebung vonvon
Extragalaktischen NebelnExtragalaktischen Nebeln
(The redshift of extragalactic(The redshift of extragalactic
nebulae)nebulae)
HelvHelv. Phys.. Phys. ActaActa 6 (1933) 1106 (1933) 110

In order to obtain the observed average Doppler effect ofIn order to obtain the observed average Doppler effect of
1000 km/s or more, the average density of the Coma cluster1000 km/s or more, the average density of the Coma cluster
would have to be at least 400 times larger than what is foundwould have to be at least 400 times larger than what is found
from observations of the luminous matter.from observations of the luminous matter.
Should this be confirmed one would find the surprising resultShould this be confirmed one would find the surprising result
that that dark matter dark matter is far more abundant than luminous matter.is far more abundant than luminous matter.
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Giant Arc in Cluster Cl 2244Giant Arc in Cluster Cl 2244--0202

z = 2.237z = 2.237

z = 0.336z = 0.336
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Giant Arcs Giant Arcs −− Gravitationally Lensed Background GalaxiesGravitationally Lensed Background Galaxies

A.Tyson, Physics Today, 1992:6, pg.24
ObserverObserver

ForegroundForeground
cluster ofcluster of
galaxiesgalaxies

Background galaxyBackground galaxy

Distorted imageDistorted image
(Partial Einstein ring)(Partial Einstein ring)
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Gravitational Lensing in Clusters of GalaxiesGravitational Lensing in Clusters of Galaxies

Galaxy cluster ClGalaxy cluster Cl 0024+16540024+1654
[Hubble Space Telescope][Hubble Space Telescope] Numerical SimulationNumerical Simulation
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Hot XHot X--Ray Gas in Clusters of GalaxiesRay Gas in Clusters of Galaxies

Most of the baryonic mass in a typical galaxy clusterMost of the baryonic mass in a typical galaxy cluster
resides in hot, xresides in hot, x--ray emitting intergalactic gasray emitting intergalactic gas

Abell 2029
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Galaxy Cluster Abell 2029 (composite optical & xGalaxy Cluster Abell 2029 (composite optical & x--ray)ray)
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Cluster Gas FractionCluster Gas Fraction

Gas fraction in clustersGas fraction in clusters

ffgasgas hh3/23/2 = 0.075 = 0.075 ±± 0.0020.002

•• Assume the cluster matterAssume the cluster matter
inventory represents a fairinventory represents a fair
sample of the universesample of the universe

•• Use the measured baryonUse the measured baryon
content content ΩΩB  B  (BBN, CMBR)(BBN, CMBR)

•• h = 0.72 h = 0.72 ±± 0.080.08

Cosmic matter content Cosmic matter content 

ΩΩMM = = ΩΩBB/f/fgasgas = 0.325 = 0.325 ±± 0.0340.034

(Fabian, astro(Fabian, astro--ph/0304020)ph/0304020)
Mohr et al.,  astroMohr et al.,  astro--ph/9901281ph/9901281



31

Georg Raffelt, Max-Planck-Institut für Physik, München Introduction to Astroparticle Physics, WS 2009/10, LMU

Bullet Cluster (1E 0657Bullet Cluster (1E 0657--56)56)
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TitleTitle

Dark Energy 73%Dark Energy 73%
(Cosmological Constant)(Cosmological Constant)

NeutrinosNeutrinos
0.10.1−−2%2%

Dark MatterDark Matter
23%23%

Ordinary Matter 4%Ordinary Matter 4%
(of this only about(of this only about
10% luminous)10% luminous)
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Dark Matter vs. Dark EnergyDark Matter vs. Dark Energy

Dark MatterDark Matter Dark EnergyDark Energy

Acts graviationally like ordinaryActs graviationally like ordinary
matter (attractive force)matter (attractive force)

•• Provides “negative pressure”Provides “negative pressure”
•• “Anti“Anti--gravitation of the universe”gravitation of the universe”

Probably new form of weaklyProbably new form of weakly
interacting particlesinteracting particles

•• Cosmological constant (classical GR)?Cosmological constant (classical GR)?
•• Vacuum energy of quantum fields?Vacuum energy of quantum fields?
•• Quintessence (new scalar field)?Quintessence (new scalar field)?

Dominates dynamics ofDominates dynamics of
galaxies, clusters, larger structuresgalaxies, clusters, larger structures

Plays no role on small scalesPlays no role on small scales
(homogeneous, does not cluster)(homogeneous, does not cluster)

Decelerates cosmic expansionDecelerates cosmic expansion Accelerates cosmic expansionAccelerates cosmic expansion

Possibly just an experimental problemPossibly just an experimental problem
(detect the dark matter particles!)(detect the dark matter particles!)

Probably a fundamentalProbably a fundamental
theory problemtheory problem
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Periodic System of Elementary ParticlesPeriodic System of Elementary Particles
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