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Lecture 39:Lecture 39:
Dark Matter  I I I  Dark Matter  I I I  ––
structure formation in the structure formation in the 
UniverseUniverse
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Structure formation in the BigStructure formation in the Big--Bang Bang 
modelmodel
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How does structure form ?How does structure form ?

•• Wrinkles in the CMB: regions of higher and Wrinkles in the CMB: regions of higher and 
lower temperaturelower temperature

•• Those regions correspond to Those regions correspond to density density 
fluctuationsfluctuations, regions of slightly , regions of slightly 
higher/lower density than averagehigher/lower density than average

•• Gravitational instabilityGravitational instability
** higher density higher density �� more mass in a given volumemore mass in a given volume

** more mass more mass �� stronger gravitational attractionstronger gravitational attraction

** stronger gravitational attraction stronger gravitational attraction �� mass is mass is 
pulled in  pulled in  �� even higher density even higher density 
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Q: What is it ?Q: What is it ?

A:A: MACHOsMACHOs oror WIMPsWIMPs
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MACHOsMACHOs ??

•• MAMAssivessive CCompact ompact HHalo alo OObjectsbjects

•• Brown dwarfs (stars not massive enough to Brown dwarfs (stars not massive enough to 
shine)shine)

•• Dim white dwarfs (relics of stars like the Dim white dwarfs (relics of stars like the 
Sun)Sun)

•• Massive black holes (stars that massive that Massive black holes (stars that massive that 
even light cannot escape)even light cannot escape)

•• but: but: if the DM is really in if the DM is really in MACHOsMACHOs, , 
something with the something with the nucleosynthesis nucleosynthesis 
constraint must be wrongconstraint must be wrong
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How can we seeHow can we see MACHOsMACHOs ??

•• Solution: monitor 10 million stars Solution: monitor 10 million stars 
simultaneouslysimultaneously
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How can we seeHow can we see MACHOsMACHOs ??

AlcockAlcock et al. 1993et al. 1993

Magnification due Magnification due 
to gravitational to gravitational 
lensinglensing

There are not There are not 
enough brown enough brown 
dwarfs to account dwarfs to account 
for the dark matter for the dark matter 
in the Milky Way.in the Milky Way.
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WIMPsWIMPs ??

•• WWeakly eakly IInteracting nteracting MMassive assive PParticlesarticles

•• Massive neutrino Massive neutrino 
** at least we know that it existsat least we know that it exists

** we don’ t know whether it has mass or notwe don’ t know whether it has mass or not

** hot dark matter (hot: moving at speeds near the hot dark matter (hot: moving at speeds near the 
speed of light) speed of light) 

•• Another (yet undiscovered) particle Another (yet undiscovered) particle 
predicted by some particle physicistspredicted by some particle physicists
** cold dark matter (cold: moving much slower cold dark matter (cold: moving much slower 

than the speed of light)than the speed of light)
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WIMP candidate I : WIMP candidate I : 
massive neutr inosmassive neutr inos
•• At least we know that they exist:At least we know that they exist:

nn + + n n ®® pp++ + e+ e--

•• We donWe don’’ t know whether they have masst know whether they have mass

•• In particle physics, masses are expressed in In particle physics, masses are expressed in 
terms of  their energy equivalentterms of  their energy equivalent mcmc22

[[eVeV: electron volt: electron volt]]

•• 1 1 eV eV ÛÛ 1.81.8´́ 1010--3333 g g 
** electron: 512 electron: 512 keVkeV

** protronprotron:  938 :  938 MeVMeV
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WIMP candidate I : WIMP candidate I : 
massive neutr inosmassive neutr inos
•• What mass do we need to account for all the What mass do we need to account for all the 

dark matter ?dark matter ?
** There areThere are ~100~100 neutrinos per cmneutrinos per cm33

** A mass ofA mass of 20eV20eV results inresults in WW00=0.3 =0.3 

•• Can we measure their mass ?Can we measure their mass ?
** tricky tricky ……

** use energy conservation. Measure all masses use energy conservation. Measure all masses 
and velocities in the and velocities in the nn + + n n ®® pp++ + e+ e-- reaction reaction 
with high precision. Difference between left with high precision. Difference between left 
and right hand side and right hand side �� neutrino massneutrino mass
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WIMP candidate I : WIMP candidate I : 
massive neutr inosmassive neutr inos
•• Result: now clear detection, but an upper Result: now clear detection, but an upper 

limit. The mass of the (electron) neutrino is limit. The mass of the (electron) neutrino is 
less than a few less than a few eV eV �� electron neutrino is electron neutrino is 
ruled out ruled out as a dark matter candidate.as a dark matter candidate.

•• BUT: BUT: There are There are two moretwo more neutrino families, neutrino families, 
mu mu neutrinosneutrinos and and tau tau neutrinosneutrinos (the (the muonmuon
and and tauontauon are particles similar to the are particles similar to the 
electron, but more massive and unstable)electron, but more massive and unstable)

•• a massive a massive mu mu or or tau tau neutrinos still must be neutrinos still must be 
consideredconsidered
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WIMP candidate I I : the least WIMP candidate I I : the least 
massive massive supersymmetr icsupersymmetr ic par ticlepar ticle
•• Main goal of particle physics: to develop a Main goal of particle physics: to develop a 

theory that unifies the four forces of naturetheory that unifies the four forces of nature

•• Those models predict a whole zoo of particles, Those models predict a whole zoo of particles, 
some of them are already detected, but most of some of them are already detected, but most of 
them still very speculative. Most of these them still very speculative. Most of these 
particles are unstable.particles are unstable.

•• SupersymmetrySupersymmetry is a particularly promising is a particularly promising 
unifying theoryunifying theory

•• The least massive The least massive supersymmetric supersymmetric particle particle 
((neutralinoneutralino) should be stable) should be stable
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WIMP candidate I I : the least WIMP candidate I I : the least 
massive massive supersymmetr ic supersymmetr ic par ticlepar ticle
•• ItIt’’ s mass should be > 150 s mass should be > 150 GeVGeV, otherwise, otherwise

** its contribution would be irrelevantits contribution would be irrelevant

** it should already have been detectedit should already have been detected

•• But how to prove its existence ?But how to prove its existence ?
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How can we find coldHow can we find cold WIMPsWIMPs ??

•• Cryogenic (ultra cold) detectorsCryogenic (ultra cold) detectors

•• search for annual modulation of the signal search for annual modulation of the signal 
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Do we have already detectedDo we have already detected
WIMPsWIMPs ??

Results are still very controversial and inconclusiveResults are still very controversial and inconclusive

DAMADAMA

collaborcollabor--

ationation
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Can astronomy help to discr iminate Can astronomy help to discr iminate 
between neutr inos and between neutr inos and neutralinosneutralinos ??
•• Neutrinos:Neutrinos:

** mass in the tens of mass in the tens of eV eV �� very low massvery low mass

** very low mass very low mass �� high velocities high velocities �� ““ hothot””

** can travel several tens of can travel several tens of Mpc Mpc over the age of the over the age of the 
universeuniverse

•• NeutralinosNeutralinos
** mass in the mass in the hundredsthundredst of of GeVGeV �� very high massvery high mass

** very high mass very high mass �� low velocities low velocities �� ““ coldcold””

** cannot travel significant distances over the age of cannot travel significant distances over the age of 
the universethe universe

•• Neutrinos:                Neutrinos:                Hot Dark Matter (HDM)Hot Dark Matter (HDM)
** mass in the tens of mass in the tens of eV eV �� very low massvery low mass

** very low mass very low mass �� high velocities high velocities �� ““ hothot””

** can travel several tens of can travel several tens of Mpc Mpc over the age of the over the age of the 
universeuniverse

•• Neutralinos             Neutralinos             Cold Dark Matter (CDM)Cold Dark Matter (CDM)
** mass in the mass in the hundredsthundredst of of GeVGeV �� very high massvery high mass

** very high mass very high mass �� low velocities low velocities �� ““ coldcold””

** cannot travel significant distances over the age of cannot travel significant distances over the age of 
the universethe universe
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•• Galaxies are not randomly Galaxies are not randomly 
distributed but correlateddistributed but correlated

•• Quantitative measure: Quantitative measure: 
twotwo--point correlation point correlation 
function function xx(r)(r): excess : excess 
probability (compared to probability (compared to 
random) to find a galaxy random) to find a galaxy 
at distance at distance rr to another to another 
galaxygalaxy

The spatial distr ibution of galaxiesThe spatial distr ibution of galaxies

Courtesy:Courtesy: HuanHuan LinLin
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Can astronomy help to discr iminate Can astronomy help to discr iminate 
between hot and cold dark matter  ?between hot and cold dark matter  ?

CDMCDM HDMHDM
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Structure formation: HDM Structure formation: HDM vs vs CDMCDM

•• Hot dark matter:Hot dark matter:
** initial small scale structure (anything smaller initial small scale structure (anything smaller 

than a galaxy cluster) washed out due to the than a galaxy cluster) washed out due to the 
high velocities of neutrinoshigh velocities of neutrinos

** clusters and clusters and supercluster supercluster form first form first 

** galaxies form due to fragmentation of galaxies form due to fragmentation of 
collapsing clusters and collapsing clusters and superclusterssuperclusters

�� toptop--down structure formationdown structure formation
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Structure formation: HDM Structure formation: HDM vs vs CDMCDM

•• Cold dark matter:Cold dark matter:
** plenty of small scale structureplenty of small scale structure

** small galaxies form first, clusters lastsmall galaxies form first, clusters last

** larger structures form due to merging of smaller larger structures form due to merging of smaller 
structuresstructures

�� bottombottom--up or hierarchical structureup or hierarchical structure
formationformation
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Hierarchical structure formationHierarchical structure formation
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Structure formation: HDM Structure formation: HDM vs vs CDMCDM

•• CDM fits observations much better than CDM fits observations much better than 
HDMHDM
** highhigh--z galaxies are smallerz galaxies are smaller

** irregular shape of galaxy clusters indicate that irregular shape of galaxy clusters indicate that 
they formed recentlythey formed recently

** there are only a very few clusters at high there are only a very few clusters at high 
redshiftredshift, but many galaxies, but many galaxies

** twotwo--point correlation function is much better point correlation function is much better 
reproducedreproduced
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A voyage through a CDM universeA voyage through a CDM universe
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A voyage through a CDM universeA voyage through a CDM universe


