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DARK MATTER 

Gravitational attraction 
Slows down expansion 
of the Universe 



Dark Matter 

Coma Cluster  HST 

Jan Oort 1932 
Fritz Zwicky 1933 

1.  Coin “Dark Matter” 

3.  Virial mass of Coma 

3. M/L in Coma is 500 
    compared to 3 locally 

4.  Gravitational lensing 
     could be used with 
     larger telescopes 



DM in galaxies 





v=√GM/R 

Vera Rubin (1970s) 



Sofue & Rubin 

Dark Matter 
CO – central regions         Optical – disks     HI – outer disk & halo 



DM in clusters 



Coma cluster 

Clusters radiate in X rays 



Clusters radiate in X rays 

3C438 cluster 

Chandra 2009 



Bullet cluster 







weak & strong 
lensing 
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Source 

Observer 

Einstein Ring 

Einstein Ring 

Mass of lens determines angular size of ring 

Lens 



Blue Galaxy lensed by Large Red Galaxy 

SDSS LRG 3-757 seen by HST WFC-3 



Dark Matter in Abell 2218  (HST) 

Lensing Mass = Virial Mass 



Microlensing 



Microlensing 
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LMC  (OGLE Coll.) 
450 events 



achromatic 

symmetric 

unique 



MACHO Coll. 
(2000) 



K. Griest (2005) 





Large scales 

Small scales Density Perturbation 
Spectrum 

Hybrid Inflation Model Black Hole Production @ end inflation 
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p = 0 fluid

JGB, A. Linde, D. Wands (1996) 



Evidence on  
Large Scales 



Clusters of galaxies 



Gravitational Lensing 





Gravitational Lensing 



Further 
Cosmological 

Evidence 





Large Scale 
Structure 
Formation 





CMB Anisotropies 

Dark epoch 

First stars 

Galaxies & Quasars 

Clusters & Superclusters 



Density contrast thresholds 

Galaxies 

Clusters 

QSO 

Vacua 

Superclusters 

First stars 



Gravitational Collapse 

time 

Initial 
seed 

Expansion (Hubble Flow) 

Denser region 

Collapsed region 
(a galaxy) 

Decoupled  
from expansion 



Matter 
Power  

Spectrum 







CMB 

LSS 



SDSS 









Numerical 
Simulations 
(beyond pert. Theory) 











Large Scale  
Structure 

Simulations 
(1996) 



Non Gaussianities 

Same Power Spectrum  P(k) 



Gaussian initial conditions 

Linear growth 
& non-linear 
Gravitational  
collapse 

Non-Gaussian! 
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Summary 
of 

Dark Matter 
Content 



cluster dynamics 

x-ray cluster gas 

gravitational lensing 

structure formation 

Dark Matter 

cluster collisions 
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rotation curves 

CMB 

observed 

luminous  
disk 

BBN 



HST 



What constitutes Dark Matter? 
Planets? 

Brown dwarfs? 

Primordial Black Holes? 

Relic Particles from the Big Bang? 
Neutrinos 
Axions 
Neutralinos 
Wimpzillas 

Really, we have no idea… 



Could  
neutrinos 

be the  
Dark Matter? 



Free Streaming 



neutrinos 



2dFGRS 
SDSS 



Cosmologically 
Excluded 

(WMAP/SDSS) 

Cosmologically 
Detectable 

(Planck) 



WIMPS 



 B.E.C.s 
 axion clusters 

Mass range 

Only gravitational: wimpzillas 
Strongly interacting: B balls 

Interaction strength range 

thermal relics 

nonthermal relics 

WIMPs: Cold Thermal Relics 
•  neutrinos                                               (hot) 

•  sterile neutrinos, gravitinos               (warm) 

•  Lightest supersymmetric particle        (cold) 

•  Lightest Kaluza-Klein particle             (cold) 

•  B.E.C.s, axions, axion clusters 

•  solitons (Q-balls, B-balls, odd-balls, …) 

•  supermassive wimpzillas 

10-22 eV  (10-56 g)  

10-8 Mʘ  (10+25 g) 
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increasing σA 

decreasing Ω 

Cold Thermal Relics 
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PBH 



Direct  
Search for 

Dark Matter 
Particles 





DM experiments (2007) 



COUPP CDMS 

DAMA 

CoGeNT 
( +  EDELWEISS,  
XENON, EURECA,  
ZEPLIN, DEAP, ArDM,  
WARP, LUX, SIMPLE,  
PICASSO, DMTPC,  
DRIFT, KIMS, …) 

Direct Detection 
CRESST 



Direct Detection 

•  Depends on local WIMP phase-space density 

•  Usual assumption: ρDM = 0.3 GeV cm-3 	


•  Usual assumption: Maxwellian velocity distribution 
   in galactic rest frame 



DAMA/LIBRA 

cos ω (t - t0) 
T = 2π /ω = 1 year 
t0 = 152.5d (2nd June) 



CoGeNT  



CoGeNT 

annual modulation  
at   2.8 σ 

Aalseth et al. 2011  



CRESST 

Angloher et al. 2011  



XENON/CDMS 

Angle et al. 2011 

CDMS 

XENON 
CDMS 



Indirect  
Search for 

Dark Matter 
Particles 



ATIC Fermi/GLAST 

PAMELA 

IceCube 

AMS 

Indirect Detection 
WMAP 

VERITAS  

H.E.S.S.  



Wimps 

Indirect Detection 
Galactic Center 
Dwarf spheroidals 
DM clumps, Sun 



GALPROP 
prediction 

ATIC 

620 GeV 
WIMP annihilation 

Chang et al. 2008 

ATIC data 



PAMELA 



Fermi/GLAST Feature 

Hooper & Goodenough 2010 



Fermi/GLAST Line 

Weniger 1204.2797 



Collider 
Searches 



Collider Searches 
Social WIMPs 

 Complicated decay chain Backgrounds (neutrino, QCD, …) 

Maverick WIMPs 

coupling from W 
or direct/indirect 

Beltran, Hooper, Kolb, Krusberg, Tait     1002.5137 
Rajaraman, Shepherd, Tait, Wijangco    1108.1196 
Fox, Harnik, Kopp, Tsai                           1109.4398 



WIMPs 
CoGeNT 

nonrelativistic 
χ +  N → χ + N 

10-4 pb – 10-6 pb 
Described by  

Effective field theory 

LHC 

relativistic 
q + q → χ + χ 

Assume described by 
effective field theory 

Model Dependent 



simulation https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11059Winter2012 

Missing Momentum = Missing Mass? 



Bulk Region: light superpartners 
SUSY WIMPs 

m1/2	

 m

0	

Ellis, Olive, Santoso, Spanos 

However, LHC is reducing the allowed region 







Summary 





STANDARD 
MODEL OF 

COSMOLOGY 

  

� 

ΩM = 0.27 ± 0.03
ΩΛ = 0.73 ± 0.03
Ω0 = 1.002 ± 0.005
ΩB = 0.0445 ± 0.0033
H0 = 72 ± 3km/s/Mpc
t0 = 13.7 ± 0.3 Gyr

  “Precision 
 Cosmology”  

errors < few% 

EdS 

Age Universe 

SMC 



THE FUTURE? 

A standard 
model of 

Cosmology 
(2010-2015) 

precision 
<1% 

DM?    DE? 

Planck/COrE 

DES/PAU 



A   SUMMARY 
Dark Matter is real: 
•  galaxies 
•  clusters 
•  large scale structure 
•  cosmic microwave background 
We still do not know what it is: 
•  Direct detection has unconfirmed hints 
•  Indirect detection has tantalizing hints 
•  Collider searches see nothing yet 

But we may have surprises… 
             The future is bright!   


