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 THE BEGINNING 

HERE WE 
ARE 









Dark matter: baryonic 



Canberra 
Times 

April 1990  



RELIC RADIATION DISCOVERED BY ARNO 
PENZIAS AND ROBERT WILSON IN 1964

COBE 1990 

90% OF THE DARK MATTER 
 IS NONBARYONIC 

GEORGE GAMOW, ROBERT HERMAN, RALPH ALPHER 

            predicted fossil radiation in 1949  

helium 

deuterium 

lithium 

THE MATTER BUDGET
Ωb=0.03      
Ω*=0.005 
Ωdm=0.2 



Dark matter: neutrinos 



NEUTRINO DARK MATTER 
density fluctuation  
power spectrum 

Vikhlinin +  2008 



Dark matter: neutralinos 



NEUTRALINO DARK MATTER  
Favoured SUSY candidate: Weakly Interacting Massive Particle   or WIMP 

Relic abundance obtained if <σv>~3x10-26 cm3/s ~1/Ωx 

for lightest stable  relic:  100-1000 proton masses 

DETECTION IN SPACE OR DEEP UNDERGROUND  
OFFERS STRATEGY TO PROBE MASS RANGE  
THAT COMPLEMENTS ANY FUTURE COLLIDERS  

 ~1039 GeV/s in total annihilation power in energetic gamma rays,   e+ , pbar , ν 



Dark matter detection 

The gamma ray sky may be glowing with  
dark matter annihilations, towards the inner galaxy 



The gamma ray sky 

CDM simulations 
with  1000 Msun resolution 
weighted by density2 

                   Springel+ 2008 

FERMI 



The gamma ray sky (ctd) 

CDM simulations with  
1000 Msun resolution 
weighted by density2 /v2 

                   Kuhlen+ 2009 



CMB 
Cosmic microwave background 



Predictions of  the Big Bang Theory 

•  Expansion 
•  Light element synthesis 
•  Fossil thermal radiation 
•  Density fluctuations 



A SPACE-TIME DIAGRAM OF THE UNIVERSE 

ON ANGULAR SCALES ABOVE A DEGREE, WE ARE  
VIEWING QUANTUM FLUCTUATIONS IN THE SKY! 

THE DARK AGES

FIRST LIGHT





Some day we may measure  tensor/scalar ratio and verify 
inflation…but there is no guarantee: indeed  some inflation 
models predict unmeasurably small gravity wave 
background  

 string theory can lead to inflation…but requires fine tuning 

Eg: an  anisotropic universe is more generic….. 

Inflation theory predicts a background of gravity waves and 
logarithmic  correction to scale invariance δn~-0.003 

Perhaps the fine tuning was imperfect   

deviations from scale-invariant density fluctuation spectrum probe inflation 



Axis of evil 

CMB 



Non-trivial topologies 

Niarchou & Jaffe 2007 



We have no prediction for  the topology of the universe 



Predictions of  the Big Bang Theory 

•  Expansion 
•  Light element synthesis 
•  Fossil thermal radiation 
•  Density fluctuations 
•  Hierarchical structure formation 



structure formation 



As to your first query, it seems to me that if the matter of our sun and planets 
and all the matter of the universe were evenly scattered throughout all the 
heavens,and every particle had an innate gravity toward all the rest, and 
the whole space throughout which this matter was scattered was but finite, 
the matter on the outside of this space would, by its gravity, tend toward all 
the matter on the inside and, by consequence, fall down into the middle of 
the whole space and there compose one great spherical mass. But if the 
matter was evenly disposed throughout an infinite space, it could never 
convene into one mass; but some of it would convene into one mass and 
some into another, so as to make an infinite number of great masses, 
scattered at great distances from one to another throughout all that infinite 
space.And thus might the sun and fixed stars be formed, supposing the 
matter were of a lucid nature. 

 December 10, 1692 

Isaac Newton 1643-1727 



 “From the intrinsic evidence of his creation, the Great Architect of 
the Universe now begins to appear as a pure mathematician.’’ 

James Jeans (1877-1946) 

  "We have found that as Newton first conjectured, a chaotic mass of 
gas of approximately uniform density and of very great extent would 
be dynamically unstable: nuclei would tend to form in it, around 
which the whole matter would eventually condense. All celestial 
bodies originate by a process of fragmentation of nebulae out of 
chaos, of stars out of nebulae, of planets out of stars and satellites 
out of planets." 



imagine a physicist calculating on a cloud-bound planet and ending with the dramatic 
conclusion, "What 'happens' is the stars." 

Arthur Eddington (1882-1946) 



PRIMORDIAL DENSITY FLUCTUATION SPECTRUM 

distance 

Cosmic microwave background and large-scale structure constraints overlap 

Tegmark 2004 

inflation prediction 





galaxy  formation 



Zel’dovich 
pancake 



Galaxies form 
early in rare peaks 

z=3 z=2

z=1
z=0

G, Kauffmann…..





Simulation Galaxy 





N body simulation 

gas dissipation   

star  formation 

not rocket science, it’s only stars that  are needed  



Is growth of galaxies by  
infall or by merging? 



Dekel et al. 2008 

cold streams 
the case for infall: a simulation 



the case for mergers: 
another simulation 

mergers dominate 
 at early epochs 



the case for mergers: observations (the Antennae) 



500 Mpc 50 Mpc 50 kpc 

Crain et al 2009 

The largest simulation to date 



Kormendy  2007 

The biggest challenge? 



galaxies downsize:  
a surprise! 

A cosmic clock: incorporation into stars of 
debris from SNII (106 yr) vs  SNI (1010 yr) 



DOWNSIZING INFERRED  

Thomas et al. 2008 

[Mg/Fe] 

D. Thomas et al. 2009 



Galaxies downsize 



Supermassive black holes downsize: 
                                           a clue? 

QUASARS 



A UNIFIED THEORY….feedback is essential 

improved resolution in 
theory and observation 
will help… 

cooling in halos 

cold flows in  filaments 

wet mergers 

dry mergers 

LATE 

EARLY 



dark energy 



WHERE DARK ENERGY 
ORIGINATED 

cosmological constant 

or dark energy p=wρ and w=-1 

Einstein was right about the cosmological constant…but for the wrong reason! 
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Nearby SN 1994D  (Ia) 

Type Ia supernovae 
that exploded when 
the Universe was 2/3 
its present size are 
~25% fainter than 
expected
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Discovery of 
Cosmic 
Acceleration from 
High-redshift
Supernovae

ΩΛ = 0.75
Ωm = 0.21
Ωb = 0.04

Log(distance) 

redshift 

Accelerating 

Not accelerating 
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Dark Energy Constraints 

assuming w = −1 

Large-scale structure (BAO):  DM 
CMB fluctuations (WMAP):   DM +DE 

 Supernovae:           DM - DE                 

€ 

ρvac ≈10
−10eV4

€ 

M ~ MPlanck =G−1/ 2 =1028  eV ⇒  ρvac ~ 10112eV4

Vikhlinin +  2009 

w Vacuum density 



BUT SYSTEMATICS DOMINATE ERRORS 

dark energy or cosmological constant 

cosmological constant is favoured by data 



Clifton & Ferreira 2008 



CAN REPLACE ACCELERATION BY A GIANT LOCAL VOID 
                      in Lemaitre-Tolman-Bondi model 

Which hypothesis is more “fine-tuned”? 

SDSS-II 2009 



We have no theory of how to quantitatively convert gas into stars 
We use phenomenology and simulate. This will improve. 
We have many unproven theories for Dark Energy 
Standard Model deviations may yield a hint of a preferred theory  
Relic gravity waves and deviation from n=1  probe inflation
We are searching for Dark Matter by diverse techniques 

some answers, some questions 

We  understand the origin of  large-scale structure in terms of 
primordial fluctuations that have been detected 
We  do not understand the origin of  the primordial fluctuations 

Friedmann-Lemaitre cosmology does reasonably well 
at data fitting, but not from a Bayesian perspective…. 
but 


