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Cosmology	  
Camille	  Flammarion,	  L'Atmosphere:	  Météorologie	  Populaire	  1888,	  ar<st	  unknown	  
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Our	  Cosmic	  Address	  

NO MORE PLUTO 
(also thanks to Tesla Jeltema, 
@ Prague 2006 IAU meeting) 

Now Pluto is classified as a “dwarf planet” with 
(bigger) Eris and Ceres – all Kuiper belt objects 
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Our	  Cosmic	  Address	  

~100 billion “Milky Way-like” Galaxies 

that means ~1022 Sun-like stars in the visible Universe !!! 

yet, this is less than 1%  
of what the Universe is made of !!! 



Cosmology	  =	  Cosmos+Logos	  
“knowledge	  of	  the	  order”	  



Ancient	  Cosmologies…	  



Modern	  Cosmology!	  

Particle Physics 

“Observations” “Extrapolations” 



Standard	  Cosmological	  Model	  



Matter Only Matter + Dark Energy 



“for	  the	  discovery	  of	  the	  accelera<ng	  expansion	  of	  the	  Universe	  	  
through	  observa<ons	  of	  distant	  supernovae”	  

Adam	  Riess	  	  
(Johns	  Hopkins)	  	  

Saul	  PerlmuFer	  
(LBNL,	  UC	  Berkeley)	  

Brian	  Schmidt	  	  
(Australian	  Nat.	  U.)	  



A	  scien&fic	  discussion	  between	  Brian	  Schmidt	  (leN,	  Australian	  NaOonal	  
University)	  leader	  of	  the	  High-‐Z	  Supernova	  Search	  Team	  and	  Saul	  

Perlmu3er	  (right,	  Lawrence	  Berkeley	  Nat.Lab	  and	  UC),	  leader	  of	  the	  
Supernova	  Cosmology	  Project	  



A	  “Preposterous	  Universe”	  
“Preposterous	  Universe”	  was	  the	  name	  of	  a	  blog	  by	  Sean	  Carroll.	  	  
Since	  2005	  Carroll	  has	  been	  blogging	  on	  “Cosmic	  Variance”	  



Rocky Kolb 



Dark	  Energy	  

an	  (big)	  open	  problem	  

…with	  a	  trivial	  soluOon!	  



Einstein’s	  EquaOons	   Rµν −
1
2
Rgµν = 8πGTµν

Rµν −
1
2
Rgµν +Λgµν = 8πGTµν

ρvac =
Λ
8πG

= −PvacTµν = Tµν
(M ) − ρvacgµν

“negaOve	  	  
pressure”	  

fluid	  

the	  resulOng	  “dark	  energy”	  
effect	  on	  cosmology	  is	  
compa&ble	  with	  all	  
observaOonal	  data!	  



…worth	  think	  about	  model	  building	  

…but	  there	  exists	  a	  compelling,	  and	  simple,	  	  
candidate:	  cosmological	  constant	  

Dark	  Energy	  



Dark	  MaFer	   no	  standard	  candidates:	  
indicates	  New	  Physics	  

(beyond	  the	  Standard	  Model)	  
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(i)	  why	  is	  this	  the	  qualita&ve	  picture?	  

1.	  Clusters	  of	  Galaxies	  and	  the	  Virial	  Th.	  

2.	  GalacOc	  RotaOon	  Curves	  

3.	  Structure	  FormaOon	  



a	  Budget	  	  
Problem	  

(ii)	  why	  is	  this	  the	  quan&ta&ve	  picture?	  



RelaOve	  height	  of	  second	  and	  first	  acousOc	  peak:	  	  
baryon	  abundance	  is	  ~	  4%	  of	  criOcal	  density	  	  

The	  universe	  is	  “flat”	  (density	  =	  criOcal	  density)	  



Primordial	  (“Big	  Bang”)	  Synthesis	  of	  Light	  elements	  

Abundances	  can	  be	  	  
predicted	  as	  funcOons	  of	  	  
the	  density	  of	  baryons	  	  

Conclusion:	  baryons	  are	  ~4%	  of	  criOcal	  density	  



Total	  ma3er	  density:	  ~30%	  

Total	  baryonic	  maFer	  density:	  ~4%	  

Dark	  Ma3er:	  30%	  -‐	  4%	  =	  26%	  

Dark	  MaFer:	  ~80%	  of	  maFer	  budget!	  
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Dark	  MaFer	  

(best)	  evidence	  	  
for	  New	  Physics	  	  
Beyond	  the	  	  

Standard	  Model	  





Dark	  MaFer	  Candidates	  

ObservaOonal	  	  
constraints	  

are	  no	  match	  for	  	  
the	  crea&vity	  
of	  theorists…	  

…but	  some	  	  
candidates	  are	  	  

be3er	  mo&vated	  	  
than	  others	  
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fficient annihilation now

 
(Indirect detection) 

Efficient scattering now 
(Direct detection) 

E
ffi

ci
en

t p
ro

du
ct

io
n 

no
w

 
(P

ar
tic

le
 c

ol
lid

er
s)

 

The	  search	  for	  (Weakly	  InteracOng)	  Dark	  MaFer	  
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χ	
 χ	


q q 

Efficient scattering now 
(Direct detection) 





anomalous	  signals	  	  
reported	  by	  several	  	  

experimental	  	  
collaboraOons	  

contradictory	  results,	  	  
perhaps	  indicaOng	  	  
we	  are	  gemng	  close	  	  
to	  needed	  sensi&vity?	  



χ	
 χ	


q q 

E
fficient annihilation now

 
(Indirect detection) 



Synchrotron 

Gamma Rays 

Radio 

X-ray 

Gamma Ray 

Antimatter 

“Indirect” Dark Matter Detection 

Can we do fundamental physics 
with indirect DM detection? 

Neutrinos 

ü  Multi-messenger endeavor 
ü  Fight  -- understand -- 
    astrophysical backgrounds! 



Worse Astrophysical Backgrounds 
= Most Exciting Places to Look at! 

Cosmic	  Ray	  Electrons	  and	  	  
Positrons:	  the	  Pamela	  Anomaly	  

Dark	  Ma3er	  annihila&on	  	  
in	  the	  Galac&c	  Center?	  



Worse Astrophysical Backgrounds 
= Most Exciting Places to Look at! 

A	  130	  GeV	  Gamma-‐Ray	  Line?	  



Theoretical Particle Physics 
at UCSC 



Howie Haber:  
the Higgs Hunter 



Howie Haber:  
the Higgs Hunter 



Michael Dine: 
axions as dark matter 

and baryogenesis 



Tom Banks: 
string theory and QCD 



Tom Banks: 
string theory and QCD 




