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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	


                    Discovery of Cosmic Acceleration	








Large-‐scale	  structure	  (BAO):	  	  DM	  

CMB	  fluctua<ons:	  	  	  DM	  +DE	  

	  Supernovae:	  	  	  	  	  	  	  	  	  	  	  DM	  -‐	  DE	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

dark	  maGer	  

dark	  maGer	  

dark	  energy	  

p=wρ	  

Amanullah et al 2010 
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massive	  compact	  halo	  objects	  

Dark matter is not MACHOs 



Thomas	  +	  2009	  Dark	  maGer	  is	  not	  neutrinos	  



Favoured	  SUSY	  candidate	  is	  a	  	  WIMP	  in	  mass	  range	  	  0.01-‐10	  TeV	  

The	  WIMP	  miracle:	  	  relic	  abundance	  	  if	  <σv>~3x10-‐26	  cm3/s	  ~1/Ωx	  

	  	  	  Astrophysical	  probes	  	  complement	  	  collider	  experiments	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Dark	  maGer	  most	  likely	  is	  	  	  
a	  weakly	  interac<ng	  (massive?)	  par<cle	  
Eg	  	  	  WIMP	  	  (or	  	  LSP)	  mo<vated	  by	  theory	  of	  supersymmetry	   



        WIMPS or nonWIMPs 

L. Roszkowski  particle mass 

particle cross-section 



NEUTRALINO	  DARK	  MATTER	  	  
Favoured	  SUSY	  candidate:	  Weakly	  Interac<ng	  Massive	  Par<cle	  	  	  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	  annihila<on	  power	  in	  energe<c	  gamma	  rays,	  	  	  e+	  ,	  pbar	  ,	  ν	  



Bernstein	  +	  2009	  

DIRECT	  DETECTION	  	  
many	  WIMPs	  pass	  through	  	  
us	  every	  second	  

13 yrs, 8.9 σ 



THE LATEST…. 

CoGeNT 

CDMS 

Unexplained events 
fit to 7GeV WIMP 
…but it could be  
many other things 

Collar 2011 

Spin-depdt, p 

15 month modulation, in phase, 2.8σ  



	  	  INDIRECT	  DETECTION	  	  

halo	  WIMPS	  	  	  occasionally	  
annihilate	  today	  

	  into	  energe<c	  par<cles:	  ν,γ,p,e+ 



COSMIC	  RAYS	  
search	  for	  	  	  an<protons	  	


No surprises so far! 



high	  energy	  	  
positrons	  	


The rise 

Could be a dark matter 
signature, but the rise 
plausibly has  
an astrophysical origin 

PAMELA 



massive	  neutralino	  requires	  large	  boost	   since	  flux	  ~	  ρ/mx
2	  

PARTICLE	  PHYSICS	  SOLUTION	  
with	  annihila<ng	  dark	  maGer	  

Sommerfeld	  effect	  provides	  boost

e+	  +	  e-‐	  

QM	  counterpart	  to	  gravity	  
S=S0[	  1+(vesc/v)2]	  
due	  to	  DM	  bound	  states	  

Arkani-Hamed et al 2008
Lattanzi and JS 2008
March-Russell and West 2809

e+/(e+	  +	  e-‐)	  



Di Bernardo et al 2010 

Predicted anisotropy 
close to FERMI upper limit! 

e+	  +	  e-‐	  

e+	  /e+	  +	  e-‐	  

secondary
e+	  /e+	  +	  e-‐	  

ASTROPHYSICS	  SOLUTIONS	  
Lavalle 2010 



Excluded	  	  	  	  	  	  	  by	  
HESS	  

FERMI	  reach	  

Finkbeiner 2007 

Excluded	  by	  
EGRET	  

Hooper	  and	  Zaharias	  2007	  



Fermi haze is inverse  
Compton of e+e- on 
 interstellar radiation 

Su	  et	  al.	  	  2010	  

Giant gamma ray bubbles 
…not dark matter 



Hooper	  &	  Goodenough	  	  2010	  

angle from GC 

spectral fit: 8 GeV WIMP 



Hooper	  &	  Linden	  	  2010	  



Delahaye, Boehm, JS 2011 

The  haze morphology for Planck  
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DM only 



Cumberbatch et al. 2010 

Spectral index variations in WMAP residual haze 



predict	  γ ray	  “smoking	  guns”:	  	  e.g.	  	  	  morphology	  ……	  hard	  spectrum	  ……	  annihila<on	  line	  …………	  

FERMI	  (2009	  launch):	  0.02	  -‐	  300	  GeV,	  5o	  -‐	  5’,	  	  ΔE/E	  ~	  0.1	  	  



CDM	  simula<ons	  with	  	  1000	  Msun	  resolu<on	  
weighted	  by	  density2	  	  	  	  	  	  	  	  Springel+	  2008	  

CDM	  simula<ons	  with	  	  
1000 Msun resolution 
weighted by density2 /v2 
                   Kuhlen+ 2009 

Kuhlen	  +	  2009	  



DWARFS	  AS	  A	  PROBE	  
only upper limits…. 



Papucci & Strumia  2009 

Gustafsson et al. 2007 	






Morselli	  +	  2011	  



a local boost is natural in gravitationally bound 
spike around Sag A* black hole 4x106 Msun 

Dynamical heating reduces peak density 

DM predicts exponential cut-off  + no variability 

Did we prematurely abandon  a dark matter  
contribution  in the Galactic Centre? 



Dark matter halo 

1 pc 104 pc 

Black hole enhancement 



Genzel 2010 





Horns 2007 



5TeV 
10TeV 

Horns 2007 



Aharonian et al. 2009 



105 GeV 

1 TeV 

IC 



Regis and Ullio 2007 



Regis & Ullio 2007 

Regis & Ullio 2007 



Spike convolved with radio beam 



Regis & Ullio 2007 radio GHz limit 

x-ray keV limit 





THE	  ULTIMATE	  PARTICLE	  ACCELERATOR:	  
dark	  maGer	  cusp	  around	  	  black	  hole	  

par<cle	  horizon	  

par<cle	  horizon	  

Schwarzschild 



Kerr	  black	  hole	  

par<cle	  horizon	  

GM/c2	  

Banados,	  West,JS	  2009	  
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WIMP	  ANNIHILATIONS	  MAY	  CONVERT	  A	  NEUTRON	  
STAR	  TO	  A	  QUARK	  STAR	  if	  neutron	  maGer	  is	  metastable	


Perez-Garcia, Silk  and Stone 2010 



low mass (mx ~5-10 GeV) WIMPS are trapped 
and fill the solar core….  and  modify T(r) !

	  old	  opaci<es	  were	  fine	  
	  but	  new	  opaci<es	  don’t	  fit	  data	  !	


	  	  helioseismology	  rules	  out	  5	  GeV	  
in	  some	  cases…	


	  	  spin-‐dependent	  on	  protons	


Cumberbatch	  et	  al	  	  	  2010 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  massive	  neutralino	  requires	  decay	  <me	  ~	  1026	  sec	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  DECAYING	  DARK	  MATTER	  

e++	  e-‐	  

Energy	  (GeV)	  

e+/(e+	  +	  e-‐)	  

Ibarra	  +	  2009	  



DENSITY2 DENSITY 

Delahaye et al 2010 

DECAYING	  DARK	  MATTER:	  GALAXY	  CLUSTERS	  ARE	  BEST	  	  PROBE	  

Dugger et al 2010 

DM lifetime 

FERMI constraints 



THE FUTURE 
FOR DARK 
MATTER 
SEARCHES  



Slatyer	  et	  al.	  	  2009	  

Galli	  +	  2009	  

Cosmic	  microwave	  background	  temperature	  fluctua<ons:	  

	  DAMPING	  BY	  ENHANCED	  IONIZATION	  
FROM	  DARK	  MATTER	  ANNIHILATIONS	


Cosmic Variance Limit 



ENERGETIC	  NEUTRINOS	  FROM	  WIMPs	  TRAPPED	  IN	  THE	  SUN	  

ANTARES in the  
Mediterranean Sea 

ICECUBE at the South Pole 
Hooper	  &	  	  Halzen	  2009	  



HOW	  
LOW	  
DO	  WE	  	  
NEED	  
TO	  GO?	  

ton-scale detectors 



Gamma	  rays:	  
THE	  AIR	  	  
CERENKOV	  
FACTOR	  
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WIMP mass (GeV)

XENON−10 excluded CDMS−II excluded

Lux−Zeplin reach

95% region from current data

Constrained MSSM
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Models within LHC reach (18.3 %)
Models favoured by Planck (5.7 %)
Models within IceCube reach (6.5 %)

WMAP mean with 5-σ Planck uncertainty  

5-σ for 1 yr of 80 strings data 1 1/fb at 14 TeV energy 

Cumberbatch, Trotta et al.  2010 

LHC reach 





Simulation Galaxy 

TOO MANY DWARF GALAXIES 



ADD BARYONS 
to make more realistic galaxies 
But this creates more problems, e.g. 
too many small galaxies,  too many big galaxies, too few in the 
past…. 

ADD FEEDBACK 
Need reionization, supernovae, tidal disruption, supermassive 
black holes….. 

ABOVE ALL, WE DO NOT 
UNDERSTAND STAR FORMATION 





Cooper et al 2010 
Martinez-Delgado et al 2008 dynamical feedback 



vesc > 43 km/s 

Springel and Hernquist 2003	


orbital 
velocity 

vesc > 13 km/s 

distance from centre of galaxy  

supernova-driven wind 

supernova	  feedback	  

Taylor 2006 



  low mass galaxy luminosity function             

Koposov et al 2009	




Taysun Kim 2011 

A state of the art simulation at high resolution  
with star formation but no feedback 
(but too many baryons!) 

  can we form galaxies?  not yet!             



•  MODIFYING	  THE	  NATURE	  OF	  DARK	  MATTER	  

•  MODIFYING	  GRAVITY	  	  

IF	  WE	  FAIL,	  RESURRECTION	  VIA	  NEW	  FUNDAMENTAL	  PHYSICS	  

IF	  WE	  DETECT	  IT,	  RESURRECTION	  VIA	  ASTROPHYSICS	  

•  COMPLEXITY	  OF	  FEEDBACK	  NEEDED	  FOR	  GALAXY	  FORMATION	  

DARK	  MATTER	  IS	  AN	  URGENT	  PROBLEM	  

	  	  	  DETECTION	  	  IN	  MULTIPLE	  WINDOWS	  IS	  ESSENTIAL	  	  



Michael	  S	  Turner	  




