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•  Study	
  Dark	
  Energy	
  using	
  	
  
	
  	
  	
  	
  4	
  complementary	
  techniques:	
  
	
  	
  	
  	
  	
  	
  	
  	
  I.	
  Cluster	
  Counts	
  
	
  	
  	
  	
  	
  	
  II.	
  Weak	
  Lensing	
  
	
  	
  	
  	
  	
  	
  III.	
  Baryon	
  AcousIc	
  OscillaIons	
  
	
  	
  	
  	
  	
  	
  IV.	
  Supernovae	
  
	
  

•	
  	
  	
  	
  Two	
  mulIband	
  surveys:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  Main:	
  5000	
  deg2	
  ≈	
  5	
  (h-­‐1Gpc)3	
  

	
  	
   	
  	
   	
  300	
  million	
  galaxies	
  
	
  	
   	
  g,	
  r,	
  i,	
  z,	
  Y	
  to	
  24th	
  mag	
  

	
  	
  	
  	
  	
  	
  	
  SNe:	
  15	
  deg2	
  repeat	
  
	
  

•	
  	
  	
  	
  Build	
  new	
  3	
  deg2	
  FoV	
  camera	
  	
  
	
  	
  	
  	
  	
  	
  	
  and	
  Data	
  management	
  sytem	
  in	
  Blanco	
  

4-­‐m	
  telescope	
  
	
  	
  	
  	
  	
  	
  Survey	
  2012-­‐2017	
  (525	
  nights)	
  
	
  	
  	
  	
  	
  	
  Camera	
  available	
  for	
  community	
  use	
  

the	
  rest	
  of	
  the	
  Ime	
  (70%)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Blanco 4-meter at CTIO 
www.darkenergysurvey.org	
  

The	
  Dark	
  Energy	
  Survey	
  



The	
  DES	
  CollaboraKon	
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  &	
  
postdocs	
  
	
  
Funding:	
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  Cluster,	
  
collaboraIng	
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Photometric	
  surveys	
  for	
  theorists	
  

•  Collect	
  light	
  from	
  galaxies	
  in	
  
several	
  broad-­‐band	
  filters	
  in	
  
opIcal	
  and	
  near-­‐IR.	
  

•  grizY	
  (DES)	
  +	
  JK	
  (Vista)	
  
•  Use	
  flux	
  in	
  each	
  filter	
  to	
  

determine:	
  	
  
-­‐  type:star/gal./QSO	
  
-­‐  gal.	
  type:	
  spiral,	
  

ellipIcal,	
  …	
  
-­‐  (photometric)	
  redshig	
  

•  Also	
  have	
  angular	
  and	
  shape	
  
informaIon	
  

magnitude	
  =	
  A	
  –	
  log(flux)	
  
color	
  =	
  magnitude	
  -­‐	
  magnitude	
  

Terminology:	
  



ObservaKonal	
  issues	
  for	
  fnl	
  measurement	
  

•  ArIficial	
  correlaIons	
  can	
  mimic	
  fnl.	
  For	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  separaIons	
  
>100	
  Mpc	
  (several	
  degrees)	
  are	
  crucial.	
  

•  ArIficial	
  correlaIons	
  can	
  be	
  due	
  to:	
  
–  photometric	
  calibraIon	
  
–  photometric	
  redshigs	
  
–  star/galaxy	
  separaIon	
  	
  	
  

	
  
	
  
•  Clusters	
  have	
  own	
  selecIon	
  issues	
  (more	
  later	
  …	
  maybe)	
  
	
  

f local
NL

! 

b(k) = bG + fNL
const
k 2

Because	
  of	
  1/k2	
  scale	
  
dependence	
  of	
  bias	
  

More	
  relevant	
  
for	
  galaxies	
  
than	
  clusters	
  



DES	
  Photometric	
  CalibraKon	
  

	
  
	
  
•  Deal	
  with:	
  telescope/camera,	
  

atmosphere,	
  seasons,	
  Moon,	
  Milky	
  
Way.	
  

•  MulIple	
  overlapping	
  Ilings	
  with	
  
varying	
  orientaIons	
  +	
  standard	
  stars
+	
  …	
  	
  

•  DES:	
  2	
  survey	
  Ilings/filter/year	
  
•  Need	
  conIguous	
  area	
  that	
  overlaps	
  

exisIng	
  surveys.	
  
	
  
DES	
  Goal:	
  1%	
  photometry	
  over	
  all	
  

survey	
  area	
  (BaO	
  requirement	
  is	
  2%).	
  

	
  2	
  Ilings	
   	
  3	
  Ilings	
  

Survey	
  
Area	
  

Overlap	
  with	
  SDSS	
  
equatorial	
  	
  
Stripe	
  82	
  for	
  calibraIon	
  
(200	
  sq	
  deg)	
  	
  

Connector	
  
region	
  
(800	
  sq	
  deg)	
  

	
  5000	
  sq	
  
deg	
  

Main	
  survey	
  
region	
  
(4000	
  sq	
  
deg)	
  



DES	
  Photo-­‐zs	
  

•  CombinaIon	
  DES	
  (opIcal)+Vista	
  (IR)	
  yields	
  
robust	
  photo-­‐zs.	
  

•  LRGs	
  have	
  even	
  bemer	
  scamer.	
  
•  Errors	
  need	
  to	
  be	
  modeled	
  carefully,	
  but	
  

fNL	
  requirements	
  weaker	
  than	
  WL.	
  
•  For	
  clusters	
  σz=0.02.	
  

Rough	
  numbers:	
  
	
  Δz=0.1	
  è Δdc	
  =1-­‐2×102h-­‐1	
  Mpc	
  over	
  	
  

	
   	
  	
  	
  	
  	
  survey	
  redshig	
  range.	
  
	
  
100	
  Mpc	
  ≈	
  3	
  deg	
  at	
  z=1.	
  



Star/Galaxy	
  separaKon	
  

•  DistribuIon	
  of	
  stars	
  is	
  not	
  random.	
  
Pronounced	
  variaIon	
  with	
  laItude.	
  

•  ClassificaIon	
  using	
  colors	
  
(magnitudes)	
  

•  BAO	
  requirement:	
  
–  probabiliIes	
  accurate	
  to	
  1%	
  
–  stellar	
  contaminaIon	
  and	
  distribuIon	
  of	
  

misclassified	
  galaxies	
  smaller	
  than	
  9%	
  
	
  over	
  all	
  survey	
  (<	
  2%	
  on	
  scales	
  <	
  4	
  degrees).	
  

•  Good	
  enough	
  for	
  fNL?	
  

Overlap	
  with	
  SDSS	
  
equatorial	
  	
  
Stripe	
  82	
  for	
  
calibraIon	
  (200	
  sq	
  
deg)	
  	
  

Connector	
  
region	
  
(800	
  sq	
  deg)	
  

Milky	
  Way	
  
Main	
  survey	
  
region	
  
(4000	
  sq	
  
deg)	
  



fNL	
  constraints	
  with	
  DES	
  clusters	
  



Cluster	
  counts-­‐in-­‐cells	
  and	
  sample	
  covariance	
  

Cunha,	
  Huterer,	
  Dore	
  2010	
  

Nongaussianity form clustering of galaxy clusters

Covariance (i.e. clustering) between very distant clusters of 
galaxies is especially sensitive to primordial nongaussianity

Improvement relative to counts alone: 2-3 orders of magnitude 
in accuracy

Improvement relative to variance of counts: >1 order of 
magnitude in accuracy

In other words:
Good: Counts (d2N/dzd! = r2(z)/H(z))
Better: Variance (of counts in cells)
Best: Covariance (of counts in cells)

Cunha, Huterer & Doré, arXiv:1003.2416

N.B. calculation is 

numerically demanding 

even at the Fisher matrix level!

About	
  1.7×105	
  clusters	
  expected	
  
(Mth	
  =	
  1013.7	
  h-­‐1	
  Msun)	
  



Many	
  cluster	
  systemaKcs	
  under	
  control	
  

Cunha,	
  Huterer,	
  Dore	
  2010	
  

Mass	
  calibraIon	
  with:	
  	
  
-­‐ 	
  Weak	
  Lensing	
  
-­‐ 	
  SZ	
  clusters	
  (South	
  Pole	
  Telescope)	
  
-­‐ 	
  IR	
  clusters	
  (Spitzer)	
  
-­‐ 	
  X-­‐Ray	
  clusters	
  

With	
  reasonable	
  priors	
  
can	
  get	
  σ(fNL)	
  of	
  a	
  few.	
  



Clusters	
  vs.	
  Galaxies	
  

•  Galaxy	
  catalogs	
  will	
  be	
  much	
  bigger	
  but,	
  
•  It’s	
  the	
  large	
  halo-­‐halo	
  separaIons	
  that	
  have	
  the	
  signal.	
  
•  Clusters	
  are	
  more	
  directly	
  related	
  to	
  the	
  haloes.	
  

•  Clusters	
  can	
  be	
  binned	
  by	
  mass.	
  

•  CombinaIon	
  of	
  different	
  tracers	
  potenIally	
  very	
  powerful.	
  
See	
  N.	
  Hamaus’	
  talk.	
  



Conclusions	
  

•  DES	
  should	
  place	
  Ight	
  constraints	
  (bemer	
  than	
  Planck)	
  using	
  
several	
  complementary	
  strategies	
  (WL,	
  galaxies,	
  clusters,	
  
QSO’s).	
  	
  

•  Cross-­‐check	
  between	
  techniques	
  will	
  be	
  key	
  to	
  controlling	
  
systemaIcs.	
  

•  Major	
  focus	
  for	
  calibraIon	
  of	
  photometric	
  surveys	
  has	
  been	
  
on	
  BaO	
  and	
  WL	
  constraints	
  for	
  Dark	
  Energy.	
  Need	
  to	
  check	
  
what’s	
  happening	
  on	
  larger	
  scales.	
  	
  


