
The	
  LOFAR-­‐EoR	
  project:	
  Analysis	
  of	
  the	
  NCP	
  data	
  

The LOFAR-EoR project: 
Analysis of the NCP data 

Saleem	
  Zaroubi,	
  on	
  behalf	
  of	
  the	
  EoR	
  team	
  
Kapteyn	
  Astronomical	
  InsFtute	
  
University	
  of	
  Groningen	
  

1	
  



The	
  LOFAR-­‐EoR	
  project:	
  Analysis	
  of	
  the	
  NCP	
  data	
  

Projects 

•  SimulaFons:	
  
•  PPACE4LOFAR	
  
•  TRAPHIC	
  
•  CRASH	
  
•  BEARS	
  

•  SimulaFons	
  ….	
  Models	
  and	
  comparisons.	
  

•  Analysis	
  pipeline	
  
•  Library	
  of	
  simulaFons	
  
•  Develop	
  models	
  based	
  on	
  these	
  Libraries	
  for	
  various	
  staFsFcs.	
  

•  Other	
  probes	
  
•  Forest	
  	
  
•  Cross-­‐correlaFons	
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21-cm Physics 

1420 
MHz 

Mechanisms
?? 

Lifetime of ~10 Myrs  
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b, The Brightness Temperature 

TCMB TS Tb 

Cosmology	
  

Astrophysics	
  

Field	
  1958,	
  Madau,	
  Meiksin	
  &	
  Rees	
  1997,	
  
Ciardi	
  &	
  Madau	
  	
  2003,	
  ….	
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LOFAR MWA PAPER 

GMRT SKA 21CMA 
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Measuring Redshifted HI: 
Challenges 
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1.  Astrophysical	
  Challenges	
  
1.  Foregrounds:	
  total	
  intensity	
  
2.  Foregrounds:	
  polarized	
  
3.  Ionosphere	
  
4.  Etc.	
  

2.  Instrumental	
  challenges	
  
1.  Beam	
  stability	
  
2.  CalibraFon	
  
3.  ResoluFon	
  
4.  uv	
  coverage	
  
5.  Etc.	
  

3.  ComputaFonal	
  challenges	
  
1.  MulF	
  petabyte	
  data	
  set	
  
2.  CalibraFon	
  
3.  inversion	
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The LOFAR case 
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•  	
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  Fles	
  (4x4	
  dipoles)	
  

The   LOFAR   observatory     

Core               2 km         23+ stations 
 NL                80 km        18+ stations 
 Europe       >1000 km         8+ stations 
 
Total # of HBA dipoles: ~ 50000. 

Timeline: 
1. Official opening: June 2010 
2. Data for our project starts: Dec. 2012 
3. First results (hopefully) 2014  
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Main Science targets 

1.  ‘Global’	
  evoluFon	
  of	
  the	
  	
  EoR:	
  Variance	
  as	
  a	
  funcFon	
  of	
  
redshic.	
  

2.  Power	
  spectrum	
  at	
  various	
  redshics	
  
3.  High	
  order	
  staFsFcs	
  
4.  Imaging!!	
  

5.  Cross-­‐correlaFon	
  with	
  other	
  probes	
  
6.  The	
  21	
  cm	
  forest	
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How to check reliability of results 

•  Avoid	
  problematic	
  data,	
  e.g.,	
  
high	
  RFI,	
  very	
  active	
  
ionosphere,	
  etc.	
  

•  Observing	
  multiple	
  <ields	
  
and	
  obtain	
  consistent	
  
results.	
  

•  Different	
  times	
  

•  Frequencies	
  

•  Etc.	
  

12	
  

Internal	
  consistency	
  checks	
   End	
  to	
  end	
  pipeline	
  
•  Test	
  observaFonal	
  strategy	
  
•  Performance	
  of	
  calibraFon	
  
methods	
  

•  Test	
  various	
  extracFon	
  
techniques.	
  

•  RealisFc	
  esFmates	
  of	
  errors	
  
of	
  various	
  staFsFcs.	
  

•  What	
  to	
  expect	
  from	
  the	
  
results.	
  

•  Etc.	
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LOFAR EoR Windows 
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Haslam	
  408MHz	
  map	
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Image quality: NCP 
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SAGECAL	
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MWA current results 
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Dillon	
  et	
  al	
  2013	
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GMRT results 
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Parsons	
  et	
  al	
  2013	
  

Current	
  Results	
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The NCP data 
•  Total	
  169	
  hours	
  of	
  observaFons	
  (we	
  have	
  450	
  hours)	
  
•  114	
  hours	
  were	
  calibrated	
  using	
  11k	
  sources	
  sky	
  
model.	
  
•  55	
  hours	
  were	
  calibrated	
  using	
  15k	
  sources	
  sky	
  model.	
  
•  The	
  images	
  have	
  0.5	
  arcmin	
  pixles	
  and	
  0.4	
  MHz	
  
subbands.	
  	
  
•  The	
  analysis	
  where	
  made	
  on	
  3deg.x3deg	
  area	
  at	
  the	
  
field	
  center.	
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Foreground 
extraction 

Procedure	
  
•  Calibrate	
  
•  Subtract	
  sky	
  model	
  
•  Make	
  the	
  uv	
  uniform	
  (!)	
  	
  
•  Apply	
  a	
  FG	
  extracFon	
  
method	
  (preferably	
  non	
  
parametric).	
  
•  Analyze	
  The	
  residual	
  
map	
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Foregrounds	
   Residuals	
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The rms and Cross-rms statistic 
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•  Smooth	
  the	
  images	
  with	
  a	
  
Gaussian	
  kernel	
  
•  Calculate	
  the	
  rms	
  staFsFc	
  
and	
  the	
  Cross-­‐rms:	
  

RMS(ν ) = Ii, j (ν )Ii, j (ν )( )− Ii, j (ν ) Ii, j (ν ) i, j

CRMS(ν ) = Ii, j (ν )Ii, j (ν ')( )− Ii, j (ν ) Ii, j (ν ') i, j

v ' = v+Δν

PaFl	
  et	
  al.	
  2014	
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The measured rms and cross-rms 
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The	
  measured	
  data	
  is	
  composed	
  of:	
  
Cosmological	
  signal,	
  foregrounds	
  
subtracFon	
  errors,	
  noise,	
  
systemaFcs	
  (stochasFc	
  and	
  
coherent).	
  	
  
	
  
All	
  these	
  effects	
  have	
  to	
  be	
  taken	
  to	
  
account.	
  The	
  systemaFc	
  effects	
  are	
  
sFll	
  dominaFng	
  the	
  signal.	
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•  The	
  Dimensionless	
  
spherically	
  averaged	
  power	
  
spectrum	
  is	
  defined	
  as:	
  

•  The	
  (k||,	
  k⟘)	
  	
  PS,	
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Dimensionless Power Spectra 

Δ2 (k) = k
3P(k)
2π 2

Δ2 (k||, k⊥ ) =
(k||

2 + k⊥
2 )3/2

2π 2 P(k||, k⊥ )
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Next steps 

• Understand	
  systemaFcs	
  beler!!!!	
  
• Add	
  more	
  calibraFon	
  sources	
  (current	
  
data	
  11000	
  and	
  15000).	
  
• Improve	
  the	
  sky	
  model.	
  
• Calibrate	
  on	
  even	
  higher	
  frequency	
  
resoluFon	
  (12	
  kHz)	
  
• More	
  data	
  …	
  More	
  data	
  ….	
  More	
  data	
  
• We	
  are	
  slowly	
  gemng	
  there	
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HI and HeII filaments mapping 
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Takeuchi,	
  Zaroubi,	
  Sugiyama	
  2014	
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HI and HeII filament mapping 
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Takeuchi,	
  Zaroubi,	
  Sugiyama	
  2014	
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Summary 

• 	
  Currently,	
  we	
  are	
  sFll	
  dominated	
  by	
  systemaFc	
  effects	
  that	
  	
  are	
  
dominated	
  by	
  the	
  imperfect	
  sky	
  model	
  we	
  use.	
  This	
  is	
  improving	
  
rapidly	
  as	
  we	
  analyze	
  more	
  and	
  more	
  data.	
  

• 	
  Crucially,	
  the	
  detecFon	
  has	
  to	
  be	
  made	
  in	
  mulFple	
  fields.	
  

• 	
  Our	
  current	
  focus	
  is	
  on	
  detecFon.	
  Once	
  a	
  detecFon	
  is	
  made	
  
more	
  data	
  is	
  needed	
  to	
  allow	
  placing	
  strong	
  constraint	
  on	
  
reionizaFon	
  models.	
  

• 	
  In	
  the	
  future	
  we	
  will	
  be	
  able	
  to	
  even	
  image	
  the	
  EoR	
  on	
  large	
  
scales	
  with	
  LOFAR	
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End of talk 
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114 vs 
170 
hours 
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