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§ Motivation 

§ EoR Cluster 

§ Calibration pipeline 

§ Directional dependent effects 
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Motivation 

§  The Epoch of Reionization (EoR) Key Science Project (KSP) on the other hand 
requires beating down the thermal and systematic noise by continuously 
repeating the same observations on the same fields. 

§  Up what integration time can we reach the thermal noise? 

§  Does LOFAR have long term stability/systematic errors? 

§  What fraction of data is unusable due to RFI, ionosphere, bad calibration 
solutions? 

§  EoR strategy: day time vs night time, bright source in P.C., are foreground  
removal techniques adequate for sensitivities well below classical confusion?  

§  LOFAR Early Access proposal 128: Weekly monitoring of the 3C196, 
J2000 NCP and a field with no bright sources (> 1 Jy) 
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EoR signal 
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Effects on strategy –  
Strong Foregrounds 
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Mild foregrounds 
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GMRT EoR 
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Paciga et al., 2010 



3C196 vs NCP 

3C196 NCP 
high SNR for calibration 3C61.1 (5 Jy) off P.C. -> dynamic 

range 
DEC 48 (Station Beam?) DEC 88 

Less noise due to the Galaxy Stronger Galactic foregrounds 
- RFI studies (0 fringe rate 

RFI) 
Observed with WSRT Observed with WSRT 
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Observation specifications  

o Phase center: 3C 196 (76.8 Jy at 150 MHz, α=0.64),   NCP 

3C196: R.A. = 08:13:36.00, δ= +48.13.02.00 (l=171,b=33) 

o NCP: R.A. = 04:00:00.00, δ= +88.00.00.00 (l=124,b=25) 

o Frequency range: 115-163 MHz 

o 248 sub-bands (0.183MHz) 

o 15 x 12.2 kHz channels after compression 

o 2 sec avg. time, 6 hours of synthesis 

o ~8 arcsec resolution 
  9 



Available data 

§ LEA128: Weakly monitor of the 3C196, NCP and an empty 
field using the HBAs (6h runs, 11 weeks) – also plan to 
observe other fields (Elias-N1, 3C 192, galactic cold spot,…) 

§ LEA102: Using the Moon to measure the Moon to measure 
the global sky temperature and its spatial and spectral 
dependence at 60 and 150 MHz (4 nights, 3C 123 as 
calibrator) 

§ 24h RFI monitoring runs (+ raw LEA128 data sets) 

§ MSSS: multi-beam A-team observation 

§ A team observations 

§ Total 240 TB of data   10 



System stability 

§ Assume sky is mostly unpolarized and use XY,YX correlations 
to measure noise 
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Stability: Data 
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22006 22667 



Motivation 

§ The EoR KSP will observe 5 windows with: 

§   ~6 beams in two bands (total 64MHz/10KHz=6400 channels) 

§ Full stokes  

§ 1200 baselines  

§ 10 sec integration – 100 nights of 4 hours 

§  It will accumulate 1.5 PB data 

§ Desired dynamic range is 106:1 

§ After calibration: Maximum Likelihood inversion (O(N3) 
process) for map making (requires 1021 FLOPs or 140 days at 
a sustained 10 TFLOP computer) 
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Cluster Layout 
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Location 
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   EoR 

- 2 x 1GBs to the world 
- 4 x 10GBps connections to the TARGET cluster 
 

  



Hardware 

- 4x Intel Xeon E5520 @ 2.27 GHz 

- 12 GB RAM  

- 2x 2TB SATA HDDs 

- 2x 1GBps NICs 

- 2x NVIDA TESLA C1060 GPUs (4G DDR3 RAM) 

- Centos LINUX 5.5 

-  LOFAR software installed 

- Grid software for transfers to LTA (160MB/s ~ 80% 2Gbps) 
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Diagnostic database 
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Contains metadata about observations and data quality  
(RFI, failing tiles, noise, solutions etc) 
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uv coverage 
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21 (42) Core stations 
 
 
5 remote stations 
 
Baselines ~130m up to 
27 km 
 



3C 196 Field 
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Landecker & Wielebinski (1970) Bernardi (2010) 

WSRT LFFE 



3C 196 
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Hardcastle (2001) 
HST WFC2 

O. Wucknitz 
LOFAR Long Baselines 



Processing Pipeline 

Total: 62.3 hours   23 

RFI Flagging
+ averaging

pre-processing

DIE 1

Update sky -model

DIE 2

subtract 3C 196

Update sky -model

DDE

subtract sources

flag bad data

6 hours 

6 hours 

20 min 

6 min 

6 hours 

36 hours 

15 min 

6 min 

§  Need a good sky model to begin with. 
(difference between 5 and 15 mJy rms 
noise/sbb) 

§  Beam attenuation complicates the sky 
model construction. 

§  Using all baseline combinations, ST-ST,ST-
CS,ST-RS, CS-CS, CS-RS, RS-RS -> 
Different beam sizes 

§  Flux scale  sensitive to initial sky model and 
use of station beam. 

§  70 model component 

SEFD ~2000 Jy SEFD ~1000 Jy 
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Core Stations (24) 
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Remote Stations (16) 
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International Stations (≥ 8) 



Results 
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Bernardi et al. (2010) 
0.6 mJy/beam LOFAR (2011) 

0.3 mJy/beam 

Labropoulos et a al., in prep  



Results 
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Bernardi et al. (2010) 
 250 sources LOFAR (2011) 

1662 sources 

Labropoulos et a al., in prep  
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3C196:      WSRT   versus   LOFAR             
115-163 MHz 

WSRT 72h   thermal  noise   0.6 
mJy 
                    confusion noise   3 
mJy  
 
 
 
Gianni Bernardi et al (2010) 

LOFAR 6h  thermal  noise     ~ 0.1 
mJy 
                   image noise    ~ 
0.3-0.7 mJy  
CS +RS, ~ 30 km !      244 
subbands 
DR ~ 83 Jy/0.5 mJy ~ 
200,000:1 
 
Panos Labropoulos et al  

ASTRON-astrolunch 
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3C196:      WSRT    versus   LOFAR           
120-150 MHz  

WSRT 72h   thermal  
noise   0.6 mJy 
                    
confusion noise   3 
mJy  

LOFAR 6h    thermal  noise     
~0.2 mJy 
          (conf+sidelobe noise)    ~  
4 mJy  
 
CS only , ~ 2.5  km !   80 
subbands:    
BBS with only 3C196   
(subtracted) ! 
 

ASTRON-astrolunch 
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Results 
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S. Yatawatta (2009) 
3 stations, DR 1000:1 LOFAR (2011) 

47 stations, DR 250000:1 
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North Celestial Pole (NCP)                  
Yatawatta/Brentjens  

ASTRON-astrolunch 

~ 6h synthesis 
 
244 subbands 
(115-163 MHz) 
 
 
~ 30 km 
baselines 
 
8” PSF  
 
 
8192x8192  
pixels 
4”  grid 
  
 
9o x 9o    FOV 
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ASTRON-astrolunch 

North Celestial Pole     LOFAR  
115-163 MHz     σ ~ 0.5 mJy 
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ASTRON-astrolunch 36 

North Celestial Pole   WENSS  (1995) - 
350 MHz   σ ~ 2 mJy 



Closing the Major loop 

§ Sarod’s buildsky model fits models to sources taking into 
account the PSF and noise. 

§ Uses LM or EM to fit the components and also AIC to decide 
on the correct model. 

§ Can get image cubes to provide source spectra, spectral 
indices etc 

§ Can use a mask created using other software to avoid 
unnecessary searches. 

§ Soon to include support for shapelets 
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Clustered calibration 

§ Use spatial proximity to assign sources to clusters 

§ Different schemes available: K-means, EM, Hierarchical 
clustering, fuzzy clustering (Kazemi et al, 2011) 
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Directional calibration: Expensive and 
problematic! Program X 
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Program Y 

  40 



Ideal case! 
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MVDR Imager 
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Sagecal 
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Sagecal 

  44 

Use L-BFGS to limit memory 
 (can do Hessian update on GPU)  



Results: 4 directions 
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No DDE calibration DDE along 3 directions 



VLA FIRST Survey - LOFAR 
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Deconvolution: quick and dirty approach 
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ASTRON-astrolunch 48 

Zoom images from the 3C196 
and NCP fields.   NOT or only 
partly deconvolved 
 
Noise at edges ~ 0.3 -0.5 mJy /
PSF 

Images from the press release 



Proper approach 
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Proper approach 
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3C196: 50 directions 
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50 sources removed 
 
30.000: 1 DR – 
single sub-band 
 
3 mJy rms noise 
 
Less than 24 hours 
 
 



Caveats? 
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Next steps 

§ Significant milestone but still need to correct for directional 
effects to achieve higher sensitivity 

§ Computational speed is an issue 
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² Set improved  limit on the level of the foregrounds and the 
detectability of the EoR 

² Study spectral properties and statistics of radio sources at 
those frequencies 

² New sources? 

§ Labropoulos et al., Yatawatta et al., Khrachmalnikoff et al. in 
preparation 
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Conclusions 

§ Significant and accelerating  progress has been made in the 
last two years 

§ LOFAR  has made an important step: starts producing 
scientific quality results 

§ Several steps remain but we  will soon be able to begin EoR 
observations 

  

Ger de Bruyn, S. B. Yatawatta, M. Brentjens 
A. R. Offringa, O. Martinez, V. N. Pandey 
E. Tiesinga, V.-K. Veligatla and the  
LOFAR builders and commissioners 
 



THANK YOU FOR YOUR ATTENTION ! 

www.lofar.org 
www.astro.rug.nl/~LofarEoR 


