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Diagram has been modified from a LOFAR presentation by S. Zaroubi (http://www.lsw.uni-

heidelberg.de/users/christlieb/teaching/WS0910/100126_Zaroubi_LOFAR.pdf) 
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Extraterrestrial Foregrounds  

Spectra of Foregrounds 

Thermal Noise 2 mK in 100 
Hours, 0.5 MHz @ 60 MHz 



Current/Upcoming Global Signal Experiments 

Bowman & Rogers, 2010, Science, 468, 796 

=>EDGES excludes rapid reionization timescale of Δz<0.06 
at 95% confidence for 6<z<13. 

Experiment Site ν range 
(MHz) 

EDGES WA 100-200 

DARE Moon 40-120 

LEDA NM 30-80 

DAWN NM 30-80 

BigHorns WA 50-200 

SARAS India 87.5-175 



Foreground Removal Methods 

Hierarchically removing 
foreground from data based on 
previous knowledge of the nature 
of the foreground 

Simultaneously fitting for both 
Foreground and Signal Parameters 

Bowman et al. 2008, 2010. 
 
Rogers et al. 2008, 2012. 
 
Voytek et al. 2013 
 
Bernardi et al. 2013 

Harker et al. 2012 
 
Harker 2015 
 
Harker et al. 2015 
 
Mirocha et al. 2015 

Either schemes rely on the accurate knowledge of the 

nature of the foreground- Otherwise the signal 

recovery becomes a challenge! 



HI Fluctuations 
Current and Future  Experiments 

SKA – Artist's Impression 

Experiment Site Type ν (MHz) Goal 

GMRT India Parabola array 150-200 CSS/PS 

MWA Australia Aperture array 80-240 PS 

LOFAR Netherlands Aperture array 115-240 PS/CSS 

PAPER/HERA South Africa Dipole Array 110-190 PS/CSS 

SKA Australia Aperture array 70-240 Imaging 



Foreground Removal Methods 

Foreground 

Avoidance 

Foreground 

suppression 

Foreground 

Removal 
Datta et al . 2010 
 
Trott et al. 2012 
 
Morales et al. 2012 
 
Parsons et al. 2013 
 
Pober et al. 2013 
 
Liu et al. 2014a,b 

 
TGE - Choudhury et al. 
2014, 2016 
 
CHIPS - Trott et al. 2015 
 
HIEMICA - Zhang et al. 
2015 

Liu et al. 2008 
 
Datta et al. 2009 
 
WP smoothing - Harker 
et al. 2008, 2010 
 
FASTICA – Chapman et 
al. 2013 
GMCA - Chapman et al.  
2012, 2016 

Either schemes rely on the accurate knowledge of the 

nature of the foreground at different scales- 

Otherwise the signal recovery becomes a challenge! 



Foreground Removal 

1. Parametric Methods  

a. Polynomial Fitting : logTb, fg (ν) = a0 + ∑ ai  log νi 

 

 McQuinn et al. (2006); Morales et al. (2006); Gleser et al. (2008); Jelic et 
al. (2008); Bowman et al. (2006); Liu et al. (2009); Datta et al. (2009); 
Petrovic & Oh (2011) 

 
b. CCA (Correlated Component Analysis) – Bonaldi & Brown (2015) 
 
  - Foreground subtraction step compensates for small errors in the 
parametric model adopted by the CCA, which result in a slight 
over/underestimation of the amplitude of the foregrounds at a given 
frequency. 
 



Foreground Removal 

1. Non- Parametric Methods  

a. Wp smoothing: Harker et al. 2009 
 

 
b. GMCA (Generalized Morphological Component Analysis) – 
Chapman et al. 2012, 2013 
 
   



Chapman et al. 2015 



Power Spectra Analysis: 

● 1D Spherically-Averaged  power Spectra P(k): 

 

 

  

● 2D Power Spectra P(kperp,kpar):   

Datta et al. 2010 

𝛉𝐱, 𝛉𝐲  𝐤𝐱, 𝐤𝐲 ≡ 𝐤𝑝𝑒𝑟𝑝 

𝛎 𝐤𝐳 ≡ 𝐤𝑝𝑎𝑟 

F.T. 

F.T. 

Observed 
Coordinates 
 
In the image 
of the sky 

Power 
spectrum 
 
Coordinates  --> redshift 



2D Power Spectra – EoR Window 

Datta et al. 2010 

Residuals after GSM+polynomial subtraction 
HI 21cm signal PS 

Errors localized at higher K values > 0.05 Contributions are 
decoupled along two axes 

Signal dominates over 
residuals at Kpar ~ 0.1 



2D Power Spectra – EoR Window 

Datta et al. 2010 

Residuals after GSM+polynomial subtraction 
Wedge Geometry - explained 

Errors localized at higher K values > 0.05 Contributions are 
decoupled along two axes 

Signal dominates over 
residuals at Kpar ~ 0.1 

Pober et al. 2014 



• Coldest regions: T ~ 180z)^-2.6 K 

• 90% = Galactic foreground (~200-1000K, 99% Synchrtron, 1% Free-free),                    
10% = Egal. radio sources (~50K) ,  Galactic RRLs (< 1K), Sun 

Effelsberg 408 MHz Image 
(Haslam + 1982) 

Low–Frequency Foregrounds at 408 MHz 

Signal < 20mK 

Sky > 200 K 

DNR > 1e4 



Low–Frequency Foregrounds at 45 MHz 

Guzman et al. 2011 Maipu and MUradar 



Zheng et al. 2016 



Zheng et al. 2016 



LOFAR – Deepest Image 

Pandey 2014 
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Characterize Foregrounds with GMRT – TGSS (ADR)   

Intema et al. 
2016 



Constraint Foregrounds with GMRT – TGSS (ADR)   

RMS 2-3.5 
mJy/Bm in 
15 min  
(Intema et 
al. 2016) 
 
 

2mJy/bm in 
40 hours  
(Paciga et al. 
2013) 



Challenges with Accurate Foreground Models 

• Direction Independent Calibration Errors – Datta et al. 2009 

 

• Direction Dependent Calibration Errors – Peeling.. 

 

• Primary Beam Calibration  

 

• Ionosphere Calibration 

 

• Polarization Leakage.  
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Differential Ionospheric Refraction 

LOFAR 



Typical Ionospheric Corruptions 



𝑉 𝑢, 𝑣, 𝑤 = 𝐼 𝑙,𝑚 e2πι 𝑢 𝑙+𝑣𝑚+𝑤 1−𝑙2−𝑚2−1 −Φ𝑖𝑜𝑛 𝑙,𝑚
𝑑𝑙𝑑𝑚

1 − 𝑙2 −𝑚2
 

Visibility Equation 

●The full equation including the ionospheric term :- 

 

 

 

●Where 

 

 

 

 

 

 

●Expressed in Taylor series :-   

 

 

Φ𝑖𝑜𝑛 𝑙, 𝑚 = Φ𝑖𝑗 𝑙, 𝑚, 𝑢, 𝑣, 𝑡  

Φ𝑖𝑗 = Φ𝑖 𝑥𝑖 , 𝑡 − Φ𝑗 𝑥𝑗 , 𝑡  

𝑥𝑖 , 𝑥𝑗 = 𝑓 𝑙,𝑚, 𝑢, 𝑣, 𝑡  

Φ𝑖 𝑥𝑖 = Φ𝑖 𝑥𝑖
𝑜 + Δ𝑥𝑖𝛻Φ𝑖 +

Δ𝑥𝑖
2

2!
𝛻2Φ𝑖+. . . 




