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The 21 cm line  

1420 
MHz 

Lifetime of ~10 Myrs  
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(10) 30 - 90  MHz 

8 Core Station 

129m 

HBA: 
High frequency 
Tiles 
115 - 240 MHz 
 

LBA: 
Low frequency 
dipoles  
30 - 90  MHz 
 

Core               2 km         24 (x2) stations 
 NL                80 km        18+ stations 
 Europe       >1000 km         12+ stations 
 
Total # of HBA dipoles: ~ 50000. 
 



LOFAR from Space 



The LOFAR EoR members 



Maybe tomography  
on ~100 Mpc/h 
scales 

Statistical detection 
on ~10 Mpc/h 
scales 

What can LOFAR Observe of the EoR? 

Slices through  
a hydro-simulation  

What LOFAR 
 could see. 

Iliev et al. 2012 



Measuring Redshifted HI: Challenges 



Patil et al. (in prep.), Jelic et al., 2008; Harker et al., 2010;  
Chapman et al. 2012,2013 

Statistical detection of the EoR signal: 
Variance Evolution 



LOFAR EoR Windows 

Haslam 408MHz map 



3C196 field: Magentic fields in the Galaxy 

Jelic et al 2015 



Jelic et al 2015 



ISM magnetic/Faraday depth 
correlation (LOFAR vs. Planck)

Zaroubi et al 2015 

BneB



Image quality: NCP 



IN PRESS !!



NCP field
L90490
13-hr integration
over ~74 MHz
with all LOFAR
HBA stations
(Feb 11/12, 2013)

Analysis box



• Analysis starts with standard NDPPP 
calibration/flagging of known (tabulated) 
issues 

• AOFlagger (~5% loss of data) 
• Sky-model is built of ~21,000 components 

over 122 “clusters” (directions) out to about 
19o from NCP/ 

• Calibration on baselines >250λ, analysis on 
baselines 50-250λ; avoid removal of diffuse 
emission 

• Data is “direction-independently” calibrated 
using 

• Direction dependent calibration with 
SageCal-COFinal step before PS analysis on 
3 redshift windows is diffuse FG removal 
with GMCA (see later). 

Rough processing outline



Stokes I (left)
Stokes V (right)
@	2	resolu*ons	
(~12,	4	arcmin)	

A7er	SageCal-CO	
and	removal	sky-
model.	
Stokes	I	is	confusion	
limited/Stokes	V	is		
thermal-noise	limited.	
	
Diffuse	emission	is		
hard	to	see	



A spatial-frequency slice:

(1) strong spectrally 
smooth sources 
before sky-model 
subtraction (upper 
left)

(2) Confusion noise of 
fainter source and 
diffuse emission 
(upper right)

(3) GMCA model of 
remaining FGs (lower 
left)

(4) Residuals after GMCA 
model subtraction 
(lower right)

Residuals look like 
noise, but they are not 
(there is excess variance 
beyond Stokes V).



The importance of sky-model subtraction after
DD-calibration is illustrated in the power-spectra:
Lots of “leakage” in to the EoR window 
no clean “EoR window” for LOFAR

4.5o	

10o	

horizon	
ratio

before DD-calibration
after DD-calibration + 
sky-model
subtraction



Cylindrical Power-Spectra

(1) Removal of FG 
(2) residuals are left around k||

~0.05-0.1
(3) Stokes I show “excess 

variance” on all scale by 
about  factor ~2.

(4) Stokes V is relatively clean 
and close to thermal (but 
not fully, about 

Residuals look like noise, but 
they are not (there is excess 
variance beyond Stokes V).
Causes could be:
(1) Leverage
(2) Gain errors on long 

baselines due to:
a.  Ionospheric errors
b.  Residual sources and 

their side-lobes

Stokes	V	

Stokes	I	

Stokes	I	



Ratio of Stokes I over Stokes V appears rather flat 
over the cylindrical power spectrum (apart from  few bands).

Stokes	I/Stokes	V	



Spherical Power Spectra



Spherical Power Spectra
• Although we have excess variance, we only give 2-sigma 
upper limits (incl. excess)

• Without excess variance we would have reached ~(57mK)2 
at z~10 and k~0.05

• We go less deep at higher-frequencies (issues with FG 
removal ?).



Cause of Excess Variance ?
Work by Patil et al (2016), and Barry et al. (2016), as well as correlation with
ionospheric effect seem to point at a complex issue:

(1) Incomplete and DD gains onn long baselines when applied to calibrate 
baselines at 50-250λ and can cause excess variance.

(2) It correlates over ~MHz in the frequency direction expected from side-lobe 
noise from sources about 10o away from phase center

(3) Excess variance seems to be less if data with stronger ionospheric effects
      are excized. 
(4) Ionosphere on baselines>rdiff

It seems that excess noise is the combined effect of an incomplete sky 
model with ionospheric effects on longer baselines, causing (phase 
randomized) gain errors to be transferred to shorter baselines. This seems to 
explain many of the things we see (in qualitative terms) and they are effects 
that we know exists.



Improvements
(1) Reduce excess variance by using more “smooth” gain solutions on 
the longer baselines and possible reduce the range of long baselines.
 
(2) Include I, Q & U diffuse emission models such that short baselines 
can be used in the calibration. Is known to lead to less excess variance.

(3) Improve FG removal further: GMCA/GRP

(4) Include the 129m baselines that share electronics cabinet (currently 
not used). This can improve sensitivity on k~0.03-0.05 by factors >>2.

(5) Further improve compact sky-model 

(6) Separate amplitude and phase solution time scales.

Current extrapolations (~100 nights) would lead to limit at best ~ (8mK)2  
at z~10 and k~0.05, above most 21-cm signal predictions; With the above 
improvements this could be reduced to (few mK)2


