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CMB	anisotropies	

Op'cal	depth	
0																														0.05																											0.10																											0.15																													0.20	

Planck	Collabora'on	2016	

  Constraints on the epoch of reionization 

Thomson	scaWering	op'cal	depth:	τ (z)   = ... n e (z' ) dz'∫ ∝ n e,tot
τ = 0.089 ± 0.014 BenneW+	2013	

τ = 0.055 ± 0.009 Planck	Collabora'on	2016	

When we started this was the result by WMAP 



Main	science	goals	of	the	LOFAR	EoR	project					
	

— 	StaMsMcal	detecMon	of	global	signal;		z-evoluMon		

— 	Constrain	the	sources:	stars,	QSOs	or	…	

— 		The	environment	of	high	z	QSOs	/	SMBH	

— 	Measure	underlying	dark	mager	density	spectrum	

— 	StaMsMcal	characterizaMon	of	ionizaMon	bubbles	

— 	Study	21cm	forest	to	high	z	radio	sources	(if	any)	

— 	Cross	correlaMon	with	other	probes:		Ly-α,	NIRB,	CMB,..	

Vibor	Jelic	(2010)		

Rajat	Thomas	(2009)	

2-Dec-2015	 4	Albuquerque:	the	LOFAR	EoR	project	

This	will	take	600	-	3000h	of	LOFAR	
HBA	observing	(2-3	windows)		

115	-	177	MHz	
z	=	11.4	–	7.0	

Ger de Bruyn 2015 



δΤb, The Brightness Temperature 

TCMB TS Tb 

Cosmology 

Astrophysics 

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



The rms and Cross-rms statistic 

¡  Smooth the images with  

a Gaussian kernel 

¡  Calculate the rms statistic and the Cross-rms: 

8 

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

Patil et al. 2014 



‘Dimensionless’ Power Spectra 

¡ The ‘Dimensionless’ 
spherically averaged 
power spectrum is 
defined as: 

¡ The (k||, k⟘)  PS, 
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Low frequency radio astronomy is hard! 

 

Things become much more difficult  

at lower frequencies ~ ν-2.6± 



Measuring Redshifted HI: Challenges 

1.  Astrophysical Challenges 
1.  Weak unpolarized signal 
2.  Foregrounds: total intensity 
3.  Foregrounds: polarized 
4.  Ionosphere 

2.  Instrumental challenges 
1.  Beam stability 
2.  Calibration 
3.  Resolution 
4.  uv coverage 

3.  Computational challenges 
1.  Multi petabyte data set 
2.  Calibration 
3.  inversion 



How to check reliability of results 

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

¡ Observing multiple 
fields and obtain 
consistent results. 

¡ Different times 

¡ Frequencies 

¡ Etc. 

Internal consistency checks End to end pipeline 
¡  Test observational strategy 

¡  Performance of calibration 
methods 

¡  Test various extraction 
techniques. 

¡ Realistic estimates of 
errors of various statistics. 

¡ What to expect from the 
results. 



LOFAR MWA PAPER 

GMRT SKA EDGES 





Ionospheric effects: the good and 
the ugly 



MEVIUS ET AL.: IONOSPHERIC STRUCTURES USING LOFAR 9

a single measure for the ionospheric quality of the
night, we used the simple 1D function in equation
(4) to get an estimate of the average diffractive scale
rdiff , where, for stability, we fixed the value of � to
the result of equation (7) to the data.

The time averaging can lead to systematic errors
in the determination of the structure function pa-
rameters. Large peaks in the differential TEC val-
ues, for example, can have a major impact on the
variance. We investigated the systematic errors due
to the time averaging in the following way. For each

Figure 8. Structure functions of all observations. The lines are the major and minor axis projec-
tions of the fitted function (7).
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Ionospheric structure function 

Slightly steeper  
than Kolmogorov 

Mevius et al. 2016 



Ø 	extrac(on	is	based	on	smoothness	of	
	the	foregrounds	in	total	intensity	
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The leakage problem 



The problem of polarized foregrounds

EoR ~ 5 mK 
   

FG ~ 2 K   
 residual leakage ~ 1.5 %  

 
 

Jelic et al. 2010 
Geil et al. 2011 



Curtsey L. Koopmans 
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3C196 polarization structures              

Jelic et al, 2015  



LOFAR-EoR observations 

Jelic et al 2015 



Jelic et al 2015 



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

Zaroubi et al 2015, MNRAS 

BneB



The calibration problem  

Source i 

Antenna 
      p 

Antenna 
      q 



Inner uv-coverages for the two EoR windows 

Complete uv-coverage in 2 km  core ( ~800 λ)  at all frequencies  
à ‘perfect’ 3’ PSF imaging after 8-12h.  Important  for full-field  
EoR imaging !! 

3C196                                                      NCP 



A flowchart of our calibration and analysis  
 

20-50 TB/night 

Fig.  Harish Vedantham 



Example of extraction @ 150MHz 
5’ (σ) smoothed 

30 

FG Signal Noise 

all Extracted S+N Extracted S+N 

Full resol. 



Power Spectrum Measurements 
Harker et al 2010 Chapman et al 2013 



Calibration, suppression, leverage and 
excess noise  

Systematic biases due to calibration 11
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Figure 11. Excluding baselines shorter than 200 wavelengths in
calibration. Top panel: the SAGECal residuals contain the diffuse
foregrounds without any suppression. Additionally, the residuals
reach the thermal noise at longer baselines implying perfect re-
moval of the discrete sources and no excess noise. Bottom panel:
the ratio of the power spectrum of the thermal noise after source
removal (Stokes V) to that of the input noise. The noise is en-
hanced by a factor of 2 on baselines which were excluded from
calibration.

eter. As a result, the errors on the station gains are reduced,
although the theoretical limit based on the thermal noise
can not be reached due to the model incompleteness. We
also believe that a simultaneous multi-frequency calibration
should reduce the suppression in the diffuse foregrounds.
The unmodeled flux due to the diffuse foregrounds changes
significantly from 115 to 170 MHz. Therefore, the suppres-
sion should be reduced if the entire or a significant fraction
of the bandwidth is simultaneously used to constrain the
calibration solutions. We leave a more detailed analysis of
the multi-frequency calibration for future work.

7 CONCLUSIONS

The LOFAR Epoch of Reionization (EoR) project aims to
detect the redshifted 21 cm emission from neutral hydrogen
from redshift 6 to 11. It is crucial to control the system-
atic errors for a signal detection, because the foregrounds
are several orders of magnitude brighter than the expected
signal. In this paper, we have studied two systematic biases
observed in the residual LOFAR EoR data after calibration

and subtraction of bright discrete foreground sources: i) a
suppression in the diffuse emission and ii) excess of noise be-
yond the thermal component. These biases occur because of
the direction dependent calibration with an incomplete sky
model, and they are potential obstacles in a signal detection
for the following reasons.

(i) Both the diffuse foregrounds and the 21 cm signal are
easiest to detect on large angular scales, and the suppression
of the former might imply a suppression of the 21 cm signal
as well.
(ii) The excess noise implies a loss in sensitivity and an ad-
ditional bias in a measurement of the power spectrum of the
21 cm signal. Furthermore, the excess noise would not be
removed by the foreground removal methods which remove
spectrally smooth signals.

The differential noise between two closely spaced frequency
bins after removing the bright sources from the data, is
higher than the thermal noise. We call this additional noise:
“excess noise". We have performed tests to study proper-
ties of the excess noise and identify its causes. The angular
power spectrum of the excess noise resembles that of the
thermal noise, i.e. it shows the same power on all baselines.
The chromatic point spread function (PSF) and ionospheric
scintillation would have shown increasing power with the
baseline length. We have estimated that the contribution of
sidelobes of the unsubtracted sources due to the chromatic
PSF is only a small fraction of the excess noise. The excess
noise in different observations does not show any obvious
correlations with the diffractive scales in the ionosphere on
respective nights. Therefore, we establish that the chromatic
PSF and ionosphere scintillation can not be the dominant
causes of the excess noise.

We use simulated data-sets to study the systematic er-
rors that could be produced by the calibration and source
subtraction algorithms. Just like the real data, the discrete
sources are removed by modeling them, calibrating the LO-
FAR station gains in their directions and then subtracting
the sources. The calibration minimizes the difference be-
tween the data and the model by adjusting the station gains.
In this process, the diffuse foregrounds are suppressed, be-
cause they are not part of the model. This also results in
imperfect removal of the discrete sources. The source resid-
uals are partially uncorrelated in multiple noise realizations
of the simulated data. This could explain the excess noise
in the difference between two frequency bins in the actual
data which contain uncorrelated realizations of the thermal
noise. The angular power spectrum of the excess noise re-
sembles that of the thermal noise in the simulations, just as
it does in the actual data, and its magnitude depends on the
amount of flux that is included in the sky model relative to
the amount of flux that is excluded in the model.

We discuss two possible solutions to the observed sys-
tematic biases. Firstly, short baselines where the diffuse fore-
grounds are dominant, can be excluded from the calibration.
This ensures that the diffuse foregrounds and the 21 cm sig-
nal are not suppressed. However, it enhances the noise on
the excluded baselines, implying a poor sensitivity on large
angular scales where a detection of the 21 cm signal other-
wise would have been most promising. Secondly, we believe a
better solution would be to use multi-frequency constraints
to enforce spectral smoothness on the calibration parame-

c� RAS, MNRAS 000,

Patil et al. 2016 
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Figure 9. Results from multiple SAGECal runs on one realization
of the simulation. The difference between residuals of different
runs (�I) is 10 percent of the thermal noise, and it has the same
power spectrum as the thermal noise.

Table 2. The differential noise (�I) in residuals of multiple
SAGECal runs on the same realization of the simulated data for dif-
ferent levels of discrete and diffuse foregrounds. The diffuse fore-
grounds are mentioned in flux densities of RMS/PSF and in RMS
brightness temperature in parentheses. The differential noise in
residuals is mentioned as a percentage of the thermal noise.

Discrete sources Diffuse foregrounds �I / Noise

5 to 0.24 Jy 5 mJy (7 K) 130%
5 to 0.24 Jy 0.5 mJy (0.7 K) 10%
0.5 to 0.24 Jy 0.5 mJy (0.7 K) 25%

6 POSSIBLE SOLUTIONS TO THE
FOREGROUND SUPPRESSION AND
EXCESS NOISE

The simulations presented in Section 5 have shown a clear
evidence that the excess noise and suppression of the dif-
fuse foregrounds occur because of an incomplete model in
self-calibration. We now discuss two possible solutions to
mitigate these systematic errors.

6.1 Excluding short baselines from calibration

The diffuse foregrounds are not part of the sky model, but
they are dominant only on short baselines. Their bright-
ness is negligible at baselines longer than 200 wavelengths
as compared to the discrete sources in total intensity in the
NCP field. We can use baselines only longer than 200 wave-
lengths to obtain gain solutions for all stations and then
subtract sources on all baselines. In such a case, the diffuse
foregrounds would affect the self-calibration at a much re-
duced level. In Fig. 10, we compare SAGECal residuals when
all and only long baselines are used for the calibration of the
25 brightest sources in the NCP field in the presence of 7 K
diffuse foregrounds. In the former case, the suppression of
the diffuse foregrounds and residuals of the discrete sources
is evident. Both of these issues are mitigated in the latter
case. The top panel of Fig. 11 shows the same phenomenon
in the form of angular power spectra. When the short base-
lines are excluded in the calibration, the diffuse foregrounds

All baselines
in SAGECal

Baselines > 200�
in SAGECal
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Figure 10. Comparison of SAGECal residuals (uniform weighted,
10 degree images) when all baselines are used for calibration (left
panel) and only baselines longer than 200 wavelengths are used
(right panel). When all baselines are used, the sky model is in-
complete due to the missing diffuse foregrounds. As a result, the
diffuse foregrounds are suppressed and the discrete sources are
imperfectly subtracted. Excluding short baselines in the calibra-
tion resolves both of these issues.

remain untouched in the residuals at short baselines. Addi-
tionally, there is no excess noise at long baselines because
the discrete sources are perfectly removed. Excluding short
baselines, however, has a severe disadvantage as it enhances
the noise on the excluded baselines. In the bottom panel
of Fig. 11, we plot the ratio of the power spectrum of the
noise (Stokes V) after source subtraction to that of the in-
put noise. The noise on the excluded baselines is boosted
by a factor of 2 in power. A mathematical derivation of this
phenomenon is given in the appendix for interested read-
ers. The enhancement of noise implies a loss in sensitivity
on short baselines, i.e. large angular scales, which otherwise
would have been most promising for a detection of the 21
cm signal (Patil et al. 2014; Zaroubi et al. 2012). As evident
in the lower panel of Fig. 11, the thermal noise is suppressed
by 10 percent on long baselines which are used for the cali-
bration. However, this suppression would affect any further
analysis because these long baselines will only be used for
the calibration but not for a detection of the 21 cm signal.

6.2 Simultaneous multi-frequency calibration

The calibration is often performed on one frequency sub-
band at a time due to computing and memory constraints.
This gives the station-gain solutions a partial freedom to
vary independently at different sub-bands, producing an ex-
cess noise which is uncorrelated along frequency, as also
shown by Barry et al. (2016). As seen in our data as well as
simulations, the power spectrum of this excess noise is sim-
ilar to that of the thermal noise. Trott & Wayth (2016) also
reached to the same conclusion in the context of bandpass
calibration.

The primary beam as well as any ionspheric effects
vary smoothly with frequency. Therefore, a parametric cal-
ibration can be obtained for a large bandwidth instead
of independent gain solutions at each sub-band. (Barry
et al. 2016) suggested fitting a low-order polynomial to
gain solutions along frequency or averaging calibration so-
lutions of multiple interferometric elements. Alternatively,
Yatawatta (2015a) have proposed a regularization which en-
forces smoothness on the calibration solutions to a degree
depending on the chosen value of the regularization param-

c� RAS, MNRAS 000,
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diffuse foregrounds are suppressed and the discrete sources are
imperfectly subtracted. Excluding short baselines in the calibra-
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remain untouched in the residuals at short baselines. Addi-
tionally, there is no excess noise at long baselines because
the discrete sources are perfectly removed. Excluding short
baselines, however, has a severe disadvantage as it enhances
the noise on the excluded baselines. In the bottom panel
of Fig. 11, we plot the ratio of the power spectrum of the
noise (Stokes V) after source subtraction to that of the in-
put noise. The noise on the excluded baselines is boosted
by a factor of 2 in power. A mathematical derivation of this
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ers. The enhancement of noise implies a loss in sensitivity
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would have been most promising for a detection of the 21
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bration. However, this suppression would affect any further
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6.2 Simultaneous multi-frequency calibration

The calibration is often performed on one frequency sub-
band at a time due to computing and memory constraints.
This gives the station-gain solutions a partial freedom to
vary independently at different sub-bands, producing an ex-
cess noise which is uncorrelated along frequency, as also
shown by Barry et al. (2016). As seen in our data as well as
simulations, the power spectrum of this excess noise is sim-
ilar to that of the thermal noise. Trott & Wayth (2016) also
reached to the same conclusion in the context of bandpass
calibration.

The primary beam as well as any ionspheric effects
vary smoothly with frequency. Therefore, a parametric cal-
ibration can be obtained for a large bandwidth instead
of independent gain solutions at each sub-band. (Barry
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SAGEcal: robust and broad-band processing      
Yatawatta, 2015   

Calibration solves for a very large number of unknowns à dangerous 
Adopted approach: exclude short baselines (< 250λ)  in SAGEcal and only 
image those !  
 
Diffuse polarization then preserved in calibration  à  EoR signal will be 
preserved too  ! 

One 
night 
60 MHz  
 
10’ PSF 



Include diffuse model for Q & U to 
calibrate the data 

34 

Images for model

(left) Q (mid) U (right) P, 8× 8 deg.

Sarod Yatawatta

– p. 4

Yatawatta 2017  



Example Q image

(left) before SAGECal (mid) with 250λ cut (right) no cut

With 250λ cut ⇔ leverage, no cut ⇔ no leverage. RM synthesis using
30− 800λ images.

Sarod Yatawatta

– p. 5

Example I image

(left) SAGECal without foreground (right) with foreground, no cut

Sarod Yatawatta

– p. 6

Yatawatta 17  

Stokes I 

Stokes Q 



Cross correlation with other 
data set 
¡  EoR with CMB. That should be done but not 

as promising as initially thought. 

¡ EoR with Galaxy surveys 

¡  EoR with other line intensity mapping 

¡  21 cm forest 
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tobs=600h	

Wiersma+	2013;	Vrbanec+	2016;	Vrbanec+	in	prep	

  Cross-correlation 21cm—LAE surveys 
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  Cross-correlation 21cm—LAE surveys 

Cross Correlation 21cm-LAE surveys  
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  Cross-correlation 21cm—LAE surveys 

Lidz + 2009, Wiersma+ 2013, Vrbanec+ 2016 

LOFAR with Subaru  SKA with Subaru  



21 cm forest   The 21cm forest  

€ 

τ21cm ∝ xHI (1+δ) 1
Ts

BC+	2013,	2015	

	

	HII	
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Curtsey B. Ciardi 



21 cm forest 

Curtsey B. Ciardi 
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  The 21cm forest with QSOs 

z=10,	S=50	mJy,	α=1.05		

QSO	spectrum	
+	

IGM	absorp'on	

QSO	spectrum	

Observed		
spectrum	

BC+	2013,	2015	

LOFAR	



Summary
 
 
Most effort so far is spent on  ‘Discovery of Systematics”:   
à improved wide-field  broad-band  calibration  (SAGEcal 

CO):   
à working on sky models, polarization calibration and 

ionospheric effects 
à Check how the noise behaves as a function of the 

amount of analyzed data. 
 
A lot of progress us achieved in the last few years 
 
We are still in the “detection” mode and far from the 
analysis and interpretation mode. 
 
The evolution in redshift will be the most convincing 
evidence for the detection of the reionization. 
 
We are looking forward for results in the near future! 
 
 




