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CMB	anisotropies	
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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 



The Lyman-α forest optical depth at z 
about 6 

Fan et al. 2003, 2006 



The Astrophysical Journal, 744:83 (13pp), 2012 January 10 Ono et al.

Figure 8. Evolution in the fraction of strong LAEs in LBGs with −21.75 < MUV < −20.25 (top panels) and −20.25 < MUV < −18.75 (bottom panels) over
4 < z < 7. The left panels show the fraction of galaxies with EW larger than 25 Å, while the right panels show the fraction of those with EW larger than 55 Å. The filled
square is our result, the open square is the result of Fontana et al. (2010) and Schenker et al. (2011), the cross is from Vanzella et al. (2011) and Pentericci et al. (2011),
and the filled circle is the composite result. The filled diamonds are the results of Stark et al. (2011) and open triangle is the composite result of Dow-Hygelund et al.
(2007) and Stanway et al. (2007). The filled square, open square, cross, and open triangle are shifted in redshift for clarity. The shaded area is derived by extrapolating
the trend seen in lower redshifts to z ∼ 7 (Stark et al. 2011).
(A color version of this figure is available in the online journal.)

Table 6
Summary of the Samples

EWLyα
0 > 25 Å EWLyα

0 > 55 Å

−21.75 < MUV < −20.25

This Study 2/6a 0/10
Fontana et al. (2010) 0/6 0/6
Vanzella et al. (2011) 2/2 1/2
Schenker et al. (2011) 0/2 0/2
Pentericci et al. (2011) 0/7 0/7

−20.25 < MUV < −18.75

Fontana et al. (2010) 0/1 0/1
Schenker et al. (2011) 3/12 2/12
Pentericci et al. (2011) 0/3 0/3

Notes. For the sample of Schenker et al. (2011), objects at 6.3 < z < 7.3 are
considered.
a In our sample, four objects have Lyα EW limits larger than 25 Å.

galaxies: X25
Lya(z = 7; obs) /X25

Lya(z = 7; exp) = 0.36 ± 0.18
and 0.53 ± 0.33, respectively, where X25

Lya(z = 7; obs) is the
observed Lyα fraction at z = 7, and X25

Lya(z = 7; exp) is
the expected Lyα fraction at z = 7 derived by extrapolating
the trend seen in lower redshifts to z ∼ 7. This magnitude

dependence of X25
Lya evolution could be explained by different

halo masses of galaxies and the surrounding IGM. Given that
the clustering strength of dropout galaxies increases with their
UV luminosity (e.g., Giavalisco & Dickinson 2001; Ouchi et al.
2004; Adelberger et al. 2005; Lee et al. 2006), our results imply
that the ionizing state of the IGM around galaxies hosted by
less-massive dark matter halos changes later than that around
galaxies hosted by massive dark matter halos. This would
suggest that reionization proceeds from high- to low-density
environments (inside-out; e.g., Ciardi & Madau 2003; Sokasian
et al. 2002; Iliev et al. 2006, cf. Finlator et al. 2009) rather
than from low- to high-density regions (outside-in; e.g., Gnedin
2000; Miralda-Escudé et al. 2000).

We compare our composite results with those of model
predictions derived by Dijkstra et al. (2011), which quantify the
probability distribution function (PDF) of the fraction of Lyα
photons transmitted through the IGM, by combining galactic
outflow models with large-scale seminumeric simulations of
reionization. They assume that the IGM at z = 6 was fully
transparent to Lyα photons, and that the observed PDF for
EWLyα

0 at z = 7 is different only because of evolution of the
ionization state of the IGM. Figure 9 compares their models
with our composite results. Our results can be explained by an
evolution of the neutral hydrogen fraction xH i between z = 6
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Lyman alpha emitters fraction in LBEs  

Ono et al 2012 

Reionization 
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21-cm Physics 

1420 
MHz 

Mechanisms
?? 

Lifetime of ~10 Myrs  



δΤb, The Brightness Temperature 

TCMB TS Tb 

Cosmology 

Astrophysics 

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



LOFAR MWA PAPER 

GMRT SKA PAPER 
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Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.

EDGES 
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(10) 30 - 90  MHz 

11 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. 
 



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 



Measuring Redshifted HI: 
Challenges 

1.  Astrophysical Challenges 
1.  Foregrounds: total 

intensity 
2.  Foregrounds: polarized 
3.  Ionosphere 
4.  Etc. 

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

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



Ø 	extraction	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 
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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. 



The rms and Cross-rms statistic 

¡  Smooth the images with  

a Gaussian kernel 

¡  Calculate the rms statistic and the Cross-rms: 

19 

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, 

 

 

 

 

Δ2 (k) = k
3P(k)
2π 2

Δ2 (k||, k⊥ ) =
(k||

2 + k⊥
2 )3/2

2π 2 P(k||, k⊥ )



Ionospheric effects: the good and 
the ugly 



LOFAR EoR Deep Fields 

We currently focus on two deep windows:  
NCP and 3C196 



LOFAR-EoR observations 

Jelic et al 2015 



Jelic et al 2015 
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3C196 polarization structures              

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 



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

28 

FG Signal Noise 

all Extracted S+N Extracted S+N 

Full resol. 



Power Spectrum Measurements 

Chapman et al 2013 



GMRT results 

Paciga et al 2011 



MWA current results 

31 

Dillon et al 2014 



Parsons et al 2013 

Ali et al 2015



NCP field

Analysis box

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



Stokes I (left)
Stokes V (right)
@ 2 resolutions 
(~12, 4 arcmin) 

After 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). 



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 



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 ?).



Current power-spectrum results 
In April 2018 
 
 
Going ~30-40x deeper… 



New PS Results in October 2017 

• Ratio I/V is quite flat; clear of obvious structure.  
• Stokes I has r.m.s. ~ 10-20% higher than Stokes V (~thermal noise).   
• In some cases RFI or residual (A-team) sources are seen  

Z=10 Z=9 Z=8 
Examples of cylindrical power-spectra from two nights in Stokes I/V 

Same night as in Patil et al. 2017, but with new processing 



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! 
 
 



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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  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	

	

	T	

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	





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 



The end of the reionization 
process 

l  The Lyman-alpha forest: At 
z<6 he Universe is 
completely ionized 


l  The Universe has completed 
its ionization by redshift 6: 
SSDS quasars (however, 
some, e.g., Mesinger 2009, 
still claim it is still about 
10% neutral)







The Global evolution of Ts 

Loeb & Zaldarriaga 
2004, Pritchard & 
Loeb 2008, Baek et 
al. 2010, Thomas & 
Zaroubi 2010 



The 
EDGES 
result 

LETTERRESEARCH

Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.
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An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

Observations with the Experiment to Detect the Global Epoch of 
Reionization Signature (EDGES) low-band instruments, which began 
in August 2015, were used to detect the absorption profile. Each of the 
two low-band instruments consists of a radio receiver and a zenith- 
pointing, single-polarization dipole antenna. Spectra of the brightness 
temperature of the radio-frequency sky noise, spatially averaged over 
the large beams of the instruments, were recorded between 50 MHz 
and 100 MHz. Raw spectra were calibrated, filtered and integrated over 
 hundreds of hours. Automated measurements of the reflection coeffi-
cients of the antennas were performed in the field. Other measurements  
were performed in the laboratory, including of the noise waves and 
reflection coefficients of the low-noise amplifiers and additional  
calibration constants. Details of the instruments, calibration, verifica-
tion and model fitting are described in Methods.

In Fig. 1 we summarize the detection. It shows the spectrum 
observed by one of the instruments and the results of model fits. 
Galactic synchrotron emission dominates the observed sky noise, 
 yielding a power-law spectral profile that decreases from about 
5,000 K at 50 MHz to about 1,000 K at 100 MHz for the high Galactic 
latitudes shown. Fitting and removing the Galactic emission and  
ionospheric contributions from the spectrum using a five-term,  
physically motivated foreground model (equation (1) in Methods) 
results in a residual with a root-mean-square (r.m.s.) of 0.087 K.  

The absorption profile is found by fitting the integrated spectrum 
with the foreground model and a model for the 21-cm signal  
simultaneously. The best-fitting 21-cm model yields a symmetric 
U-shaped absorption profile that is centred at a frequency of 
78 ±   1 MHz and has a full-width at half- maximum of −

+19 MHz2
4 , an 

amplitude of . − .+ .0 5 K0 2
0 5  and a flattening factor of τ = −

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 2Haystack Observatory, Massachusetts Institute of Technology, Westford, Massachusetts 01886, USA. 
3Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA. 4Facultad de Ingeniería, Universidad Católica de la Santísima Concepción, Alonso de Ribera 
2850, Concepción, Chile.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).

Bowman+ 2018 
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An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

Observations with the Experiment to Detect the Global Epoch of 
Reionization Signature (EDGES) low-band instruments, which began 
in August 2015, were used to detect the absorption profile. Each of the 
two low-band instruments consists of a radio receiver and a zenith- 
pointing, single-polarization dipole antenna. Spectra of the brightness 
temperature of the radio-frequency sky noise, spatially averaged over 
the large beams of the instruments, were recorded between 50 MHz 
and 100 MHz. Raw spectra were calibrated, filtered and integrated over 
 hundreds of hours. Automated measurements of the reflection coeffi-
cients of the antennas were performed in the field. Other measurements  
were performed in the laboratory, including of the noise waves and 
reflection coefficients of the low-noise amplifiers and additional  
calibration constants. Details of the instruments, calibration, verifica-
tion and model fitting are described in Methods.

In Fig. 1 we summarize the detection. It shows the spectrum 
observed by one of the instruments and the results of model fits. 
Galactic synchrotron emission dominates the observed sky noise, 
 yielding a power-law spectral profile that decreases from about 
5,000 K at 50 MHz to about 1,000 K at 100 MHz for the high Galactic 
latitudes shown. Fitting and removing the Galactic emission and  
ionospheric contributions from the spectrum using a five-term,  
physically motivated foreground model (equation (1) in Methods) 
results in a residual with a root-mean-square (r.m.s.) of 0.087 K.  

The absorption profile is found by fitting the integrated spectrum 
with the foreground model and a model for the 21-cm signal  
simultaneously. The best-fitting 21-cm model yields a symmetric 
U-shaped absorption profile that is centred at a frequency of 
78 ±   1 MHz and has a full-width at half- maximum of −

+19 MHz2
4 , an 

amplitude of . − .+ .0 5 K0 2
0 5  and a flattening factor of τ = −

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 2Haystack Observatory, Massachusetts Institute of Technology, Westford, Massachusetts 01886, USA. 
3Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA. 4Facultad de Ingeniería, Universidad Católica de la Santísima Concepción, Alonso de Ribera 
2850, Concepción, Chile.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).



How to explain this? 

¡ Interacting dark matter!  (Barkana 2018) lowers the gas 
and spin temps.  

¡ Earlier decoupling of the gas temp from the CMB.  

¡ Higher        from  radio sources. 

All of these models are very problematic. 

Or yet unknown systematic. 
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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-
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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
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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-
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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
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lengths to obtain gain solutions for all stations and then
subtract sources on all baselines. In such a case, the diffuse
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25 brightest sources in the NCP field in the presence of 7 K
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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
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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-
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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 



LOFAR  
(<5% data) 

⬇︎ ⬇︎ ⬇︎ 

LOFAR 1-sigma 
(3.5% of data = 60hrs) 

Limits on the Cosmic Dawn 

Note: Excess noise (I over V) is incoherent (averages away): we 
assume it drops in the cross-variance and plot the 1-sigma upper limits 
(in 21CMMC, we double the errors)  

21CMFAST - varying the X-ray heating luminosity. 
Credit: Mesinger & Greig 



PS already seems to 
limits X-ray heating 
per unit SFR; hence 

cold IGM and CD 
models can be 

tested based on our 
current z=8, 9,10 PS 

limits.  

(w/help of Brad 
Greig) 
(1) no tau 
constraint, 
(2) co-eval, no 
light cone 

Limits on the Cosmic Dawn 
w/21CMMC Greig et al. 2015, 2017 



Include diffuse model for Q & U to 
calibrate the data 

57 

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  
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