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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 



The Global evolution of Ts 

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



The Global evolution of Ts 

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



7 
   



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.

0 0  M O N T H  2 0 1 8  |  V O L  0 0 0  |  N A T U R E  |  1

LETTER
doi:10.1038/nature25792

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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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).



The EDGES paper 
¡ Discussing the observations 

¡ Proposing interpretations!! 
¡ Data analysis 
¡  Astrophysics 
¡  Fundamental physics  
¡  ETC. 



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 maybe the explanation is a yet unknown systematic or 
feature in the galaxy, etc. 

		
1−TCMB

Tspin

	
Tγ
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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 



Power Spectrum Measurements 

Chapman et al 2013 





GMRT results 

Paciga et al 2011 



MWA current results 
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Dillon et al 2014 



Parsons et al 2013 

Ali et al 2015



Spherical Power Spectra

Patil et al. (2017, ApJ) 



Results presented today are based on a single 13-hr run 
taken 2nd Nov. 2013 @ 17:20:01 (UTC) 

Observational and correlator set-up

Patil et al. (2017, ApJ)

A continuum (134.5-137.5 MHz) LOFAR-HBA image of 
10x10 deg2 centred on the North Celestial Pole 
(NCP) field. Baselines between 30-800 were included. 
No sources have been subtracted and the image is 
partially cleaned. The 3x3d  box delineates the area 
where we measure the power spectra. The bright 
source to the lower-left of the box is 3C61.1. The units 
are mJy/PSF. Right Ascension (RA) 00h is towards the 
bottom and increases clockwise.

mJy

LOFAR-NCP Observations



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 
As of March 2019 
 
 
Going ~30-40x deeper… 



Image of the NCP field 

From top-left to bottom-right  
 
1- the sky-model restored with 
6.8 arcmin gaussian beam, the 
mean over frequencies residual 
2- Stokes I after DD 
3- the Stokes I frequency-rms 
after DD 
4-the Stokes I frequency-rms 
after GPR.  
 
All units are Kelvin 
 
The three circles have diameter 
of 2, 4 and 8 time the primary 
beam FWHM (~4 deg)   



Illustrated by the reduction in power in the 2D power-spectra mainly 
above the wedge: 

Improvement in calibration:  



The 10 nights 

Variance and angular power spectra of all nights Stokes I DI, Stokes I 
DD and Stokes V + simulated Thermal noise of mean observing time 
(14h) and mean SEFD (4158 Jy)  



Night by night analysis after FG (GPR) fitting 

- Residual power after GPR differ from night to night 
- At large k_par, residual power is very close to thermal noise level 
- There is an excess power with coherence-scale ~ 0.3 MHz which is not 
removed by GPR. This might be due to calibration errors at DI or DD step. 



Correlations between nights 



Residual power after FG fitting as we 
combined the 10 nights  

Variance, P(k) as function of k_par and spherically averaged PS of the 
residual after GPR as we combine the 10 nights  



GPR detail results on the 10 nights  

Variance and P(k) as function of k_par of the different GPR components  



Spherical power spectra for 10 nights  

Upper limits (2 sigma) are: 
At k ~ 0.075: ∆2 < 72.42 mK2 

At k ~ 0.1:     ∆2 < 105.42 mK2 

 

 
 
The 1-sigma uncertainty is 2 time the sampling variance of the noise-power + 1 time 
sampling variance of the noise-unbiased residual power (cosmic variance). 



Forecast for 1500 hours. 

Figure credit: F. Mertens 

Detection levels of ~few mK can be reached with the data 
in hand (on NCP alone) in a dk~k (1 dex) range for k~0.1). 



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 and we can 
finally show 10 nights power spectrum. 
 
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. 


