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• The current status of the 

results 
• The Future

21 cm Cosmology &  
HI experiments 



	שלו	והפזות	הגדול	המפץ 16	
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● CMB (integral constraint) 
● Redshifted 21 cm emission 

(absorption) 
● 21 cm forest at high z 
● Gamma ray bursts: How 

many we should have to 
constrain reionization? 

● Luminosity function of first 
objects, e.g., Galaxies: 
Recent HST results.

Key Probes of Reionization 

● Background detections: IR, 
soft x-ray. 

● Lyman-α absorption system: 
ionization, metallicity, thermal 
history, UV background, 
proximity effect. 

● Lyman alpha emitters 
● Metals at high redshift. 
● Using the local volume to 

study reionization.

Talk by: Xiaohui Fan



e HII HeIII Photon HI HII 

Opaque Universe Transparent Recombination Decoupling 

Observer 

The CMB and the last scattering surface 



Photon-baryon tight coupling 
& “last scattering” 

Free streaming 

Reionization 
Scattering  

zrec 
zr 

CMB photons Thomson 
scatter off free electrons


The Big Bang



Reionization & CMB Temperature 


The influence of reionization on the CMB temperature 
angular power spectrum. (from Sugiyama 1995)


From: A. Lewis



CMB and Reionization: �
Polarization 


Polarization: Stokes parameters 

Q U 

Q → -Q, U → -U under 90 degree rotation 
Q → U,  U → -Q under 45 degree rotation 

amplitude                      angle 



E and B polarization modes


E-mode has (-1)l    parity whereas B-mode (-1)l+1 



The WMAP cosntraint


 
l  The WMAP polarization measurement 

tells us only about the optical depth not 
about exact ionization redshift. For that 
one needs a reionization history model. 
However, reasonable reionization 
models suggest that ionization has 
happened at about z~10.  

τ~ 0.088 



Thomson Scattering

Q and U are generated by Thomson 
scattering  of unpolarized light.  
Notice no V (circular polarization)  
is generated. 



Given the geometry of linear polarization the amplitude 
of the signal at any scale depends on the local quadrupole 
that scatters the photons. However, at scales larger than  
horizon scales (either at recombination or during reionization) 
there is no coherence and the signal decays.  

Horizon scale 
at recombination 

Horizon scale at reionization 

Observer 



The Planck 
constraint 



Lecture 1: 
Physics of the 21cm line probe

• Historic overview 
• Basic Formulae (Field 1958) 
• Excitation mechanisms (Ly-α, collisions,..) 
• Global evolution of the spin temp. 
• Patchy evolution 
• Simulation results



Historic overview

● H.C. van de Hulst (inspired by J. Oort) showed 
the potential of the 21 cm transition in 
astronomy  - 1945


● The first astronomical observation of the 21 
cm: H.I. Ewen & E.M. Purcell (1951, Nat. 168, 
356) C.A. Muller & J.H. Oort (1951, Nat. 168, 
357-8)


● Excitation mechanism Wouthuysen (1952). Field 
(1958, 1959) gave the proper framework.


● Importance for cosmology was inspired by 
Zel'dovich's top down scenario.

Hendrik van de Hulst

Jaan Oort



Historic overview

● Scott & Rees (1992) pointed out that a signal 
could detected from high z 21 cm.


● Madau, Meiksin & Rees (1997) were the first to 
consider the interplay between the first sources 
and the 21 cm transition.


● Over the years many observational attempts 
failed. Shaver et al. 1999  argued that we can 
observe high redshift 21 cm radiation.


● Many telescopes targeting the high redshift 
Universe have been build or in the process of 
being built.

Martin Rees
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21-cm Physics

1420 
MHz

Mechanisms
??

Lifetime of ~10 Myrs 



The  21 cm transition

• The value of the Ts is given by:

n0, g0

n1, g1

21 cm

Field 1958 
Madau et al 98 
Ciardi & Madau 2003 
Furlanetto et al. 2006 



Lyman-α Coupling

• The Wouthuysen-Field 
effect, also known as 
Lyman-alpha 
pumping.  

 

Dominant in both in the case of stars and Black-
holes, due to photo and collisional excitations, 

respectively.  

Wouthuysen 1952 
Field 1958 





Collisional Coupling

● H-H collisions that excite the 21 cm transition. 
This interaction proceeds through electron 
exchange.


● H-e collisions. Especially important around 
primordial X-ray sources (mini-quasars). 

– This effect might also excite Lyman-alpha 

transition which adds to the Ts- TCMB decoupling 
efficiency.



δΤb, The Brightness Temperature

TγTSTb

Where the optical depth is given by:



▪ A10 = 2.85x10-15 s-1  is the spontaneous emission coefficient. It 
corresponds to a lifetime of the triplet state of                 years. 

▪ NHI is the column density of HI, defined as  

▪ 1/4 accounts for the fraction of HI atoms in the singlet state 

▪ φ(ν) is the line profile. Generally, the this profile is broadened by 
four effects: Natural,  thermal, turbulent and pressure, here through 
the bulk motion which leads to broadening of the line is the main 
effect. Remember  



The change in velocity ∆V is roughly ∆s H(z), therefore,  

We also substitute  

An accurate calculation of the optical depth at a given redshift, which 
takes into account line profile broadening due to Hubble expansion and 
casts the relation in terms of number density, yields: 



!26

δTb: Brightness temperature

Cosmology

Astrophysics

● The Interpretation might be very complicated 
● Notice that the signal in absorption can be 

much smaller



The Global evolution of the Spin 
Temperature

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

At z~20 Ts is tightly 

coupled to TCMB. In 

order to observe the 21 
cm radiation decoupling 
must occur.

Heating much above the 
CMB temp. and 
decoupling do not 
necessarily occur together.



The Global evolution of Ts

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



This drives the Compton heating rate to almost zero

Compton heating 
rate

Compton cooling time

The redshift of thermal decoupling is about 200

(proper calculation could be done with the  publicly available code RECFAST)



Mesinger et al. 2016, Koopmans et. al 2019  
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Mesinger et al. 2011) during the Cosmic Dawn and after. Before the first sources emit radiation, however, astrophysics 
was physics. The Dark Ages are the main focus of this white paper.  

3. Cosmic eras in the infant universe: from physics to (g)astrophysics  
Below, we focus on the Dark Ages and early Cosmic Dawn — which are both extremely hard to observe from earth — 
and on the (astro)physical processes that can be probed using the 21-cm signal. We do not discuss the Epoch of 
Reionization (Fig.1; z<10) further, since it is expected to be fully characterised in the 2020s by current and 
forthcoming ground-based instruments, and does not require space-based missions. 

(1) Dark Ages: The 21-cm signal of neutral hydrogen from the Dark Ages (DA) — a period of cosmic history 
preceding star formation during the Cosmic Dawn — is predicted to be a unique probe of cosmology and 
fundamental physics. A measurement of the 21-cm signal from this era is expected to reveal unprecedented details 
about the early Universe, such as precision measurements of the scale dependence of primordial fluctuations (e.g. 
Meerburg et al, 2016), their possible deviations from Gaussian statistics (e.g. Meerburg et al, 2017) and even probe 
primordial gravitational waves through tidal effects and curl lensing (Schmidt et al, 2014, Book et al, 2011, Hirata 
et al, 2018, Masui et al, 2017, Sheere et al, 2017 and Ansari et al, 2018). Furthermore, the Dark Ages signal will 
allow testing of fundamental theories in a completely unexplored regime. The shape of this signal depends on the 
underlying cosmological model (expansion history), nature of dark matter and the radio background radiation. 
Assuming the standard cold dark matter cosmology, conventional expansion history of the Universe (e.g., Planck 
2018) and the CMB as a background light, the 21-cm signal can be calculated precisely. Any deviations from the 
predicted signal could be a manifestation of exotic physics. For instance, extra radio background light in addition 
to the CMB would completely alter the shape of both the sky-averaged (global) signal and the power spectrum in a 

Dark%Ages%Lyα%coupling%X4ray%hea6ng%Reioniza6on%

1"Gyr" 100"Myr" 20"Myr"300"Myr"

Fig.1: 2D slice through a mock 21-cm lightcone (top), corresponding global global signal evolution (middle), and the 3D power spectra at two wave numbers 
(bottom).  Some major cosmic milestones can be seen from right to left: (i) Wouthuysen-Field (or Lyman-α) coupling (Wouthuysen 1952, Field 1959), when 
Lyman-band photons efficiently couple the spin temperature to the gas temperature (black to yellow); (ii) epoch of heating, when galactic X-rays with long mean 
free paths heat the predominantly neutral IGM (yellow to blue); (iii) epoch of Reionization, when ionising photons drive the final major phase transition of our 
Universe (blue to black).  The timing and the patterns of the signal encode a wealth of information about the first galaxies.  This figure corresponds to the 
fiducial model of Mesinger et al. (2016), though recent studies calibrated to high-z galaxy observations suggest that the Cosmic Dawn epochs of WF coupling 
and X-ray heating might occur later, with significant overlap with the EoR, due to less efficient star formation (e.g. Park et al. 2019).



The Dark Ages

Loeb & Zaldarriaga 04

Only feasible from 
the Moon



Ionization sources

Mean free path

Bound-free 
Cross section 

nH = 2.2 x 10-7 cm-3 (1+z)3 
σ0 = 6 x 10-18 cm2 
E0 = 13.6 eV 

At z = 9:    For E = E0                〈lE〉 ≈ 2 kpc comoving 
                   For E = 1 keV          〈lE〉 ≈ 1 Mpc comoving



X-ray photons

UV photons

Large cross section but ejected electron has low energy

Low cross section but ejected electron has high energy

e
- 

e
- 



The fraction of photon energy that goes to reionization, 
heating and excitation is roughly 1:1:1 as calculated with 
Monte-Carlo radiative transfer code by Shull & van 
Steenberg (1986) and Valdes et al. 2009.  



The signal: Stars vs. Miniqsos

Thomas & 
Zaroubi 2008



Kinetic temperature is greatly heated 
just beyond the HII region, 
but further out it has been 
adiabatically cooled. 

21cm absorption strongly dominates 
over the inner emission core

What happens around a high 
Redshift x-ray  source

Thomas & Zaroubi 2008

MBH=104 Msun



Simulations of the EoR

● Cosmological Hydro simulations:

1- High enough resolution to resolve halos in which ionization sources 

form. 

2- Spans Large Scales as well as small scales, especially since designed 

arrays have small 1' res. 

3- In certain cases DM only simulations are sufficient.


● Out of equilibrium Radiative Transfer:

1- Source and their flux. 

2- Ionization of H and He (not always done). 

3- Heating due to the radiative processes. 

4- Spin temp decoupling (Lyα RT). 


● It is very difficult to account for all the physical aspects of the problem 
and approximations are normally made. 



Results from 3D RT 

Credit: Marcelo Alvarez



Different Scenarios in high res. sim.
14 K. L. Dixon, et al.

Figure 8. Position-redshift slices from our 244 h−1 Mpc boxes. These slices illustrate the large-scale geometry of reionization and
the significant local variations in reionization history as seen in the redshifted 21-cm line. From top to bottom, the images show the
differential brightness temperature (colour scale at right) at the full grid resolution in linear scale for LB1, LB2, LB3, and LB4. The
spatial (vertical) scale is comoving Mpc.

Figure 9. Position-frequency slices from our 244 h−1 Mpc boxes. These slices illustrate the large-scale geometry of reionization and
the significant local variations in reionization history as seen at redshifted 21-cm line with a realistic 3 arcmin (Gaussian FWHM) beam
size and 0.44 MHz (top-hat) bandwidth filter. From top to bottom, the images show the smoothed differential brightness temperature
in linear scale for LB1, LB2, LB3, and LB4. The spatial (vertical) scale is comoving Mpc.

MNRAS 000, 1 (2015)

Dixon et al. 2015



Approximate Numerical Methods: 

1. 21cmFast & SimFast21

There are a number of approximate methods. The most developed of 
them is 21cmFast developed by A. Mesinger & co. 


It relates the emission rate of ionising photons per baryon 

to the collapse factor of the IGM using Press-Schechter like 
formalism.


where fb is the baryon fraction of a halo, f* is the fraction of halo 
baryons ending up as stars, Nγ/b the number of ionizing photons per 
stellar baryon and fesc is the escape fraction into the IGM.

This could rewritten in terms of collapse fraction as follows:


       �    (Mesinger & Furlanetto 2007; Mesinger et al. 2011).




21cmFast light cone

A similar approach was developed by Santos et al. 2010 
SimFast21. 



Spherically symmetric 1D RT

This approach is in between full simulations and 21cmFast.


- It needs an N-body simulation and identifications of the 
haloes as a function of redshift.

- It assumes a spherical symmetry of ionising bubbles 
around the sources and calculates in detail the ionization 
and heating profile around each source.

-It deals with bubble overlap in an efficient way.

(Thomas+ 2008,2009,2011, Krause+ 2018)  


The method was adopted by Ghara who called it GRIZZLY

(Ghara+ 2015, 2017, 2019)



~12mK

Results from BEARS & GRIZLEY

Thomas & zaroubi 2008



Full vs. approximate simulations

● Full 3D RT simulations are 
more accurate but 
computationally expensive. 
They provide crucial insight 
about the physical processes 
(especially on small scales).


● Approximate methods are less 
accurate but easier to produce 
and allow for an exploration 
of the parameters space. This 
is especially important for 
interpretation of the data

Thomas et al 2009



Spin Temperature issues

In case the spin temp. is of the order the CMB temp.  
or smaller an absorption signature is expected at high 
redshifts.

Thomas & Zaroubi 2010 
See also Baek et al. 2010



The 21 cm forest

Simulated spectrum from 100 MHz to 200 MHz of a source with S120 = 
20 mJy at z=10 using the Cygnus A spectral model and SKA noise

The equivalent of the Ly-alpha forest. Requires high z

(Carilli et al. 2005 2007) 



21 cm forest

Curtsey B. Ciardi



The 21 cm forest as a result

 of a GRB afterglow4 B. Ciardi et al.

Figure 1. Upper panels: Spectrum of a GRBIII positioned at zs = 10 (i.e.
ν ∼ 129 MHz), with a flux density S in(zs) = 30 mJy. The red dotted lines
refer to the intrinsic spectrum of the source, S in; the blue dashed lines to
the simulated spectrum for 21 cm absorption, S abs; and the black solid lines
to the spectrum for 21 cm absorption as it would be seen with a bandwidth
∆ν = 10 kHz, after an integration time tint = 1000 h. The left and right
panels refer to a case with the noise σn given in eq. 2 (LOFAR telescope)
and with 0.1n (expected for SKA1-low), respectively. Lower panels: S/N
corresponding to the upper panels. See text for further details.

Figure 2. As Figure 1, but the GRBIII is positioned at zs = 7.6 (i.e. ν ∼
165 MHz) and ∆ν = 5 kHz.

be detected by LOFAR with an average11 signal-to-noise S/N∼5,
while if the noise were reduced by a factor of 10 the detection
would be much easier.

Figure 2 shows a LOS to the same GRB located at z = 7.6,
when the IGM is ∼ 80% ionized by volume. The LOS has been

11 We note that the definition of ‘average’ is somewhat arbitrary and de-
pends on the frequency range used. Here the average refers to the one cal-
culated over the frequency range shown in the Figures.

Figure 3. As Figure 1, but the GRBIII is positioned at zs = 14 (i.e. ν ∼
95 MHz) and ∆ν = 20 kHz. Note that the S/N in the lower right panel is
always higher than the range covered by the axis.

chosen to intercept a pocket of gas with τ21cm > 0.1 to show that
strong absorption features could be detected, albeit by LOFAR only
marginally with a S/N of a few, also at a redshift when most of the
IGM is in a highly ionized state.

On the other hand, a strong average absorption (rather than
the absorption features seen in the previous figures) can be eas-
ily detected (S/N > 10) in the spectra of GRBs located at very
high redshift, as shown in Figure 3. If the intrinsic spectrum of the
source could be inferred through other means, for example, accu-
rate spectral measurements of the unabsorbed continuum at GHz
frequencies and above, such detection could be used to infer the
global amount of neutral hydrogen present in the IGM.

We have applied the same pipeline also to more standard GR-
BII, which have a flux density two to three orders of magnitude
lower than a GRBIII. In this case we find that, even if we could
collect 1000 h of observations with a noise 0.01 σn (i.e. 1/10th of
the SKA1-low noise), these would be barely enough to detect ab-
sorption features in 21 cm. Also in the most optimistic case, with
S in(zs) = 0.1 mJy, a positive detection would be extremely difficult
at any redshift, as shown in Figure 4, and only at z >∼ 9 a S/N larger
than a few could be reached.

5 CONCLUSIONS

In this letter we have discussed the feasibility of detecting 21 cm
absorption features in the spectra of high redshift GRBs with LO-
FAR and SKA. The distribution of H I, gas temperature and ve-
locity field used to calculate the optical depth to the 21 cm line
have been obtained from the simulations of reionization presented
in Ciardi et al. (2012) and C2013. We find that:

• absorption features in the spectra of highly energetic GRBs
from Pop III stars could be marginally (with a S/N larger than a
few, depending on redshift) detected by LOFAR at z >∼ 7;
• the same features could be easily detected if the noise were

reduced by one order of magnitude (similar to what is expected for
SKA1-low);

c⃝ 2014 RAS, MNRAS 000, 1–6

The feasibility of 
detecting 21 cm 
absorption features in 
the afterglow spectra 
of high redshift long 
Gamma Ray Bursts 


Ciardi et al. 2015



21 cm Cosmology and HI experiments

• Current and planned experiments. 
• Radio interferometry  
• Key parameters in experiments. 
•  Observational issues: uv coverage, foregrounds, 

ionosphere, instrument, noise. 
• Extraction issues. 
• Calibration. 
• Current &  future experiments. 
• Polarization.





The Global evolution of Ts

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



The 
EDGES 
result

Bowman+ 2018



The EDGES paper
Discussing the observations 

Proposing interpretations!! 
Data analysis 
Astrophysics 
Fundamental physics  
ETC.



Data Analysis                     (Hills et al 2018)
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from 139.3 to 156.0 MHz in 64 frequency bins of 0.25 MHz each with a time resolution of 64 s. This corresponds to a 
redshift range of z= 8.1–9.2, providing an upper limit of (248 mK)^2 for k=0.50 h Mpc-1 at z=8.6 at the 2-sigma level 
(Pagica et al. 2013). 

PAPER : The Precision Array to Probe the Epoch of Reionization was located in Karoo reserve area in South Africa. 4

It was conceived to be a reconfigurable interferometric array to be deployed in stages of increasing number of 
elements (up to a maximum of 128 elements). It used individual 2 m dipoles sensible to the 100-200 MHz range that 
were first deployed in pseudo random configurations to test calibratability and observe properties of foreground 
sources (e.g., Parsons et al., 2010; Pober et al., 2013, Kohn et al., 2016). The PAPER team spearheaded a novel 
approach to the detection of the 21 cm signal by adopting highly redundant array configurations in order to maximise 
sensitivity on a number of power spectrum modes (Parsons et al., 2012). The drawback of redundant arrays is that they 
provide limited imaging capabilities and, therefore, limited foreground modelling capabilities. This led to the adoption 
of the so-called avoidance method: smooth-spectrum foregrounds are expected to be confined to a specific region of 
power spectrum space, leaving the remaining uncontaminated; this uncorrupted area is where the 21 cm signal 
detection should be attempted (e.g., Parsons et al. 2012). Power spectrum results were published and currently 
revisited in an upcoming publication (Kolopanis et al., 2019, in prep.). 

LOFAR : The Low-Frequency Array (LOFAR; van Haarlem et al. 2013) has the detection of the 21-cm signal of 5

neutral hydrogen during the Epoch of Reionization (EoR; see, e.g. Patil et al. 2017) as one of its key-science drivers. 
LOFAR is also a pathfinder to the Square Kilometre Array (in particular SKA-low). The few-km inner core of LOFAR 
High Band Antenna (HBA; 110-240MHz) system consists of 48 stations each having 24 tiles of each four by four 
cross-dipoles. The large collecting area in the core and the high filling factor of LOFAR-HBA make it particularly 
suited for the detection of diffuse low-surface brightness emission of neutral hydrogen during the EoR. Besides 

 http://eor.berkeley.edu/ 4

 http://www.lofar.org/ 5

Fig.3: Panel of the current and planned 21-cm signal experiments (PAPER is decommissioned), focussing largely on probing the Epoch of Reionization (z~6-10) 
and late Cosmic Dawn (z<25), in no particular order.



Radio interferometry:  
Basic concepts

An interferometer measures coherence in 
the electric field between pairs of points 
(baselines).

ct 
    

    
    

    
    

  

Dire
cti

on
 to

 so
urc

e

Bsinθ

B=baseline
θ

Wavefront

correlator
Time delay is essential to measure the same phase of the wavefront



The calibration problem 

Source i

Antenna 
      p

Antenna 
      q



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



The LOFAR EoR members

Ger de Bruyn





Autumn weather and muddy soil cause delays….

Nov 2008 

field flattening 
activities



The superterp, river and ‘wetlands-to-be’ 



‘Field flattening’ for non-astronomers 



Finally:  the 1st LOFAR station                    (May ’09)

Feb ‘09
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The ‘superterp’  a 350 m diameter raised  ‘island’

Sep ‘08



Ger de Bruyn 2015



LOFAR EoR Deep Fields

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



Foregrounds



Jelic & Zaroubi 07



The FAN region: Power spectrum of 
the Diffuse Foregrounds

~l-2.7

Bernardi et al, 2009



➢	extraction	is	based	on	smoothness	of		 the	foregrounds	in	total	
intensity

 Stokes I

Stokes Q

fo
re
gr
ou
nd
s

 Stokes I

Eo
R

δT
b
[m

K
]

δT
b
[K

]
The leakage problem



Ionospheric effects: the good and the 
ugly



Removing the foregrounds

Step 1:  
Point-sources subtraction 

➔ Need accurate sky-model 
➔ Solve for instruments gains 

in direction of sources  

Direction Dependent (DD) 
calibration using 

Sagecal-CO (Yattawatta et al. 
2013, 1015, ...) 

Step 2: 
Residual spectrally-smooth 

foregrounds subtraction 

Using e.g. Gaussian Process 
Regression (GPR) (Mertens 
et al. 2018)



Direction Dependent calibration

Need to reduce the number of 
degree of freedom: 

➔ Clustering (NCP ~ 120 
clusters) 

 (Yatawatta et al. 2013, 2015)



Direction Dependent calibration

Need to reduce the number of 
degree of freedom: 

➔ Clustering (NCP ~ 120 
clusters) 

➔ Force spectrally-smooth 
instrumental response 

Sagecal-CO: distributed 
calibration, solve augmented 
Lagrangian:

Gains Spectrally-smooth 
constraint

Original cost 
function

Regularization 
parameter

 (Yatawatta et al. 2013, 2015)



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-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



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

 82

FG Signal Noise

all
Extracted S+N Extracted S+N

Full resol.



GMRT results

!83



MWA current results

 84

Dillon et al 2014



Parsons et al 2013

Ali et al 2015

Retr
act

ed



NCP field

Analysis box

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



Spherical Power Spectra

Patil et al. (2017, ApJ)



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 ?).

Patil et al. (2017, ApJ)





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)  



GPR on LOFAR data

GPR remove frequency-coherent structure 
Residual power level close to thermal noise

NCP field, 140 hours, 134-146 MHz, z ~ 9.1



GPR on LOFAR data

DD calibration

GPR

➔ DD calibration reduce foregrounds 
power by an order of magnitude down 
to confusion limit 

➔ GPR remove residual foregrounds 
down to (very close to) noise level 

➔ Residual power mostly incoherent 
between nights

NCP field, 140 hours, 134-146 MHz, z ~ 9.1



New upper limit !

(Mertens et al. In prep.)

NCP field, 140 hours, 134-146 MHz, z ~ 9.1

Preliminary results



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).



Where do we stand ? (updated)

(Mertens et al. In prep.)Preliminary results
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The Egyptian God Osiris

I am the only being in an abyss of 
Darkness. From an abyss of Darkness came 
I forth ere my birth, from the silence of a 
primal sleep. And the voice of ages said 
unto my soul, 'I am he who formulates in 
Darkness, the Light that shineth in the 
Darkness, yet the Darkness comprehendeth 
it not.' Let the mystical circumambulation 
take place onto the Path of Darkness 
that leadeth unto Light with the Lamp 
of Hidden Knowledge to guide the way. 


The End of Darkness



We are amongst the first generations to have a 
comprehensive scientific narrative of  the story 
of  the Universe across space and time, and our 
place in it, from the beginning of  time until now.



Illusion is the first of  all pleasures.  
(Voltaire)



Illusion is the first of  all pleasures.  
(Voltaire)

Discovery is the greatest of  all 
pleasures.


