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Credit figure: Mesinger

The tomography of HI emission/absorption is a treasure trove of 
information for (astro)physics, cosmology & fundamental physics.    

What can “21-cm Cosmology” tell us?

HI has a filling factor of order unityHI is found largely in galaxies

Post-Reionization Reionization               Cosmic Daw                       Dark Ages



Ground-based interferometry experiments
Globally (China, India, South Africa, US, Australia, Netherlands, France, etc.) 


many efforts are underway to detect the 21-cm signal from z~6 to z~25

with ground-based interferometers — experiments are extremely hard! 

Upcoming

instruments 


in coming 

decade 


focussing 
mostly on 

z~6-25

Past/Current

instruments 


focussing 
mostly on 

z<10
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CoDEX Program:  
A broad-brush overview of our

21-cm Cosmology programs 


with LOFAR1, AARTFAAC, 

NenuFAR and DEX

1   See also talks by Mellema & Mertens
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CoDEX — ERC-Advanced Program

SKA

/DEX-ALO



LOFAR EoR KSP NenuFAR CD KSP

Netherlands China 
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z~12-200 — CD & Dark Ages 
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Commissioning

CoDEX — ERC-Advanced Program
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HI Cosmology Conference, May 2023



The Observational Windows

Image: AARTFAAC-LBA 70-73 MHz data (credit: Gehlot, Mertens)

NCP

3C 61.1

3C 196

LOFAR: Epoch of Reionization;
NCP & 3C196; HD: ~3500h

AARTFAAC: Cosmic Dawn 
EDGES signal; HD: ~500h

NenuFAR: Cosmic Dawn;
NCP; pilot/KSP: 400/1500+h

DEX-ALO: Dark Ages & CD; 
all-sky; ~years



Super-terp: 

Densely packed “elevated” area of 6 (12) core stations (comprising AARTFAAC mode).

These are the baselines we use to look for the 21-cm signal from the EoR

The Low Frequency Array 


13 International stations

14 (NL) remote stations

24x2 core stations


110 – 240 MHz (HBA)

30 – 80 MHZ (LBA)



Primary EoR Window: North Celestial Pole

Image credit:  Bharat Gehlot & Florent Mertens

A recent wide-field view of the the NCP with LOFAR AARTFAAC-LBA- & HBA-12 system

A complex field made of compact & extended (extra-galactic) sources and 

diffuse emission from the Galaxy (in Stokes I, Q, U, but hardly any Stokes V) 

LBA

Analysis 

field



Signal Processing: Recent Advances
Bright Foregrounds/


Full-Stokes Sky Models
Radio Frequency 


Interference Mitigation Near-Field RFI Imaging

Ionospheric 

Refraction Diffraction

Frequency/Direction-

Dependent Calibration

GPR Data Modelling
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All data processing codes have been developed in house and open source 

(many now in use by global community, e.g. AOFlagger, WSClean, etc) .

Signal Processing: Pipeline



Part of “CoDEX”

@ CIT-UG

Data processing of ~5+ petabytes of data in hand requires dedicated peta-flops  
processing capacity: “Dawn” & “CoDEX” GPU clusters

Signal Processing: HPC GPU computing
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Signal Processing: HPC GPU computing



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

First and second null 


Inner 4x4 where we 
look for the signal 

(using GPR)

Wide-field Image Zoom-in

Post Sky-Model

Subtraction Zoom-in

Mertens et al. 2020, 2024 (in prep)

Signal Processing: DD-gain & Sky-Model Subtraction



Data

(minus sky-model)

Residuals 

Foregrounds

Rest

(incl. 21-cm signal

and “excess variance”)

M
ertens, M

evius et al. 2024, in prep.

Signal Processing:  GPR Signal Separation
See talk of Florent Mertens



Ghara et al. 2020

Theory and Simulations

Strong excess radio-background 
models are excluded

Mondal et al. 2020

Very cold IGM models 
are excluded

Greig et al. 2020

Astrophysical models

Astrophysical Interpretations

See talk of Garrelt Mellema



Based on all improvements, we reprocessed 140 hrs of data

reaching 2x deeper levels with same data and expanded to 3 redshifts.

Preliminary

Image credit:  Florent Mertens

Where do we currently stand? (2024)

Next steps: with the new 1+ petaflop CoDEX GPU cluster, 

we plan to process ~10x data in the coming year.



New Extension in Nançay Upgrading LOFAR: NenuFar

Cosmic Dawn Key Science Program started in 2020 and continuing
to collected data (over 1500 hours of data on NCP + other fields).



NenuFAR Cosmic Dawn Key Science Programme
All-sky model, calibration and imaging is essential: Cas A  & Cyg A are the “enemies”!

Dirty Image

Bright-source Cleaned Image Sky-model-subtracted Image

Sky-model (DD-gain clusters)

Munshi et al. 2024



NenuFAR Cosmic Dawn Key Science Programme

Applying ML Gaussian Process Regression models, directly connected 
to 21-cm models (e.g. 21cmfast, BEARS, GRIZZLY)

Munshi et al. 2024



NenuFAR Cosmic Dawn Key Science Programme

Applying ML Gaussian Process Regression models, directly connected 
to 21-cm models (e.g. 21cmfast, BEARS, GRIZZLY)
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• Cross-correlation all dipoles/tiles of inner 
6-12 stations (576 receivers)


• Full sky/beam field of view (LBA/HBA)

• Build originally for transients

• Limited BW due to correlators capacity

• PIs: Gehlot & Koopmans

AARTFAAC

LOFAR-AARTFAAC Cosmic Explorer



Aim: Exclude or detect power spectra 

Δ21~0.1-1K @ k~0.1 cMpc-1 @ z~18


• In hand: 500 hrs of LOFAR-LBA data 

• Cross-correlating 576 dipoles; all-sky FoV

• z~18 (72-75MHz; medium BW)

• Some signal strengths require 50x less 

integration time than standard models.

LOFAR-AARTFAAC Cosmic Explorer
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Barkanna et al. 2018



In 2023, significant progress on the same 2 hours of data 

(of the current 500 hr in hand) as published first in 2020.

• Improved sky-model: 10,000 components rather than just 2 (Cas/Cyg)

• Improved RFI excision: several levels (pre-post calibration) 

• Improved DI+DD cal. (DD-calibration instead of just DI calibration)

• etc.

Gehlot et al. in prep

Gain by factor ~3 on same data

OLD ANALYSIS NEW ANALYSIS RATIO

LOFAR-AARTFAAC Cosmic Explorer



Image credit:  Mertens

Where do we currently stand? (2024)

LOFAR-HBA

LOFAR-LBANenuFAR
AARTFAAC

2024



The Next Frontiers: Tomography, 

Cosmic Dawn & Dark Ages


21-cm Cosmology with the SKA 

and from the Lunar Far-side,


building on precursor and

pathfinder results/techniques
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Transformational Science: 

• Tomography/Imaging during the Epoch of Reionization

• Power-spectra during the Cosmic Dawn (and EoR)

• HI absorption against high-z radio sources + IM z~3-6

SKA-Low (AU) (50-350MHz)

The Square Kilometre Array: Tomography

AAVS3

March 7 2024



A three tiered-survey (3x5,000hrs): 

• DEEP: 100sdq with 1000hr/pointing 
• MEDIUM: 1000sqd with 100hr/pointing
• SHALLOW: 10000sqd with 10hr/pointing

Deeper is better for small scales
(less thermal noise; bubbles)

Wider is better on large scales
(less sample variance)

Both are needed (PS+Tomography)

Greig, Mesinger & Koopmans (2015)

The Square Kilometre Array: Power Spectra



The Square Kilometre 
Array: Power Spectra

SKA-low can probe many of the 

physical processes that drive 

reionization and the Cosmic Dawn

Greig, Mesinger, Koopmans (2019)



The Square Kilometre Array: Tomography

Gazagnes et al. 2021    

SKA is sensitive enough to directly image the 21-cm 
signal (and bubbles) during the Epoch of Reionization

Bubble Analysis - for some parameters less 

     accurate, but less biased

Power Spectrum - for some parameters more 

     accurate, but sometime biased



Dark-ages EXplorer (DEX) — ALO
ESA Explorer Mission Concept (Phase 0 study)

• Concept for a low-frequency radio telescope on 
the lunar surface (pole/far-side)


• Science payload on several of first EL3 landers

• Both global 21-cm signal receivers (pole/far-side) 

and array for 21-cm power-spectrum/
tomography observations (lunar far-side)


• Covering Cosmic Dawn and Dark Ages redshifts 
(z>~15), needing >104 hours of integration.

European Large Logistics Lander (concept)
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Power-spectrum sensitivity for 16 (4x4), 1024 (32x32), 16384 (128x128) receivers:

Compact (f=1) array, 5m dipoles, BW=10MHz, 104h integration, half-sky

[Note an array of 128x128 5x5m dipoles has “only” Aef=0.4km2 at 30MHz; 

Larger Aef than the SKA-low core and 100x SKA-low’s FoV at 50MHz]

A (z=
75)

B (z=
75)

B (z=
40)

A (z=
40)

150

125

30

50
40
75

Mondal & Barkana 2023

The (Cosmological) 
Standard models exactly 
predicts the signal

Dark-ages EXplorer (DEX) — ALO

z=



160 

Example of 
32x32 array

16x16 antennae 
of 5m

Basic concept of NxN array (power-spectrum) 

with 4 outriggers (global signal)

Placement by 

a lunar rover

Dark-ages EXplorer (DEX) — ALO



160 

Example of 
32x32 array

16x16 antennae 
of 5m

Basic concept of NxN array (power-spectrum) 

with 4 outriggers (global signal)

Placement by 

a lunar rover

Dark-ages EXplorer (DEX) — ALO

Lunar Recognisance Orbiter 

Analysing Landing Sites



A conformal grid-like array (allowing for a spatial FFT correlation), shielded

from (other) activities on the lunar surface, with up to four outrigger 


global 21-cm receivers placed at a distance.

Dark-ages EXplorer (DEX) — ALO
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Dark-ages EXplorer (DEX) — ALO



A “Race” to the Moon is on!

EarthMoon

NCLE

China - 2019 India - 2023

Netherlands/China - 2018

Japan - 2023 US - 2024



What is next?
LOFAR NenuFAR AARTFAAC DEX - ALO

• Automate data 
processing 
(NextLeap) on 
our new 1 peta-
flop GPU cluster 
CODeX at RuG/
CIT-HPC


• Analyse second 
field: 3C196


• Incorporate new 
calibration and 
GPR techniques. 


• Process and 
analyse ~100 
nights of data at 
multiple-redshifts

• Continue build team


• Doctoral network 
proposal submitted - 
15 PhD students


• Science and 
instrument 
specifications


• Design full signal 
chain, receivers, 
electronics, data 
processing, etc. 

• Automate data 
processing with 
NextLeap on 
Dawn GPU cluster.


• Improve RFI 
excision and cross-
power spectra


• Process more NCP 
data and new 
NT04/05  fields 
(less excess noise)

• Process all 500h of 
AARTFAAC data


• Obtained more data 
with LOFAR2.0 with 
HBA


• Planning for COxHI 
cross power-spectra 
analysis in the future 
(future)


SKA-Low

• Successful Data 
Challenges


• Preparing data proc. 
pipeline (NextFlow)


• Prepare for SKA 
AA0.5, 1, 2 data


• Tomography EoR


• Power spectra 
Cosmic Dawn



Before wrapping up: 


A new postdoc position will probably soon 
become available for to help process and analyse  

LOFAR-AARTFAAC and NenuFAR data. 

If you know people that could be 
interested or you are interested,  

please contact me.
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Summary & Conclusions
• HI is the only tracer (21-cm line) that allows us to study many astrophysical processes  

   during the Dark Ages, Cosmic Dawn & EoR over wide range of angular scales. 

• Currently six CD/EoR detection experiments are ongoing: LOFAR/AARTFAAC  
   NenuFAR, LWA/LEDA, MWA, and HERA, [21CMA/PAPER]. No detection yet, but 

   increasingly stronger statistical (power-spectra) upper  limits.


• Near Future: SKA will allow tomography (imaging!) to z=25.


• To detect the 21-cm signal from the Dark Ages we need to go to space or the moon:   

   DEX-ALO/NCLE, FAR-SIDE/VIEW, DSL, LUSEE, ROLSES, PRATUSH, … 

• All these experiment are difficult: a journey of discovery where tools are invented 
while doing the experiment - a long and rewarding voyage!
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Thanks!


