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What where the major stages
of reionisation?

When did the first luminous
sources emerge?

Do we need to invoke new
physics to explain EDGES?
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EDGES observation (Bowman et al. 2018)




The first billion years of the universe

JWST: Only the brightest galaxies (<10% at z~10)
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The 21-cm line reveals the chronology and the topology of the reionization, 21-cm over cosmic time
key to understanding the first stars, galaxies, and the reionization.
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The Reionization
with LOFAR
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A? [mK?] (Power-Spectra)

Where do we stand ?

No detection (yet) but a lot of progress
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Major challenges: foregrounds sources & RFI

Foregrounds emission
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Foreground mitigation: subtracting point-sources
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>Need accurate sky-model
= Solve for instruments gains in
direction of (cluster of) sources

Confusion limited
foregrounds + low level
residuals

Mertens et al. 2020
Mevius et al. 2022



Foreground mitigation: statistical separation

The ML-GPR method (Mertens et al. 2018, 2024)

» Non-parametric signal separation with Gaussian processes

= Exploiting spectral differences between signal and foregrounds
= 21-cm signature learned from simulations
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Mitigating faint & broadband RFI

Source 1: delay and Fringe Rate power spectra for an example baseline
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Current strategy: detect & flag affected baseline

In the future: model & subtract RF| source Spectral characterization of the local sources of RFI

Munshi, Mertens et al 2025b



The Epoch of Reionization with
& LOFAR

The LOFAR-EoR team The LOFAR telescope
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... but affected by large excess power.

Mertens et al. 2020
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Improved RFI flagging
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New and improved RFI excision steps
significantly reduces contamination across the power spectrum

Mertens et al. 2025



Improved foregrounds removal

Using ML-enhanced Gaussian Process Regression (Mertens et al. 2024)
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« 21-cm spectral signature learned from simulations
« Signal preservation validated through injection tests

Mertens et al. 2025
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Deeper multi-redshift LOFAR upper [imits

LOFAR, NCP field, 140 hours, 122 - 160 MHz
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- Several scenarios of cold IGM excluded Mertens et al. 2025
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The Cosmic Dawn with
NenuFAR

The NenuFAR
Cosmic Dawn team The NenuFAR telescope




A? (k) [MK?]

First NenuFAR upper [imit

NCP field, 11.5 hours, 61-72.5 MHz, z ~ 20 (Munshi, Mertens et al. 2024)

Spherical PS
10**
1010;
109k
108
107
10° = ,” —— Data
- A —— Skymodel Sub
. /’ —— GPR Residual
105 ¥ —+- Thermal Noise

I I
0.1 0.2 0.4

k[hcMpc~!]

The deepest upper limit on the 21-cm power-spectra at z~20

2.51

2.0 1

k” [h chC‘l]

1.0 1

05

Residual / Thermal Noise

.

0.020 0.025 0.030
k, [hcMpc!]

- 101

L 100

-10°!

... but limited by bright source contamination and local RFlI

Upper Limits

0.05

0.1 0.2
k[hcMpc™t]




NenuFAR search for a “darker” deep field

2022 — 2023 observation campaign on 5 candidates deep fields

12h

Selection strategy:
= Minimize apparent flux from Bright A-team sources.
= Transit close to zenith for maximum sensitivity.

Mertens et al. in prep.



New NenuFAR upper limit

NTO4 field, 26.1 hours, z ~ 20 & z~17
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Next steps for NenuFAR: 1000hrs
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Making a big leap towards a detection

Investigation and mitigation of the excess AN
> lonosphere impact analysis (Brackenhoff et al. 2024) Bracke
> Improved bright source model (Cecconi et al. 2025a)
> New more robust DD-calibration (Brackenhoff et al. 2025)
> Filtering of local sources of RFI (Munshi et al. 2025)

New end-to-end automated pipelines
> LOFAR EoR: NextLEAP
> NenuFAR Cosmic Dawn: NenuFlow

Next step for LOFAR-EOR
> Analysis of the 3C196 field with LOFAR (Cecconi et al. 2025b)
> Next step: large batch of 3C196 (Chege et al. in prep)

Next step for NenuFAR Cosmic Dawn Kariuki g/
C .r: Q;. G .;‘-f' !

> Analysis of ~1000hrs of the new deep field (120hrs already done)



A? [mK?] (Power-Spectra)

Summary & perspective

= Deepest LOFAR upper-limits at z ~ 8 - 10, based on ~5% of LOFAR data
= New NenuFAR upper limits at z ~ 17 - 21 comparable to extreme exotic models
> We are scaling up processing significantly
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