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LOFAR = 1er instrument du nouvel âge d'or de la radioastronomie BF

51 stations opérationnelles : 
38 NL, 13 internationales
+1 à construire en Lettonie



A Nançay : de LOFAR à . . .



… NenuFAR
New extension in Nançay upgrading LOFAR



Pourquoi un nouveau Radiotélescope BF ?

• LOFAR : 
- HBA (110-250 MHz) ++, 
- Performances limitées < 80 MHz

• LWA(s) :
- Bonnes antennes 10-88 MHz, couverture dense
- Sensibilité modeste (256 dipoles)

• MWA :
- Imagerie ++ 80-300 MHz
- Pas de beamforming haute-résolution

+ Développement de la communauté BF Française vers SKA

→ Niche scientifique pour un instrument BF, très sensible, compact (grand FoV), 
	 	 	 	 	 	 	 	 	 	 	 multi-faisceaux + imageur

→ Grands programmes : aube cosmique, exoplanètes/étoiles actives, pulsars, 
	 	 	 	 	 	 	 transitoires BF ...

→ Complémentarité avec LOFAR : très haute résolution angulaire



NenuFAR en bref

NenuFAR, un instrument BF (10-85 MHz)

• triple: LOFAR Super Station, Beamformer autonome, Imageur 
autonome

• complexe: dialogue avec LOFAR/récepteurs FR606, récepteurs 
LaNewBa+UnDySPuTeD, Corrélateur, SETI-machine?

• d'envergure: multiples thématiques scientifiques (communauté de 
60-80 utilisateurs identifiée), SKA pathfinder, IR MESR, devant préparer la 
communauté Française à SKA

→ réalisé avec des moyens limités (total ~5.9 M€ + RH) et une petite 
équipe (USN + commissioning)



Le concept de NenuFAR
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LOFAR back-end

• HBA

• LBA

• NenuFAR/LSS

LBA
30-80 MHz

HBA
110-250 MHz

~ 
40
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• NenuFAR 
Beamformer

• NenuFAR 
Imager

Beamformer, Imageur, Station géante LOFAR (Pulsar machine, SETI machine)

(96+6) Mini-Réseaux x19 antennes = 1938 antennes++ 
(> LOFAR), Sensibilité 2-8 x LOFAR, 10-85 MHz,

96

6

19

Le concept de NenuFAR



Apports de NenuFAR

➡ Tout en parallèle
➡ Recette en cours ...

• Imageur (interféromètre) autonome

➡ Imageur rapide (1 sec., coeur seul)  → (40/f)° ~1°
➡ Imageur lent (6-8 h, coeur + MR distants)  → (340/f)’ ~8’

• LOFAR Super Station (LSS)

➡ Longues bases ~4x plus sensibles → meilleure imagerie haute res. (0.1")
➡ Sensibilité globale LOFAR LBA x 2

➡ NenuFAR comme 2ème coeur ?
➡ Bases courtes internes à NenuFAR ⇒ structures à grande échelle (>10°)

NenuFAR

• Beamformer (réseau-phasé) autonome

➡ Haute sensibilité (>LOFAR) basse fréquence, jusqu’à ~10 MHz

➡ Large bande instantanée (150 MHz, polar. complète)
➡ Faisceaux cohérents multiples (768 beamlets x 200 kHz)

➡ Grand champ de vue (10’s°)
➡ Grands programmes avec fort « duty-cycle »



Développements techniques

• Antenne (LWA) + préamplificateur (Subatech / Nançay)

• Mini-Réseau hexagonal de 19 antennes

• Optimisation de la distribution globale des MR

• Contrôle/commande silencieux

• Récepteur LANewBa (FPGA, 768 beamlets x 200 kHz)

• Dialogue NenuFAR-LOFAR (finalisé côté Nançay, en cours côté ASTRON)

• Pointage : rapide, avec Beam Squint, Web-service IMCCE pour observations planétaires

• GUI contrôle/commande, gestion/surveillance instrument & données, parsets

ANR «Design» 2009-2013

	 	 	 	 + Design du NenuFAR-Radio-imageur (2015-2017)

• Emplacement des Mini-Réseaux distants

• Infrastructure, Synchronisation (White Rabbit)

• Corrélateur



• Bon radiateur d'antenne  [Hicks et al., 2012 ; Girard et al., 2012] + LNA Fr. [Charrier et al., 2014]

• Plan conducteur au sol <100 MHz → meilleure réponse, constante / t

Antenne, Sensibilité

NenuFAR / LOFAR Core

NenuFAR / LOFAR full



40 MHz

-15 dB sidelobes -32 dB sidelobes

Simulation

Mesure

• Distribution optimisée à 19 antennes

Mini-Réseau



• Optimisée pour 96 MR   [Boone, 2000, 2001] (incl. rotations MR) + 6 MR distants
• Optimisation tranchées/câbles   [Vasko et al., 2016]

     → construction en 9 pétales (consommation ~50 kW)

Distribution globale



Compact core (400 m) : 96 MA x 2 polar. Distant MA (≤3 km) : 6 MA x 2 polar.

antenna beam

MA beam (analog-phased) : 8°-64°

• Digitization
• Channelization

• Beamforming

LaNewBa

• Channelization
• Correlation
• Calibration + Imaging

NenuFAR Correlator

UnDySPuTeD : pulsar

• Coherent dedispersion
• Folding / Integration

• Digitization
• Channelization

NenuFAR Standalone Radio Imager

NenuFAR Standalone Beamformer

LOFAR Super Station

analog   signals analog   signals

SETI Machine

analog     signals

Récepteurs

• Digitization
• Channelization
• Beamforming
• Correlation
• Calibration + Imaging

LOFAR FR606 backend

UnDySPuTeD : 
dynamic spectra

• Channelization
• Integration



• Dialogue avec LOFAR

Opération & Contrôle

• Pointage : synchronisé : 10 sec, correction de "squint"

• Contrôle/commande silencieux

• GUI de commande & monitoring temps réel



Le récepteur LANewBa

• Numérisation : 96 x 2  ADC @ 200 MHz

• Traitements FPGA : filtrage polyphase + beamforming

	 → 768 beamlets, 200-kHz, 200 k-complexes/s

	 → TBB (5 sec)

• Données statistiques : 

	 → SST, BST : 1 / sec / subband, XST : 32 SB / sec

• Input vers le corrélateur NRI

cf. présentation de Cédric VIOU



Le Radio Imageur NenuFAR

•  σconfusion [mJy/beam] ~ (ν / 100 MHz)-0.7 (θ / ' )2   [Condon, 2002, 2005]  → 1-50 Jy @ 20-80 MHz  (signal non polarisé)

• corrélateur + 6 MR distants + synthèse rotationnelle  multi-λ
	 →  résolution angulaire x7  (souces large-bande stationnaires) →  σconfusion / 50

1 
km

1

6

2

5

3
4

COBALT correlator ?

ANR «NRI» 2017-2019



Données

• LaNewBa en cours de finalisation : SST, BST, XST (validées), conversion XST → MS en cours
  données HD produites avec setup "manuel"
	 → XST utilisées pour calibration du beam cohérent & "NenuFAR-TV"

SST, BST

jeu de XST
(pour calibration)

HD non calibrées
(pour tests & dévt UnDySPuTeD )

BST
calibrées

HD
calibrées

TF

FR606 : SST, BST, XST → BST & HD calibrées, données LSS

XST en continu
(NenuFAR-TV) Corrélations

NRI

TBB

amélioration
polyphase

t

• UnDySPuTeD en cours de finalisation et commissioning (LPC2E)

-  mode "pulsar"

-  mode "temps-fréquence"
	 	 (polarisation complète : 4 Stokes)



• Giant LOFAR-compatible phased array & interferometer

• 1938 antennes : 96+6 mini-arrays of 19 antennas each (25 m ∅) 

• Diameter ~400 m + extensions → 3 km

• 5151 baselines

• Frequency range = 10-85 MHz (λ=3.5-30m)

• Resolutions: δf = 200 kHz → 1 kHz, δt = 5 µsec, Waveform @ 5 nsec

• Full polarization (4 Stokes)

• Collective area ~650λ2 ≤ 65 000 m2

• FoV = 32° - 8° @ 20-80 MHz ; pointing (δ) -23° → +90°

• Angular Resolution: 2°-0.5° (Standalone instantaneous Beamformer/Imager)
17’-4’ (Slow Imager), 0.1 " (LSS)

• Sensitivity : 2 – 0.5 Jy @ 20-80 MHz (5σ, 1 sec x 10 MHz, polarized signal)
      10 – 2 mJy  ’‘    (5σ, 6 h x 40 MHz)

• Confusion at zenith:  50 – 1 Jy @ 20 – 80  MHz  (unpolarized, compact core)
        1000 – 20 mJy          "     (unpolarized, with distant MA)

Caractéristiques techniques de NenuFAR



NenuFAR  aujourd’hui

988 antennes construites, 494 à venir, 456 restent à financer



Déploiement

LOFAR 

FR606

opérationnel

72 MR coeur financés, 52 construits & opérationnels

à construire en 2019
à construire en 2018

à construire en 2019 (NRI)



[Bowman et al. ,
Nature 2018]

La Science de NenuFAR
Standalone Slow/Fast Imaging, Standalone Beamforming, LOFAR Super Station)

[Koopmans et al. 2015 ; 
Semelin et al., 2015]

CMB

âges 
sombres

premières sources
(étoiles ?)

réionisation

premières 
galaxies

(cosmic dawn)

NenuFAR

• Ages sombres/Aube cosmique	 (SSI)



[Osten et al., 2006, 2008 ; Hallinan et al., 2007, 2008, 2015]

• Étoiles, Planètes, Interactions	 (SSI, SFI, SB)

[Zarka et al., 2007, 2015; Grießmeier et al., 2007, 2011; Turner et al., 2017]

La Science de NenuFAR
Standalone Slow/Fast Imaging, Standalone Beamforming, LOFAR Super Station)

cf. présentation de Philippe ZARKA



• Galaxies & halos 	 (LSS, SSI) © F.  Vazza

© C. Tasse

Crab giant pulses  [Popov et al.]

• Pulsars, RRAT, FRB	 	 (SB)

1000 Jy

100 Jy

[Lorimer, 2007 ; Zarka & Mottez, 2016]

La Science de NenuFAR
Standalone Slow/Fast Imaging, Standalone Beamforming, LOFAR Super Station)

cf. présentation de Mamta POMMIER

cf. présentation de Louis BONDONNEAU



• Contrepartie radio d'Ondes gravitationnelles	  	 (SFI, SB)

[LIGO-VIRGO coll., 2016, 2017]

Part of UTR-2 transients survey ≤30 MHz
[Zakharenko, Vasylieva et al., 2015][Metzger et al., 2015]

• Transitoires lents / rapides	  	 (SFI, SSI, SB)

La Science de NenuFAR
Standalone Slow/Fast Imaging, Standalone Beamforming, LOFAR Super Station)



• Terre: Éclairs/Sprites, TLEs   (SFI, SB)

• SETI 		 (SB)

• RRL, Grains?		 (SSI, SB)

A&A 551, L11 (2013)

Table 1. Summary of the LOFAR data sets used for our analysis.

Data set LOFAR id Start date Time Duration Processed resolution
(UT) (h) Int. time (s) Channel width (kHz) Channel width (km s−1)

Data-1 (continuum) L25937 2011 May 4 23:00:01.5 18 5 48.768 325
Data-1 (RRL) L25937 2011 May 4 23:00:01.5 18 5 0.762 5.1
Data-2 (RRL) L31848 2011 Oct. 15 12:00:02.5 15 5 3.1 21

Notes. Raw visibilities from Data-1 were processed twice to create two separate intermediate data sets for i) continuum imaging and ii) the
RRL detections (see Sect. 2). The velocity resolutions were computed at 45 MHz.

2. Observations and data reduction

The data sets for our RRL study are taken from two LOFAR
commissioning observations of Cas A in the 30 to 90 MHz
(LBA) band. The first data set (Data-1) was taken on 2011 May 4
using the 16 core stations and 7 remote stations that were con-
structed at the time, giving baselines up to about 24 km. These
data were taken with 1-s visibility integrations and 244 sepa-
rate frequency subbands, each with a bandwidth of 195 kHz
and 256 spectral channels. The second data set (Data-2) was ob-
served on 2011 October 15 using 24 core stations and 8 remote
stations, and had a maximum baseline length of about 83 km.
Data-2 was taken in a multi-beam mode that is used for standard
continuum observations, with one beam on Cas A and a sec-
ond beam on Cygnus A. This resulted in only half of the avail-
able bandwidth being used for the observation of Cas A. Also, a
coarser spectral resolution of 64 spectral channels within each of
the 122 subbands of 195 kHz bandwidth was used. The visibility
integration time was again 1 s. After the first step of interference
removal using the AOFlagger routine (Offringa et al. 2010), the
data were averaged in time and/or frequency as required.

In total, we produced 3 data sets for our work. First, to
make a continuum image of Cas A, we produced an interme-
diate data set from Data-1 that had a coarse spectral resolu-
tion of ∼50 kHz channel−1 in order to speed up the calibra-
tion process later. Next, we created two RRL data sets. For
Data-1, we included only those baselines between the separate
core-stations (<2.6 km) and retained the full spectral resolution
of 762 Hz channel−1. Data-2 was processed to retain a spectral
resolution of 3.1 kHz channel−1 and to also include longer base-
lines (<24 km) so that spectra could be extracted from individual
regions across the supernova remnant. For these two RRL data
sets, we decided to concentrate our search to those frequencies
between 40 to 50 MHz. This was because the RRL absorption
was expected to be stronger at the lower end of the LBA spec-
trum due to the steep broadband spectral energy distribution of
Cas A. The lower frequency end of the search window was cho-
sen because the level of terrestrial interference increases below
40 MHz (Offringa et al. 2013). The resulting time and frequency
resolution for each data set after these preprocessing steps are
summarised in Table 1.

We initially calibrated our continuum data using the
BlackBoard Self-calibration package (BBS; Pandey et al. 2009),
with a relatively simple initial model, containing about a dozen
point sources and one shapelet model. We then used the SAGE-
CAL package (Kazemi et al. 2011) to solve for the direction-
dependent amplitude and phase variations in the data and to up-
date the shapelet model for Cas A. To mitigate artefacts due
to Cygnus A, present about 30 degrees away, we simultane-
ously solved for direction-dependent gains towards Cas A and
Cygnus A, and subtracted the latter in the visibility data using

Fig. 1. LOFAR image of Cas A at 52 MHz (single subband of 195 kHz
bandwidth). The image was made using Briggs weighting (robust = 0)
and was restored using a beam size of 40 arcsec. The hotspot region
used to extract spectra from Data-2 is marked with the green square.

a shapelet model. We then imaged the source using the CASA
imager1 and constructed a composite sky model from the im-
age by fitting for point and shapelet sources (see e.g., Yatawatta
et al. 2011). We iterated over this scheme (BBS calibration →
imaging → skymodel → calibration) to obtain high-resolution
continuum images and improved source models. In Fig. 1, we
present a 40 arcsec resolution continuum image of the super-
nova remnant at 52 MHz (single subband). Given the excellent
spatial resolution of LOFAR, a number of complex features are
clearly resolved (c.f., Kantharia et al. 1998; Lane et al. 2005).
Further details of the calibration strategy and a full discussion
of the continuum imaging of Cas A, and the wider surrounding
field, will be presented in a companion paper (Yatawatta et al.,
in prep.).

To detect RRLs along the line-of-sight to Cas A, we cali-
brated the RRL visibility data sets (see Table 1) with BBS us-
ing our final sky model that was obtained from our analysis of
the continuum data. Multi-channel maps were constructed us-
ing the CLEAN algorithm within CASA, and image cubes from
the individual subbands were analysed separately. Spectra were
then extracted over the whole remnant and over the brightest
hotspot (see Fig. 1). The resultant spectra displayed a few arte-
facts, such as breaks at the subband boundaries and bad channels
on the edge of each subband; typically around 5 per cent of the

1 http://casa.nrao.edu/
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A. Asgekar et al.: RRLs towards Cas A using LOFAR

Fig. 2. Representative detection of a carbon α RRL towards Cas A with
LOFAR. We show spectra of the RRL C538α that was measured using
Data-1 (black solid) and Data-2 (blue dashed). For comparison, we have
also smoothed the Data-1 spectrum to the same spectral resolution as
Data-2 (red dashed). These spectra demonstrate the spectral stability of
the LOFAR system for making spectral line measurements.

channels per subband. These bad channels were removed dur-
ing further analysis. Doppler correction terms are currently not
incorporated in the LOFAR imaging pipeline, hence the spectra
were Doppler corrected after extraction. This leads to an uncer-
tainty of <∼1 km s−1 in the determination of the central velocities
and line widths. This error is negligible compared to the velocity
resolution of our data.

3. Results

The subset of Data-1 that was used for the RRL analysis
only contained the short baselines between the core-stations
(<∼2.6 km), for which Cas A is practically unresolved. Therefore,
spectra were obtained over the whole remnant with a spectral
resolution of 762 Hz channel−1, which is equivalent to a veloc-
ity resolution of ∼5 km s−1 at 45 MHz. We report the detection
(at >16σ level) of four carbon α RRLs (C518α, C538α, C541α
and C543α) towards Cas A in Data-1 between 40 to 50 MHz.
In Fig. 2, we present a representative spectrum of a RRL de-
tection, with respect to the local standard of rest (LSR). For
each detected RRL, we measured the line widths and integrated
optical depths (

∫
τν dν) by fitting Gaussian components to the

spectra, the results of which are presented in Table 2. Only sin-
gle Gaussian-line profiles were used because our spectra do not
currently have a sufficient signal-to-noise ratio to reliably mea-
sure multiple components in the line structure. All of the de-
tected RRLs have measured velocities at vLSR ∼ −48± 1 km s−1,
consistent with the velocity of the gas in the Perseus arm, the
likely absorber along the line-of-sight to Cas A (Konovalenko
1984; Ershov et al. 1984, 1987; Payne et al. 1989, 1994). These
RRL detections from Data-1 represent the first spectral-line mea-
surements made with LOFAR.

The main goal of our study is to investigate whether there
is any structure in the absorbing gas by detecting a variation
in the integrated optical depths of the RRLs over the extent of
the remnant. For this, LOFAR’s unparalleled spatial resolution
at frequencies below 100 MHz is required. We extracted spec-
tra using Data-2 in two ways; one towards the compact hotspot
component and the other over the entire area of the remnant.
We detected five carbon α RRLs (at >5σ level) in both our
integrated spectra and the spectra extracted over the brightest
hotspot component in the remnant. As these lines were only

Fig. 3. Spectrum of the RRL C541α measured over the whole remnant
(red) and only over the hotspot region (blue) using Data-2. These data
demonstrate that the integrated optical depth over the hotspot region is
higher than across the remnant, showing that there is likely structure in
the absorbing gas on scales of ∼1 pc.

Table 2. Derived line parameters for the RRLs measured from Data-1
and Data-2.

Line Rest Centre FWHM Integrated optical depth
frequency velocity (km s−1) (s−1)

(MHz) (km s−1) Data-1 Data-1 Data-2
Data-1 SNR SNR Hotspot

C548α 39.87 – – – 12± 2 14± 2
C543α 40.98 −48 ± 1 19± 2 12.8± 0.5 15± 2 21± 2
C541α 41.44 −48 ± 1 19± 2 13.3± 0.5 15± 2 23± 2
C538α 42.13 −48 ± 1 20± 3 14.6± 0.9 13± 2 24± 2
C518α 47.20 −48 ± 1 18± 2 12.8± 0.9 11± 2 20± 2

Notes. For the case of Data-1, the spectral resolution was sufficient to
resolve the lines and the fitted Gaussian full width at half maximum
(FWHM) is reported. For Data-2, the RRLs were not fully resolved and
so the integrated optical depths were obtained over two spectral channel
widths. The integrated optical depths have been calculated over the full
remnant (SNR) for data sets Data-1 and Data-2, and around the region
of the bright hotspot for Data-2 (see Fig. 1).

marginally resolved, we estimated their integrated optical depths
by summing the measured optical depth over two channels. The
results of these measurements are also given in Table 2. In Fig. 3,
we show a representative detection of a carbon α RRL (C541α)
against the whole remnant and the hotspot. Earlier studies (see
e.g., Payne et al. 1989) reported two components at vLSR ∼ −50
and ∼−40 km s−1, where the former dominates by a factor 2−3.
Due to insufficient signal-to-noise ratio we can not currently
separate these components, but the observed line-profile asym-
metry in our spectra (see Figs. 2 and 3) is consistent with two
components.

We also carried out a search for hydrogen and helium RRLs
in the individual subbands of our data sets (without any fold-
ing in frequency), but found no significant detection. The spec-
tral noise per channel in our most sensitive data set (Data-1)
is ∼10−4, so we derive an upper limit (3σ) on the peak optical
depth of hydrogen and helium RRLs of 3× 10−4, or an equiva-
lent integrated optical depth of 0.9 s−1. Following Shaver (1976),
we derive an upper limit of 4× 10−18 s−1 for the interstellar ioni-
sation rate of hydrogen. Our limit is significantly lower than the
previously reported values despite the uncertainties in determin-
ing various parameters (see e.g., Payne et al. 1994; Gordon &
Sorochenko 2009, Sect. 3.3.6), indicating that cosmic rays can
not ionise the intercloud gas to the observed degree.
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[Asgekar et al., 2013]

• Héliosphère: Soleil, Jupiter	 (SFI, SB)

[Ryabov et al., 2014]

Saturn lightning: finest dispersion delay measured: DM ~ 3x10-5 pc.cm-3

→ Solar Wind probing up to 10 AU    [Zakharenko,et al., 2012]

• Éclairs d'orages planétaires 	(SFI, SB)

La Science de NenuFAR
Standalone Slow/Fast Imaging, Standalone Beamforming, LOFAR Super Station)



- Quantification sensibilité
- Simulation complète instrument + GSM

0�

45�

90�

135�

180�

225�

270�

315�

80
70

60
50

40
30

20
10

0

103

104

105

106

G
ai

n
(d

B
)

2

4

6

8

10

12

A
m

p
li
tu

d
e

(⇥
10

8
) V

ir
A Obs

GSM

0 5 10 15 20 25

Time (h since 2017/08/20 02:26:20 UTC)

�0.20
�0.15
�0.10
�0.05

0.00
0.05
0.10
0.15
0.20

D
i↵

er
en

ce

Obs�Simu
Simu

NenuFAR, BST 39MAs, 23.9691840278MHz, polar NW

Commissioning + Calibration (Recette + Étalonnage)

cf. présentation d'Alan LOH



- Quantification sensibilité
- Simulation complète instrument + GSM
- Tests sur Jupiter

Commissioning



- Quantification sensibilité
- Simulation complète instrument + GSM
- Tests sur Jupiter et le Soleil

Commissioning



- Quantification sensibilité
- Simulation complète instrument + GSM
- Tests sur Jupiter et le Soleil
- Observations de pulsars

FR606 + 15 MR

Single pulse detections

Pulsar milliseconde

UnDySPuTeD + 40 MR

A 58 MHz:
SNR NenuFAR / LOFAR-FR606 (calibré) ~ 3
SNR NenuFAR / LOFAR-FR606 (non calibré) ~ 7

Commissioning + Calibration

cf. présentation de Louis BONDONNEAU



- Quantification sensibilité
- Simulation complète instrument + GSM
- Tests sur Jupiter et le Soleil
- Observations de pulsars
- Eclairs d'orages de Saturne

(observations On/Off 2018/04/28 - 05/30)

Commissioning

20180523  - On

20180523  - Off

cf. présentation d'Alan LOH



Commissioning



1ère image non calibrée

1ère image → étalonnage

Interféromètre NenuFAR à 40 MR
Couvertures instantanée des 

fréquences spatiales

Observation du 29/03/2018 9h10 TU

PSF à 85 MHz : 23' x 41'

Cas A

Cyg A

Étalonnage en cours ...

Commissioning + Calibration



En bref ...

• Coût total non consolidé : ~5.9 M€ M€	 	 (80% acquis)• Petite équipe de commissioning	 	 	 	 (~3.5 ETP)• SKA(-Low) pathfinder (2014) • NenuFAR ∈ SO3 LOFAR → IR MESRI• Projet d'art: "Le Dôme"

• Key Scientific Projects → formation à partir de l'automne 2018• Early science (Beamformer autonome + LSS) → à partir de l'automne 2018• Atelier NenuFAR : "Data & Early Science" → ≤ fin 2018• Inauguration printemps 2019 (NRI 2020)


