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LOFAR

• 1824 Dutch + 1248 International LBA antennas / HBA tiles



to NenuFARFrom LOFAR … 



Motivations

• Interesting scientific «niches» for a large compact LF array :
- more sensitivity at low / very low frequencies
- more sensitivity to extended structures (short baselines)
- compactness, large FoV, high sensitivity in beam formed mode
⇒ large programs : pulsars & transients at LF, dark ages, 

exoplanets, active/flaring stars
 

• Complementarity with LOFAR
- enabling very high resolution in LBA with sensitive international 

baselines

• Developing the French LF radio community
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Initial idea : a LOFAR Super Station



• Good LF antenna radiator, H & V polar [Hicks et al., 2012]

• Ground plane needed <100 MHz, esp.  to avoid time variation of ground properties

• Good LNA response, consumption 70 mA x 9 V = 630 mW per channel

Designing / Prototyping
ANR 10/2009-2/2013, Nançay, Subatech, LESIA, LPC2E, Kharkov(PICS), ALSE & other subcontractors …



Possible implications for SKA-Low

• Possible evolution toward a 50-500 MHz LNA in 
ASIC (SiGe, Si-on-Insulator), with low gain dispersion, 
low consumption (<160 mA x 5V = 800 mW), good 
linearity, cost-effective, smart (integrated phase 
corrector - Memphis project) ?

• Hi-pass filter behind antenna ?

• Experience NenuFAR + Vivaldi antennas : 
possibility to design an integrated single-
ended LNA (full feed board system, ASIC, 
analogue optical output link)



• Optimized antenna distribution within Mini-Arrays

40 MHz

-15 dB sidelobes

-32 dB sidelobes

Designing / Prototyping



Designing / Prototyping

• Global design optimized for 96 MA, incl. MA rotations
• Trenches/cables optimization     [Vasko et al., 2016]

• Construction in 9 petals
• Total electrical consumption ~50 kW



silent c/c system

dialog with LOFAR/ASTRON

• Silent control/command system

• Pointing protocol : analog phasing switches distributed over a few msec at round multiples of 10 sec.

Designing / Prototyping



TF2D antenna

3-band Yagi antenna

Height: 50 m, 50/70/90 m
Flight distance: ~2000m
Flight time: ~12min 30sec

80 MHz30 MHz

• Drone measurements of antenna (far-field ≥10’s m)
    and mini-array (far-field >500 m) patterns (ONERA - ongoing)

Testing



Testing

• Antenna + preamplifier on the sky

Jupiter

Galaxy



• Phasing system : simulation + laboratory

Simulation Mesure

Testing



• Phased mini-array on the sky

Sun
Jupiter

Testing



Galaxy
(LF map)

Testing

• Phased mini-array on the sky



Testing



Zenith pointing

Testing



Testing

• 2-hour observation of PSR1919+21 (0.5 - 2 Jy) with the incoherent sum of 6 MA 



Online Realtime Monitoring



NenuFAR

What NenuFAR/LSS will bring

Long baselines 191/2x more sensitive

  ⇒ global LOFAR sensitivity ~x2

  ⇒ access to ~10x more calibrators 

  ⇒ better high resolution imaging

(u,v)

Jy



Short baselines intra-NenuFAR/LSS

 ⇒ large scale structures (>10°)

+ NenuFAR/LSS as 2nd core ?

NenuFAR

What NenuFAR/LSS will bring



• ~19x the sensitivity of an international LOFAR station in LBA range

• N antennas = Dutch LOFAR (LBA)

• Access to VLF (10-85 MHz)

• Aeff ~ 2 x Aeff LOFAR core LBA above 35 MHz, ~ 10 x below 35 MHz 

• International LBA stations used <25% of the time ⇒ Strong interest for standalone use

NenuFAR/LSS

LOFAR

Arecibo

LOFAR core

What NenuFAR/Standalone will bring



... x96 ...

to LOFAR 
backend

...

The NenuFAR Beamformer + Imager

• Fully parallel use of LSS & Standalone modes ⇒ "duty-cycle" ~100% in the analog mini-array beam

... x2 ... 
x96

channelizer, dedisperser

2 beams full-band (~10-85 MHz), full-polar.
= 768 beamlets x 200 kHz (150 MHz)

multibeam, coherent/incoherent tile summation

imaging, ~every sec, tbd bandwidth, polar.
Cross-correlations 

GPU cluster (~LOFAR Cobalt)

• NenuFAR   = 3 instruments in 1  
NenuFAR/LSS
NenuFAR/Standalone Beamformer
NenuFAR/Standalone Imager

{



Beam former ADC+Computing board

Per FPGA :

2.6 GB/s ADC data

34.4 GMAC/s for beamforming

(no  correlation (XST))

NenuFAR-96 (x24):

63 GB/s ADC data

826 GMAC/s 

• LaNewBa Beamformer



The NenuFAR Radio Imager
•  σconfusion [mJy/beam] ~ (ν / 100 MHz)-0.7 (θ / ' )2 [Condon, 2002, 2005]

• +6 distant MA + multi-λ synthesis  ⇒  angular res. x6 for stable broadband sources

• Relative sensitivity beyond compact core = (Ndistant/Ncore)1/2 ~ 25%



• Large LOFAR-compatible phased array & interferometer

• 1824 antennas : 96 mini-arrays of 19 antennas each (25 m ∅)

• Diameter ~400 m + 6 distant mini-arrays (up to ~3 km)

• ~5000 baselines

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

• Resolutions: δf = 100 kHz (standalone) → 1 kHz, δt = 5 μsec, TBB @ 5 nsec

• Full polarization (4 Stokes)

• Collective area ~600λ2 ≤ 62 000 m2

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

• Angular Resolution 2°-0.5° (Standalone instantaneous), 

     5’-40’  (Standalone synthesis),   0.1 " (LSS)

• Sensitivity : 2 - 0.5 Jy @ 20-80 MHz (5σ, 1 sec x 10 MHz)

   ~ 31 – 9 mJy ’‘      (5σ, 1 h x 10 MHz)

Technical characteristics of NenuFAR



NenuFAR calibration / imaging

• Coupled Calibration / RFI mitigation  (PRISME)

• Kill-MS / Coherent Jones / Facet-DD fast imager  (Obs. Paris)

• Sparse deconvolution/imaging  (OCA, CEA/AIM)

2-year post-doc position for NenuFAR commissioning 

open 16/5/2016, deadline 16/6/2016, start activity ~
1/9/2016



CMB

âges sombres

premières sources 
(étoiles ?)

réionisation

premières galaxies

• Standalone Imaging (multi-λ rotational synthesis) :  Dark Ages/Cosmic Dawn

The Science

© L. Koopmans et al.



The Science
• NenuFAR / LSS : very high resolution wide-field LBA imaging, 

more sensitivity to extended structures
      (BH, AGN, star formation, IGM, clusters, haloes, relics, IGM, ISM, B fields)

© F.  Vazza

© C. Tasse



• Standalone Imaging (multi-λ rotational synthesis) : GW/GRB afterglows ?
• Standalone Beamformed/Fast imaging : Prompt GW emission ?

(MoU LIGO-Virgo / NenuFAR)

The Science

Metzger et al., 2015
LIGO coll., 2016



• Standalone Beamformed : Pulsars searches/studies

The Science

FoM1 = Nbeams * FoV * ( A / T )2 ∝ Nbeams * A2 / D2

FoM2 = Nbeams * A2 * FoV/Beamwidth ∝ Nbeams * A2 / D
[Smits et al. 2009, Stappers et al. 2010, 2011]



• Standalone Beamformed/Fast imaging : fast astrophysical transients
   (giant pulses, RRATs, FRBs)

The Science

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

[Lorimer et al., 2007]

[Zarka, 2016]



• Standalone Beamformed/Fast imaging : Exoplanets, Star-Planet plasma 
       interactions, Flaring/Dwarf/Cool stars

The Science

© G. Hallinan

© R. OstenZarka et al., 2015



• Standalone Beamformed/Fast imaging : Radio Recombination Lines

The Science

• LSS mode : Grains ?

Carbon RRL’s towards Cas A
[Gordon & Sorochenko, 2002]

Discovery of CRRLs towards Cyg A 3509

spectra by the fitted continuum (and subtract by 1) to derive the
final on-source subband spectra in units of optical depth, i.e. τ ν =
(Fν, obs/Fν, cont) − 1. Here Fν, obs is the observed flux and Fν, cont is the
continuum flux. Out of a total of 122 subbands seven were removed
due to data corruption. For the remaining 115 subbands spectra
were extracted and visually inspected. Subsequently, 10 additional
subbands were removed due to strong RFI in the data, leaving 105
subbands for further analysis.

The on-source spectra for each subband were investigated for the
presence of RRLs. Their peak optical depth limits, that is the root-
mean-square (rms) per 0.4 kHz channel divided by the continuum
level, varied from about 3 × 10−4 at 33 MHz to 8 × 10−4 at 57 MHz.
At these levels RRLs were not detected in the individual subbands.

We proceeded by stacking the on-source spectra. We only in-
cluded spectra where the expected line position was at least 70
channels away from the edge of the subband to avoid errors due
to the bandpass roll-off. Stacking was done in velocity space using
a 2 km s−1 channel spacing corresponding to our highest spectro-
scopic resolution at 57 MHz. The final stacked spectrum is rebinned
to 4 km s−1 which corresponds to our lowest spectroscopic resolu-
tion at 33 MHz.

Stacked spectra were produced for RRL α transition lines from
hydrogen, helium and carbon at redshifts corresponding to (i) the

Milky Way foreground (z = 0) and (ii) Cyg A (z = 0.056). In each
case about 50 lines were stacked. The noise in units of rms per
channel divided by the continuum level is found to decrease from
about 4 × 10−4 for the on-source spectra from individual subbands
to about 0.5 × 10−4 for the final stacked spectra. The decrease in
the noise thus roughly scales with the square root of the number of
stacked spectra. This is consistent with Gaussian spectral noise in
the on-source spectra from individual subbands.

3 R ESULTS

We searched the stacked spectra for RRLs associated with both the
Milky Way foreground (z = 0) and with Cyg A (z = 0.056). For the
Milky Way foreground stacked spectra we find an absorption feature
with a signal-to-noise ratio (SNR) of 5. This absorption feature is
found at a velocity of +4 km s−1, relative to the local standard of
rest (LSR), if the stack is centred on the carbon α transitions, see
Fig. 1. Similarly the absorption feature is found at the expected
velocity of −30 and −150 km s−1 when centring on the helium and
hydrogen α transitions, respectively, see Fig. 2. We believe that the
observed absorption feature is due to carbon and we present our
arguments for this in Section 4.1.

Figure 1. Foreground stacked carbon α spectrum along the line of sight to Cyg A. The data are stacked assuming a redshift z = 0 for the lines and displayed
using a resolution of 4 km s−1 per channel. Top-left: stacked spectrum of all 48 carbon α lines in the range 33–57 MHz. Top-right: stacked spectrum of the 21
lowest frequency carbon α lines. Bottom-left: stacked spectrum of 23 carbon α lines in the middle of the observed range. Bottom-right: stacked spectrum of
the 27 highest frequency carbon α lines. The black line shows the data and the red line shows the Gaussian fit. The line properties derived from these fits are
given in Table 2.
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Carbon RRL’s towards Cyg A (discovery with LOFAR)
[Oonk et al., 2014]

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]



• Standalone Beamformed/Fast imaging :  fast heliospheric transients
   (Solar bursts, Solar System magnetospheres,  Terrestrial & Planetary Lightning 
     and Transient Luminous Events)

The Science

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

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

Jupiter
[Queinnec & Zarka, 1998, 

Ryabov et al., 2014]



Science Case
• NenuFAR workshop & science case  ⇒    Science groups (Cosmology, GW & GRB …)

Journées Radio

SKA-LOFAR

11-13 février 2014
IAP, Paris

Organisées par l’Action Spécifique SKA LOFAR 
en association avec les programmes nationaux de 
l’INSU (PCMI, PNCG, PNHE, PNST, PNP, PNPS)

http://journees-radio.sciencesconf.org/
Contact: journees-radio@sciencesconf.org
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NenuFAR Operating modes & Data policy
• NenuFAR/LSS mode via ILT  (MoU)
• NenuFAR/Standalone mode via FLOW PC



(8/2014)

NenuFAR

SKA-Low:	~	130,000	dipoles	BF,	AUS

• Unique instrument / LWA,  ARRTFAAC,  UTR-2

• Synergy/complementarity with LOFAR,  MWA,  SKA …

NenuFAR : SKA pathfinder



NenuFAR today



Octobre 2015 - 22MR

Juillet 2016 - 32 MR

Novembre 2016 - 41 MR

Juillet 2017 - 52 MR

Novembre 2017 - 72 MR

Construction

• Total cost of NenuFAR <5 M€,  ~60% funded,  ongoing proposals

Funding

• http://nenufar.obs-nancay.fr/    • https://twitter.com/SSL_Nancay 

• http://nenufar.sciencesconf.org/    • http://journees-radio.sciencesconf.org/

Links


