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• 1824 antennas / tiles NL
• 1248  "  " international
• 30-80 & 110-250 MHz

Décembre 2010 – l’ASTRONOMIE - 17

A. Six stations LOFAR regrou-
pées sur un tertre de 300 m
de diamètre au cœur du cœur
de LOFAR (©LOFAR Science

Consortium) – B et C. De la cos-
mologie aux exoplanètes, vues
d'artiste. (©NRAO et Nasa/Esa/A.

Schaller) – D. Les antennes
LOFAR, sous la neige, à
Nançay. (© Bertrand Flouret)

– E. Observation de Cygnus A
à 240 MHz, le 30 mai 2010. 
(© John Mc Kean/LOFAR/ASTRON)

– F. Antennes de LOFAR aux
Pays-Bas. (© Topfoto Assen)

LA NAISSANCE DU PROJET
Vers le milieu des années 1990, de nouvelles
méthodes ont été mises en œuvre à 74 MHz au VLA
(Very Large Array, Nouveau-Mexique) pour corriger
les perturbations de phase ionosphériques, ouvrant
des perspectives nouvelles en imagerie basses fré-
quences. Ces développements, les progrès dans le
domaine des récepteurs, et les puissances de calcul
disponibles en forte croissance (permettant d'envi-
sager une lutte logicielle contre les parasites) ont
fait germer l'idée d'un très grand réseau basses fré-
quences dans plusieurs pays, et notamment aux
USA et aux Pays-Bas, ainsi qu’en France. Les projets
américains et hollandais ont fusionné pour devenir

le projet LOFAR (LOw Frequency ARray - réseau
basses fréquences). En 2004, suite à l’obtention par
les radioastronomes hollandais de financements
nationaux et régionaux, académiques et industriels,
à la condition expresse de construire LOFAR en
Hollande, le consortium hollando-américain s’est
dissous, les américains relançant indépendamment
les projets LWA (Long Wavelength Array) aux fré-
quences inférieures à la bande FM, et MWA
(Murchison Widefield Array) aux fréquences plus éle-
vées. Devenu purement hollandais, LOFAR s’est
ouvert à partir de 2006-2007 à des partenariats
européens, et la communauté française s’y est acti-
vement engagée.
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A multi-scale instrument : 
an European interferometer of phased arrays



• 1824 antennas / tiles NL
• 1248  "  " international
• 30-80 & 110-250 MHz

Décembre 2010 – l’ASTRONOMIE - 17

A. Six stations LOFAR regrou-
pées sur un tertre de 300 m
de diamètre au cœur du cœur
de LOFAR (©LOFAR Science

Consortium) – B et C. De la cos-
mologie aux exoplanètes, vues
d'artiste. (©NRAO et Nasa/Esa/A.

Schaller) – D. Les antennes
LOFAR, sous la neige, à
Nançay. (© Bertrand Flouret)

– E. Observation de Cygnus A
à 240 MHz, le 30 mai 2010. 
(© John Mc Kean/LOFAR/ASTRON)

– F. Antennes de LOFAR aux
Pays-Bas. (© Topfoto Assen)

LA NAISSANCE DU PROJET
Vers le milieu des années 1990, de nouvelles
méthodes ont été mises en œuvre à 74 MHz au VLA
(Very Large Array, Nouveau-Mexique) pour corriger
les perturbations de phase ionosphériques, ouvrant
des perspectives nouvelles en imagerie basses fré-
quences. Ces développements, les progrès dans le
domaine des récepteurs, et les puissances de calcul
disponibles en forte croissance (permettant d'envi-
sager une lutte logicielle contre les parasites) ont
fait germer l'idée d'un très grand réseau basses fré-
quences dans plusieurs pays, et notamment aux
USA et aux Pays-Bas, ainsi qu’en France. Les projets
américains et hollandais ont fusionné pour devenir

le projet LOFAR (LOw Frequency ARray - réseau
basses fréquences). En 2004, suite à l’obtention par
les radioastronomes hollandais de financements
nationaux et régionaux, académiques et industriels,
à la condition expresse de construire LOFAR en
Hollande, le consortium hollando-américain s’est
dissous, les américains relançant indépendamment
les projets LWA (Long Wavelength Array) aux fré-
quences inférieures à la bande FM, et MWA
(Murchison Widefield Array) aux fréquences plus éle-
vées. Devenu purement hollandais, LOFAR s’est
ouvert à partir de 2006-2007 à des partenariats
européens, et la communauté française s’y est acti-
vement engagée.

E F

C

Station

Superterp

Core

LOFAR-NLLOFAR-Europe

A multi-scale instrument : 
an European interferometer of phased arrays



LOFAR station : 2 phased arrays + backends



LOFAR station : 2 phased arrays + backends

60 m 50 m

Low frequencies (30-80 MHz)

3+ Gbit/sec Link

Correlator : GPU cluster

High frequencies (110-250 MHz)
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Réseau Temps réel Stockage Temps différé

• Station level processing : amplification, digitization, filtering, beam-forming, transient ram buffers (TBB)

⇒ ~50 stations @ 3-10 Gbps/station

• Central processing : delay compensation, correlation or summation → long-term archive

The LOFAR array

• Post-processing : calibration, imaging, science pipelines



• Interferometric Imaging
• Tied Array Beam(s) : incoherent & coherent
• Waveform snapshots

Need many sources / beam for proper calibration

Modelling the ionosphere
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• European « Interferometer » of « Phased arrays »

• 24 stations «core» + 14 remote + 13 international

• Diameter ~90 km (NL) → 2000 km (Europe)

• Effective area ~ 100 000 m2   (∝λ2)

• Frequency ranges = 30-80 & 110-250 MHz (λ=1.2-10m)

• Operation Modes = imaging, tied-array beams, waveform capture ...

•Resolution ~ 0.1 " - 10 ", large FoV (~10°)

• Sensitivity < mJy (10-29 Wm-2Hz-1)

• Resolutions → 1 msec × 1 kHz, Full polarization

•RFI mitigation, ionospheric « adaptive optics »

• First Low-Frequency « all-purpose » spectro-imager

• 1st SKA precursor

Summary of LOFAR technical characteristics
http://www.lofar.org/

http://www.astron.nl/radio-observatory/astronomers/lofar-astronomers
http://www.astron.nl/radio-observatory/astronomers/lofar-astronomers


(Groningen)

(Leiden)

(Bonn) (Potsdam / Paris)

(Amsterdam)
(Manchester / Dwingeloo)

(Nijmegen)



The Epoch of Reionization

z=7 (MWA) - 8.4 (PAPER)



The Epoch of Reionization

z=7 (MWA) - 8.4 (PAPER)



The Epoch of Reionization

z=7 (MWA) - 8.4 (PAPER)



The Epoch of Reionization

station 
beam

2000 h on 2 fields → σ = 25 μJy, DR = 106 @ scales 30’-60’

z=7 (MWA) - 8.4 (PAPER)



Surveys (galaxies)



The Multi Frequency Snapshot Sky Survey -  LOFAR (150 MHz)
MSSS

Heald et al., 2015



Discovery of giant radiogalaxies

7 millions light-years

around triplet UGC 09555	 	 	 	 	 	 Clarke et al.
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Discovery of giant radiogalaxies

7 millions light-years

around triplet UGC 09555	 	 	 	 	 	 Clarke et al.

Pommier et al.



! 8  hrs 
! 60 MHz bandwidth  (120-180 MHz)
! Longest baseline ~80 km 
! 96 microJy/beam

The Toothbrush galaxy cluster, LOFAR 
(150 MHz)

Credits: R. van Weeren



Galaxy cluster Abell 2256, 
LOFAR (150 MHz)

Credits: R. van Weeren
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Calibration & Imaging algorithms
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• LOFAR AW Imager   Tasse et al., 2013

• Compressed sensing  Garsden et al., 2015

• MORESANE deconvolution  Dabbech et al., 2015

• Lucky exposure : new weighting scheme to optimize SNR vs DR
            Bonnassieux et al., 2015

• Wirtinger Jacobian + Non-linear Kalman filter → KillMS + DDfacet   Tasse et al., 2014, 2016, 2017

1996abc

Calibration & Imaging algorithms



• Tesselated images, with continuity between facets
• Full polarisation DDE correction
•  Variable t-f-uv variation of beam and PSF (smearing/decorrelation)
• Spectral + sub-spaces (of pixels) deconvolution, Mosaicing
• Works on LOFAR, VLA, ATCA, MeerKAT
• More sources detected, better detection of extended sources
• Flux scale fidelity

DDfacet
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• Tesselated images, with continuity between facets
• Full polarisation DDE correction
•  Variable t-f-uv variation of beam and PSF (smearing/decorrelation)
• Spectral + sub-spaces (of pixels) deconvolution, Mosaicing
• Works on LOFAR, VLA, ATCA, MeerKAT
• More sources detected, better detection of extended sources
• Flux scale fidelity

DDfacet

A small fraction of a 20.000x20.000 pixel image



NenuFAR
New Extension in Nançay Upgrading LOFAR

P. Zarka1

& the NenuFAR-France team2

1LESIA—USN, OP/CNRS/PSL
2GEPI, LPC2E, Subatech, CEA/AIM, OCA, 

ONERA, LERMA, PRISME, APC …



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



The NenuFAR concept

x

=



From LOFAR (FR606) to …



… NenuFAR
New extension in Nançay upgrading LOFAR



… NenuFAR
New extension in Nançay upgrading LOFAR

LOFAR 

FR606

built today

to be built in 2018



NenuFAR in brief

NenuFAR, a LF instrument (10-85 MHz)

• triple: LOFAR Super Station, standalone Beamformer, standalone 
Imager

• complex: dialog with LOFAR / FR606 receivers, LaNewBa receiver
+UnDySPuTeD, Correlator, SETI-machine ?

• ambitious: broad science expected (60-80 identified future users), SKA 
pathfinder (lessons, preparation of the community, complementarity)

→ build with limited money (≤6 M€) and manpower (Nançay 
radioastronomy station + commissioning team)



LOFAR back-end

• HBA

• LBA

• NenuFAR/LSS

LBA
30-80 MHz

HBA
110-250 MHz

~ 
40

0 
m

• NenuFAR 
Beamformer

• NenuFAR 
Imager

The NenuFAR concept (continued)

96 Mini-Arrays
(LF tiles)
of 19 antennas, 
analog phased
∆f ⊃ LBA range
(10-85 MHz)
+ distant MA



NenuFAR

NenuFAR/Lofar Super Station (LSS):	 [MoU LOFAR-NenuFAR]

• ~4x more sensitive long baselines
	 → ~10x more calibrators, better high res. (0.1") imaging

• Global LOFAR LBA sensitivity x 2

• NenuFAR as 2nd LOFAR core ?
• Short baselines intra-NenuFAR ⇒ large scale structures 

(>10°)

What NenuFAR brings
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NenuFAR/Lofar Super Station (LSS):	 [MoU LOFAR-NenuFAR]

• ~4x more sensitive long baselines
	 → ~10x more calibrators, better high res. (0.1") imaging

• Global LOFAR LBA sensitivity x 2

• NenuFAR as 2nd LOFAR core ?
• Short baselines intra-NenuFAR ⇒ large scale structures 

(>10°)

NenuFAR/Standalone Beamformer:
• High sensitivity in LBA range, down to ~10 MHz (>LOFAR)
• Broad instantaneous bandwidth (150 MHz, full polar.)
• Multi coherent tied-array beams (768   200kHz-beamlets)
• Broad FoV (10’s°)
• Large programs with high duty-cycle

NenuFAR/Standalone Imager:
• Fast imager (1 sec., core only)  → (40/f)° ~1°
• Slow imager (6-8 h, core + distant MA)  → (340/f)’ ~8’

➡ All in parallel + Ongoing commissioning ...

What NenuFAR brings



Technical developments

• Antenna (LWA) + preamplifier (Subatech / Nançay)

• Mini-Array of 19 antennas, hexagonal

• Optimization of the global MA distribution

• Silent Control/Command system

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

• NenuFAR-LOFAR dialog   (Nançay / ASTRON)

• Pointing : fast, Beam Squint, IMCCE Web-service for planetary observations

• Control/Command GUI : programming observations (parsets), housekeeping, monitoring, data 

management

ANR «Design» 2009-2013
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	 	 	 + NenuFAR-Radio-imageur design (2015-2017) and construction (2018+)

          ANR «NRI» 2017-2019

• Distant MA

• Infrastructure, Synchronization (White Rabbit)

• Correlator



• Good LF antenna radiator + LNA  [Hicks et al., 2012 ; Girard et al., 2012 ; Charrier et al., 2014]

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

Antenna, Preamplifier, Sensitivity



• Good LF antenna radiator + LNA  [Hicks et al., 2012 ; Girard et al., 2012 ; Charrier et al., 2014]

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

Antenna, Preamplifier, Sensitivity

NenuFAR-2 / LOFAR

NenuFAR-1 / LOFAR

NenuFAR-2 / LOFAR core

NenuFAR-1 / LOFAR core
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40 MHz

-15 dB sidelobes -32 dB sidelobes

Simulation

Mesure

• Optimized 19-antenna distribution within Mini-Arrays

Mini-Array



• Global design optimized for 96 MA (incl. MA rotations) + 6 distant MA
• Trenches/cables optimization     [Vasko et al., 2016]

• Construction in 9 petals, consumption ~50 kW

Global distribution
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Operation & Control
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The LaNewBa receiver

96 x 2  ADC @ 200 MHz

FPGA polyphase filtering + beamforming

	 → 768 beamlets, 200-kHz wide, 200 k-complex/s

No correlation, statistics data: 

	 SST, BST : 1 / sec / subband

	 XST : 32 SB / sec
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The NenuFAR Radio Imager
•   σconfusion [mJy/beam] ~ (ν / 100 MHz)-0.7 (θ / ' )2   [Condon, 2002, 2005]  → 1-50 Jy @ 20-80 MHz  (unpolarized signal)
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The NenuFAR Radio Imager
•   σconfusion [mJy/beam] ~ (ν / 100 MHz)-0.7 (θ / ' )2   [Condon, 2002, 2005]  → 1-50 Jy @ 20-80 MHz  (unpolarized signal)

• correlator + 6 distant MA + multi-λ synthesis →  angular res. x7 for stationnary broadband sources  →  σconfusion / 50

1 
km

1

6

2

5

3
4

COBALT correlator ?

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



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

antenna beam

MA beam (analog-phased) : 8°-64°

• 3 Gbit/s link to LOFAR correlator
• Channelization down to <1 kHz
• Correlation with signals from 
LBA stations (~1 s)

• ADC 200 MHz (x 96 x 2)
• PFB → 200 kHz SB     [+TBB]

• Phasing+Summation per SB = 
beamlet (244 simultaneous ~ 48 
MHz total bandwidth)
• SST, BST, XST → Calibration

LOFAR FR606 backend

• ADC 200 MHz (x 96 x 2)
• PFB → 200 kHz SB     [+TBB]

• Phasing+Summation per SB = 
beamlet (768 simultaneous ~ 150 
MHz total bandwidth)
• Incoherent summation
• SST, BST, XST → Calibration

LaNewBa

• Channelization down to <1 kHz
• MA coherent sum (by 1, 2, 4)
• MA (or MA sum) correlation (~1 s)

Local correlator

UnDySPuTeD

• Channelization down to δf<1 kHz
• Dedispersion (predefined, 
parametric)
• Integration over δt ≥5 µs

• ADC 200 MHz (x 6 x 2, at MA foot)
• PFB → 200 kHz subbands

NenuFAR Standalone Radio Imager

NenuFAR Standalone Beamformer

LOFAR Super Station NenuFAR

analog   signals analog   signals

High-resolution imaging
(~0.1" , IQUV)     [+TBB]

40 kB   /s /channel

9.6 MB   /s /SB

• Dynamic spectra (δt x δf)
• Time series (δt)
(IQUV, multibeam)   [+TBB]

16/δt   bytes /s /channel
SETI Machine (BL)

• Channelization down to δf=3 Hz 
or δt=300 µs
• Classified narrowband signals 
map

150 MB
/s /SB

• Instantaneous (~1 s) coarse imaging (~1°)
• Slow (6-8h) multi-λ mid-resolution (~7’) 
   imaging → confusion ~ thermal noise

(IQUV)

1.6 M
B /s /SB

40 kB   /s /channel

analog   signals

1.6 MB   /s /SB
1.6 MB   /s /SB

NenuFAR : 3 instruments in 1
signal path/data flow/receivers/data products

MA = 19 antennas mini-array
SB = ~200 kHz sub-band
PFB = polyphase filter bank
TBB = Transient Buffer Boards
SST/BST/XST = Subband/Beamlet/Crosslet STatistics



Technical characteristics of NenuFAR

• 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)



NenuFAR today

988 antennas built, 190 to come, 760 yet to be funded



CMB

âges sombres

premières sources
(étoiles ?)

réionisation

premières galaxies

(cosmic dawn)

NenuFAR

LOFAR core

NenuFAR-58 imager

NenuFAR-96 imagerLOFAR superterp

LWA

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

The Science

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



• 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)

• + Standalone Slow Imaging : short baselines, diffuse emission

© F.  Vazza

© C. Tasse

The Science



Hallinan et al., 2007, 2008, 2015

Osten et al., 2006, 2008
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• Standalone Beamforming/Fast imaging : Pulsars (detection with FoM ≥ LOFAR), 
	 Giant pulses ...

Crab giant pulses  [Popov et al.]
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	 Giant pulses ...

Crab giant pulses  [Popov et al.]
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• Standalone Beamforming/Fast imaging : FRB, blind transient search in large FoV ...

FRB LF simulations  [Zarka & Mottez, 2016]
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The Science
Standalone Slow/Fast Imaging, Standalone Beamforming, LOFAR Super Station)



The Science
Standalone Slow/Fast Imaging, Standalone Beamforming, LOFAR Super Station)

• Radio Recombination Lines, Grains ? 
   (SB, SI)

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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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.

L11, page 3 of 5

[Asgekar et al., 2013]



The Science

• Héliosphère: Soleil, Jupiter, Éclairs 	 (SFI, SB)

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

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

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

• SETI 		 (SB)

• Héliosphère: Soleil, Jupiter, Éclairs 	 (SFI, SB)

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

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

[Ryabov et al., 2014]

Standalone Slow/Fast Imaging, Standalone Beamforming, LOFAR Super Station)

• Radio Recombination Lines, Grains ? 
   (SB, SI)
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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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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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- Quantifiying the sensitivity : Jovian & Solar bursts
- Instrument simulations + GSM
- Pointing Offset ~15' => tests, correction matrix
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- Instrument simulations + GSM
- Pointing Offset ~15' => tests, correction matrix

Angular separation errors
similar to LWA
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- Quantifiying the sensitivity : Jovian & Solar bursts
- Instrument simulations + GSM
- Pointing Offset ~15' => tests, correction matrix
- Observations UnDySPuTeD
- Antenna / MA measurements from helicopter (ongoing ...)

Commissioning, Calibration

TF2D antenna

80 MHz30 MHz

• Measurements of antenna (far-field ≥10’s m) and mini-array (far-field >500 m) patterns
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• Coordination with SKA-France activities (white book 2017)

• French "Research Infrastructure"

• Inauguration 2018-2019  (NRI 2020)



NenuFAR

Status

• SKA(-Low) pathfinder (2014) 

• Synergy/complementarity with LOFAR (AARTFAAC), LWA, MWA,  SKA, UTR-2

• Coordination with SKA-France activities (white book 2017)

• French "Research Infrastructure"

• Inauguration 2018-2019  (NRI 2020)



• http://nenufar.obs-nancay.fr/

• https://twitter.com/SSL_Nancay

• https://www.skatelescope.org/precursors-pathfinders-design-studies/

Site

http://nenufar.obs-nancay.fr
http://nenufar.obs-nancay.fr
https://twitter.com/SSL_Nancay
https://twitter.com/SSL_Nancay
https://www.skatelescope.org/precursors-pathfinders-design-studies/
https://www.skatelescope.org/precursors-pathfinders-design-studies/


Publications

Published / in press :
• Girard et al., Antenna design and distribution of the LOFAR Super Station, C.R. Phys. 13, « Les radiotélescopes du futur », p. 33-37, 2012.
• Zarka et al., LSS/NenuFAR: The LOFAR Super Station project in Nançay, SF2A-2012: Proc. Annual meeting of the French Society of Astronomy and Astrophysics, Eds.: 

Boissier et al., pp.687-694, 2012.
• Vasylieva et al., Data Processing Pipeline for Decameter Pulsar/Transient Survey, Odessa Astronomical Publications, vol. 26, p. 159, 2013.
• Zakharenko et al., Decameter Pulsars and Transients Survey of  the Northern Sky. Status, First Results, Multiparametric Pipeline for Candidate Selection, Odessa Astron. 

Pub., vol. 28, p. 252, 2015.
• Zarka et al., NenuFAR: Instrument Description and Science Case, International Conference on Antenna Theory and Techniques (ICATT), Kharkiv, Ukraine, pp. 13-18, 

4/2015.
• SKA book, 2015 (Hoare et al., Zarka et al., Koopmans et al., Semelin & Iliev, ...), Proc. AASKA14. Giardini Naxos, Italy. Online at http://pos.sissa.it/cgi-bin/reader/conf.cgi?

confid=215, id.115, 2015.
• Turner, J.D., J.–M. Grießmeier, P. Zarka, and I. Vasylieva, The search for radio emission from exoplanets using LOFAR low-frequency beam-formed observations: Data 

pipeline and preliminary results for the 55 Cnc system, in Planetary Radio Emissions VIII, edited by G. Fischer, G. Mann, M. Panchenko, and P. Zarka, Austrian Acad. Sci. 
Press, Vienna, 301–313, 2017.

• Zarka & Mottez, Observations of Fast Radio Bursts and perspectives at low frequencies, Proc. SF2A-2016, Eds.: Cambrésy et al., 343-347, 2016.
• Zyma et al., Formulating and solving a radio astronomy antenna connection problem as a generalized cable-trench problem: an empirical study, Int. Trans Op. Res., 1-15, 

2016.

Submitted / in preparation :
• Tasse et al., Faceting for direction-dependent spectral deconvolution, A&A, submitted, 2017.
• Turner, J., J.-M. Grießmeier, P. Zarka, The search for radio emission from exoplanets using LOFAR beam-formed observations: Jupiter as an Exoplanet, Astron. Astrophys., 

submitted, 2017.
• Girard, J. N., A. Loh and P. Zarka, Optimization of a small 2D phased array layout synthesizing a wide-beam antenna pattern, Astron. Astrophys., in preparation.
• Zarka, P., et al., The LF radiotelescope NenuFAR, Exp. Ast., in preparation.
• Zarka, P., et al., NenuFAR science case, Exp. Ast., in preparation.
• Charrier et al., NenuFAR antenna and preamplifier, in preparation.

Theses :
• Girard, J., Thèse de Doctorat, ED AA IdF, Développement de la Super Station LOFAR & Observations planétaires avec LOFAR, Soutenue le 21/5/2013. https://tel.archives-

ouvertes.fr/tel-00835834 
• Vasylieva, I., Thèse de Doctorat, ED AA IdF & IRA Kharkov (co-tutelle), Etude de sources transitoires, exoplanètes et pulsars, à l’aide des plus grands radiotélescopes basses 

fréquences, Soutenue 7/12/2015. https://tel.archives-ouvertes.fr/tel-01246634
• Bondonneau, L., Thèse de Doctorat, Orléans, Pulsar observations with UnDySPuTeD.

• Workshop : "La science de NenuFAR", IAP, Paris, 13-14 février 2014. http://nenufar.sciencesconf.org/program 
 NenuFAR-France collaboration (80 co-authors), NenuFAR : instrument description and science case, 6/2014. (http://nenufar.obs-nancay.fr/IMG/pdf/nenufar-science-case-

v5_2014_10_10_pz.pdf)

http://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=215
http://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=215
http://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=215
http://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=215
https://tel.archives-ouvertes.fr/tel-00835834
https://tel.archives-ouvertes.fr/tel-00835834
https://tel.archives-ouvertes.fr/tel-00835834
https://tel.archives-ouvertes.fr/tel-00835834
https://tel.archives-ouvertes.fr/tel-01246634
https://tel.archives-ouvertes.fr/tel-01246634
http://nenufar.sciencesconf.org/program
http://nenufar.sciencesconf.org/program
http://nenufar.obs-nancay.fr/IMG/pdf/nenufar-science-case-v5_2014_10_10_pz.pdf
http://nenufar.obs-nancay.fr/IMG/pdf/nenufar-science-case-v5_2014_10_10_pz.pdf
http://nenufar.obs-nancay.fr/IMG/pdf/nenufar-science-case-v5_2014_10_10_pz.pdf
http://nenufar.obs-nancay.fr/IMG/pdf/nenufar-science-case-v5_2014_10_10_pz.pdf

