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RADIO COUNTERPARTS TO GW EVENTS

• GW searches via known pulsars timing (upper limit on Crab, 
correlated to glitches ?) [Predoi, 2010]

• Binary Pulsar → Taylor & Hulse,
   Nobel Prize 1993

• Two classes of radio transients possibly associated to GW



RADIO COUNTERPARTS TO GW EVENTS

• Incoherent (robust)	
 	
 [Van Eerten et al., 2010; Nakar et al., 2011; Frail, 2011; Frail et al., 2012]

o Synchrotron emission produced by all explosive phenomena, that accelerate particles (e-, e+) and 
«amplify» B field :

Relativistic jets from X binaries (microquasars) & from AGN, SN, magnetars giant bursts … 
Galactic binary sources/mergers (NS, BH), SHB/GRB afterglow

o ν ∝ Γ4, radio emitted farther from central object → Γ~1-10 (moderately relativistic particles)
o Slow variability : observations of weak radio signals hours or days (up to months) after the GRB
o Expected brightness/Flux density : TB up to 1012 K

Predictions for “Early radio emission” (hours to weeks) :
	
 10’s mJy at 1-10 GHz for d=200 Mpc ; beamed on axis
Predictions for “Late radio emission” (~months) : outflow expands and becomes non-relativistic :
	
 @ t=30 days, <1 mJy at 1 GHz at 300 Mpc ; ~ isotropic

 Detection via Imaging
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RADIO COUNTERPARTS TO GW EVENTS
• Coherent (uncertain)
o Cyclotron-Maser ? Plasma? Curvature radiation ? … due to accelerated elecron bunches / 

unstable populations in strong B field
- Pulsars, RRATs, Lorimer, Flare stars, (exo)planets …

before merging: interaction of conductive NS body with B-field ~102-15 G → strong PSR-
magnetosphere-like emission (S ∝ B⅔ a-5/2) [Hansen & Lyutikov, 2000] 
	
 → Predictions of 1 mJy at 400 MHz for d=200 Mpc
after merging: excitation of MHD modes by strong GW → conversion to radio ? [Moortgat 
& Kuijpers, 2004 ; Postnov & Pshirkov, 2009]
	
 → Predictions from ~10 kJy at 100 MHz to 50 Mjy at 30 MHz (at 200 Mpc)
	
 	
 (~10-6 of SHB/GRB energy in prompt radio signal)

o Fast variability: msec to sec (up to minutes)
o Tb >> 1012 K (up to 1035 K ; >1030 K necessary for detecting a neutron star at 10 kpc, and 

pulsar giant pulses do exist!)
often polarized, steep spectrum, 
less self-absorption by the source

 Detection via Time series

Lorimer et al., 2007
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RADIO COUNTERPARTS TO GW EVENTS

• Flux density :

	
 S [Wm-2Hz-1]  =  2kTb(ω/Ω)/A  =  2kTbω/λ2  
	
 	
 	
 	
 	
 	
 	
 	
   =  (2kTb/λ2) (D2/d2)

	
 1 Jy = 10-26 Wm-2Hz-1

• Interest of radio signal : 
- little extinction
- steep spectrum ?
- accurate localization
- emission produced later (in expanding region)
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RADIO PROPAGATION

(+ self-absorption in ionized material surrounding 
the source)

	
 → will affect prompt signal

• Dispersion delay :
	
 Δt (sec) = 4.15×103 DM / f2

	
 DM = ∫ Ne dl    in pc.cm-3

• Temporal broadening caused 
by scattering on free electrons :
	
 τb ∝ ν-4.4



delay ν-2

broadening (upper limit) ν-4.4



RADIO PROPAGATION

• Sources of dispersive delay: 
- Our Galaxy (ISM) : 10 kpc × 0.03 cm-3 ~ 300 pc.cm-3

- IGM : low Ne, large distances → ~ 100 pc.cm-3

- Host galaxy and circumburst medium ~ ISM
	
 → expected total ~ 1000 pc.cm-3 
	
 	
   (delays of 13 minutes at 75 MHz)

• Important question = time delay between gravitational wave and 
radio emission (unknown)
	
 	
 → model + DM of propagation medium

• Scattering effects (due to turbulence) more difficult to estimate : 
	
 	
 ~ 0.1 sec to 4 sec at 75 MHz
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TRANSIENT RADIO SKY

Radio sources distribution ~isotropic on the sky
• ≥ 1 mJy AGN dominate source populations
• ≤ 1 mJy star-formation galaxies start to emerge

Condon, from Frail, 2011



TRANSIENT RADIO SKY

Transient Searches  [Fender & Bell, 2011]

• Dedicated surveys (variable sources studies, sky drifts 
	
 	
 searching for transients …)

• Multi-wavelength triggered detections

• Searches in Archives

• Serendipitous discoveries & Commensal



TRANSIENT RADIO SKY

• Dedicated surveys (variable sources studies, sky drifts 
searching for transients …)

→ not many radio transient found, mostly > GHz

	
 	
 	
 	
 cf. refs in [Fender & Bell, 2011]



TRANSIENT RADIO SKY

• Multi-wavelength triggered detections

	
 Radio counterparts of GRBs, Soft Gamma Repeaters, 
	
 BH X-binary outbursts

NB: no high-energy counterpart for radio detected XDINs (X dim isolated neutron stars) & 
“orphan” GRB afterglows

Gamma 
Rays

Optical/Radio/IR

GW

SH GRB



TRANSIENT RADIO SKY

• Searches in Archives	
	
  [Predoi et al., 2010]

GW → Radio (less effective)
- too many GW candidates
- poor localization
- limited storage of high-resolution radio data

Radio → GW
- radio transient triggers reduce time interval and position

	
 	
 	
 	
  of search for GW
- relative timing ?
- interesting only if time window < a few hours → models 

	
 	
 	
 	
 + take into account DM
- start from list of radio transients : time duration, burst 

	
 	
 	
 	
 energy, DM, sky location



TRANSIENT RADIO SKY

• Searches in Archives [Predoi et al., 2010]

100’s of events found in NVSS (northern sky, 1.4 GHz), FIRST 
(1.4 GHZ, rms~0.15 mJy, resolution 5”) … catalogs

(few multi-wavelength counterparts due to relative observation timing)

[Bower et al. 2007] : 944 epochs of VLA 4.8 & 8.4 GHz over 22 
years → 10 transients reported (timescale ~ weeks) 
	
 	
 	
 4 identified in host galaxies, 2 detected in follow-up X-ray observations

[Bannister et al. 2011] : 15 transients found in 22 years at 
Molonglo observatory (MOST, 843 MHz, Australia)



homogeneous distribution

2σ non-detection in 10 epochs



TRANSIENT RADIO SKY

• Serendipitous discoveries & Commensal (= Piggyback)

→ VLA calibrator fields
	
 [Bower & Saul, 2011 ; Bell et al. 2011]
→ Molonglo calibrator fields
	
 [Gaensler & Hunstead, 2000]
→ LWA	
	
 [Lazio et al., 2010]
→ LOFAR +++



TRANSIENT RADIO SKY

• Radio transients are relatively rare

• Transients are 10-3 to 10-4 of quiescent population
	
 [Levinson et al. 2002 ; Ofek et al. 2010]

• Radio-GW false detection rate will be small 
   (<0.1 deg-2 at 1 mJy at frequencies ~ GHz)	
	
 [Frail, 2011]
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3 Gbits/s

Nançay

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

 multiple scales

LOFAR TELESCOPE & OPERATING MODES



The LOFAR telescope

Tautenburg	  (DE)

Chilbolton	  (UK) Potsdam	  (DE)

Unterweilenbach	  (DE)Jülich	  (DE)

Effelsberg	  (DE)

Onsala	  (SE)

Nançay	  (FR)



FR606, the Nançay LOFAR station



Low frequencies : LBA
(30-80 MHz)

High frequencies : HBA
(110-250 MHz)

60 m 50 m

3+ Gbit/sec link

Superordinateur Blue Gene

LOFAR station : 2 phased arrays + backends
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+Δt-Δt±Δt

Phased Array Detectors

Electronic beam steering
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- Parallel observations
- Fast re-configuration
- Rapid response



LBA & HBA antennas & FoV



FR606 Backends
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The LOFAR array

Central processing

Réseau Temps réel Stockage Temps différé

Stockage
court
terme

  Traitements  

  Stockage long terme  

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

⇒ 48 stations @ 3-10 Gbps/station

• Central processing : delay compensation, correlation or summation, calibration, science pipelines
	
 	
 	
 	
 	
 	
 	
 (BG/P, storage, offline cluster) 



Blue Gene/P
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Central Processing

• BG/P : Data reception, transpose, correlation, beam-forming, de-dispersion, 45 TFLOPS 

• Storage system : Short term storage of data, ~2 PByte, ~100Gbps I/O

• Offline cluster : Pipelines, data products, off-line analysis, ~20 TFLOPS



LOFAR observing modes

• Interferometric Imaging
- Radio Sky Monitor, tiling	


• Tied Array Beam(s)
- coherent
- incoherent

• Single Station
- ILT
- ARTEMIS

• Waveform storage (TBB dumps)
- FRATs (incoherent (broad) beam + trigger → TBB 
imaging = all sky survey + arcseconds resolution)

• Superterp AARTFAC (all sky low sensitivity survey
	
 	
 commensal to LOFAR observations)



Need of many sources / beam for proper calibration

Modelling the ionosphere
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The AWI Imager

+ specialized software



LOFAR observing modes

• Interferometric Imaging
- Radio Sky Monitor, tiling	


• Tied Array Beam(s)
- coherent
- incoherent

• Single Station
- ILT
- ARTEMIS

• Waveform storage (TBB dumps)
- FRATs (incoherent (broad) beam + trigger → TBB 
imaging = all sky survey + arcseconds resolution)

• Superterp AARTFAC (all sky low sensitivity survey
	
 	
 commensal to LOFAR observations)

Up to 24 beams in //



• Multiple large beams on sky, can be tiled or spread across sky over ~1000 deg2

• Instantaneous field of view with 8 beams ~800 deg2 (LBA) ~200 deg2 (HBA)

• Large collecting area × large FoV × multi-beam → very high speed surveys (with 
good angular resolution)
• All-sky transient searches with τ ≥ 1 sec.

The Radio Sky Monitor



• Image plane searches: Zenith Monitoring Program
• Eight 7-beam tiles in LBAs tiles out entire zenith strip (~1800 deg2) 
• Sixteen 7-beam tiles in HBAs does the same (~1000 deg2) 
• Done monthly → daily with ~mJy sensitivity → // GW

The Radio Sky Monitor



LOFAR observing modes
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LOFAR observing modes

• Interferometric Imaging
- Radio Sky Monitor, tiling	


• Tied Array Beam(s)
- coherent
- incoherent

• Single Station
- ILT
- ARTEMIS

• Waveform storage (TBB dumps)
- FRATs (incoherent (broad) beam + trigger → TBB 
imaging = all sky survey + arcseconds resolution)

• Superterp AARTFAC (all sky low sensitivity survey
	
 	
 commensal to LOFAR observations)

Station-
Beam

Station

1st light in Nançay
PSR 1919+21, 1.337s

@ 42-53 MHz 

1st sky map in Nançay
200 kHz x 20 sec

@ 60 MHz

Voie lactée, CygA, CasA



LOFAR observing modes

• Interferometric Imaging
- Radio Sky Monitor, tiling	


• Tied Array Beam(s)
- coherent
- incoherent

• Single Station
- ILT
- ARTEMIS

• Waveform storage (TBB dumps)
- FRATs (incoherent (broad) beam + trigger → TBB 
imaging = all sky survey + arcseconds resolution)

• Superterp AARTFAC (all sky low sensitivity survey
	
 	
 commensal to LOFAR observations)



Karastergiou et al., 2012



LOFAR observing modes

• Interferometric Imaging
- Radio Sky Monitor, tiling	


• Tied Array Beam(s)
- coherent
- incoherent

• Single Station
- ILT
- ARTEMIS

• Waveform storage (TBB dumps)
- FRATs (incoherent (broad) beam + trigger → TBB 
imaging = all sky survey + arcseconds resolution)
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Transient Buffer BoardsTransient Buffer Board (TBBs) 

RAM Ring buffer for each LBA/HBA 
element 
 
Data stored, stopped, dumped to 
disk. 
 
Reproduce any LOFAR signal; Also 
your data! 
 
Limited memory => limited time 
 
Beamsize: 

 LBA:  All-sky (30000 sq. degr) 
 HBA: 500 sq. degr.  

 
 
 
 
 
 
 

9 • TBBs can be frozen and fed to correlator for re-imaging of sky in 
a different direction to that which was being observed at the time
• + full time resolution time series data

Falcke, Ter Veen et al.

• 1.3 → 5.2 sec of full bandwidth data, 52 sec at 10% bandwidth 



LOFAR observing modes

• Interferometric Imaging
- Radio Sky Monitor, tiling	


• Tied Array Beam(s)
- coherent
- incoherent

• Single Station
- ILT
- ARTEMIS

• Waveform storage (TBB dumps)
- FRATs (incoherent (broad) beam + trigger → TBB 
imaging = all sky survey + arcseconds resolution)

• Superterp AARTFAC (all sky low sensitivity survey
	
 	
 commensal to LOFAR observations)



Swinbank, Wijers et al., 2012



Multi-beam Multi-programs telescope



LOFAR TELESCOPE & OPERATING MODES

• LF Radio sky is sky noise (galactic background) limited : 

Noise (1 σ) = 2kTsky/(A (δf.δt)1/2)

with	
 	
 Tsky ~ 1.15×108/ν2.5	
	
 	
 	
 (~420 K at 150 MHz)

A&A 549, A11 (2013)

Fig. 11. A dynamic spectrum of data from one sub-band of the LBA survey, formed by the correlation coefficients of baseline CS001×CS002 at

the original frequency resolution of 0.76 kHz. The displayed sub-band is one of the most affected sub-bands in terms of the detected level of RFI.

The top image shows the original spectrum, while the bottom image shows with purple what has been detected as interference.

frequency, suggesting that some transmitters hop to another fre-

quency. In Fig. 9, such transmissions can be seen between 140

and 145 MHz. These transmissions end at 9:00 UTC, while at

the same time several transmissions start around 135−140 MHz.

To further explore the possibility of increased RFI during

daytime of the HBA set, we have performed the same analysis on

a 123−137 MHz subset of the HBA observation. There are two

reasons that the difference between day and night might be bet-

ter visible in this frequency bandwidth: (i) all the visual peaks of

detected RFI that correspond to the Sun have a frequency higher

than 145 MHz; and (ii) this band corresponds to air traffic com-

munication, which is less used during the night. Nevertheless,

we still do not see a significant increase of RFI in this subset of

the data.

In summary, any effect of increased activity during the day is

not significant enough to be identifiable in the detected occupan-

cies of either the LBA or the HBA data set. The post-flagging

data variances are dominated by celestial effects, i.e., the Sun,

the Milky Way or Cassiopeia A, and contain no clear signs of a

relation between day and night time either.

6.6. Resolution and flagging accuracy

The frequency and time resolution of observations do affect the

accuracy of the interference detection. It is, however, not known

how significant this effect is. To quantify this, we have decreased

the frequency resolution of the HBA RFI survey in several steps

and reflagged the averaged set. Subsequently, the resulting flags

were compared with the flags that were found at high resolution.

The original high resolution flags were used as ground truth.

We found that the level of false positives is approxi-

mately linearly correlated with the decrease in resolution.

Unfortunately, false positives cause samples in our ground truth

A11, page 10 of 15

Offringa et al. 2013
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not significant enough to be identifiable in the detected occupan-

cies of either the LBA or the HBA data set. The post-flagging

data variances are dominated by celestial effects, i.e., the Sun,

the Milky Way or Cassiopeia A, and contain no clear signs of a

relation between day and night time either.

6.6. Resolution and flagging accuracy

The frequency and time resolution of observations do affect the

accuracy of the interference detection. It is, however, not known

how significant this effect is. To quantify this, we have decreased

the frequency resolution of the HBA RFI survey in several steps

and reflagged the averaged set. Subsequently, the resulting flags

were compared with the flags that were found at high resolution.

The original high resolution flags were used as ground truth.

We found that the level of false positives is approxi-

mately linearly correlated with the decrease in resolution.

Unfortunately, false positives cause samples in our ground truth

A11, page 10 of 15
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• European « Interferometer » of « Phased arrays »

• 24 stations «core» + 16 remote + 8 international

• Diameter ~100 km (NL) → 1500 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°-30° → 50-500 deg2)

• 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 technical characteristics

http://www.astron.nl/radio-observatory/astronomers/lofar-astronomers
http://www.lofar.org/operations/doku.php 

http://www.astron.nl/radio-observatory/astronomers/lofar-astronomers
http://www.astron.nl/radio-observatory/astronomers/lofar-astronomers
http://www.lofar.org/operations/doku.php
http://www.lofar.org/operations/doku.php


• Solar and Space Physics (Potsdam)

• Galactic Magnetisme (Bonn)

• Cosmic Rays, Neutrinos on the Moon (Nijmegen)

 

• Transients (Amsterdam / Manchester / NRAO / Obs. Paris )

• Surveyx, Star Formation, NAG, clusters… (Leiden)

LOFAR Science : Key Scientific Projects

• Cosmology, Reionization (Groningen)



0

1 000

2 000

3 000

4 000

5 000

6 000

7 000

2007 2008 2009 2010 2011 2012 2013

Archived To Be Processed

Estimated growth rate ~ 2.5 Pb/yr

LOFAR archive growth



• Cycle 0 will run until 2013 November 14 (LOFAR v1.0)

LOFAR Operations



• Cycle 0 will run until 2013 November 14

• Cycle 1 will run from 2013 November 15 to 2014 May 14

• The proposal (issued in June) will have a deadline at 2013 
September 6

• 10% open time on 1st year → 65% on 5th year
    + complement under KSP «umbrellas»
    + commissionning / development LOFAR v2.0

• Proposals via NorthStar online tool
      https://lofar.astron.nl/useradministration/user/forward.do?forward=http://lofar.astron.nl/proposal/setUpProposalList.do

LOFAR Operations

https://lofar.astron.nl/useradministration/user/forward.do?forward=http://lofar.astron.nl/proposal/setUpProposalList.do
https://lofar.astron.nl/useradministration/user/forward.do?forward=http://lofar.astron.nl/proposal/setUpProposalList.do


• RADIO COUNTERPARTS TO GW EVENTS
• RADIO PROPAGATION
• TRANSIENT RADIO SKY
• LOFAR TELESCOPE & OPERATING MODES
• LOFAR EARLY RESULTS
• TRANSIENT SURVEYS & SEARCH STRATEGY
• ALERTS MANAGEMENT
• ORGANISATION
• SOME CONCLUSIONS
• REFERENCES



65

0.106 0.11 0.117 0.132 0.163 0.223 0.344 0.583 1.07 2.02 3.93

3C196  LBA 30 - 34 MHz,  noise 28-37 mJy/beam, 80 arcsec resolution

3C196    LBA 30–34 MHz      ( ~30 mJy/beam,  ~80 arcsec resolution) 
(courtesy R. van Weeren)

50+ supernova remnants,
100’s of clusters z< 0.6, 
Protoclusters at z~2,

Many z>2 radio galaxies, 
Halos, relics, etc...

All-sky Surveys with LOFAR



Extended / diffuse emissions

VLA 74 MHzLOFAR 49 MHz
(base maximum = 25 km)

3°



Crab Nebula (Taurus A) with international baselines

Wucknitz et al., 2011Bietenholz et al., 2004

VLA 5 GHz LOFAR 250 MHz



Cassiopeia A

Chandra LOFAR

Brentjens et al., 2011



de Gasperin et al., 2012

commissioning data

M 87



courtesy O. Wucknitz

DE, UK, and FR stations  ~0.2 arcsec resolution ⇒ Highest resolution image ever 

3C 196
commissioning data



LOFAR : Δf = 127-172 MHz),   Δt = 7h,   Beam = 17.8’’x15.5’’,  Pixel = 1",   Jupiter disk = 49’’
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Contours @ 15 GHz [de Pater & Dunn, 2003]

Girard et al., 2013

Jupiter’s radiation belts
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ABSTRACT

Aims. The aim of the LOFAR Epoch of Reionization (EoR) project is to detect the spectral fluctuations of the redshifted HI 21cm signal. This
signal is weaker by several orders of magnitude than the astrophysical foreground signals and hence, in order to achieve this, very long integrations,
accurate calibration for stations and ionosphere and reliable foreground removal are essential.
Methods. One of the prospective observing windows for the LOFAR EoR project will be centered at the North Celestial Pole (NCP). We present
results from observations of the NCP window using the LOFAR highband antenna (HBA) array in the frequency range 115 MHz to 163 MHz.
The data were obtained in April 2011 during the commissioning phase of LOFAR. We used baselines up to about 30 km. The data was processed
using a dedicated processing pipeline which is an enhanced version of the standard LOFAR processing pipeline.
Results. With about 3 nights, of 6 hours each, effective integration we have achieved a noise level of about 100 µJy/PSF in the NCP window.
Close to the NCP, the noise level increases to about 180 µJy/PSF, mainly due to additional contamination from unsubtracted nearby sources. We
estimate that in our best night, we have reached a noise level only a factor of 1.4 above the thermal limit set by the noise from our Galaxy and the
receivers. Our continuum images are several times deeper than have been achieved previously using the WSRT and GMRT arrays. We derive an
analytical explanation for the excess noise that we believe to be mainly due to sources at large angular separation from the NCP. We present some
details of the data processing challenges and how we solved them.
Conclusions. Although many LOFAR stations were, at the time of the observations, in a still poorly calibrated state we have seen no artefacts in
our images which would prevent us from producing deeper images in much longer integrations on the NCP window which are about to commence.
The limitations present in our current results are mainly due to sidelobe noise from the large number of distant sources, as well as errors related to
station beam variations and rapid ionospheric phase fluctuations acting on bright sources. We are confident that we can improve our results with
refined processing.

Key words. Instrumentation: interferometers – Techniques: interferometric – Cosmology: observations, diffuse radiation, reionization

1. Introduction
Amajor epoch in the history of the Universe yet to be understood
in detail is its Dark Ages and the Epoch of Reionization (EoR).
Observational evidence for this era can be gathered with high
probability by studying the fluctuations of the redshifted neutral
hydrogen at redshifts corresponding to 6 < z < 12. Therefore,
there are numerous experiments becoming operational and al-
ready collecting data, especially in the frequency range from 115
MHz to 240 MHz to reach this goal.

At the forefront of such experiments is the Low Frequency
Array (LOFAR) (van Haarlem et al. 2013). Similar EoR exper-
iments using other radio telescopes are already underway. For
instance, Paciga et al. (2011) provide a new lower bound for the
statistical detection threshold of HI fluctuations using the GMRT
(Giant Metrewave Radio Telescope). While MWA (Murchison
Widefield Array) and PAPER (Precision Array to Probe the EoR)
are not in full hardware deployment yet, there are still relevant
results being produced. In Ord et al. (2010) and Williams et al.
(2012), initial widefield images of the southern sky using 32
MWA Tiles are presented. In Jacobs et al. (2011), full sky im-
ages and source catalogs using PAPER are presented.

In preparing for the LOFAR EoR project we have conducted
several pilot experiments with the Low Frequency Frontends on

the WSRT in a relevant frequency range: 138-157 MHz. The
results of these observations, and a discussion of their limita-
tions, have been described by Bernardi et al. (2009, 2010). For
LOFAR in its commissioning phase we have adopted a multi-
faceted observing strategy, building on the experience gained
from the WSRT data. The rationale behind this is described in
more detail in de Bruyn et al. (2013). A brief summary follows:

Using LOFAR in its commissioning phase we have observed
and processed three very diverse windows. One window contains
a very bright compact source, 3C196, which allows exquisite ab-
solute calibration as well a study of the systematics at very high
spectral and image dynamic range. At a declination of only 48
degrees it will allow a study of elevation dependent effects. The
many bright compact field sources around 3C196 also allow a
study of ionospheric non-isoplanaticity. The results of these ob-
servations, with emphasis on all those topics, will be described
in a separate paper (Labropoulos et al. 2013). The second win-
dow was chosen to ascertain possible damaging effects of faint
signals due to instrumental leakage of bright polarized Galactic
foreground signals. These results, on the Elais N1 window, will
be described by Jelic et al. (2013) in the second paper in this
series.
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Fig. 9. The NCP image after multi-directional calibration and source subtraction using SAGECal. After a shallow deconvolution using CASA
(mainly to estimate the PSF), the skymodel is restored onto the image. The circle indicates an area of diameter 10 degrees. The image has
12000 × 12000 pixels of size 4′′ with a PSF of 12′′ and the noise level is about 100 µJy/PSF. Due to the fact that RS and CS beam shapes have
different FOVs the sources at the edge of the image are distorted. In addition, due to frequency smearing, the sources at the edge of the image
appear ’attracted’ towards the center. The colourbar units are in Jy/PSF.

9
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Fig. 11. Comparison of a small area of the NCP image, size 0.6 × 1.0 degrees with WENSS. The left panel shows the image from WENSS (PSF
60′′) while the right panel shows the equivalent image made using LOFAR (PSF 12′′). The colourbar units are in Jy/PSF. Many more sources, at
much higher angular resolution can be detected.

Fig. 12. Images of the area close to the NCP. The image on the left panel is using all baselines and has a pixel size of 4′′ and a PSF of 12′′. The
image on the right is using core only baselines with a pixel size of 35′′ and a PSF of 150′′ . The colourbar units are in Jy/PSF.

els per subband (standard deviation), determined with images
made using the three nights with imaging parameters as in Fig.
9. Additionally, we also show the noise estimated at the NCP in
Fig. 9. The main conclusion that can be drawn from Fig. 9 is the
variability of the noise (or the sensitivity) of LOFAR from night
to night. This is due to some stations not working or not working
at full sensitivity at different nights. We expect this to be much
more stable before the commencement of dedicated EoR obser-
vations.

The best night in Fig. 15 is for the observation number
L24560 of Table 1 which has a noise level of about 2 mJy per
subband at the high frequency end. There is a steep rise in the
noise level at frequencies below 130 MHz. This we attribute to
the rising contribution of Galactic background noise, increase
sidelobe noise from an increasing number of faint background
sources (due to both a wider primary beam and steeper source

spectra), emission from the Galactic plane and other very bright
sources like CygA (see section 5). There are also some spikes
and dips in the noise curves where RFI removal has flagged sig-
nificant amounts (more than 30%) of data. We have discarded
such images from further analysis.

In Fig. 16, we give the image difference noise estimates for
the best night (L24560) of Table 1. The image difference noise
is calculated by (i) subtracting two images adjacent in frequency
(ii) estimating the standard deviation of the subtracted image (iii)
multiplying the standard deviation by 1/

√
2. We have also plot-

ted the absolute noise level in the same figure. It is clear from
Fig. 16 that the absolute and differential noise curves are al-
most identical. This suggests that our absolute noise estimate
does not contain any frequency independent systematic effects,
except systematic effects that are uncorrelated between adjacent

11
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FoV 10°x10°, Δt=6h, Δf=115-163 MHz, 25 stations

⇒ sensitivity 0.1 mJy achieved (≤1.5 x thermal noise), using SageCal



100+ Pulsars detected with LOFAR

J. Hessels & Pulsars WG

Black: Total Power
Red: Linear Pol.
Blue: Circular Pol.



Synchronous X-ray and Radio Mode Switches: a Rapid 
Global Transformation of the Pulsar Magnetosphere

Hermsen et al., 2012



Radio signatures from Saturn’s lightning

Zarka et al., 2012



Coherent radio emissions from exoplanets ?

Zarka et al., in progress



Giant Pulses from Crab Pulsar (TBB imaging)

ter Veen et al., 2011



Cosmic Rays

courtesy: H. Falcke & CR WG



MSSS



around triplet UGC 09555

Heald et al., 2013

MSSS observations ⇒ giant radio galaxy
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TRANSIENT SURVEYS & SEARCH STRATEGY

• Targets of searches :

- Prompt signal : mJy to MJy (i.e. highly uncertain)
- Early (afterglow) radio emission : beamed on-axis, ~10 mJy, 

timescale ~ days
- Late (afterglow) radio emission : ~isotropic, 0.1 – 1 mJy, 

timescale ~ month

• Signal will be dispersively delayed



TRANSIENT SURVEYS & SEARCH STRATEGY

• Key parameters of transient surveys :
- Sensitivity (needs S < 0.1 mJy)
- FoV  (Ω as large as possible)

• New Generation Radiotelescopes have large FoV   (~ present X 
& γ telescopes that have found many transients)

• A key science goal for LOFAR is to detect radio transients : 
extremely wide FOV



TRANSIENT SURVEYS & SEARCH STRATEGY

(1)	
	
 N ∝ Ω d3   ∝ Ω S-3/2	
	
 	
 for transients	
 (N = constant for S ∝ Ω⅔)
(2)	
	
 N ∝ Ω / δt ∝ Ω S-2	
 	
 	
 for surveys	
	
 (N = constant for S ∝ Ω½)

(1)

(2)



TRANSIENT SURVEYS & SEARCH STRATEGY

→	
 All NG insruments have comparable survey speeds

• LOFAR in good place, trade-off Ω - S possible

• For steep spectra, LOFAR will be a powerful transients detector 
(world leading for coherent emission of index -2)

• N transients with LOFAR will depends on spectral index, time 
characteristics of transients, direction of observation, propagation 
…



TRANSIENT SURVEYS & SEARCH STRATEGY

LOFAR strategies

• Monitoring of known transient/variable sources
• Radio Sky Monitor
• Commensal transient searches in all observations (1 sec 
resolution)
→ TraP (TKP’s Transients Pipeline)

• Follow-up on external or internal trigger alerts → Instant 
imaging → precise source localization

• Playback in time via TBB  (see below)



standalone TraP

Swinbank et al., 2012



N / °2 week N / °2 year N in FoV / year

Fender & Bell, BASI, 2011

• Expected transient rates (uncertain)

TRANSIENT SURVEYS & SEARCH STRATEGY



TRANSIENT SURVEYS & SEARCH STRATEGY

LOFAR strategies

• Monitoring of known transient/variable sources
• Radio Sky Monitor
• Commensal transient searches in all observations (1 sec 
resolution)
→ TraP (TKP’s Transients Pipeline)

• Follow-up on external or internal trigger alerts 
	
	
 	
 → Instant imaging → precise source localization
• Playback in time via TBB  (see below)



TRANSIENT SURVEYS & SEARCH STRATEGY

Today’s status of transients detections

• ILT J0320.3+5512 (Bell#1) in LOFAR zenith field images 
2010-2012 	
 	
 	
 	
 	
 	
 	
 	
  [Broderick et al., 2012]

	
 	
 	
 	
 Symmetrical to artefact / 3C86, peeling seems to remove transient

• Searches in NCP images → no confirmed transient yet 
[Stewart et al., 2012]

• TraP reports ~800 transient candidates from the first two 
~1500 deg2 zenith scans → likely to be mostly calibration 
errors (all?)
	
 	
 	
 	
 → no 100% certain radio transient yet

• New bright sources not in previous catalogues (WENSS, 
NVSS), new pulsars



48 MHz
40 Jy VLSS source 
subtracted 
(3C86)
3 mJy/beam rms
1.5’ resolution
40" pixels

ILT J0320.3+5512 (Bell#1) in LOFAR zenith field images 2010-2012



TRANSIENT SURVEYS & SEARCH STRATEGY

Today’s status of transients detections

• ILT J0320.3+5512 (Bell#1) in LOFAR zenith field images 
2010-2012 → real or artefact ? [Broderick et al., 2012]

	
 	
 	
 	


• Searches in NCP images → no confirmed transient yet 
[Stewart et al., 2012]

• TraP reports ~800 transient candidates from the first two 
~1500 deg2 zenith scans → likely to be mostly calibration 
errors (all?)
	
 	
 	
 	
 → no 100% certain radio transient yet

• New bright sources not in previous catalogues (WENSS, 
NVSS), new pulsars



TRANSIENT SURVEYS & SEARCH STRATEGY

Today’s status of transients detections

• ILT J0320.3+5512 (Bell#1) in LOFAR zenith field images 
2010-2012 → real or artefact ? [Broderick et al., 2012]

	
 	
 	
 	


• Searches in NCP images → no confirmed transient yet 
[Stewart et al., 2012]

• TraP reports ~800 transient candidates from the first two 
~1500 deg2 zenith scans

	
	
 	
 	
 	
 	
 → many spurious likely, calibration errors.. .
	
 	
 	
 	
 → no 100% certain radio transient yet

• New bright sources not in previous catalogues (WENSS, 
NVSS), 2 new pulsars discovered



Karastergiou et al., 2012

Broderick, Fender et al.
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ALERTS MANAGEMENT

• LF arrays such as LOFAR (+MWA …) electronically steered 
→ fast response to GW trigger

• TBB allow to play the radio signal (dedispersed time series & 
imaging) back in time up to ~ -20 sec

• Real-time pipeline + internal (in development) & external 
trigger alerts

• LOFAR’s UK station triggered within 1 min of Fermi & Swift 
alerts (with pre-defined setup) [Breton et al., 2012]

• In progress : dynamic control and observing setup, multi-
station triggering, TBBs



ALERTS MANAGEMENT

• LOFAR transients detected → alert issued : optical follow up, 
automatic/robotic Cambridge Arcmin. μK Imager (15 GHz 
response in <30 min. from event) …

• There are observing scenarios with VIRGO (MoU) & LIGO
	
	
 	
 → Exchange of informations, not control of telescope

• How to manage transients (especially if very many) ? 
	
	
 	
 → VO events …



Swinbank et al., 2012



Swinbank et al., 2012

XML



ALERTS MANAGEMENT

• Other current and future radio facilities:
	
	
 ASKAP, Apertif/WSRT, MeerKAT, EVLA, MWA … SKA



ALERTS MANAGEMENT

• Other current and future radio facilities:
	
	
 ASKAP, Apertif/WSRT, MeerKAT, EVLA, MWA … SKA

FPA

FPA

FPA



ALERTS MANAGEMENT

• Fender's 4π project : LOFAR + MeerKAT + ASKAP + ...
	
	
 → rapid response to triggers (e.g. Swift ... in 30 sec)
	
	
 → TBBs allow to image from -22 sec of the Swift trigger

Exchange of information 
without human intervention 
(direct TCP/IP pipes, 
evolution of VO Event 
protocols)

ASKAP finds 'slow' transient
MeerKAT follows up in ~hours

LOFAR finds 
'fast' transients, 
MeerKAT 
follows up 
immediately

Courtesy R. Fender
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ORGANISATION
http://www.transientskp.org/

http://www.transientskp.org
http://www.transientskp.org
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ORGANISATION
http://www.transientskp.org/

http://www.transientskp.org
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ORGANISATION
• LOFAR France (FLOW) : Tagger, Zarka, Theureau et al.

• Station FR606 : INSU + OP + Univ. Orléans, THD, Centre de Données Nançay

• AS SKA-LOFAR : Corbel, Charlot, Zarka et al.

• LSS/NenuFAR



Le concept de Super Station LOFAR : 
réseau phasé + interféromètre géant à Nançay

LOFAR back-end

LBL

HBA

LBA

LSS

~ 
15

0-
20

0 
m

Phasage
+

Sommation

96 mini-réseaux
(tuiles BF)
de 19 antennes, 
phasées en analogique
∆f ⊃ gamme LBA

LBA
30-80 MHz

HBA
110-250 MHz



Bases longues 191/2x plus sensibles
  ⇒ sensibilité globale ~x2
  ⇒ meilleure imagerie haute résolution

LSS comme 2ème coeur
  ⇒ + ~1/3 de temps d’observation
Bases courtes intra-LSS
  ⇒ structures étendues (>10°)

LOFAR Super Station

Les apports de la LSS/NenuFAR



Grand instrument autonome : « Arecibo à Nançay »
⇒ ~19x la sensibilité d'une station internationale en LBA

⇒ Aeff = 70-80% x Aeff LOFAR LBA = 190% x Aeff Coeur LOFAR LBA

 (mode faisceau cohérent > 2x+ efficace que LOFAR)

Accès aux TBF (15-80 MHz)

Les apports de la LSS/NenuFAR



• Etude de tous les aspects du projet : antenne, préampli, distribution mini-réseau & 
globale, phasage, câblage/tranchées, contrôle/commande silencieux, dialogue/LOFAR

programme ANR 9/2009 - 2/2013 - 500 k€
http://www.obs-nancay.fr/lss/

FR 606

Design + Prototype de la LSS/NenuFAR

• Construction de 3 mini-réseaux (x 2 polarisations)

• Études industrialisation, site (ONF), chiffrage, sous-traitance, calendrier

• Définition d'un récepteur autonome dédié (Nançay/ALSE)
    ⇒ "duty-cycle" ~100% dans le faisceau analogique mini-réseau (~30° @ 30 MHz)

http://www.obs-nancay.fr/lss/
http://www.obs-nancay.fr/lss/


LSS/NenuFAR dans le contexte national & international

Equipe LSS-France : ~ 25 chercheurs + 15-20 ITA
Laboratoires impliqués dans la réalisation : Nançay, LESIA, GEPI, LERMA, LPC2E, Prisme, Subatech, IRA
Kharkov, SRI Graz    (soutien OP, ESEP)  ⇒  Axe Paris(Meudon)-Orléans-Nançay, en vue de SKA

(LSS = précurseur scientifique et technique de SKA)

Laboratoires utilisateurs : OP (LESIA, GEPI, LERMA, LUTh), CEA/Sap-DASE-AIM, IAS, IAP, E. Polytechnique, 
ENS/LRA, APC, IN2P3, LPC2E, Nançay, OCA, IRAP ...

UTR-2 2040 dipoles 143000 m2 8-32 MHz 0.5° 5 faisceaux 1 polar. lin.

VLA
27 paraboles x 

25 m ~2000 m2 73-74.5 MHz 0.5' 1 faisceau 4 Stokes

LWA 256 Xdipoles
8000 m2

@ 20 MHz 10-88 MHz
9° 

 20 MHz
4 faisceaux 
x 20 MHz 4 Stokes

LOFAR (LBA) 2688 Xdipoles
72000 m2

@ 30 MHz 30-80 MHz
2"

@ 30 MHz
8+ faisceaux 

x 4- MHz 4 Stokes

LSS autonome 1824 Xdipoles
62000 m2

@ 30 MHz 15-80 MHz
3°

@ 30 MHz
4 faisceaux 
x 65 MHz 4 Stokes

LSS+LOFAR 4512 Xdipoles
134000 m2

@ 30 MHz 30-80 MHz
2"

@ 30 MHz
8+ faisceaux 

x 4- MHz 4 Stokes

SKA ?? 1 000 000 m2 100+ MHz
0.2"

@ 100 MHz
nombreux 
faisceaux 4 Stokes



• Étoiles Binaires/Éruptives & Exoplanètes

• Pulsars & Rotating radio transients (RRATs)

• Structure du Milieu InterStellaire Galactique

• Cosmologie et Formation des galaxies

• L'Univers impulsionnel

• Les flashes lumineux dans les atmosphères Terrestre et planétaires
⇒ LSS autonome, LSS+LOFAR, LSS//LOFAR

3°

VLA 74 MHzLOFAR 49 MHz
(base max. = 25 km)

Abell 2256

CMB

âges sombres

premières sources
(étoiles ?)

réionisation

premières 
galaxies

Les apports scientifiques de la LSS/NenuFAR

GW ?



Demain la LSS/NenuFAR ?
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SOME CONCLUSIONS

• Radio counterpart searches are a powerful tool (sensitivity, 
beaming, duration, low false >0 rate)

• Powerful NG arrays start operations (+ VLBI imaging at HF 
with sub-milliarcsecond resolution ?)

• Direct Radio - GRB (GW) correlation ? Statistics ?

• Comparing MHz & GHz studies (one key TKP target)

• Improve multi-spectral modelling (energies, circumburst Ne, 
characteristic times → Tb, S, delays, …)



MHz surveys
(LOFAR, LWA, MWA):

Much larger field of view: GW follow-up in one shot
Software steered → very rapid response
Preferentially detect coherent sources
Dispersion, scattering, synchrotron optical depth delays much larger

GHz surveys (APERTIF, ASKAP, MeerKAT, EVLA):

Much smaller field of view: GW follow-up = small survey
Mechanically steered → slower 
Preferentially detect synchrotron sources
Dispersion, scattering, synchrotron optical depth delays much smaller

MHz or GHz ?

Courtesy R. Fender
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