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o |824 Dutch + 1248 International LBA antennas / HBA tiles
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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

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

LOFAR back-end
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Designing / Prototyping

ANR 10/2009-2/201 3, Nancay, Subatech, LESIA, LPC2E, Kharkov(PICS), ALSE & other subcontractors ...
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® Good LF antenna radiator, H &V polar
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® Ground plane needed <100 MHz, esp. to avoid t

tion of ground propert

630 mW per channel

® Good LNA response, consumption 70 mA x 9V



Possible implications for SKA-Low

" T rocoiver with SKALA/
v T 8ky

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

corrector - Memphis project) ? —
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® Hi-pass filter behind antenna ?
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® Experience NenuFAR +Vivaldi antennas :
possibility to design an integrated single-
ended LNA (full feed board system, ASIC,
analogue optical output link)




Designing / Prototyping
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De5|gn|ng / Prototyplng

T

FEN

Global design optimized for 96 MA, incl. MA rotations
Trenches/cables optimization [vasko etal,2016]
Construction in 9 petals

Total electrical consumption ~50 kW
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Designing / Prototyping
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........................... parsetfile | --/-/--f oo | dialog with LOFAR/ASTRON

B Iss
D

-""'\T\ pointing status

a + control

pointing + sran\ ; >
LOFAR LCU I “““““ *I LSS LCU
W \
LCu
LOFAR .
back-end High rate data
Control
AL A A LSS
HBA & LBA antennas AL A W mini-arrays

r"-"./

silent c/c system

® Silent control/command system
® Pointing protocol : analog phasing switches distributed over a few msec at round multiples of 10 sec.



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

UAV with antenna N
3-band Yagi"antenna \ =

Motion path

TF2D antenna

AUT

.

® Drone measurements of antenna (far-field >10’s m)
and mini-array (far-field >500 m) patterns (ONERA - ongoing)
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® Antenna + preamplifier on the sky



P(zenith) for each order—f=29.0203 MHz
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® Phasing system :simulation + laboratory

E )
—30 : |' . ! A
L 1 I 1
: J ¥ l{ .'
—40 - X l 1 'l NP SR SRR A SRR Y S
O 20 40 60 80 100 120
Pointing order
Contour (-60 to 0 dB) Contour (-60 to 0 dB)
100 T T T T T T T T 100~ T T T T T T T
I Simulation I Mesure
50+ - 50+ —
o : o g
-50 - - -50 - .
-100' P L | . -100' P I | .
-100 50 0 50 100 -100 50 0 50 100
theta theta



120737,

12:21:02-

12:26:281

12:25:54-

20

1 I L Al T T

40 b0
Frequency (MHz)

12:27:45
' 12:97:10-
' 12:26:36 1

1 12:26:02-

Sun

Testing

LSS-MR3 SUN 1571072013

20 40 b0 80

Frequency (MHz)

® Phased mini-array on the sky
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® Phased mini-array on the
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LSS_1088_20131227_085507 .fits
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® 2-hour observation of PSRI1919+21 (0.5 - 2 Jy) with the incoherent sum of 6 MA



Online Realtime Monitoring

gui-nenufar.obs-nancay.fr

UTC 13:44:38

TS 05:08:35 & philippe.zarka

Select a mini-array to show more details.

grafana.obs-nancay.fr

all MR overview . ' Zoom Out @ Last 15 minutes utc o

realtime.obs-nancay.fr
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What NenuFAR/LSS will bring

Long baselines 19'/2x more sensitive
ki T ‘ = global LOFAR sensitivity ~x2

J = access to ~10x more calibrators

NenuFAR : .
= better high resolution imaging
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What NenuFAR/LSS will bring

Short baselines intra-NenuFAR/LSS

= large scale structures (>10°)

+ NenuFAR/LSS as 2nd core ?
NenuFAR "




What NenuFAR/Standalone will bring
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~19x the sensitivity of an international LOFAR station in LBA range
N antennas = Dutch LOFAR (LBA)

Access to VLF (10-85 MHz)

Aeii ~ 2 X Aett LOFAR core LBA above 35 MHz,~ 10 x below 35 MHz

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




The NenuFAR Beamformer + Imager

to LOFAR
backend

Clk, sync
Config

2 beams full-band (~10-85 MHZz), full-polar.
= 768 beamlets x 200 kHz (150 MHz)
multibeam, coherent/incoherent tile summation

~

’------‘

channelizer, dedisperser
Cross-correlations

GPU cluster (~LOFAR Cobalt) -3 imaging, ~every sec, tbd bandwidth, polar.

NenuFAR/LSS
® NenuFAR = 3 instruments in | { NenuFAR/Standalone Beamformer
NenuFAR/Standalone Imager

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



Beam former ADC+Computing board

® |aNewBa Beamformer

Per FPGA :

2.6 GB/s ADC data
34.4 GMAC/s for beamforming
(no correlation (XST))
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63 GB/s ADC data
826 GMAC/s
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The NenuFAR Radio Imager

® Oconfusion [M)y/beam] ~ (v / 100 MHz)%7 (8 /' )2 [Condon, 2002, 2005]

® +6 distant MA + multi-A synthesis = angular res. x6 for stable broadband sources

e Relative sensitivity beyond compact core = (Ngistant/Ncore) > ~ 25%

East
Extension
3 N
\‘I ?

| Extension




Technical characteristics of NenuFAR

* Large LOFAR-compatible phased array & interferometer
* 1824 antennas : 96 mini-arrays of 19 antennas each (25 m @)
e Diameter ~400 m + 6 distant mini-arrays (up to ~3 km)
* ~5000 baselines
* Frequency range = 10-85 MHz (A=3.5-30m)
* Resolutions: of = 100 kHz (standalone) — | kHz, 0t =5 psec, TBB @ 5 nsec
* Full polarization (4 Stokes)
* Collective area ~600A? < 62 000 m?
* FoV = 32° - 8° @ 20-80 MHz ; pointing -23° — +90°
* Angular Resolution 2°-0.5° (Standalone instantaneous),
5’-40’ (Standalone synthesis), 0.1 " (LSS)

* Sensitivity :2 - 0.5 Jy @ 20-80 MHz (50, | sec x 10 MHz)
~3l-9mJy (50,1 h x 10 MHz)



NenuFAR calibration / imaging

® Coupled Calibration / RFlI mitigation (PRISME)

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

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




The Science

® Standalone Imaging (multi-A rotational synthesis) : Dark Ages/Cosmic Dawn

Power-spectrum, z=20.00
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The Science

® NenuFAR / LSS : very high resolution wide-field LBA imaging,

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

LOFAR LBA (40MHz)

7%

__NenuFAR surveys
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The Science

e Standalone Imaging (multi-A rotational synthesis) : GW/GRB afterglows ?
® Standalone Beamformed/Fast imaging : Prompt GW emission ?

(MoU LIGO-Virgo | NenuFAR)
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The Science

o Standalone Beamformed : Pulsars searches/studies

setup = d = # dipoles/ # MPA/ | norm. | norm.
beams | [m] | stations MPA station FOM, | FOM;

single LBA station | 32.25 | | 48 | |
(LBA_OUTER)
Incoherent sum of | 32.25 6 | 48 39 |5
superterp (LBA_INNER)
Coherent sum of 100 300 6 I 48 270 980
superterp (LBA_INNER)
Incoherent sum of | 32.25 22 | 48 140 56
LOFAR core
(LBA_INNER)
Coherent sum of 100 | 2000 22 | 48 8l 2000
LOFAR core
(LBA_INNER)
LOFAR INT station | 65 | | 96 6 5
ncoherent sum of INT | 65 - | 96 S 40
stavons
Coherent sum for LSS 10 300 | 19 96 1100 | 3900
Incoherent sum for l 300 | |19 96 6 21
LSS
NLLOFAR Fly's Eye I 32.25 40 I 48 260 102
(LBA_INNER)
NL Incoherent sum | 32.25 40 | 48 260 102
(LBA_INNER)
NL coherent sum 100 |e5 40 | 48 0.1 131
{LBA INNER)

FOMl = Nbeams * FOV * (A /T )2 3 Nbeams >I<A2 / D2
FOM2 - Nbeams >kAZ * FOV/BeamW|dth o Nbeams >l<A2 / D
[Smits et al. 2009, Stappers et al. 2010, 201 ]



The Science

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

® Standalone Beamformed/Fast imaging : Exoplanets, Star-Planet plasma
interactions, FIaring/Dwarf/CooI stars
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The Science

¢ Standalone Beamformed/Fast imaging : Radio Recombination Lines

T /Tex10°

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

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

Saturn lightning: finest dispersion delay measured: DM ~ 3x10~ pc.cm-?
— Solar Wind probing up to I0 AU  [Zakharenko,et al., 2012]
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* NenuFAR workshop & science case = Science groups (Cosmology, GW & GRB ...
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NenuFAR : instrument d

1. The NenuFAR project (introduction, cont
NenuFAR as a pathfinder for SKA - S. Tc
. Technical specifications of NenuFAR - J.
NenuFAR with LOFAR : high resolution

. NenuFAR in standalone mode: calibratioz
issues - C. Tasse, etal.
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Algonithms and optimizations - T. Lanz. €
Dedicated dalone receiver for

Prospects for EoR and cosmic dawn obsel
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. Gravitational wave signatures — M. Barsu
10. Galaxy clusters and the large-scale struct
11. Extragalactic projects - F. Combes, et al.
12.E lactic objects as Ci logical too
13. Nearby galaxies — A. Bosma, et al.

14. Pulsar Science - J.-M. Griessmeier, et al.
15. ISM turbulence - F. Levrier, et al.

16. Transients - S. Corbel, A. Loh

17. Cosmic Ray Extensive Air Showers - R. I
18. Solar and stellar activity - C. Briand, et al
19. Jupiter's decametric radio emissions - M. |

20. Exoplanetary radio emissions - L. Lamy, |
21. Observations of planetary lightming with 1
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Fullekrug
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etal

25. Synergies with other instruments — P_ Zar
26. NenuFAR — Art Project — C. Courte, et al.
27. Synthesis - M. Tagger, et al.
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NenuFAR Operating modes & Data policy

* NenuFAR/LSS mode via ILT (MoU)
* NenuFAR/Standalone mode via FLOW PC



NenuFAR : SKA pathfinder

(8/2014)
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NenuFAR

® Unique instrument / LWA, ARRTFAAC, UTR-2
® Synergy/complementarity with LOFAR, MWA, SKA ...



NenuFAR toda

TAFV‘ - \‘I—F._ W
B e T v

" owyes

7 W q\N‘“‘l i A"
o " 51 :

Wit
3 ki ’“‘ {')




Construction

‘ Octobre 2015 - 22MR
‘ Juillet 2016 - 32 MR

(O Novembre 2016 - 41 MR
Q Juillet 2017 - 52 MR

‘ Novembre 2017 - 72 MR

Funding

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

Links

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

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



