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Abstract:

NenuFAR (New Extension in Nangay Upgrading loFAR) is the new radiotelescope developed and built in Nangay.
Designed to observe the largely unexplored frequency window from 10 to 85 MHgz, it has a high sensitivity across the
bandpass. Still in the construction phase today, it already has more than 1000 antennas and is better suitable for large
band observation than the European low frequency network LOFAR. The scientific exploitation is about to start.
Pulsar observations require a real-time pipeline able to cope with a high data rate in order to significantly reduce the
required dedicated storage. The data are reduced by taking care of the interstellar medium through coherent dedispersion
and by folding the data to the apparent rotation period of the neutron star. We will end by presenting the first results
obtained using the pulsar instrumentation of NenuFAR.

Résumé:

NenuFAR (New Extension in Nangay Upgrading loFAR) est le nouveau radiotélescope développé et en cours de con-
struction sur le site de Nancay. Congu pour observer dans une fenétre radio encore trés peu étudiée de 10 a 85 MHz il est
trés sensible sur toute sa bande passante. Encore en phase de construction aujourd’hui il dépasse déja les 1000 antennes
et est plus adapté pour les observations large bande que le réseau basse fréquence européen de LOFAR. L’exploitation
scientifique est sur le point de commencer.

L’observation des pulsars demande un traitement des données trés haut débit en temps réel afin de considérablement
diminuer le stockage nécessaire aux observations. Les données sont réduites en prenant soin de corriger de fagon cohérente
la dispersion du milieu interstellaire et par le repliement des données a la période de rotation apparente de ’étoile a
neutron. Nous présenterons les premiers résultats de I'instrumentation pulsar de NenuFAR.

|

Figure 1 — Left picture: Satellite picture of NenuFAR. Green points are mini-arrays of 19 antennas. White
points are future mini-arrays. Right picture: Picture of NenuFAR antennas (see [1)]).

1 NenuFAR

NenuFAR is officially labelled as SKA pathfinder. In its present state NenuFAR-1, it is composed of 56 mini-
arrays of 19 antennas (see left picture in Figure[l)). The final NenuFAR will be composed of 96 such mini-arrays.



Because NenuFAR has a high gain across the full band, the sensitivity relative to the LOFAR core is especially
high at low frequencies. For example, at 20 MHz, NenuFAR-1 is 5 times as sensitive as the LOFAR core.
This is mainly due to the new design of NenuFAR antennas, optimized preamplifiers and the antenna spacing.
Observations shown in this paper were made in commissioning mode, without proper coherent summation
between mini-arrays. When the calibration phase will be completed with a proper coherent summation and
pointing correction table the sensitivity of NenuFAR-1 will reach that of the LOFAR core. The final version
will exceed the sensitivity of the LOFAR core by a factor 1.7.

2 Pulsar Backend

A pulsar backend is fed by the beamformer with waveform data through a User Datagram Protocol (UDP)
connection corresponding to 300 MB/s. To be able to process this data stream in real time on a single machine
all calculations have to be performed on Graphical Processing Units (GPUs) to optimise the parallelization. The
backend has two main objectives: correct for the dispersion of the interstellar medium in the Fourier domain
(coherent dedispersion [2]) and fold the observation at the period of the neutron star. Finally the output of the
backend is saved as a Flexible Image Transport System (FITS) file a thousand time smaller than the original
waveform data.

2.1 Low frequency Pulsar Backend

Low frequency coherent dedispersion in real time is a challenge due to the long time delay within the lowest
frequency channel. For example, with a single channel of 195 kHz and for an observation at 20 MHz, B0329+54
(at a dispersion measure of 26.7 pc.cm~?) has a intrachannel dispersive delay of 5 seconds, which corresponds to
several times the pulse period. In the pulsar pipeline we need to double this dispersive delay to get an overlap.
In consequence, for each channel and complex polarization we need an FFT (Fast Fourier Transform) on 22!
complex values of 5.12 microseconds, corresponding to more than 10.7 seconds of waveform data in a single
FFT. For the total bandwidth (384 channels) we need 8 GB of memory in a single GPU.

If we look at the frequency resolved pulse profile of Figure [2] the difference is clearly visible between a dispersed
profile (left plot) and a coherently dedispersed profile of B0950+08 (right plot). Note that the dispersion of this
pulsar is low only 2.97 pc.cm ™2, which is the firth lowest DM value of 2659 known pulsars.
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Figure 2 — Frequency resolved pulse profile for an observation of B0950+08 with 56 mini-arrays of NenuFAR.
Left plot: The dispersed pulsar as observed by the radiotelescope. Right plot: The same observation coherently
dedispersed.

UnDySPuTeD is the beamformed high rate backend of Nenufar on which the software LUPPI (Low frequency
Ultimate Pulsar Processing Instrument) is installed. LUPPI is installed on two machines with in total 4 GPUs
(GTX 1080 8 GB). It has been designed coherently dedisperse and fold up to 4 numerical beams of 37.5 MHz
of bandwidth simultaneously (192 channels per beam).
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Figure 8 — Sketch of the Low frequency Pulsar Processing Instrument (LUPPI) describing how the data are
processed from the beamformer to the final Flexible Image Transport System (FITS) file through the three main
threads: net_thread, dedisp _thread and psrfits_ thread.

2.2 LUPPI

This section will detail the data processing applied by the Low frequency Ultimate Pulsar Processing Instrument
(LUPPI) (see Figure[3). LUPPI is a dedispersing and folding algorithm working with GPU parallelization. This
software is a low frequency adaptation of NUPP]E| (Nangay Ultimate Pulsar Proccesing Instrument) which is
the software used on the decimeter Radio Telescope of Nancay (NRT). NUPPI is directly inspired by GUPPI
(Green Bank Ultimate Pulsar Processing Instrument, [3]).

The NenuFAR beamformer LaNewBa, uses Field-Programmable Gate Array (FPGA) boards and is able to
broadcast 4x37.5 MHz of bandwidth in 768 channels of 195 kHz to Undysputed and LUPPI via four UDP
links. LUPPI works with three main threads: The net thread is bound to the UDP port and writes waveform
packets for all channels to a first ring buffer. Secondly, dedisp thread is the heart of the program, in which
the waveform data is transmitted to the GPUs where most of calculations are done (FFT, management of the
overlap, coherent dedispersion by multiplication of the waveform with the chirp function in the Fourier domain,
inverse FFT, overlap extraction and folding of the subintegration by the pulsar period). Finally, the folded data
stream is send in a second ring-buffer to be written to a RAID (Redundant Array of Independent Disks) in
FITS format by psrfits thread.

3 Observations

In this section we present the folding mode where the pulsar signal is integrated in time to increase the signal to
noise ratio and show the frequency variations of the profiles. The total bandwidth is 75 MHz for all observations.
The observation length is variable: from 32 minutes for B0809+-74 to 5 hours for B1133+16.

1G. Desvignes, https://github.com/gdesvignes/NUPPI



The aim of this section is to illustrate the low frequency pulsar population by showing iconic low frequency
pulsars (see on Figure [4] and .

These observations show high variations of pulsars profiles due to the interstellar medium and intrinsic magne-
tospheric properties of the pulsar.

3.1 BO0809+74

This pulsar was already observed and studied with LOFAR [4], [5], [6] and with UTR-2 [7]. Two pulsations are
apparent in Figure 4 It is particularly interesting for two reason: it exhibits impressive drifting subpulses (see
[4]) and the ratio between the amplitudes of both pulsations reverses at 50 MHz as can be seen in Figure

3.2 DB08344-06

Observed by LOFAR [6] and UTR-2 [7]. This pulsar shows an exponential tail in the lowest part of the band
below 29 MHz, which is the signature of the multi-path propagation in the interstellar medium [2].

3.3 BO09504-08

This pulsar was observed with LOFAR [5] and with the MWA [8]. Defined as one of the least scattered pulsar
in [9] there is no scattering tail visible in Figure

3.4 B1133416

Observed with UTR-2 [7], LOFAR [B], [6] and the MWA [8]. This pulsar is well know in low frequency for the
increasing of the separation between both pulsations, which is the signature of the emission height in a bipolar
model see [10] and [I1], [2].

3.5 B12374-25

Observed with UTR-2 [7], the LWA [12] and LOFAR [5], [6]. B1237+25 is the first pulsar for which mode-
changing behaviour was detected [13].

3.6 B15084-55

Studied with LOFAR [10] it is well know to have a low rotation measure (see [2]). Ostowski et al. (in prep.) as
in [I4] observed a profile variation in time interpreted as an echo of the main pulsation on a plasma bubble in
the interstellar medium. This echo can be seen in Figure [f] just after the main pulse.

3.7 B1919+21

B1919+21 is the first pulsar discovered by Jocelyn Bell in 1967 [I5]. Below 100 MHz it is the strongest pulsar
in the north sky. In Figure |5| we can observe its three main components easily distinguishable at 40 MHz. It is
interesting to observe that only the central component is visible below 30 MHz see in Figure [5} This could be
a signature of a modification in the emission mechanism.

3.8 B2217+47

This pulsar is observed by LOFAR and discussed in [I4], it is the best example of scattering tail for the low
band (see Figure [5)).

4 Conclusion

In this paper we go through the first real-time low-frequency pulsar backend working on Graphical Processing
Units (LUPPI). We described the challenge of low frequency coherent dedispersion due the high dispersive delay.
Finally we presented the first observations of iconic pulsars with NenuFAR.

Today with NenuFAR and Undysputed with LUPPI we have started to observe, coherently dedisperse and
fold pulsars of the north sky (with limits of -10 degrees in declination and a maximum DM of 100 pe.cm™3)
to characterized the low frequency pulsar population. This will also be used to provide targets for future
observations.

This new instrumentation allows us to deeply study the low-frequency variabilities of the flux density, the
polarizations, the evolution of the profile in time and frequency which allows to constrain models of the emission
mechanism and probing the interstellar medium via measurements of the DM and scattering.
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Figure 4 — Frequency stacked profiles for four pulsars: B0809+74, B0834+06, B0950+08 and B1133+16.
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