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FRBs overview
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Figure 1: Waterfall plot showing radio frequency versus time (lower panel) for the original FRB 010724 in the main
beam of the telescope. The upper panel shows the de-dispersed pulse after appropriately delaying the filterbank
channels to account for the inverse frequency squared behaviour seen below. Also evident in these figures is the
o↵set level of the baseline noise prior and following the pulse. This is due to nature of the integrating circuit
employed in the single-bit digitizers by this extremely bright pulse and was not shown in the original discovery
paper [2]. Figure credit: Evan Keane.
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New astrophysical radio transient events : 
• Short radio pulses (≈ms) 
• Broad frequency band emissions  
• Highly dispersed in arrival times

More than 75 events now (http://www.frbcat.org)

up to 250 unpublished events from CHIME

2 Repeaters events (10 unpublished from CHIME) : 
121102 (Arecibo repeater), 180814 (CHIME)

Figure 2: Dispersion measure (DM) versus Galactic latitude (b) showing pulsars (small dots) and Fast Radio
Bursts (larger blobs). The clear 1/ sin(b) dependence of DM with b for pulsars as a result of the finite size of the
electron layer is evident. Also seen are faint excesses of pulsars in the Large and Small Magellanic clouds. For
FRBs, whose DMs are not dominated by Galactic electrons, no such trend is seen.

– the Australian Square Kilometre Array Pathfinder[28, 29] and, most recently the Canadian HI Intensity
Mapping Experiment (CHIME)[30]. As shown in Fig. 2, the anomalously high dispersion of this sample of
FRBs is a defining trait, clearly representative of a di↵erent population compared to Galactic pulsars and
RRATs.

In an analogous way to how distances to pulsars are estimated from their DMs, which make use of a
model for the free electrons in the Galaxy[19], redshifts of FRBs, z, can be estimated from a model of
the distribution of electrons which turns out to be dominated by those spanning intergalactic distances.
As a very crude rule of thumb[31], z ⇠ (DM/1000 cm�3 pc), so for typical FRBs with DMs in the range
200–2600 cm�3 pc, we infer redshifts in the range 0.2 < z < 2.6. We stress that this calculation uses an
estimate of the redshift rather than a direct measurement which has up to now only been possible for one
source, FRB 121102, discussed further below. However, with these caveats in mind, for a canonical FRB
with DM = 1000 cm�3 pc with a peak flux density of a jansky and a width of 5 ms, one can infer a co-moving
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Distinct from giant radio pulses (GP)

DM =
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Total delay ≈
can be related to distance

FRB fluencies up to 420 Jy.ms (1 Jy -> 25 nV/m)  
and steep spectra (ASKAP) GP

FRB

Lorimer burst

Observations ≈ GHz and CHIME -> 400MHz
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FRB 010724 - Evan Keane from Duncan R. Lorimer 2018

http://www.frbcat.org
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FRBs observational needs

Theoretical situation similar to GRB community 50 years ago: 
lack of observational constraints

Majors unknown : 

• Existence at low frequencies (below 400MHz) 

• Behaviour at low frequencies (turnover ? cutoff ?) 

• Polarisation 

• DM and scattering fluctuations (event to event) 

• Population rate

2/10

Ideally -> observations below 400MHz with polarisation measurements
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NenuFAR: Large low-frequency radiotelescope

SKA pathfinder, partly constructed and in commissioning, located in Nançay 
Radioastronomy Observatory (NRO)

• 1938 dual polarisation antennas, hierarchically distributed in Mini-Arrays

• 10-85 MHz between Earth’s ionospheric cut-off and radio broadcast FM band

• Most antennas located in a core of a diameter ≈ 400m and 6 groups of 19 antennas at 
distances up to  3km

Antennas connected in parallel to several receivers -> operate in 4 distinct modes 
(simultaneously if needed): 
• standalone beam former -> FRB observation 
• capturing waveform -> transient buffer 
• standalone imager 
• Upgraded LOFAR station (low frequency)

Astronomers Page : https://nenufar.obs-nancay.fr/en/astronomer/
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NenuFAR: Large low-frequency radiotelescope

Astronomers Page : https://nenufar.obs-nancay.fr/en/astronomer/

Array: 
Antennas grouped in hexagonal tiles of 19 crossed-
dipoles -> Mini-Arrays -MA (5.5m antenna step)
Interferometric measurements: 
• In each MA signals are combined through analog 

phasing + summation system -> beam (restrict FoV 
but higher sensitivity) 

• MA are analog phased with delay lines -> 
achromatic 

• Delay lines are 7-bit  systems of switchable cables 
-> 16384 pointable directions (128x128 = EW x NS) 
in the sky

Signals: 
Each MA delivers two linearly polarised signals 
(NE and NW) to receivers.
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NenuFAR configurations  
allows to reach low intensity signals in the low 

frequency band
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FRBs with NenuFAR: Pilot Program

FRBs are produced at cosmological distances -> signal is heavily scattered during its 
propagation -> dilution of the intensity toward low frequencies

Typical intensity ≈ from 0.1 to several hundreds of Jy at 1 GHz over times lasting to a few 
ms

Detector with good time and frequency resolution and good sensitivity 
-> NenuFAR 

Low frequency detection

Why FRB 180814 ? 
- Repeater -> location 
- DM ≈ 190 pc.cm-3 -> close by  
- fluency ≈ 10-60 Jy.ms -> intense 
- moderate scattering  < 3ms at 400MHz -> 2s at 80MHz (with a variation f-4) 

-> dilution not too strong 
-  circumpolar source -> always observable

The Goals:  
• Observation of CHIME repeater FRB180814 
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If no observations 

-> constraints on FRBs at low frequencies
If observations 

-> start for a global surveyor equivalent



GRAND CHINA workshop 04/19Valentin Decoene

FRBs with NenuFAR: observation strategy

FRB180814

240h (8x30h)  
over 3 months 

≈ 2x CHIME

if detection then 

-> 240h/semester

Beamformed observation 
single beam (analog+digital) with the whole array 

continuously tracking the source

Dynamic spectra on 45-82.5 MHz = 35.7 MHz bandwidth, 3kHz resolution 
with a time integration specified by simulations (probably 10 to 20 ms)

Flux calibrations  
on galactic background  
Polarisation calibrations  

on calibrators such as Jupiter

Joint observations 
with  

higher frequency observatory 
(CHIME, NRT, …) 

delay -> 80MHz ≈2min 

-> broadcast of VO alerts

Observing parameters  
and analysis strategy  
based on simulations
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FRBs with NenuFAR: observation parameters optimisation

Figure 1: Examples of simulated FRB detection in the 40-80 MHz range with NenuFAR (with 56 MA). Time-
frequency resolutions of the simulated observation are 20 msec ⇥ 3 kHz. FRBs with flat spectra of 500 Jy
(top) and 50 Jy (bottom) were injected at t=100 s, with DM=190 pc.cm�3. Both are detected through a blind
search of the time-DM plane (left) and their time profile after de-dispersion and spectral integration is displayed
(right).

• In the case we do not detect the repeater FRB180814, strong constraints will be put on the existence, flux
density and spectrum of FRBs at LF (at least repeating ones). We will the extend this pilot program to
the other repeaters discovered by CHIME, focussing on the most intense with lowest DM.

• In the case we do detect the repeater FRB180814, it will prove its existence at LF and provide a measure of
its spectrum, polarization (if any, and Faraday rotation if the signal is at least partly linearly polarized),
an accurate estimate of its DM, Rotation Measure and scattering time, and their variations from one
occurrence to the other. If SNR permits, we may have access to the fine time-frequency structure of the
bursts. This characterization of the emission will provide important new constraints on the FRB models.
A detection will also motivate a blind search Key Program of more LF FRBs, in connexion with the
Pulsars-KP and Transient-KP. Additional side results of the blind survey will include the detection of
RRATs (Rotating Radio Transients) or Pulsar Giant Pulses.

5 Observation strategy

The observation strategy aims at optimizing the possibility to detect the CHIME FRB180814 repeater. Prior
knowledge of the characteristics of this FRB will allow us to run simulations that will determine the best
observing parameters and analysis strategy. This step will be performed while the latest 16 MA of NenuFAR
are being installed, totalling 72 operational MA some time in 2019, with which the first observations will be
carried on.
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500 Jy

50 Jy

Blind search de-dispersed and integrated 
time profile

Looking for a FRB with a DM of 190 pc.cm-3 in the 40-80MHz

Not easy but possible !

• @400MHz 
with a f-4 spectra

Improvements: 
• 72-96 MA -> SNR > 5- 
• Summing polarisation 
• Optimised integration time

• with 56 MA  
on a resolution  
of 20ms x 3kHz
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FRBs with NenuFAR: data analysis

Analysis: 
- RFI mitigation (using a pipeline from the Exoplanets Key Program) 
- de-dispersion (propagation correction) 
- spectral integration

Since the DM is ≈ know the processing will be much faster than for a blind research.

Data storage and processing: 
- Nançay Data Center 
- Processing on pipeline mode on the data 
- Using 1-2 nodes -> processing time ≈ 2-5 x observation time 
- Raw data -> 70GB/h -> 17TB on 240h 
- data reduction ≈ 16x in frequency (de-dispersion at DM = 190 within 50 kHz channels)

Raw Storage Analysis 
processing Final Storage

Strong needs

Observations
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For a global survey this doesn’t stand anymore -> Increase the analysis time

NenuFAR is well suited for FRB observations, doesn’t need any sophisticated 
processing or data storage strategy
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FRBs with GRAND

GRAND White Paper, GRAND coll. (VD) arXiv:1810.09994v1 http://grand.cnrs.fr

GRAND concept: 
- 200,000 antennas over 200,000 km2 = 20 spots of 10,000 km2 
- in radio quiet mountainous regions around the world (half in China) 
- autonomous radio detection of inclined air-showers in 50-200 MHz band

I Introduction

Ultra-high-energy cosmic rays (UHECRs) — extraterres-
trial charged particles with energies of EeV ⌘ 1018 eV and
above — have been observed for more than fifty years, yet
their origin is unknown [1]. They are likely extragalactic
in origin and purportedly made in powerful cosmic accel-
erators, though none has been identified. As long as the
sources of UHECRs remain undiscovered, our picture of
the high-energy Universe will be incomplete.

The direct strategy to discover UHECR sources is to look
for localized excesses in the distribution of arrival directions
of detected UHECRs. Yet, identifying sources in this way
is challenging: our incomplete knowledge of the proper-
ties of UHECRs — notably, their mass composition — and
of the e↵ect of Galactic and intergalactic magnetic fields
on their propagation prevents us from precisely retracing
their trajectories back to their sources. The situation is
worse at the highest energies because of decreasing statis-
tics. This is partially due to the opaqueness of the Universe
to UHECRs: their interaction on the cosmic microwave
background (CMB) dampens their energy. As a result, few
UHECRs above 40 EeV reach the Earth from distances be-
yond 100 Mpc — the GZK horizon [2, 3]. Thus, not only
do individual UHECRs not point back at their sources, but
limited statistics at the highest energies hinder studies of
their properties and sources.

The indirect strategy is to look for EeV gamma rays
and neutrinos made by UHECRs. Una↵ected by cosmic
magnetic fields, they point back at their sources. Though
still undetected, their existence is guaranteed: cosmogenic
EeV gamma rays and neutrinos should be produced in the
same interactions on the CMB responsible for the opaque-
ness to UHECRs, and their fluxes echo the properties of
UHECRs and their sources. UHE gamma rays and neutri-
nos may also be produced by UHECRs interacting inside
their sources: detecting a directional excess in their number
would be the smoking gun of a UHECR source.

Yet, like for UHECRs, interactions with the CMB make
the Universe opaque to UHE gamma rays: they do not
reach Earth from beyond 10 Mpc. Instead, they cascade
down to GeV–TeV, where they are more di�cult to disen-
tangle from gamma rays produced in unrelated phenomena.

Only for UHE neutrinos is the Universe transparent:
they travel unimpeded, their energies una↵ected by inter-
actions, on trajectories that point back directly at their
points of production, even if they lie beyond the GZK hori-
zon. Thus, they could reveal the most energetic and distant
UHECR sources. However, predictions of the cosmogenic
neutrino flux are uncertain and allow for tiny fluxes. Thus,
the assured discovery of cosmogenic neutrinos is contingent
on the existence of a detector with exquisite sensitivity.

The Giant Radio Array for Neutrino Detection
(GRAND) is a proposed large-scale observatory designed to
discover and study the sources of UHECRs. It will combine
the direct and indirect strategies, by collecting unprece-
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FIG. 1. The science goals of GRAND, grouped according to the
detector construction stage at which they first become accessible

dented UHECR statistics and looking for UHE gamma rays
and neutrinos, with sensitivity to even pessimistic predic-
tions of their cosmogenic fluxes and angular resolution suf-
ficient to discover point sources.

Upon arriving at Earth, UHE cosmic rays, gamma rays,
and neutrinos initiate large particle showers in the atmo-
sphere — extensive air showers. Their propagation through
the geomagnetic field results in radio emission that can be
detected far from the shower, since it undergoes little at-
tenuation in the atmosphere. In GRAND, a large number
of antennas will autonomously detect the ground footprint
of the radio emission, tens of km in size, in the 50–200 MHz
band. To achieve this, the design of GRAND will be mod-
ular, with up to 20 independent and separate arrays, each
made up of 10 000 radio antennas deployed over 10 000 km2.
The large number of antennas will allow to collect large
cosmic-rays statistics, reach sensitivity to low fluxes of neu-
trinos and gamma rays, and achieve high pointing accuracy.

Figure 1 shows the science goals of GRAND, including
also studies in cosmology and radioastronomy. Some of
them will be achievable already in early and intermediate
construction stages. Later, we examine each one in detail.

It is timely to plan and build GRAND now, following a
stream of discoveries in neutrino physics at progressively
higher energies, culminating in the recent discovery of PeV
astrophysical neutrinos. Further, the multi-messenger de-
tection of neutron-star merger GW170814 [4] has shown
that addressing the challenges of high-energy astronomy
will require combining observations from di↵erent experi-
ments. In the multi-messenger era, UHE neutrinos will be
the key to testing the absolute highest energies.

Sections II and III present the GRAND science goals.
Sections IV and V detail the detection strategy, design, and
construction plans. Section VI summarizes and concludes.
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GRAND could detect FRBs  
by incoherently (no beam) adding the signals from individual antennas

Allows to infer the DM but not to locate the source

Sensitivity

FOV as large as for a single antenna

In the best case scenario GRAND could detect FRBs at the rate of a few thousand per day !

* if several distant hot spots -> allows for localisation through triangulation

/
p

Nant
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From NenuFAR to GRAND

GRAND data stream and storage challenges

NenuFAR FRB Pilot Program used as pathfinder for GRAND FRB program: 
Low frequency FRB existence / benchmark for FRB tools

Raw Storage Analysis 
processing Final Storage

Strong needsObservations
NenuFAR

Transmission
Combine signal integration 

analysis strategy  
at the antennas level ?

B GRANDProto300 (2020)

FIG. 32. Possible layout for the GRANDProto300 radio array
at one of the candidate sites. The layout includes 135 antennas
deployed on a 1-km square grid (green), with two denser in-fills,
one containing 116 antennas on a of 500-m spacing (blue), and
one containing 49 antennas on a 250-m spacing (red).

Inner Mongolia, Yunnan, and Gansu. Six of them com-
ply with the requirements for radio-quietness; see Section
IV C. We are presently in the last phase of the site selec-
tion process, evaluating additional parameters such as ease
of access, availability of infrastructure, support by local au-
thorities, and possible extension to the GRAND10k stage.
A decision will be made before the end of 2018.

Layout.— GRANDProto300 will consist of 300 antennas.
It will be the largest radio array for autonomous air-shower
detection, almost 10 times larger than GRANDProto35 and
twice as large as the present phase of AERA [263]. The
baseline layout is a square grid with a 1 km inter-antenna
spacing, just as for later stages; see Section IVC.

Figure 32 shows one of the possible layouts considered
for GRANDProto300. A denser in-fill will improve statis-
tics down to shower energies of ⇠107.5 GeV and test the
dependence of the array performance as a function of the
density of detection units. The exact layout of the array
will be defined through dedicated simulations, taking into
account the science goals of the experiment, presented be-
low, and the physical properties of the selected site.

Antennas.— The antenna used in GRANDProto300 will
be a first version of the HorizonAntenna, which is de-
signed to improve the sensitivity close to the horizon; see
Section IV B. Based on the experience in GRANDProto300,
the antenna design will be optimized for the next stages.

Figure 33 shows a prototype version of the HorizonAn-

tenna which was successfully tested during site surveying
in summer of 2018.

DAQ.— In a first phase, the GRANDProto300 DAQ sys-

FIG. 33. A prototype of the HorizonAntenna in test during
a GRANDProto300 site survey. Photo by Feng Yang.

tem will be based on full sampling, for each trigger, of a
⇠3 µs subset of the signals from the X, Y, and Z antenna
channels using 14 bits at a rate of 500 million samples per
second, following passive analog filtering in the 50–200 MHz
band. Adjustable digital notch filters will allow to reject
continuous-wave emitters that may appear in this band.
We will transfer data via WiFi, which allows for a through-
put of 38 MB s�1 per antenna, su�cient for our needs.

Three consecutive levels are designed to progressively re-
duce the background:

• The zeroth-level trigger (T0) acts locally at the de-
tection units. It directly compares each channel am-
plitude to an adjustable threshold value. T0 events
are time-stamped with ns precision using a local GPS
unit [309].

• The first-level trigger (T1) acts locally at the detec-
tion units. It evaluates the duration and structure of
the time traces, and the signal polarization. T1 time-
stamps are sent to the central DAQ for evaluation. In
our estimates, we assume that the bandwidth needed
for this will be 1 MB s�1. Measurements performed
during the GRANDProto35 R&D phase show that a
large fraction of background events could exhibit a

GR DN GRAND: Science and Design Page 34 of 45

Final Storage
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What do you think ?
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NenuFAR: Large low-frequency radiotelescope

Astronomers Page : https://nenufar.obs-nancay.fr/en/astronomer/

Crossed dipoles in inverted-V shape at 1.6m above a 3m x 3m ground plane

• Antenna radiator developed for the LWA (USA)

• Coupled to a custom-designed preamplifier -> flat 
response across the entire observed band with a level 
of sky background several dB above the preamplifier 
noise at all frequencies -> sensitivity is sky limited

Backup
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NenuFAR: Large low-frequency radiotelescope

Astronomers Page : https://nenufar.obs-nancay.fr/en/astronomer/

Backup


