
Giant Radio Array for Neutrino Detection

GRAND AT A GLANCE 乃

Objectives 䦱㫊�

By the 2030s, in its complete configuration, GRAND 
will reach a sensitivity that will ensure the detection 
of neutrinos with energy above 1017 eV.  Thanks to its 
sub-degree angular resolution, it will launch neutrino 
astronomy!  Already by 2025, GRAND will be able to 
make the first discovery of these neutrinos. GRAND 
will be the largest experiment for the detection of 
ultra-high-energy cosmic rays and photons. Moreover, 
GRAND will uniquely explore fundamental neutrino 
physics, the astrophysics of fast radio bursts, and the 
epoch of reionization.

How does GRAND work?  
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The strategy of GRAND is to detect air showers above 
1017 eV that are induced by the interaction of high-
energy particles in the atmosphere or underground, 
through its associated coherent radio-emission in the 
30-200 MHz range.

Why now? Ↄℋ㣲䙳⧫֤�

With the first detection of very high-energy neutrinos 
and gravitational waves, we stand today at the thres-
hold of a multi-messenger era. Many high-precision 
high-energy astroparticle experiments are projected 
to be built (CTA, IceCube-Gen2, LISA...). GRAND com-
pletes the picture at the highest energy front.
Radio-detection of astroparticles is experiencing a 
renaissance, with drastic technological, theoretical and 
numerical advances. 
Now is the time to develop the radio technique further 
and join the exciting momentum of high-energy Astro-
physics!

NEUTRINOS!�⃰㉱⸓ֆ
•  Neutrinos are elementary particles that interact 

weakly with matter.  This characteristics makes them 
challenging to detect and study. 

•  At the same time, neutrinos can serve as unique 
messengers of the extreme Universe, as they allow us to 
see farther in the early Universe and deeper in objects. 

•  Neutrinos are undeflected by magnetic fields and are 
clear hadronic acceleration signatures. They are the 
essential ingredient for high-energy astronomy.
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eV (electronvolt): energy unit equal to ~10-19 Joules.  
The proton rest mass energy is equivalent to ~9x108 eV. 
Cosmic rays: charged particles (mostly protons and 
heavier nuclei) that constantly bombard the Earth.  
A small fraction of them (ultra-high-energy cosmic rays) 
are detected with colossal energies >1018 eV,  at a rate  
of 2 per month with the 3000 km2 Auger Observatory.  
Their origin is still a mystery.
Cosmogenic neutrinos: neutrinos produced during the 
propagation of their parent ultra-high-energy cosmic rays 
in the intergalactic medium, via interactions with cosmic 
radiation. Their existence is guaranteed as ultra-high-
energy cosmic rays are observed.
Air-showers: cascades of particles produced in the 
atmosphere by a primary energetic particle. The electrons 
and positrons in the cascade interact with the magnetic 
field of the Earth to produce a radio emission.
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The Giant Radio Array for Neutrino Detection project aims at detecting ultra-
high-energy cosmic particles (neutrinos, cosmic rays, and gamma rays) with a radio 
antenna array deployed over a total area of 200 000 km2 in mountainous regions, 
in several favorable locations around the world.

GOALS
•  Standalone radio detection of  

air-showers 

•  Good background  noise 
rejection

SETUP
•   35 radio antennas
•  21 scintillators

BUDGET & STAGE 
•  160k€, fully funded by 

NAOC+IHEP, deployment 2018  
@ Ulastai

GOALS

•  Probing the transition between 
Galactic to extra-galactic  
cosmic rays at energy  
~1018 eV, with detailed 
composition measurements

•  Standalone radio detection  
of inclined showers (zenith 
angle >65°) induced by high 
energy cosmic rays (>1018 eV)

GOALS

•  First GRAND sub-array, 
sensitivity comparable to ARA/
ARIANNA on similar time scale, 
allowing potential 1st discovery of 
cosmogenic neutrinos

•  Efficient communication and power 
supply over 10 000 km2

GOALS

•   First neutrino detection at 1018 eV even with 
pessimistic fluxes and/or neutrino astronomy

•  Selection of optimal sites (mountainous, 
accessible, radio-quiet) worldwide for deployment 
of 10 000 km2 hotspots

SETUP  
200 000 antennas over 200 000 km2

~20 x 10 000 km2 hotspots worldwide

BUDGET & STAGE
Industrial scale allows to cut costs down:  
500€ per unit 
£ 100M€ in total

SETUP
•  Data acquisition system with 

discrete elements, but mature 
design for trigger, data transfer, 
consumption

•  Mostly likely in China

BUDGET & STAGE
•  1500€ per detection unit

GRAND 10K

GRAND 
PROTO35

GRAND 
PROTO300

SETUP
•  300 Horizon Antennas over 

300 km2

•  Fast data acquisition system
•  Solar panels (24h/24) + WiFi 

data transfer
•  Array of surface muon 

detectors

BUDGET & STAGE
•  1.3 M€ funded by Chinese 

Institutes deployment in 2020

GRAND 200K

GR DN
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The Giant Radio Array 
for Neutrino Detection

GR DN

http://grand.cnrs.fr/

ICRR - 25/02/2019Kumiko Kotera - Institut d’Astrophysique de Paris 

http://grand.cnrs.fr/
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Exciting times!

First 1020 eV 
cosmic ray 
detected

1962 2017

GW astronomy 
begin! 
kilonova associated with 
GW170817

2015

First 
gravitational 
waves detected

2013

First 1015 eV 
neutrinos 
detected

GW

CR

ν

γ

Extragalactic 
origin confirmed 
Auger evidences large 
scale anisotropy > 8 EeV

PeV neutrino 
astronomy begins! 
IC170922 in coincidence 
with TXS 0506+056

new TDEs, magnetar flares, blazar flares, FRBs,  
gamma-ray bursts, superluminous SNe…

And we still don't know the origin of UHECRs
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A UHECR journey

Outflow 
- structure? 
- B? 
- size?

Source? 
- particle injection? 
- acceleration? shocks? 

reconnection?…

Backgrounds 
- radiative? baryonic? 
- evolution, density? 
- magnetic field: deflections? 

associated neutrino and 
gamma-ray production

νγ

Intergalactic magnetic fields 
magnetic deflection 
temporal & angular spread/shifts

νγ

p Fe

Cosmic backgrounds 
interactions on CMB, UV/opt/
IR photons 

cosmogenic neutrino and 
gamma-ray production

UHECR 
- mass 
- spectrum 
- anisotropy

Observables
neutrinos 
- flavors 
- spectrum 
- anisotropy 
- time variabilities

multi-wavelength photons 
- spectral features 
- time variabilities 
- angular spread 
- source distribution 

GW 
- spectrum 
- arrival 

directions 
- time 
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Current multi-messenger data: useful to understand UHECRs?

Backgrounds 
- radiative? baryonic? 
- evolution, density? 
- magnetic field: deflections? 

associated neutrino and 
gamma-ray production

νγ
νγ

p Fe

Cosmic backgrounds 
interactions on CMB, UV/opt/
IR photons 

cosmogenic neutrino and 
gamma-ray production

Eν ~ 5% ECR/A Eγ ~ 10% ECR/A

ECR > 1018 eV

Eν > 1016 eV

Secondaries take up 5-10% of parent cosmic-ray energy

IceCube neutrinos do not directly probe UHECRs
Actually, none of the current multi-messenger data 

(except UHECR data) can directly probe UHECRs 
… but they help :-)



GR DN

UHE neutrinos: the unchartered territory!

2015 2002
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GR DN

The guaranteed cosmogenic neutrinos

Alves Batista, de Almeida, Lago, KK, 2018
GRAND Science & Design, 2018

KK, Allard, Olinto 2010
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Alves Batista et al. 2018

detect cosmogenic neutrinos

100s of events  
~0.3o angular resolution

detect EeV neutrino point sources

What we can aim to do
with future observatories
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cosmogenic: 
guaranteed 

direct from source: 
likely more abundant 

pessimistic scenarios  
of cosmogenic neutrinos = good! 

low background for source neutrinos

detect the 
first EeV 

neutrinos



GRAND

ARA IceCube
Fang, KK, Murase, Miller, 

Oikonomou 2016

YES if

Can we hope to detect very high-energy neutrino sources?

 good angular resolution (< fraction of degree) 
 number of detected events > 100s
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boxes for experiments assuming neutrino flux: 10-8 GeV cm-2 s-1

Neutrinos don't have a horizon: won't we be polluted by background neutrinos?

GRAND



 sources emitting observable UHECRs and UHE neutrinos 
are likely not the same!

If the measured UHECR composition is not protons

 observable UHE (>1017 eV) neutrino sources are sources of UHECRs 

 but they are likely NOT observable sources of UHECRs! 

 a source will be opaque to UHECR protons to produce abundant UHE neutrinos

it is NOT the end of the world at all!

UHECRs escape
optically thin source 

environment less abundant UHE neutrinos

abundant UHE neutrinos?

if measured UHECR composition heavy  
UHE neutrino astronomy completely possible not really related

optically thick source 
environment

UHECRs interact
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The GRAND Project
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ν
τ >30 km

few 
kms

radio detection: a mature and autonomous technique 
AERA, LOFAR, CODALEMA/EXTASIS, Tunka-Rex, TREND

radio antennas cheap and robust: ideal for giant arrays

geomagnetic effect: 
radio signal 

few 100 MHz

1017.5 eV shower 
50-200 MHz radio emission 
side view

E > 50 𝜇V/m

The GRAND Concept

Inclined showers with mountain targets

θc ~1°

~400 m~400 m

~10 km

Xmax

vertical shower

dense array 
needed
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ν
τ >30 km

few 
kms

radio detection: a mature and autonomous technique 
AERA, LOFAR, CODALEMA/EXTASIS, Tunka-Rex, TREND

radio antennas cheap and robust: ideal for giant arrays

geomagnetic effect: 
radio signal 

few 100 MHz

Antenna response of a dipole antenna 
ZHAireS simulations with 1ns binning 

 antenna @ cone  
neutrino 5x1017 eV, zen=87° h=2800m  

The GRAND Concept

Galactic noise + thermal noise (300K) included 
Optimal frequency band 50-200 MHz 

19

● Same study as performed for IceTop ( arXiv:1712.09042)
● Antenna response of a dipole antenna used
● ZHAireS simulation with 1ns binning, Crs and neutrinos

Bug in sampling rate while applying antenna response led first to 70-150MHz band  

Cross-check frequency range (by Aswathi Balagopal - KIT)

Best SNR for 100-180MHz band
(same as for IceTop, AERA, TRex)

antenna@cone

neutrino

5 10^17 eV, zen=87° (GRAND conv)

h=2800m

Aswathi wrote a paragraph for the 

White Paper

→ include Aswathi Balagopal (and 

Andreas Haungs?) to WP author list

A. Balagopal (KIT)

Inclined showers with mountain targets
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200,000 radio antennas over 200,000 km2  
~20 hotspots of 10k antennas  

in favorable locations in China & around the world

200,000 km2

hotspot1  
10,000 km2  

used for simulations
GRANDProto300?
300 km2

✓ Radio environment: radio quiet 
✓ Physical environment: mountains 
✓ Access 
✓ Installation and Maintenance 
✓ Other issues (e.g., political)

The GRAND Concept

several excellent sites  
already identified 

(~60 measurements)

21
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Hotspot with favorable topology  
⇒ enhanced detection rate!

topology

trigger rate

•  Target sensitivity:  φ0 = 1.5x10-11  GeV/cm²/sr/s  
• Driver: go for hotspots! Then 200’000km² may be 

enough to reach target sensitivity 
• Giant simulation area (1’000’000 antennas over 

1’000’000 km²? Full Earth?) to identify hotspots.

Deployment in hotspots



• Topography along track 
• CC & NC ντ interactions 
• τ energy losses 
• τ decay through backward 

simulation 

➔ DANTON  

➔ RETRO  
(GRAND specific 
framework for backward 
propagation) 

     V. Niess, LPC Clermont Ferrand

• Shower development 
• Radio emission 

➔ ZHaireS + EVA 
➔ Radio-morphing 
W. Carvalho, K. Kotera, K. de Vries, 
O. Martineau, M. Tueros,  A. Zilles 
(IAP, Paris)

GRAND End-to-End simulation chain

• Antenna response 
• Antenna trigger  

(background noise sim) 

➔ NEC 
D. Charrier (Subatech Nantes),  
S. Le Coz, O. Martineau

Zilles	et	al.	submitted	to	Astropart.	Phys.



• Topography along track 
• CC & NC ντ interactions 
• τ energy losses 
• τ decay through backward 

simulation 

➔ DANTON  

➔ RETRO  
(GRAND specific 
framework for backward 
propagation) 

     V. Niess, LPC Clermont Ferrand

• Shower development 
• Radio emission 

➔ ZHaireS + EVA 
➔ Radio-morphing 
W. Carvalho, K. Kotera, K. de Vries, 
O. Martineau, M. Tueros,  A. Zilles 
(IAP, Paris)

GRAND End-to-End simulation chain

• Antenna response 
• Antenna trigger  

(background noise sim) 

➔ NEC 
D. Charrier (Subatech Nantes),  
S. Le Coz, O. Martineau

gitHub: grand-mother 
Niess &  Martineau arXiv:1810.01978



• Topography along track 
• CC & NC ντ interactions 
• τ energy losses 
• τ decay through backward 

simulation 

➔ DANTON  

➔ RETRO  
(GRAND specific 
framework for backward 
propagation) 

     V. Niess, LPC Clermont Ferrand

• Shower development 
• Radio emission 

➔ ZHaireS + EVA 
➔ Radio-morphing 
W. Carvalho, K. Kotera, K. de Vries, 
O. Martineau, M. Tueros,  A. Zilles 
(IAP, Paris)

GRAND End-to-End simulation chain

• Antenna response 
• Antenna trigger  

(background noise sim) 

➔ NEC 
D. Charrier (Subatech Nantes),  
S. Le Coz, O. Martineau

Anne	Zilles,	ARENA2018

Anne	Zilles,	ARENA2018Zilles	et	al.	submitted	to	Astropart.	Phys.

Zilles	et	al.	submitted	
arXiv:1811.01750



• Shower development 
• Radio emission 

➔ ZHaireS + EVA 
➔ Radio-morphing 
W. Carvalho, K. Kotera, K. de Vries, 
O. Martineau, M. Tueros,  A. Zilles 
(IAP, Paris)

GRAND End-to-End simulation chain

• Antenna response 
• Antenna trigger  

(background noise sim) 

➔ NEC 
D. Charrier (Subatech Nantes),  
S. Le Coz, O. Martineau

D. Rosales

• Topography along track 
• CC & NC ντ interactions 
• τ energy losses 
• τ decay through backward 

simulation 

➔ DANTON  

➔ RETRO  
(GRAND specific 
framework for backward 
propagation) 

     V. Niess, LPC Clermont Ferrand

•Active bow-tie antenna  
(a la CODALEMA) 
•Dimension optimized for 

the 50-200 MHz 
frequency range 
•Antenna height: 4.5 m 

• optimized for ~horizontal waves 
• 3 arms: full polarization measurement 
•Detailed  (stationnary) noise level estimate: 15µV rms

HorizonAntenna proposal 
D. Charrier (Subatech Nantes)
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• Final result for a 3-
years all-flavor 
exposure on HS1 
(10000km²+1km step) 
in 50-200MHz, with 5+ 
antenna cluster above 
2sigma threshold

• Flux limit = 7.9 10-9 
GeV/cm²/s/sr

~4 10-10 GeV/cm²/s/sr   
when extrapolated to 
GRAND200k

HS1 limit

• Initial limit:
       for HS1: 7.2 10-9 GeV/cm²/s/sr (7500km²+800m step)
       For GRAND200k 2.2 10-10 GeV/cm²/s/sr (200’000km²+800m step)

=> Limits presented so far (Nijmegen) seems to be robust!

Simulated performances

<ψ><	0.5°	
(Plane	wave	approx)	

PRELI
MINARY

➔ Astronomy!!!

Xmax resolution:  
< 40 g/cm² achievable for 
E>1019 eV  
with GP300 & further stages

GRAND full sensitivity (E>1017 eV) 
~4x10−10 GeV cm−2 s−1 sr−1 

exposure for Hotspot1  
10'000 km2

~0.1-0.3° angular resolution for GP300 
also achievable for Hotspot1

A. Zilles, C. Guépin (IAP)V. Decoene (IAP) �19

105 106 107 108 109 1010 1011

Neutrino energy En [GeV]

10�11

10�10

10�9

10�8

10�7

A
ll-

fla
vo

r
(n

+
n̄ )

E2 n
F

n
(E

n
)

[G
eV

cm
�

2
s�

1
sr

�
1 ]

ARA-37 (3 yr)IceCube (2018)

_ _

_

IceCube (2015)

Cosmogenic n

Pessimistic
Standard

GRAND20
0k

(3
yr)

GRAND10
k (3

yr)

GRAND200k integrated (3 yr)

GRAND200k integrated (10 yr)

POEM
M

A
(3

yr
)

ne : nµ : nt = 1:1:1

ARIANNA (3 yr)



GRAND Technical Challenges

• How to collect data? 
• Optimised trigger (machine learning (?), see Führer et al. 

ARENA2018) to improve selection @ antenna level 
• Optimised informations to be transmitted to central DAQ 

• How to identify air showers out of the ultra 
dominant background ? 
• Specific signatures of air shower radio signals vs background 

transients demonstrated (TREND offline selection algorithm:1 
event out 108 pass & final sample background contamination < 
20%) 

• Improved setup (GRANDproto35, being deployed) should lead 
to even better performances 

• Deep learning techniques 

• How well can we reconstruct the primary particle 
information  
• Simulations promising (similar performances as for standard 

showers) + deep learning technique

• How to deploy and run 200,000 units over 200,000km²? 
• How much will it cost? Who will pay for it? 

GR DN

Need for an experimental 
setup to test and optimize 

techniques

GRANDProto300

go for industrial approach! 
answers to be studied at 

later stage

�20



first GRAND subarray, 
sensitivity comparable 
to ARA/ARIANNA on 
similar time scale, 
allowing discovery of 
EeV neutrinos for 
optimistic fluxes

1500€ /
detection unit

DAQ with discrete 
elements, but mature 
design 
for trigger, data 
transfer, consumption

ASIC 
Cost ~10M€ ➔ few 10€/board 
Consomption < 1W 
Reliability

Industrial scale allows to cut 
down costs: 500€/unit  
➔ 200M€ in total

first neutrino detection at 1018 eV  
and/or neutrino astronomy!

200,000 antennas over 200,000 km2, ~ 
20 hotspots of 10k antennas, possibly 
in different continents

GRANDProto300

GRANDProto35 GRAND200k
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2018 2020 2025 203X

GRAND10k

standalone 
radio array: test 
efficiency & 
background 
rejection
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160k€, fully 
funded by 
NAOC+IHEP, 
deployment 
ongoing @ Ulastai

35 radio antennas 
21 scintillators

1.3 M€  
to be deployed in 2020

standalone radio array 
of very inclined showers 
(θz>70°) from cosmic 
rays (>1016.5 eV)  

+ ground array to do 
UHECR astro/hadronic 
physics

• 300 HorizonAntennas 
over 200 km² 

• Fast DAQ (AERA+ 
GRANDproto35 analog 
stage) 

• Solar panels + WiFi data 
transfer 

• Ground array (a la 
HAWC/Auger)

A staged approach with self-standing pathfinders

!21



Photo Ⓒ Huang Yan

Status of GRANDProto300

GR DN
http://grand.cnrs.fr/
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Comparison to other experiments
Galactic-Extragalactic Transition

What is the B-component? 
Extragalactic CRs appear around 1017 eV?

A&A proofs: manuscript no. CR_paper_final

∼ 7×108 GeV. The variation in the injection energy of WR-
CRs remain within 6% between the three models. In Figure
9, spectra of five different mass groups are also shown. The
elemental fraction of these mass groups are shown in Figure
10.

Energy E (GeV)
610 710 810 910 1010 1110

 ]2
 G

eV
−1

 s
−1

 s
r

−2
 In

te
ns

ity
 [c

m
×3 E 10

210

310

 2≤ A ≤1  6≤ A ≤3 
 19≤ A ≤7  39≤ A ≤20 
 56≤ A ≤40 

SNR−CRs
EG−Minimal

WR−CRs
Total

Energy E (GeV)
610 710 810 910 1010 1110

 ]2
 G

eV
−1

 s
−1

 s
r

−2
 In

te
ns

ity
 [c

m
×3 E 10

210

310

 2≤ A ≤1  6≤ A ≤3 
 19≤ A ≤7  39≤ A ≤20 
 56≤ A ≤40 

SNR−CRs
EG−Minimal
Total EG−CRs

WR−CRs
EG−PCS
Total

Energy E (GeV)
610 710 810 910 1010 1110

 ]2
 G

eV
−1

 s
−1

 s
r

−2
 In

te
ns

ity
 [c

m
×3 E 10

210

310

 2≤ A ≤1  6≤ A ≤3 
 19≤ A ≤7  39≤ A ≤20 
 56≤ A ≤40 

SNR−CRs
EG−UFA

WR−CRs
Total

Fig. 9. All-particle spectrum for the three different models of
EG-CRs – Minimal (Top), PCS (middle), and UFA (bottom) –
combined with the WR-CR (C/He = 0.4) model for the addi-
tional Galactic component. SNR-CR spectra shown are the same
as in Figure 6 (bottom). Data are the same as in Figure 2. For
results using WR-CR (C/He = 0.1) model, see Appendix B.
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EG−UFA

Fig. 10. Elemental fraction of the five different mass groups
shown in Figure 9 for the three different EG-CR models: mini-
mal (top), PCS (middle), and UFA (bottom), combined with the
WR-CRs (C/He = 0.4) model for the additional Galactic com-
ponent. Results obtained using WR-CR (C/He = 0.1) model are
given in Appendix B.

In Figure 11, we show ⟨lnA⟩ predicted by the three EG-
CRs model after adding the Galactic contribution. At en-
ergies between ∼ 3 × 108 GeV and 3 × 109 GeV, the mini-
mal model shows a bump that follows the trend of LOFAR
and the data from other experiments, but contradicts the
composition data from the Pierre Auger Observatory at
∼ 109 GeV. The UFA model over predicts the data above
the ankle as the model is also tuned to the variance of ⟨lnA⟩,
but it is well within the systematic uncertainties (experi-
mental as well as theoretical) as discussed in Unger et al.
(2015). The sharp feature present just above 109 GeV in
the PCS model is due to the dip in the proton spectrum

Article number, page 14 of 24

minimal EG
(only above ankle)

Thoudam et al.: Cosmic-ray energy spectrum and composition up to the ankle
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Fig. 11. Mean logarithmic mass for the three different EG-CR models combined with the WR-CR (C/He = 0.4) model. Data
are the same as in Figure 8. Results obtained using WR-CR (C/He = 0.1) model are shown in Appendix B.

(Figure 9, middle panel, black-thin-solid line) that results
from the intersection of the components from galaxy clus-
ters and the minimal model, and is partially an artefact of
the simplified propagation approach applied to this model.
We expect it to be much smoother for realistic propagation.
At energies below ∼ 109 GeV, both the PCS and the UFA
models produce similar results which are in better agree-
ment with the observed trend of the composition, but do
not introduce a significant improvement over the canonical
extra-galactic component used in Section 4. In all the three
cases for the EG-CR model, the CNO group dominates the
composition of Galactic cosmic rays at the transition re-
gion from Galactic to extra-galactic cosmic rays. A clear
distinction between the models would be possible from a
detailed measurement of the five major mass groups shown
in Figure 10, in which they all have their characteristic ‘fin-
gerprint’: for example, around 109 GeV the minimal model
is dominated by the CNO group, the PCS model by helium,
and the UFA model by protons.

Results obtained using the WR-CR (C/He = 0.1) sce-
nario are given in Appendix B. The main difference from the
results of the C/He = 0.4 scenario is the significant dom-
inance of helium up to the transition energy region from
Galactic to extra-galactic cosmic rays (see Figures B.1 and
B.2). The main results and the parameter values of the dif-
ferent models discussed in the present work are summarised
in Table 4.

6. Discussions

Our study has demonstrated that cosmic rays below
∼ 109 GeV can be predominantly of Galactic origin. Above
109 GeV, they are most likely to have an extra-galactic ori-
gin. We show that both the observed all-particle spectrum
and the composition at high energies can be explained if the
Galactic contribution consists of two components: (i) SNR-
CRs which dominates the spectrum up to ∼ 107 GeV, and

(ii) GW-CRs or preferably WR-CRs which dominates at
higher energies up to ∼ 109 GeV. When combined with an
extra-galactic component expected from strong radio galax-
ies or a source population with similar cosmological evolu-
tion, the WR-CR scenarios predict a transition from Galac-
tic to extra-galactic cosmic rays at around (6−8)×108 GeV,
with a Galactic composition mainly dominated by helium or
the CNO group, in contrast to most common assumptions.
In the following, we discuss our results for the SNR-CRs,
GW-CRs, and WR-CRs in the context of other views on
the Galactic cosmic rays below 109 GeV, the implication of
our results on the strength of magnetic fields in the Galac-
tic halo and Wolf-Rayet stars, and also the case of a steep
extra-galactic component extending below the second knee.

6.1. SNR-CRs

The maximum contribution of the SNR-CRs to the all-
particle spectrum is obtained at a proton cut-off energy
of ∼ 4.5 × 106 GeV (see Figure 2). Such a high energy is
not readily achievable under the standard model of dif-
fusive shock acceleration theory in supernova remnants
for magnetic field values typical of that in the interstel-
lar medium (see e.g. Lagage & Cesarsky 1983). However,
numerical simulations have shown that the magnetic field
near supernova shocks can be amplified considerably up to
∼ 10− 100 times the mean interstellar value (Lucek & Bell
2000; Reville & Bell 2012). This is also supported by ob-
servations of thin X-ray filaments in supernova remnants
which can be explained as due to rapid synchrotron losses of
energetic electrons in the presence of strong magnetic fields
(Vink & Laming 2003; Parizot et al. 2006). Such strong
fields may lead to proton acceleration up to energies close
to the cut-off energy obtain in our study (Bell 2004).

The main composition of cosmic rays predicted by the
SNR-CRs alone looks similar to the prediction of the poly-
gonato model (Hörandel 2003a). Both show a helium domi-
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Ag-induced
nucleon 

2 component
extragalactic

Grand-unified model

Thoudam+ 16

Fang & KM 18

TA talk @UHECR2018 Thoudam et al. 2016

The Galactic to extragalactic transition region

 bumpy spectrum 
 emerging and vanishing mass elements? 
 most theory models fit because of systematic uncertainties 
 experimental gap around 1017eV 
 a single setup covering 1016.5-18 eV?

!23



Mass separation power

8

New mass estimator superior for inclined showers!

AugerPrime
design goal

ECR = 1 EeV

tanks + radio (em. energy)

Xmax (radio)
tanks + scintillators

Ewa Holt PhD thesis 

How to reach an exquisite accuracy on mass composition?

a single setup covering 1016.5-18 eV? 

Yes, and combining radio + muon detectors 
—> best for inclined showers (>60o) 
—> add also standalone radio measurement of Xmax  
        for exquisite accuracy!

!24

radio self trigger —> no dependency on the primary nature for 
trigger efficiency (ex : light primaries inducing muon-poor showers)



Possible preliminary layout 
• 200 km2 with 196 detection units 
• 25 km2 infill of 85 antennas with 500-m spacing  
• 2 km2 infill with 26 antennas with 250-m spacing 
• + water tanks - configuration to be studied

GRANDProto300
 an autonomous radio array 
 for inclined air-showers 
 with denser infill to reach low energies and cover 1016.5-18 eV 
 a hybrid ground array for muon detection

Simus for GP300: results

22k+ 
(28k+) 
evts

58k+  
(1M+) 
evts

170k+ 
(215k+) 
evts

                2400+ 
(2600+)    

   evts

GRANDproto300 CR daily event rate

}Yearly event 
rate

• Large exposure providing large statistics 

Computed using TA flux 
(astro-ph - 1511.07510)~0

 (8
10

+)
 e

vt
s

~0
 (0

) e
vt

s

Yearly event rates

aggressive: 30 μV (min 5 antennas)  
conservative 75 μV (min 5 antennas)

preliminary

!25



Layout: 300 antennas, 200km², 
1km step size with denser infield  
➔ Erange = 1016.5-1018eV

HorizonAntenna, successfully 
tested in the field (August, 
December 2018)

Site: 9 sites surveyed in China,  
7 with excellent electromagnetic 
conditions

Electronics: 
50-200MHz analog 
filtering,  
500MSPS sampling 
FPGA+CPU 
Bullet WiFi data 
transfert

GRANDProto300: experimental setup almost ready

!26 !26



Dunhuang ✈

Golmud ✈

Akesai
Lenghu

GRANDProto300 Site Survey - December 2018

• ~50 measurements in 50-200 MHz range (April 2017-December 2018) 
• 7/9 tested sites are very good candidates for 10k-antenna hotspots 
• deployment of several antennas next spring in Gansu Province 

Transient measurements  
50-200MHz: 
• For threshold beyond 5 x noise level,  

few transients left within ~20 seconds 
• high trigger rates close to power line in zone 1 

Frequency domain: very quiet beyond 30MHz

!27



GRANDProto300 Site: strong political support in Qinhai

Gansu

Qinhai

• Qinhai province propose that we take mostly any site around 
the Lenghu town 

• very strong support (Province-level)  
• no long-term plans for industry (very remote area, ancient 

dead petrol industry) 
• history of supporting astronomy: active mm-Observatory in 

Qinhai since 1980s http://english.dlh.pmo.cas.cn/ 
• Active help from professional engineers from Radio Regulatory 

Commission

!28
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GP300 muon detector array Penn State 
group

 tanks à la HAWC/Auger 
—> size (height) closer to HAWC than Auger (inclined showers)  
—> inside (especially liners) Auger-style (with reflective Tyvek to collect light) 

 rather traditional technique —> low risk, high gain

!29



Next GRAND Collaboration Meeting in China

Dunhuang ✈

Golmud ✈

Akesai
Lenghu

Dunhuang:  
airport, 4-hour drive to Qinhai site, nice touristic city

April 24-27 2019 
https://indico.in2p3.fr/event/18766/

�30
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Natural Science 
Foundation of China 

France China Particle 
Physics Laboratory 

France China Particle 
Physics Laboratory 

Chinese Academy of 
Science

GRAND Today

electronics prototyping: Nikhef/Radboud U., NAOC 
antenna prototyping: Subatech, Xidian U. 
production: NAOC, Xidian U. 
simulations: IAP, LPNHE, KIT, Clermont-Ferrand, VUB 
particle detectors: Penn State U. 
computing resources: KIT 
site management: NAOC 

~50 collaborators from 10 countries 
France (15), China (7), USA (7), Netherlands (2), Germany (2), 
Copenhagen (1), Spain (2), Brazil (2), Belgium, Argentina, Sweden

�31
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Giant Radio Array for Neutrino Detection
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• unphased integration of signals: an almost full-
sky survey of radio signals 

• can detect FRBs and Giant Radio pulses of the 
Crab already at the GRANDProto300 stage

• 20 times the exposure of Auger! 
• GRANDProto300:  

transition from Galactic/
extragalactic 

• hadronic physics: muon 
discrepancy, UHECR mass 
composition, p-air cross-section 

A rich science case

• competitive with Auger at 
GRANDProto300 stage

• neutrino cross-section 
measurements 

• spectral, angular distortions 
• flavor ratiosUHECR, hadronic physics

radio-astronomy in a novel way

neutrino physics

UHE gamma rays



 astronomy possible only with a giant array

 beyond GRANDProto300, challenges are related to large arrays  
(e.g. communication, power supply): common to all other large-array projects  

 affordable giant array possible with radio detection of inclined air-showers

 goal of GRANDProto300: demonstrate autonomous radio detection of inclined air-showers

 if this works, in principle, radio alone could suffice to do EeV neutrino astronomy  
(cheaper + avoid difficulties related to other detection techniques) 
but hybrid detection could be implemented in subset arrays for richer data

What instrumental approach will be suited for what purpose,  
and what approaches should be supported by the community given the 
significant increase in cost per experiment?
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GR DN

join us and bring your ideas!

http://grand.cnrs.fr/
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HorizonAntennas

• Antenna response & trigger 
simulated with NEC

• Active bow-tie antenna  
(a la CODALEMA) 
•Dimension optimized for the 

50-200 MHz frequency range 
• Antenna height: 4.5 m 

• optimized for ~horizontal waves 
• 3 arms: full polarization 

measurement 
•Detailed  (stationary) noise level 

estimate: 15µV rms

 designed and tested (D. Charrier, SUBATECH) 
 to be fully characterized + mechanical design (Xidian 

University?) 
 will be produced by Xidian University  

(group of Guo Lixin & Jinya Deng) 
 will be calibrated by Xidian University

IV. Detector design and performance

FIG. 19. Two-dimensional (left column) and three-dimensional (right column) total gain of the X-arm of the GRAND HorizonAn-

tenna as a function of direction. Top row: At 50 MHz. Bottom row: At 100 MHz.

arrays. This is aided by the radio background dropping1197

significantly above 100 MHz; see Section IV D. Further, re-1198

cent studies made for other air-shower arrays confirm that1199

extending the frequency band to 200 MHz significantly im-1200

proves the signal-to-noise ratio and lowers the detection1201

threshold [261]. To confirm the validity of this result for1202

horizontal showers, we found the optimal frequency band1203

for GRAND by following a procedure similar to the one1204

in Ref. [261], using the response of a dipole antenna. We1205

based it on ZHAireS simulations of horizontal showers, us-1206

ing the physical conditions at the GRANDProto35 location;1207

see Section VA.1208

Figure 18 shows results from one of our simulated show-1209

ers. The determination of the signal-to-noise ratio (SNR)1210

in di↵erent frequency bands is based on the signals of the1211

North-South and East-West polarization. For the radio1212

noise, we assumed the average Galactic background plus1213

additional thermal noise of 300 K. We found the optimal1214

frequency band for a GRAND array to be 100–180 MHz,1215

consistent with the results obtained in Ref. [261].1216

The HorizonAntenna is an active bow-tie antenna1217

with a relatively flat response as a function of azimuthal1218

direction and frequency. Its design is inspired by the “but-1219

terfly antenna” [262] developed for CODALEMA, and later1220

used in AERA [263]. It has 3 perpendicular arms (X, Y, Z)1221

oriented along two horizontal directions and a vertical one.1222

The HorizonAntenna uses the same low-noise amplifier,1223

but its radiating element is half the size of that in CO-1224

DALEMA and AERA, in order to increase the sensitivity1225

to the 50–200 MHz range.1226

Figure 19 shows the two- and three-dimensional total1227

gain of the HorizonAntenna as a function of direction,1228

GR DN GRAND: Science and Design Page 22 of 45

total gain of the X-arm of the 
GRAND HorizonAntenna @100 MHz

Jinya Deng @Xidian University
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GP300 electronics Nijmegen 
group

• design of the prototype board ready (Rene Habraken) 
• based on the AERA Dutch electronics 
• currently: production of 3 units (in Europe)  

production of a second batch for testing later in 2019 
• Nikhef is advancing money for production  
• at later stages: production to be done in China and managed by China 

Electronics: 
50-200MHz analog 
filtering,  
500MSPS sampling 
FPGA+CPU 
Bullet WiFi data 
transfert

�36
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2. Gamma rays and UHECRs

JA,WC,KV,QG,CM,MT

Same as for neutrinos, with stronger emphasis on na-
ture determination (section III.C.2.d) from Xmax resolu-
tion.

a. Sensitivity

b. Angular resolution

c. Energy resolution

d. Identification

3. Epoch of reionization

4. Fast radio bursts

IC,CTa,PZ

In this section we aim at quantifying the GRAND sen-
sitivity and FRB detection rate potential for the test,
phase 1, and final development stages (with 3.103, 30.103,
and 300.103 antennas respectively). Following ?, and in
order to limit the antenna-to-antenna transfer rate to . 2
MB/s (at 2 bytes float encoding), we consider a dynamic
spectrum domain of [100� 300] MHz⇥ 300 s with a res-
olution of 25 kHz⇥ 10.10�3 s.

A wide variety of FRB have been simulated taking
into account (i) galactic noise5, (ii) dispersion3, and (iii)
scattering6 due to the free electrons on the line-of-sight.
Specifically, we have varied the FRB flux density (from
10 to 1000 Jy), the spectral slope (flat or with spectral
index of �1), the scattering characteristic times (0.2, 2,
20 msec at 300 MHz, corresponding to tails lasting up
to 70/700/7000 msec at 100 MHz) and the number of
antennas of the array. No influence of RFI has been con-
sidered but should be mitigated before detection. Figure
7 shows a representative example of observed values (?)
of a de-dispersed DM = 500 pc.cm�3FRB.

With the full array in single polarization and resolu-
tions of 10 msec x 25 kHz across the 100-300 MHz band,

5 The galactic noise evolves as Tsys / 60�2.55.
6 The scattering evolves as ⌫�4 and is due to the fact that the
electron are not homogeneously distributed, therefore the pulse
wave front reaching the observer takes di↵erent optical path, and
the signal is time diluted.

FIG. 7 The top panel (a) shows a (i) dispersed (DM = 500
pc.cm�3) and (ii) di↵used 100 Jy and 5 ms long FRB pulse
(the simulated galactic noise is not shown since its power
largely dominates the signal). The bottom panel (b) shows
the result of a blind search. GRAND would detect that event
with an snr of ⇠ 50. The FRB dispersive drift lasts for ⇠ 185
s (against ⇠ 370 s for DM = 1000 pc.cm�3)

a flat spectrum of 100 Jy is easily detected (at 45 � for
DM=500 or 1000, marginally dependent of DM).

FRB detectability seems thus possible with GRAND
at intensity levels comparable to the ? burst (30 Jy).
The major uncertainty is the FRB spectrum - and even
existence - at low-frequency, i.e. the turnover frequency.
FRB may be detected at a rate between null to a few
thousand per day, and the expected large FoV should
bring sensible constraints to FRB populations if the
turnover is low enough.

5. Giant radio pulses

The detection principle is the same as for FRB. The
parameters are quantitatively di↵erent, with larger signal
amplitudes, and lower DM, and a lower pulse broadening.

• 30 Jy + flat spectrum FRBs should be detectable 
by GRAND (incoherent sum of 200’000 antenna 
pulses in 100-300MHz)  

• GRAND sales argument: good sensitivity, 
unexplored frequency band, large field of view (= 
single antenna FoV thanks to incoherent summing) 
opening possibilities for HUGE stats…

 The largest UHECR detector on ground

 Fast Radio Bursts and Giant Radio Pulses!

Simulations by P. Zarka for GRAND
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GRAND Science Case: What else can we do?


