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✓ Radio environment: radio quiet 
✓ Topography: mountains/slopes 
✓ Access, Installation and 

Maintenance 
✓ Other issues (e.g., political)
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200'000 radio antennas over 200'000 km2  
~20 sub-arrays of 10'000 antennas  
over favorable sites worldwide

example of sub-array locations

several excellent sites identified 
(~70 measurements,12 campaigns)
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in Argentina & China 

(~100 measurements,14 campaigns)
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GRANDProto300 in Xiao Dushan
GRANDProto300: A radio array of  antennas over 200 𝒪(300) km2

GP300 site status

2

Pending approval 
• Last March: new layout proposed to the authorities following constraints on mountains (SW), 
extension NE 

• Approval obtained from local Bureau of Land Resources 
• Meeting with Dunhuang officials to be held (this Wednesday?) for approval 
 
Funding 
• PMO to support 60% of the HW equipment costs —> congrats to Zhangyi for obtaining the funding! 
• SKA funding for the rest + deployment costs  
are promising but unclear  
(to be known before Nanjing Meeting) 

Infill or sparse for GP80? 
• Layout WG working on 2 parallel methods  
to evaluate trigger rates + reconstruction  
for very inclined showers (zenith >80 deg) 

• Outcome will help evaluate  
if infill or sparse array should be constructed 
first for GP80 this fall

Yi Zhang, GP300 Project Manager 
Aurelien Benoit-Levy, Layout WG Chair

• Hexagonal grid 

• Sparse array (1k step) with  
denser infill (577 m step)  

 
• Energy range 1016.5 − 1018 eV

Located in Xiao Dushan in the Gansu province (China)

Low radio background
Average altitude of ~1100m above sea level

The deployment site has been officially approved!

Flat solid ground in mountainous area
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A pathfinder for the GRAND experiment
GRANDProto300 aims at tackling several challenges to validate GRAND detection principle
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A pathfinder for the GRAND experiment
GRANDProto300 aims at tackling several challenges to validate GRAND detection principle

Reconstruction of inclined air showers

• Inclined air showers are challenging (asymmetries, reflections, …)

• Detection of very inclined showers with 
a sparse array: unchartered territory

• Reconstruction algorithms need to be tested

(Schröder 2017)

(Oscar Macias / Lukas Gülzow presentations)
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• Detection of very inclined showers with 
a sparse array: unchartered territory
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Autonomous radio detection

• GRAND aim to achieve radio detection 
   without external triggers

• Requires to identify air shower  
signals among the various 
backgrounds

• Several approaches possible: Neural networks, 
polarisation signatures, template fitting… 
(Chiche et al. [arXiv:2202.06846],  
Le Coz et al. [ARENA2022])
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GRANDProto300 aims at tackling several challenges to validate GRAND detection principle

Reconstruction of inclined air showers

• Inclined air showers are challenging (asymmetries, reflections, …)

• Detection of very inclined showers with 
a sparse array: unchartered territory

• Reconstruction algorithms need to be tested

(Schröder 2017)

Autonomous radio detection Hardware monitoring

• GRAND aim to achieve radio detection 
   without external triggers

• Requires to identify air shower  
signals among the various 
backgrounds

• Several approaches possible: Neural networks, 
polarisation signatures, template fitting… 
(Chiche et al. [arXiv:2202.06846],  
Le Coz et al. [ARENA2022])

Hardware needs to be tested in experimental conditions  
(antenna and electronics design, reliability, ….) 

Will allow to scale the experiment to the future stages

13 antennas in Gansu 
(China)

4 antennas in Nançay 
radio observatory (France) 

trigger testing

10 antennas  
on the Auger site in 
Malargüe (Argentina) 
cross-calibration

GRANDProto300 & other prototypes: experimental setup

16

deployed  
Feb 2023!

deployed  
Autumn 2022!

deployed  
March 2023!

16

Electronics: 
50-200 MHz analog 

filtering,  
500 MS/s sampling 

FPGA+CPU 
Bullet WiFi data transfer
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(Oscar Macias / Lukas Gülzow presentations)
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Detector overviewGRAND prototypes: GRANDProto300

Samples (2ns)

One GRANDProto300 
detection unit

Self ttriggered data April 29, 2024

Floor level

Floor level

SN arms

GP13 average frequency spectra for Feb 2024

EW arms

Goals: 
• validation of GRAND detection principle (inclined shower autonomous detection & reconstruction)
• Cosmic ray physics @ Gal Extragal transition + Fast Radio Bursts ➔ see science session

• Status: ➔ see Pengfei’s talk + HW session
• 13 antennas deployed in Feb 2023 for design validation. Commissioning ongoing. 
• Approval by authorities for full project (May 2024)70 more to come in late summer.

3 Instrument overview

GP13 have one central station and 13 identical detector units (DU). Radio signals between 50-200MHz
are sampled in local DUs if they meet first level trigger conditions, and then those traces from several
DUs will be transferred to the central station for coincidence analysis by WiFi.

Figure 5: The detector unit (left) and the central station (right).The background photos was took in
Dunhuang GP13 site.

3.1 Detector Unit

As shown in figure 5 left part, each DU have several di↵erent part. Including RF antenna and low
noise amplifier part on the top of the pole. Radio signals from X/Y/Z channels was transtered to front
end board (FEB) through 3 cables which were hided in the pole. GPS system gave time stamps for
radio signals. The power was porveied by solar panel and battery. Signals data from FEB will be send
to central station via wifi system. More over, beneath the LNA nut mounted a environment sensor
that can provide air temperature, air pressure, pole header accelerations for monitoring and advanced
analysis.

The data acquisition chain in hardware composed of two parts. The first part fixed at the top of
the pole includes five arms, nut, balun, matching networks and low noise amplifier. The rest of the
circuits, including filters, dynamic gain control and ADC sampling, are located inside the front end
board (FEB) box.

3.1.1 RF antenna

As shown in figure 6, we employ two symmetric dipoles to o↵er the horizontal polarization receiving
capability for the east-west and north-south directions. Meanwhile a monopole antenna is used in the
vertical direction for vertical polarization signal receiving. Compare to dipole, monopole benefits the
mechanical design by simplify the support and insulation structural. The size of dipole is modified
from 0.86m in the first version to 1.365m in the second version, which make it obtain better matching
within working frequency band. The desired working frequency range from 50 to 200MHz. But as
well known, the impedance of the dipole and monopole can not match with the 50 Ohm impedance
of LNA in such a wide frequency band, even though a balun with ratio of 2:1 is already employed to
modify their input impedance to a larger value. Here, we design a 4 order LC matching network, as
shown in 7 based on a optimization method called Real frequency method[]; Thanks to its strategy
of take the measurement input impedance data as the matching target, this method can principally
take all possible influence, such as refection of ground, to the impedance into consideration. From the
measurement results of VSWR shown in 8 we can see that within most of the frequency range, the
VSWR is less than 3, which result in a high e�cient of receiving.

9 shows the typical radiation pattern for horizontal and vertical polarization. In low frequency,
the radiation pattern is like a ‘donut’ pattern, while in high frequency it will split into a multi-beam
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Figure 15: GRAND front end board, designed by Radboud University.

3.1.3 Front end board

Board design and firmware [ This part COPY FROM GRAND@Auger paper] The
GRAND-electronics boards digitizes the signals after passing the analog chain. The digitization uses
a 14- bit 500MHz analog to digital converter (Analog Devices, AD9694) in a di↵erential mode with a
maximum input voltage level of 1.8V. This setting allows to measure the background noise at around
30 ADC-counts, leaving a dynamic range of about 9 e↵ective bits. This compromise allows the Col-
laboration to use the variations in the galactic background as a monitoring and calibration tool.

The digital signals are moved into a System on a Chip (SoC) (Xilinx, Zynq Ultrascale+, XCZU5CG-
1FBVB900E) consisting of a Field Programmable Gate Array (FPGA) combined with hardcore Central
Processing Units (CPUs). The SoC performs tasks such as event triggering, event building, communi-
cation and bu↵ering. These tasks are divided into tasks performed by the Firmware that runs on the
FPGA, and tasks performed by the software, running inside the CPU.

The Firmware continually retrieves the digital data from the FPGA, and can be configured to
digitally shape this signal. A total of 4 notch filters can be applied to the data of each channel, and
dynamic baseline subtraction is available. It is possible to select either the raw or the shaped data
for the final readout. If signal shaping is applied, the shaped signal is used to select interesting events
(triggering), otherwise the raw data is used for this purpose. After triggering, the Firmware starts to
build the event. The data from all three input channels is combined with timing information from the
GPS chip (Trimble RES SMT360), data from slow control parameters such as pressure and battery
voltage, and an event header in which all configuration parameters are stored. The local software
inside the CPU is notified that an event is present and that DMA transfer onto the onboard DDR
memory can be initiated.

Board testing On May 2021, a PCB factory in Shanghai has completed the production of 100
sets of front end boards for the prototype phase of the GRAND project(GP300) in three batches. In
addition to four boards from the first two batches were sent to the Netherlands, and two that were
sent to Xidian, the rest of the boards are undergoing functional validation at the Purple Mountain
Observatory (PMO). The validation process consisted of three main parts:

First step is bring-up test, including boards appearance checking, power-up verification, clock chip
programming, FPGA logic programming, GPS verification, ADC verification , POE verification. Than
we PMO did laboratory repairing for the boards that have problems. Finally, we completed the this

10
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Figure 9: Typical radiation pattern. (a) Low frequency Radiation pattern of X polarization in free
space. (b) High frequency Radiation pattern of X polarization above ground.(c) Low frequency Radi-
ation pattern of Z polarization in free space. (d) High frequency Radiation pattern of Z polarization
above ground. (e) High frequency Radiation pattern of Z polarization above 10 degree tilt ground.

Figure 10: Typical simulation results of VOC

pattern, the refection of the ground makes this trend even more pronounced. The tilt of the fixed
surface also produces a significant asymmetry in the beam as shown in 9 5e, which should be taken
into consideration if the detection array is build in a big slope.

For any pulse from the EAS, three ports of the antennas will generate induced voltage’s that drive
the subsequent amplifiers and receiving systems. This voltage always described by Voltage of Open
Circuit. A typical simulation results of the VOC is shown in 10. The classical average value of e↵ective
length of dipole is around 1m.

3.1.2 Low noise amplifier

The photograph of the NUT PCB circuit is shown in 11. The entire circuit consists of three paths
named X, Y, and Z axes, where the X and Y axes are connected to the dipole antenna and the Z
axis is connected to the monopole antenna. Taking the X-axis as an example, the schematic of the
low noise amplifier (LNA) designed for use with the prototype array of GRAND is given in Figure.
12. The LNA is designed based on a bipolar junction transistor (BJT) named BFP740ESD from
Infineon Technologies. It is powered by a Bias-T at the output of the LNA. The bias voltage is
regulated to 5 V by the KF50BD-TR very low drop voltage regulator from STMicroelectronics and
smoothed by an appropriate network. Dipole antennas are used to receive di↵erential signals. An ESD
structure consisting of inductors and resistors connected to ground in parallel in di↵erential paths is
used to protect the LNA against electrostatic. The balun named ADT2-1T+ from Mini-Circuits is
used to convert di↵erential signals into single ended signals and perform impedance transformation.
The matching network located at the front-end of LNA converts impedance to 50. The capacitors and
inductors used are all from Murata Innovator in Electronics.

The feedback network composed of R6 and C10 is used to improve the return loss of the input

7
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Data from GP13
Current data are encouraging!

GRANDProto13 in Xiao Dushan

Shen Wang and Bohao Duan  
taking data

• 13 antennas deployed in Xiao Dushan 
February 2023: Xidian U. + Purple Mountain Observatory 
Oct. 2023: Xidian U. + PMO + GRAND-Paris team 

• Data sent to PMO + CC-IN2P3 
• Hardware tests: thermal regulation, self-emission control 
• Trigger / transient pulse detection 

Yiren Chen, Bohao Duan, Yi Zhang, 
Pengxiong Ma, Pengfei Zhang,  Shen 
Wang, Xiaoyuan Huang, Feb. 2023
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GRAND observations:    energetic electrons continuousely accelerated by magnetic reconnection. 
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GRAND observations:    energetic electrons continuousely accelerated by magnetic reconnection. 

Coincident triggers
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Beacon reconstruction
The beacon position was reconstructed from trigger times at the antenna level
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Next stages
GP80     70 additional antennas to be deployed in Fall 2024

Requirements by then

Expected achievements

• Firmware needs to be upgraded
• Improved communication between DUs and DAQ

• Reconstruction of the first cosmic-ray events

• Reconstruction of the arrival direction 
   from a known source

GRANDProto300 - Xiao Dushan, China

Detector commissioning (up to Spring 2024) 
‣ 13 antennas deployed in Xiao Dushan in Feb 2023 for design validation

‣ Thermal regulation 
‣ Control of radio self-emission

‣ Trigger / transient pulse detection: work in progress

Quality sample
High statistics

Floor	level

Floor	level

SN	arms

GP13 average frequency spectra for Feb 2024

EW	armsPlane / satellite commsRFI

Example of a transient pulse

12

With 83 antennas  (70 + 13 antennas, no infill)  
and conservative trigger: ~30 cosmic rays EAS/day 
between  2.1017 and 2.1018 eV∼

Energy [EeV]

Remaining commissioning steps 
‣ Calibrate detector (beacon antenna + Galactic signal)

‣ Validate trigger on transient pulses (measure maximum rate)

‣Validate reconstruction of direction of origin 
‣ Guarantee long-term stability of setup 

➡ Deployment of 70 more antennas (autumn 2024*) and 

autonomous detection of large number of very inclined 
cosmic rays

*pending administrative approval

With 83 antennas  (70 + 13 antennas, no infill)  
and conservative trigger: ~30 cosmic rays EAS/day 
between  2.1017 and 2.1018 eV∼

Preliminary
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Data from GP13

Spectrum

Coincident trigger


Solar emission

Galactic modeling

Curent data are very encouraging!

Layout and expected trigger rate

10

Benoit-Lévy, Kotera, Tueros, 2024 (arXiv: 2401.01267)
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Spectrum
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Solar emission

Galactic modeling

Curent data are very encouraging!

Layout and expected trigger rate

10

Benoit-Lévy, Kotera, Tueros, 2024 (arXiv: 2401.01267)

currently investigating optimized layout of 80 antennas  
for good reconstruction performances of very inclined EAS
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Data from GP13

Spectrum

Coincident trigger


Solar emission

Galactic modeling

Curent data are very encouraging!

  and angular reconstructionXmax
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(Oscar’s presentation)
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Galactic to extragalactic transition
2.2. The ultra-high-energy cosmic-ray observables 33

Figure 2.3: All-particle cosmic-ray energy spectrum multiplied by E3, measured by various
experiments (from Coleman et al. 2023).

Auger and TA (Pierre Auger Collaboration 2020; Ivanov et al. 2021), but its origin remain
unclear. Finally the “suppression” above ⇠ 5 ⇥ 10

19
eV could be related to the interaction of

UHECRs with the Cosmic Microwave Background, the so-called “GZK cut-off” (Zatsepin and
Kuz’min 1966; Greisen 1960), even though most recent models suggest that the cut-off could
correspond to a maximal acceleration energy from the extragalactic component.

More statistics are needed to better characterize the galactic to extragalactic transition at
energies between ⇠ 10

16.5
eV and 10

18
eV. Such measurements could performed thanks to the

AMIGA infill of the Pierre Auger observatory (Pierre Auger Collaboration: A. Etchegoyen
2007) or the TALE extension of the Telescope Array (Telescope Array Collaboration 2018),
but also with other detectors such as KASCADE-Grande (Apel et al. 2010), TUNKA-133
(Prosin et al. 2014), IceTop (IceCube Collaboration 2019), Yakutsk (Anatoly 2013), or the
planned GRANDProto300 array (Decoene 2019).

Additionally, the Pierre Auger Observatory and the Telescope Array are currently under-
going an upgrade with the planned Auger Prime (The Pierre Auger Collaboration 2016) and
TA ⇥ 4 (Telescope Array Collaboration 2021). These upgrades will improve the experimen-
tal exposures and the sensitivity to primary mass composition at the highest energies, with
the aim to perform an event-by-event separation. Such measurements should bring stronger
constraints on the flux suppression at the high end of the spectrum.

2.2.2 Angular reconstruction

When an air shower develops in the atmosphere the bulk of particles propagates at relativistic
speed along a straight line, namely the “shower axis”. The determination of the primary cosmic-
ray arrival direction is then performed by reconstructing this shower axis. This can be achieved
by coupling a shower front model (see for example Linsley and Scarsi 1962) with measurements
of the particle time arrivals at ground from surface detectors, as done by the Pierre Auger
Observatory (Aab et al. 2020). The efficiency of this reconstruction method is expected to
increase with increasing zenith angle up to ✓ ⇠ 80

�. Indeed, for inclined showers mainly muons
can reach the ground and trigger the surface detectors, providing better constraints on the
muon lateral extension and a more accurate fit of the shower arrival direction (Pierre Auger
Collaboration 2014a). By coupling this method with measurements from the fluorescence

• Composition between knee and second knee?

• Several breaks in TA’s spectrum  
      (mixed composition?)

• We need more statistics and a better 
  resolution between  and Xmax 1016.5 eV 1018 eV

GRANDProto300 will increase the statistics and  
perform independent cross-checks from pure 

electromagnetic measurements

GR DN

Proto300

2.3.2 Primary composition above 1EeV

Our current knowledge of the cosmic-ray composition at moderately high energies (& 1018 eV) is
dominantly inferred from the observation of the development of air showers using the fluorescence
and Cherenkov techniques. The corresponding data for the two first Xmax moments are shown
in Fig. 13. At EeV energies, the two state-of-the-art experiments for UHECRs, Auger and TA,
report air shower observations [188, 189, 180, 74, 75] that point consistently to a predominantly
light composition with a large fraction of primary protons [190, 191, 192], as clearly seen in Fig. 11
which shows the average logarithm of the primary masses of observed UHECRs.
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Figure 13: Measurements of hXmaxi (left) and �(Xmax) (right) compared to the predictions for proton and iron nuclei
of the hadronic models Sibyll2.3c, EPOS-LHC and QGSJet-II.04. Detection techniques: fluorescence (FD),
Cherenkov, using time traces in the SD, and RD.
Pierre Auger Observatory: FD [54], SD [193], RD (AERA) [180]; Telescope Array: FD [75] (hXmaxi and �(Xmax)
are corrected for reconstruction and detector biases same as was done in Ref. [2] except here there is no correction of
the energy scale), Cherenkov (TALE) [143]; Yakutsk: Cherenkov [179], RD [183]; Tunka: Cherenkov [178], RD [182];
LOFAR [181]. Systematic uncertainties of the FD measurements at 1018.5 eV are indicated for the Pierre Auger (red
arrows) and Telescope Array (blue arrows) data.

Above an energy of E > 2 ⇥ 1018 eV the data from both the Pierre Auger Observatory and
Yakutsk indicate that the composition of primary cosmic rays is mixed with the mean mass steadily
growing due to a gradual depletion of protons and helium nuclei from the primary beam [194, 195,
187] as shown in Fig. 12. Though the published measurements of Xmax [74, 75, 196] at TA [30]
seem to be in tension with this picture, they are compatible with the results of Auger within the
current statistical and systematic uncertainties [190, 191, 192].

The above picture is strengthened by an analysis of the collection of apparent elongation rates of
northern and southern observatories. An analysis of Xmax measurements taken from peer-reviewed
publications of the Fly’s Eye, HiRes, Telescope Array, Yakutsk, and Pierre Auger Observatories,
shows that statistically there is generally good agreement in trends of the elongation rate above
1 EeV between the northern and southern skies. Nearly all published data are consistent with
the description of having a steep rate up to an apparent change to a flatter rate in the vicinity of
3 EeV. This transition supports the growing evidence of a transition from a lighter proton dominated
composition to a heavier composition as energy climbs [197, 198] in both hemispheres.

23

Figure 3: CR composition, elementary fractions, from arXiv:2205.05845.

1.3 Anisotropy

CG: do you know why there is no data for the low-energy extension of Telescope Array for
anisotropies < 1 EeV?

Figure 4: CR dipole amplitude and phase, from arXiv:2205.05845.

3

SNOWMASS review 2022, arXiv:2205.05845



  

FRB with GRAND

- A few milli-sec wide
- Dispersed (Δt ~ f -2)
- Scattered (δt ~ f -4)

- Single electromagnetic pulse 
- broadband
- heavily dispersed
- short (typically a few ms)

- First FRB reported by Lorimer et al. 2007
- ~20 reported until today
- One of them is a repeater (z~0.2)
- More theoretical papers to exlain them than 
observed FRBs !
  Likely extragalactic, 100s Mpc to Gpc distance

15

Fast radio bursts
Fast radio bursts: Powerful transient radio pulses with a typical duration of a few ms

• Most FRB detectors have an angular resolution of  
a few arcmin   2

• GRAND will have a large field of view and high sensitivity: 
   well suited to do FRB searches

• 2 possible approaches: 
 (1) unphased sum of signals (large FOV nearby FRBs) 
 (2) Beamforming (higher sensitivity)

FRB identificationThe blind Search: Great advantage for nearby FRBs 
(especially GC FRBs)

The rate: 
• FOV: instantaneously half of 

the sky? 1e4 sq deg

• Detection threshold: 800 Jy 

(10 sigma)
5 Jy

800 Jy

CHIME beam response: Lin+23

• Rate from CHIME sidelobe: 
~1/month for GRAND FOV 
(Ignore frequency evolution)


• Rate from the only detection 
at 150 MHz: R=0.6-90/
month


The blind Search: Great advantage for nearby FRBs 
(especially GC FRBs)

The rate: 
• FOV: instantaneously half of 

the sky? 1e4 sq deg

• Detection threshold: 800 Jy 

(10 sigma)
5 Jy

800 Jy

CHIME beam response: Lin+23

• Rate from CHIME sidelobe: 
~1/month for GRAND FOV 
(Ignore frequency evolution)


• Rate from the only detection 
at 150 MHz: R=0.6-90/
month


• Beamforming: Sensitivity ∝ Nant

• GP300 detection threshold  
for a  observation: 10 σ ∼ 800 Jy

• GP300 could potentially see 1 FRB/month

slide by Fabrice Mottez
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Ultra-high-energy gamma-rays
Ultra-high-energy gamma-rays ( ) are guaranteed to existE > 1017 eV
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Figure 1.2: Gamma-ray opacity in the Universe as a function of their energy.
.

However, their low interaction cross-section makes their detection particularly challenging.
Their detection often rely on the use very large surfaces volumes filled with a dense material
in which the neutrino can interact to create particles that will emit Cherenkov light, amplified
by photomultipliers inside the surface. Super-Kamiokande for example consists in a large
cylindrical tank filled with 50,000 tons of ultra-pure water while IceCube is a cubic kilometer
detector made of ice (Sec. 1.6). At energies above ⇠ 10

17
eV, neutrinos are now targeted

by several planned experiments such as GRAND (Álvarez-Muñiz et al. 2020), IceCube-Gen2
(Aartsen et al. 2021) or BEACON (Southall et al. 2023), since they could probe the origin
of ultra-high-energy cosmic-rays and unveil the most powerful accelerators in the Universe
(Section 2.3.3).

1.2.5 Gravitational waves

Gravitational waves are space distortions that propagate at the speed of light in vacuum c.
They were first detected indirectly by Hulse and Taylor in 1974 (Hulse and Taylor 1975) and
directly in 2015 by the LIGO/Virgo collaboration (LIGO Scientific Collaboration and Virgo
Collaboration 2016).

Gravitational waves are usually typical of the most violent phenomena in the Universe,
as they are generated by cataclysmic events such as black holes, neutron star mergers or
supernovae. They have the advantage of not being absorbed nor scattered by matter and
can travel through the Universe unimpeded. Additionally, their amplitude decreases in 1/d,
where d is the distance from the source. This implies that gravitational waves are a particularly
efficient messenger to probe a wide range of powerful high energy sources, even at high redshift.
Eventually, as gravitational waves propagate at the speed of light, they could be observed in
coincidence with neutrinos and gamma-rays produced from the same sources and are promising
to perform multi-messenger detections (Section 1.3).

Since 2015, more than 100 gravitational wave events have been detected and more are
expected to come with the next run of LIGO/Virgo (Abbott et al. 2009; Acernese et al. 2015)
and incoming experiments as KAGRA (Kagra Collaboration 2019), the Einstein Telescope

2.3. The need for neutral secondaries 37

Figure 2.6: (Left) Constraints on the integral photon flux (at the 95% confidence level for Auger
and the TA), from Rautenberg 2019. (Right) Poisson probabilities to detect UHE gamma-rays
E > 10 EeV and VHE neutrinos E > 10 PeV from transient sources (from Murase 2009).
The thin and thick and lines are for a source isotropic-equivalent energy of E

iso
� 10

50.5
erg

and E
iso

� 10
51

erg respectively. The black double-dotted lined are for neutrinos assuming a
detection surface A = 1 km

2. For UHE photons we have A = 3000 km
2 without CRB (red

solid lines), with CRB (green dashed lined). A = 3⇥10
5
km

2 without CRB (red dotted-dashed
lines), with the CRB (blue dotted lines).

between 10
17

eV to 10
20

eV is limited from 100 kpc to 10 Mpc respectively (see also Fig. 1.2
and associated discussion in Section 1.2.3). It should also be noted that at ultra-high energies,
additional processes can become relevant and dominate the pair production interaction, such
as double pair production or triplet pair production (Heiter et al. 2018).

UHE gamma-rays that reach the Earth induce air showers. To detect UHE gamma-rays,
it is thus necessary to be able to discriminate between cosmic-ray and gamma-ray induced air
showers and several differences between both showers can be used toward this goal (Rautenberg
2019).

Typically, for photon-induced showers, the first interactions are purely electromagnetic
since the radiation length is smaller by roughly two orders of magnitude than the character-
istic photo-nuclear interaction length. However, the average multiplicity of electromagnetic
interactions is smaller than for hadronic interactions, resulting in delayed development of the
photon showers and a larger Xmax compared to cosmic-ray showers. Furthermore, the shorter
length of electromagnetic interactions leads to less energy transferred to the hadronic cascade,
resulting in a lower number of muons compared to cosmic-ray showers.

As a result, gamma-rays can for example be statistically discriminated from cosmic-rays
by directly measuring Xmax with fluorescence telescopes or radio antennas. Another possible
detection method uses the fact that due to their lower number of muons, photon showers exhibit
a steeper lateral distribution function and a larger spread in the time arrivals of particle at
ground, which can be measured with surface detectors (The Pierre Auger Collaboration 2022a).
Finally, for inclined air showers, very few electrons reach the ground and the muons can be
directly measured with surface detectors, as described in Section 2.2.3.

In the left-hand panel of Fig. 2.6 we show the current constraints on the integrated UHE
photon flux. Stringent limits were already put by Auger measurements which constrains its
fraction of gamma-induced events to be below 1% of its total rate (Aab et al. 2017a; The Pierre
Auger Collaboration 2022a,b). Current predictions also suggest that within 2025, Auger should
have reached enough exposure to detect even conservative flux of ultra-high-energy gamma-

Limits set by Auger and TA

Still possible if powerful 
near-galactic source
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as double pair production or triplet pair production (Heiter et al. 2018).

UHE gamma-rays that reach the Earth induce air showers. To detect UHE gamma-rays,
it is thus necessary to be able to discriminate between cosmic-ray and gamma-ray induced air
showers and several differences between both showers can be used toward this goal (Rautenberg
2019).

Typically, for photon-induced showers, the first interactions are purely electromagnetic
since the radiation length is smaller by roughly two orders of magnitude than the character-
istic photo-nuclear interaction length. However, the average multiplicity of electromagnetic
interactions is smaller than for hadronic interactions, resulting in delayed development of the
photon showers and a larger Xmax compared to cosmic-ray showers. Furthermore, the shorter
length of electromagnetic interactions leads to less energy transferred to the hadronic cascade,
resulting in a lower number of muons compared to cosmic-ray showers.

As a result, gamma-rays can for example be statistically discriminated from cosmic-rays
by directly measuring Xmax with fluorescence telescopes or radio antennas. Another possible
detection method uses the fact that due to their lower number of muons, photon showers exhibit
a steeper lateral distribution function and a larger spread in the time arrivals of particle at
ground, which can be measured with surface detectors (The Pierre Auger Collaboration 2022a).
Finally, for inclined air showers, very few electrons reach the ground and the muons can be
directly measured with surface detectors, as described in Section 2.2.3.

In the left-hand panel of Fig. 2.6 we show the current constraints on the integrated UHE
photon flux. Stringent limits were already put by Auger measurements which constrains its
fraction of gamma-induced events to be below 1% of its total rate (Aab et al. 2017a; The Pierre
Auger Collaboration 2022a,b). Current predictions also suggest that within 2025, Auger should
have reached enough exposure to detect even conservative flux of ultra-high-energy gamma-

Limits set by Auger and TA

Still possible if powerful 
near-galactic source

GP300 could be one of the most sensitive UHE -ray 
experiment  if completed with surface detectors

γ
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17
eV, neutrinos are now targeted

by several planned experiments such as GRAND (Álvarez-Muñiz et al. 2020), IceCube-Gen2
(Aartsen et al. 2021) or BEACON (Southall et al. 2023), since they could probe the origin
of ultra-high-energy cosmic-rays and unveil the most powerful accelerators in the Universe
(Section 2.3.3).

1.2.5 Gravitational waves

Gravitational waves are space distortions that propagate at the speed of light in vacuum c.
They were first detected indirectly by Hulse and Taylor in 1974 (Hulse and Taylor 1975) and
directly in 2015 by the LIGO/Virgo collaboration (LIGO Scientific Collaboration and Virgo
Collaboration 2016).

Gravitational waves are usually typical of the most violent phenomena in the Universe,
as they are generated by cataclysmic events such as black holes, neutron star mergers or
supernovae. They have the advantage of not being absorbed nor scattered by matter and
can travel through the Universe unimpeded. Additionally, their amplitude decreases in 1/d,
where d is the distance from the source. This implies that gravitational waves are a particularly
efficient messenger to probe a wide range of powerful high energy sources, even at high redshift.
Eventually, as gravitational waves propagate at the speed of light, they could be observed in
coincidence with neutrinos and gamma-rays produced from the same sources and are promising
to perform multi-messenger detections (Section 1.3).

Since 2015, more than 100 gravitational wave events have been detected and more are
expected to come with the next run of LIGO/Virgo (Abbott et al. 2009; Acernese et al. 2015)
and incoming experiments as KAGRA (Kagra Collaboration 2019), the Einstein Telescope
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Figure 2.6: (Left) Constraints on the integral photon flux (at the 95% confidence level for Auger
and the TA), from Rautenberg 2019. (Right) Poisson probabilities to detect UHE gamma-rays
E > 10 EeV and VHE neutrinos E > 10 PeV from transient sources (from Murase 2009).
The thin and thick and lines are for a source isotropic-equivalent energy of E

iso
� 10

50.5
erg

and E
iso

� 10
51

erg respectively. The black double-dotted lined are for neutrinos assuming a
detection surface A = 1 km

2. For UHE photons we have A = 3000 km
2 without CRB (red

solid lines), with CRB (green dashed lined). A = 3⇥10
5
km

2 without CRB (red dotted-dashed
lines), with the CRB (blue dotted lines).

between 10
17

eV to 10
20

eV is limited from 100 kpc to 10 Mpc respectively (see also Fig. 1.2
and associated discussion in Section 1.2.3). It should also be noted that at ultra-high energies,
additional processes can become relevant and dominate the pair production interaction, such
as double pair production or triplet pair production (Heiter et al. 2018).

UHE gamma-rays that reach the Earth induce air showers. To detect UHE gamma-rays,
it is thus necessary to be able to discriminate between cosmic-ray and gamma-ray induced air
showers and several differences between both showers can be used toward this goal (Rautenberg
2019).

Typically, for photon-induced showers, the first interactions are purely electromagnetic
since the radiation length is smaller by roughly two orders of magnitude than the character-
istic photo-nuclear interaction length. However, the average multiplicity of electromagnetic
interactions is smaller than for hadronic interactions, resulting in delayed development of the
photon showers and a larger Xmax compared to cosmic-ray showers. Furthermore, the shorter
length of electromagnetic interactions leads to less energy transferred to the hadronic cascade,
resulting in a lower number of muons compared to cosmic-ray showers.

As a result, gamma-rays can for example be statistically discriminated from cosmic-rays
by directly measuring Xmax with fluorescence telescopes or radio antennas. Another possible
detection method uses the fact that due to their lower number of muons, photon showers exhibit
a steeper lateral distribution function and a larger spread in the time arrivals of particle at
ground, which can be measured with surface detectors (The Pierre Auger Collaboration 2022a).
Finally, for inclined air showers, very few electrons reach the ground and the muons can be
directly measured with surface detectors, as described in Section 2.2.3.

In the left-hand panel of Fig. 2.6 we show the current constraints on the integrated UHE
photon flux. Stringent limits were already put by Auger measurements which constrains its
fraction of gamma-induced events to be below 1% of its total rate (Aab et al. 2017a; The Pierre
Auger Collaboration 2022a,b). Current predictions also suggest that within 2025, Auger should
have reached enough exposure to detect even conservative flux of ultra-high-energy gamma-

Limits set by Auger and TA

Still possible if powerful 
near-galactic source

GP300 could be one of the most sensitive UHE -ray 
experiment  if completed with surface detectors

γ

• EM/ on ratio is one of the best observables 
 for mass composition studies

μ

• Radio antennas measure the EM energy

• For inclined showers, surface detectors yield 
 a precise measurement of the muon content
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Summary

Successful collaboration meeting in Nanjing! (May 2024)

GRANDProto300: radio array of 300 antennas in the Gobi desert detecting  
cosmic-rays (and gamma-rays?) between  1016.5 − 1018 eV

13 antennas were deployed and 83 should be deployed by Fall 2024

First data were taken and reconstructed events should follow!


