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Fig. 11. Simulated footprints of the radio emission of extensive air showers with various zenith angles in the 30–80MHz frequency band for an air shower
with an energy of 5⇥1018 eV. The detection threshold governed by Galactic noise typically corresponds to⇡1–2µV/m/MHz. The footprint is small for air
showers with zenith angles up to ⇡60� , but becomes very large for inclined showers with zenith angles of 70� or higher. The white rectangle denotes the
size of the 50� inset. The strong increase of the area illuminated by inclined air showers is due to the large geometrical distance of their emission region
from the ground.
Source: Adapted from [30].

A particularly important effect is the dependence of the radio emission on the air shower zenith angle. As the zenith angle
increases, the traversed atmospheric depth grows as5 cos�1(✓). The air shower reaches its maximum at a given atmospheric
depth, thus for more inclined showers this maximumwill be at significantly larger geometrical distances from the observer
than for vertical air showers. As a consequence, the forward-beamed radio emission illuminates a much larger area, as
is illustrated impressively in Fig. 11. The average electric field amplitude is lower (the radiated power is distributed over
a larger area), but also the LDF is less steep. This makes inclined air showers more favorable for detection with a sparse
antenna grid [29].

For a fixed zenith angle, another important factor influencing the geometrical source distance is the depth of the
maximumof an individual air shower, Xmax. This quantity undergoes statistical fluctuations, but is one of themost important
observables to determine the mass of the primary particle. Changes in Xmax are also reflected in the geometrical distance
between radio source and observer, and thus can be exploited to determine Xmax from radio measurements. The most
obvious way to access this information is the LDF, as discussed above and illustrated in the comparison between Fig. 6 for
an iron-induced air shower (small Xmax) and Fig. 12 for a proton-induced air shower (large Xmax) (note the different scales).
For the same geometrical reasons, the geometrical source distance also influences the shape of the radio wavefront, which
can be determined by precise timing measurements, and the pulse shape (or spectral index of the frequency spectrum)
measured at a given lateral distance. We will discuss the sensitivity of the radio signal to the mass of the primary particle in
more depth in the chapter on experimental results.

4. Modern models and simulations of air shower radio emission

In parallel with the modern experimental efforts, modeling efforts for the radio emission from extensive air showers
were started. We give an overview here of approaches that have been tried out, but will focus on those that are still being
maintained at the time of writing this review.

4.1. Flawed modern approaches

A number of efforts that were started in the early 2000s later turned out to be flawed. The ‘‘geosynchrotron’’ schemewas
followed initially with a semi-analytic calculation in the frequency domain [31]. The explicit assumption of synchrotron
radiation of particles on long orbits dominating the emission, however, later turned out to be untrue.

5 This is an approximation for a planar atmosphere which is valid up to zenith angles of ⇡70� .
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a b s t r a c t

In 1965 it was discovered that cosmic ray air showers emit impulsive radio signals at
frequencies below 100 MHz. After a period of intense research in the 1960s and 1970s,
however, interest in the detection technique faded almost completely.With the availability
of powerful digital signal processing techniques, new attempts at measuring cosmic ray
air showers via their radio emission were started at the beginning of the new millennium.
Starting with modest, small-scale digital prototype setups, the field has evolved, matured
and grown very significantly in the past decade. Today’s second-generation digital radio
detection experiments consist of up to hundreds of radio antennas or cover areas of up to
17 km2. We understand the physics of the radio emission in extensive air showers in detail
and have developed analysis strategies to accurately derive from radio signals parameters
which are related to the astrophysics of the primary cosmic ray particles, in particular
their energy, arrival direction and estimators for their mass. In parallel to these successes,
limitations inherent in the physics of the radio signals have also become increasingly clear.
In this article, we review the progress of the past decade and the current state of the field,
discuss the current paradigm of the radio emission physics and present the experimental
evidence supporting it. Finally, we discuss the potential for future applications of the radio
detection technique to advance the field of cosmic ray physics.

© 2016 Elsevier B.V. All rights reserved.
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funds of ~910 kEUR for the additional 800 RDs. If only a fraction of this amount will be secured, a 
corresponding number of RDs will be added, still resulting in the by far biggest radio array to date.  

 
Left: Reconstructed mean relative muon number [17]. The expectations for pure protons and iron nuclei in 
cosmic rays are shown together with two scenarios: (1) maximum-rigidity of CRs at sources and (2) photo-
disintegration of CRs during propagation. Right: Lateral distribution of the radio signal for a shower with 

an energy of 1.6 1019 eV and a zenith angle of 83° measured with AERA [60]. 75 radio detectors with a 
distance up to 2 km to the shower axis (in the shower plane) exhibit a signal. 

 
Ground-breaking nature. The proposed research will yield to the following key results: 
* Cost-effective precision measurements of high-energy cosmic rays. The proposed project will be the largest 
radio array for air showers and will apply a new method, which yields complementary information to meas-
ure the properties of CRs with unprecedented precision. The proposed RDs will provide an unique electron-
muon separation for HAS, which is the key to all science objectives of the PAO upgrade. Combining the new 
observables with the PAO upgrade data will give new insight to air showers and CRs at the highest energies. 
* Origin of the highest-energy particles in the universe. We will obtain precise mass measurements of the 
highest-energy particles in the universe (>1019 eV), necessary to understand their acceleration mechanisms. 
We will be able to distinguish principle scenarios for the flux suppression at the highest energies: the 
maximum energy attained during acceleration or photodisintegration during propagation, see Figure (left). 
We will be able to isolate protons (through the electron-muon separation) at the highest-energies. They are 
only marginally deflected by (Galactic) magnetic fields. Thus, the CR protons point back to their sources. 
* Understanding of hadronic interactions. Using all observables available at the PAO (in combination with 
the RD measurements of the e/m component) will significantly reduce the parameter space for high-energy 
hadronic interactions. 
* Transition Galactic-extragalactic CRs. We will measure the elemental composition of CRs in the energy 
range from 1017 to 1018 eV (using the dense 750 m array) and, thus, establish the end of the Galactic CR 
component and identify the onset of the extragalactic component. We use this information to confirm or 
falsify astrophysical CR models, such as the dip model [64], a purely Galactic scenario [65], the GRB 
cannonball model [66], or a combined supernova & AGN model [67].  
 
A detailed budget is given in part B2. In short, the costs for this project are: PI 50%: 272 kEUR; 2 post docs, 
5 yr each: 661 kEUR; 2 PhD students, 4 yr each: 390 kEUR; engineer 4 yr: 264 kEUR. The costs for the new 
RDs amount to 1000 kEUR for 861 stations, including prototypes, data acquisition, shipping, and deploy-
ment. This totals, including overhead and travel, to 3498 kEUR for the complete project. 
 
Time line, illustrating the interplay between this project (2017-21), the PAO upgrade on-going indepen-
dently in parallel, and the expected future exploitation of the data from the new RDs with future funds. 

 

Distance to Sd shower axis [m]

500 1000 1500 2000 2500

V/
m

]
µ

Am
pl

itu
de

 [

500

1000

1500

2000

2500

3000

Stations: 75

lg(E/eV)
19 19.2 19.4 19.6 19.8 20

> °
, 3

8
!

<R

-0.25
-0.2

-0.15
-0.1

-0.05
0

0.05
0.1

0.15
0.2

0.25

maximum rigidity
photo disintegration

p, EPOS-LHC
Fe, EPOS-LHC

2017 2018 2019 2020 2021 2022 2023 2024 2025
R&D new RDs
Prod. & depl. 61 RDs
Verification proff of concept
Prod. & depl. 800 RDs
Prod & depl. 800 RDs (add. funds)
Data taking & analysis RD data
PAO upgrade installation
Data taking & analysis

in shower plane

detection with 
1500 m grid 
sufficient



Hörandel Part B2 Auger-Horizon 
 

 4 

The Pierre Auger Observatory (POA) in Argentina is the largest observatory for cosmic rays15,16. It compri-
ses of a surface-detector array17 and a fluorescence detector18 as illustrated in Fig. 3, left. The surface detec-
tor (SD) is equipped with over 1600 water-Cherenkov detectors (WCDs) arranged in a triangular grid with 
1500 m spacing, detecting photons and charged particles at ground level. This 3000-km2 array is overlooked 
by 24 fluorescence telescopes grouped in units of six at four locations on its periphery. Each telescope covers 
30° in azimuth and elevations range from 1.5° to 30° above the horizon. The fluorescence detector (FD) 
measures the ultraviolet fluorescence light induced by the energy deposit of charged particles in the atmos-
phere and thus measures the longitudinal development of air showers. Whereas the surface detector has a 
duty cycle near 100%, the fluorescence telescopes operate only during dark nights and under favourable 
meteorological conditions, leading to a reduced duty cycle of about 12%. 
Recent enhancements of the PAO include a sub-array of surface-detector stations with a spacing of 750 m 
and three additional fluorescence telescopes with a field of view from 30° to 60°, co-located at the Coihueco 
fluorescence detector site, in Fig. 3, left on the left side of the array. Co-located with these enhancements is 
the Auger Engineering Radio Array (AERA).19,20,21 It comprises 153 autonomously operated antenna 
stations, covering an area of 17 km2. It records the radio emission from extensive air showers in the 
frequency range from 10 – 80 MHz at nearly 100% duty cycle. Two antenna types are employed: logarithmic 
periodic dipole antennas and butterfly antennas. An AERA station, equipped with a butterfly antenna is 
shown in Fig. 3, right. 
At present, the Auger Collaboration is preparing a major upgrade of the observatory10 in order to elucidate 
the elemental composition and the origin of the flux suppression at the highest energies, to search for a flux 
contribution of protons up to the highest energies, and to study air showers and hadronic multi-particle pro-
duction. The upgrade comprises of a plastic scintillator plane above the existing water Cherenkov detectors 
to sample the shower particles with two detectors, having different responses to muons and electromagnetic 
particles; an upgrade of the electronics of the surface detector stations, with a faster sampling rate and an 
increased dynamic range; an underground muon detector to provide a direct measurement of muons in air 
showers, covering an area of 24 km2, co-located with the enhancements (described above) and AERA; and a 
change of the operation mode for the fluorescence telescopes, increasing their duty cycle to 20%. 
 

 
Figure 3: Left: The PAO10. Each dot corresponds to one of the 1600 SD stations. The FD sites are shown, 

each with the field of view of its six telescopes. The Coihueco site hosts the low-energy extension HEAT. The 
750 m dense sub-array and AERA are located a few km from Coihueco.  Right: An AERA station; from top to 

bottom can be recognized: the communications antenna, the physics antenna – recording the air shower 
signals, and the solar panels with the electronics box underneath. 

 
Radio detection of air showers with LOFAR and AERA. In addition to the standard air shower detection 
techniques, recently a new and complementary method to measure air showers has been established by my 
group: the radio detection of air showers. In the last years we have established the radio technique as a tool to 
infer cosmic-ray properties. LOFAR combines a high antenna density and a fast sampling of the measured 
voltage traces in each antenna. This yields very detailed information for each measured air shower. 
Therefore, we have measured the properties of the radio emission with high precision22,23,24. At the PAO we 
cross-calibrate the radio technique with established detection methods. In the following some highlights of 
recent results are reviewed, which form the basis for the proposed AdG. Most results are obtained in the 
frequency range from 30 to 80 MHz. 
We have used the LORA particle detector array in the LOFAR core to measure the all-particle energy 

present AERA: 17 km2

my dream: 3000 km2 radio detector at Pierre Auger Observatory{
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Horizontal air showers49 traverse a big amount of atmosphere until they are detected as illustrated in Fig 9, 
left. The thickness of the atmosphere in horizontal direction amounts to about 40 times the column density of 
the vertical atmosphere. Thus, the e/m shower component is mostly absorbed and only muons are detected 
with the WCDs of the SD. The atmosphere is transparent for radio emission in our band (30-80 MHz) and 
radio measurements are an ideal tool for a calorimetric measurement of the e/m component in horizontal air 
showers (HAS). HAS have a large footprint on the ground, covering several km2, as illustrated in Fig. 9, 
right, which depicts a shower measured with AERA. For this example shower, 46 AERA stations measured a 
radio signal above the noise level. These measurements indicate that HAS will be well measured with RDs 
on a 1500 m grid, having a sufficient number of stations (>5) with signals above the noise level in order to 
reconstruct the e/m component with an accuracy of ~20%. 

 
Figure 9: Left: Schematic view of a horizontal air shower. Right: Horizontal air shower measured 

simultaneously with AERA and the SD at the PAO.49 

Section b. Methodology 

The work plan described above shall be implemented through 5 sub projects. 
 

 
Figure 10: An upgraded SD station, consisting of the water Cherenkov detector, the scintillator mounted on 

top, and the proposed SALLA radio antenna (this proposal - red), mounted to the mechanical structure of the 
scintillator. 

 
* Sub project #1: Antenna design, pre-amplifier, mechanical mounting - PI, PD 1, engineer. 
We aim to install radio antennas at SD positions in the 1500 m array and the 750 m dense sub-array. The an-
tennas will be mounted on top of the WCD. Mechanically, we will attach the antennas to the mounting of the 
scintillators of the PAO upgrade. These mountings are a contribution of RU Nijmegen/Nikhef and the rele-
vant experts are in-house. We aim to use Short Aperiodic Loaded Loop (SALLA) antennas50 as a dipole loop 
of 1.2 m diameter to record radio signals between 30 and 80 MHz. The SALLA has been developed to pro-
vide a minimal design that matches the need for both, ultra-wideband sensitivity, and low costs for produc-
tion and maintenance of the antenna in a large-scale radio detector. The compact structure of the SALLA 
makes the antenna robust and easy to manufacture. The response of these antennas has been measured as part 
of the AERA R&D program20, their characteristics is well known and suitable for our purpose. In particular, 
the antenna is almost insensitive to the ground conditions, i.e. ideal to be placed on top of an existing SD 
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Figure 16. Peak directional diagram: the development of the maximum absolute value of the VEL in the
time domain (cf. figure 15) is displayed as a function of zenith angle. The two components of the VEL are
treated separately. The zenith angle dependence of the⌃eq -component of the VEL is shown in the left part of
the diagram. In the right part the⌃ef -component is depicted. Two azimuthal directions have been chosen to
maximize the readings of the respective VEL component (cf. figure 22). The readings are normalized to the
maximum peak value obtained in the zenith angle range. For the zenith direction q = 0⌥ both components
represent the same antenna characteristic which results in a connecting condition for the left and the right
part of the diagram.

struction of the Salla antenna leads to a rather constant peak response up to high zenith angles. This
results in an enhanced reception of vertically polarized signals from directions close to the horizon.

From the simulation of the antennas we conclude that the Salla and the Butterfly antenna
are best suited for the detection of transient signals as they introduce the fewest distortions to the
recorded waveform.

6 Comparison of the reception of the galactic noise intensity

The response voltage to an incoming transient signal needs to be discriminated from a continuous
noise floor. The sensitivity of an antenna can therefore be expressed in terms of signal to noise
ratio as obtained from measurements. We have investigated the contribution of the signal to this
ratio in the previous sections. To characterize the noise that is recorded with the antennas we have
performed dedicated test measurements which are presented in this section.

Beyond human-made noise the dominant source of continuous radio signal in the bandwidth
from 30 to 80 MHz is the galactic radio background. This diffuse galactic background emission is
mainly caused by charged particle gyrating in the magnetic fields of our galaxy [46].
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WCD. The SALLA antennas are already employed on large scale in the Tunka experiment51. The mechanical 
and electrical design (including the low-noise amplifier) has been cost-optimized, based on AERA experi-
ence/electronics. 
We aim to further develop the SALLA antennas and adjust them to our purpose (to be mounted on top of the 
existing WCDs). Key people from Tunka are also part of the AERA group, thus, we will use the Tunka 
experience for our developments. The envisaged design is sketched in Fig. 10. It shows the proposed SALLA 
radio antenna (red) on top of the existing SD station, mounted to the mechanical structure of the scintillator. 
A comparison of an existing AERA station (Fig. 3, right) to the proposed new design (Fig. 10) shows that the 
envisaged RDs are much simpler, they share most of the infrastructure (solar panels, battery, GPS antenna, 
communication system) with the existing SD station and the scintillator module of the upgrade. In particular, 
no protective fence is needed. 
 
*Sub project #2: Signal read-out, electrical interface, filter amplifier - PI, PD 2, engineer. 
A substantial part of the PAO upgrade is the replacement of the read-out electronics boards in the WCDs10. 
The new, so called Upgraded Unified Board (UUB) provides two digital connectors and an USB interface for 
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Figure 11: Block diagram of the electronics of an upgraded SD station of the PAO. The (proposed, new) 

radio antenna (left) is read out via an analogue filter amplifier and ADC into the existing electronics of the 
station (right). An interface to extensions (like the proposed RDs) is already foreseen in the electronics. 

 
*Sub project #3: Deployment of the radio detectors – PI, PD 1+2, PhD students 1+2, engineer.  
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environment of the Pampas. The proposed design of the new RDs is much simpler as compared to the 
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Horizontal air showers49 traverse a big amount of atmosphere until they are detected as illustrated in Fig 9, 
left. The thickness of the atmosphere in horizontal direction amounts to about 40 times the column density of 
the vertical atmosphere. Thus, the e/m shower component is mostly absorbed and only muons are detected 
with the WCDs of the SD. The atmosphere is transparent for radio emission in our band (30-80 MHz) and 
radio measurements are an ideal tool for a calorimetric measurement of the e/m component in horizontal air 
showers (HAS). HAS have a large footprint on the ground, covering several km2, as illustrated in Fig. 9, 
right, which depicts a shower measured with AERA. For this example shower, 46 AERA stations measured a 
radio signal above the noise level. These measurements indicate that HAS will be well measured with RDs 
on a 1500 m grid, having a sufficient number of stations (>5) with signals above the noise level in order to 
reconstruct the e/m component with an accuracy of ~20%. 

 
Figure 9: Left: Schematic view of a horizontal air shower. Right: Horizontal air shower measured 

simultaneously with AERA and the SD at the PAO.49 

Section b. Methodology 

The work plan described above shall be implemented through 5 sub projects. 
 

 
Figure 10: An upgraded SD station, consisting of the water Cherenkov detector, the scintillator mounted on 

top, and the proposed SALLA radio antenna (this proposal - red), mounted to the mechanical structure of the 
scintillator. 

 
* Sub project #1: Antenna design, pre-amplifier, mechanical mounting - PI, PD 1, engineer. 
We aim to install radio antennas at SD positions in the 1500 m array and the 750 m dense sub-array. The an-
tennas will be mounted on top of the WCD. Mechanically, we will attach the antennas to the mounting of the 
scintillators of the PAO upgrade. These mountings are a contribution of RU Nijmegen/Nikhef and the rele-
vant experts are in-house. We aim to use Short Aperiodic Loaded Loop (SALLA) antennas50 as a dipole loop 
of 1.2 m diameter to record radio signals between 30 and 80 MHz. The SALLA has been developed to pro-
vide a minimal design that matches the need for both, ultra-wideband sensitivity, and low costs for produc-
tion and maintenance of the antenna in a large-scale radio detector. The compact structure of the SALLA 
makes the antenna robust and easy to manufacture. The response of these antennas has been measured as part 
of the AERA R&D program20, their characteristics is well known and suitable for our purpose. In particular, 
the antenna is almost insensitive to the ground conditions, i.e. ideal to be placed on top of an existing SD 
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~10-20 RDs per day. The deployment will be conducted in close collaboration with the staff at the PAO and 
with colleagues of the Auger Collaboration. As it has been successfully done for AERA, the components will 
be shipped in sea containers to the PAO and the RDs will be pre-assembled and tested at the main campus of 
the PAO, followed by the actual deployment of RDs in the Pampas. 
First, 61 RDs in the region of the 750 m grid will be deployed. This first array will be used to prove the con-
cept of the proposed design. After successful first measurements and verification of the concept, the remain-
ing 800 stations will be deployed in the field. In parallel, we aim to raise the funds for the additional 800 
stations (to fully equip all 1600 SD stations on the 1500-m grid) within the Netherlands and in collaboration 
with our international partners in the PAO. Including shipment and deployment costs ~910 kEUR will be 
needed. Since the physics potential of the new radio array is very large and fully in-line with the physics 
objectives of the Auger upgrade, we are optimistic to find further financial support. 
 

 
Figure 12: The PI installing hardware for AERA in the field. 

 
*Sub project #4: Optimization of radio reconstruction for horizontal air showers – PhD student 1, PD 1. 
Horizontal air showers have been already measured with AERA49. The measurements reveal a large radio 
footprint of HAS, signals up to 5 km from the shower axis have been detected with up to 80 RDs exhibiting a 
measurable signal above the noise level. The measurements indicate that the footprint of the showers covers 
several km2. These measurements also reveal that HAS are well measured with radio detectors on a 1500 m 
grid. These measurements are supported by theoretical considerations and simulations, which also predict a 
large radio footprint for HAS.52,53 
The method to derive the shower energy from the radio measurements as described above has been adapted 
for HAS49. The resulting cosmic-ray energy derived from the radio measurements is depicted in Fig. 13 as a 
function of the energy reconstructed with the SD. As expected, a good correlation of the two parameters is 
found. The relative difference between the two parameters in this first analysis exhibits an almost Gaussian 
distribution with a sigma of ~48%. 
 

 
Figure 13: Energy reconstructed for HAS, measured with the AERA radio detectors as a function of the 

energy, reconstructed with the PAO Surface Detector.49 
 
Recent AERA measurements for vertical showers44,45 indicate that the e/m component is measured with an 
accuracy of 17% for showers with 5 and more RDs with a measurable signal. In the future we will determine 
the direction and location of the shower axis in a combined analysis of WCDs and RDs. The large footprint 
of HAS will allow us to measure the e/m component with a similar precision (~20%). The number of muons 
is measured with an uncertainty of 15% at 10 EeV and 8% at 100 EeV, resulting in an Xmax resolution of 40 
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g/cm2 at 10 EeV and 25 g/cm2 at 100 EeV for the scintillator upgrade (zenith angle <60°) 10. We expect a 
similar resolution for HAS with the proposed new detectors (zenith angle >60°). 
Based on the experience to reconstruct HAS with the WCDs and the radio measurements of showers with 
AERA (and LOFAR) we will optimize the radio reconstruction for HAS with the new radio array. 
 
*Sub project #5: Optimization of the radio reconstruction for neutrino identification – PhD student 2, PD 2 
The (radio) detection of HAS is also an ideal tool for neutrino detection. The radio detectors can be used as a 
veto against hadronic showers. 
The standard way at the PAO for neutrino identification54 is based on the broad time-structure of the signals 
expected in the WCDs, and is efficiently done for neutrinos of all flavours interacting in the atmosphere at 
large zenith angles, as well as for “Earth-skimming” neutrino interactions in the case of tau neutrinos. The 
searches for downward-going neutrinos with zenith angles exceeding 60° and for upward-going neutrinos, 
are combined to give a single limit. The 90% C.L. single-flavour limit to the diffuse flux of ultra-high energy 
neutrinos with an E−2 spectrum in the energy range 1.0 × 1017 eV - 2.5 × 1019 eV is  
Eν2dNν /dEν < 6.4 × 10−9 GeV cm−2 s−1 sr−1. 
 

 

Figure 14: Radio signal as a function of distance to the shower axis.49 A measured shower (black) is 
compared to simulations for a proton and an iron nucleus as well as for a neutrinos, interacting at different 

heights above the array as indicated.  

The additional information on the e/m shower component through the HAS radio measurements will further 
improve the neutrino limits. Simulation studies49 indicate that hadronic showers and neutrino induced HAS 
are being distinguished by the shape of the radio lateral distribution. This is illustrated in Fig. 14, where the 
amplitude of the radio signal is plotted as a function of the distance to the shower axis (in the shower plane, 
perpendicular to the shower axis). The measured values (black) are compared to calculations for hadronic 
showers (protons and iron nuclei, red and blue, respectively) and to predictions for neutrinos (pink). Two 
exemplary cases are shown for the neutrinos, they are assumed to travel horizontally across the array at 
heights of 5 km and 12 km above the ground. The hadronic showers exhibit almost the same shape, while the 
neutrino-induced showers yield a different behaviour. The neutrino-cascade starting 5 km above the array 
shows a clearly different shape close to the shower axis. The neutrino, interacting at a height of 12 km 
exhibits a slightly different slope at distances beyond 1000 m from the shower axis. Exploring these features 
further will be one of the tasks of the AdG in order to enhance the sensitivity of the PAO to neutrinos. We 
will determine the direction and location of the shower axis in a combined analysis of WCDs and RDs. Thus, 
5 RDs with a signal above noise will be sufficient to establish an efficient veto against hadron-induced 
showers, thus improving the neutrino flux limits. 
We will optimize the identification (or exclusion, in case of upper flux limits) of neutrinos with the 
additional measurements of the new radio array. Operating the upgraded PAO up to 2025 will triple the 
available number of showers to establish neutrino flux limits10, including the radio-detected HAS will 
significantly improve the neutrino-hadron separation through the clear calorimetric measurement of the e/m 
component with the RDs. We expect upper limits close to Eν2dNν /dEν < 10−9 GeV cm−2 s−1 sr−1. A value 
expected to be superior to all other experiments in this energy range and well below the Waxman-Bahcall 
limit, which will significantly constrain astrophysical neutrino models. 
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Figure 2.15: Expected sensitivity on the flux of photons and neutrinos. In addition to the conservative
estimates based on the increase of statistics, also the projected photon sensitivity for the ideal case of
being able to reject any hadronic background due to the upgraded surface detector array is shown.

station electronics, as foreseen for the upgrade (see Sec. 4.3), will allow us to improve
the triggering algorithms further.

• At the present time, the photon limits are no longer background free. Improved muon
discrimination will help to reduce the background due to hadronic events in our pho-
ton candidate sample, or to identify photons and neutrinos.

The analyses of the impact of the improved triggering algorithms and composition sensi-
tivity are still underway. Therefore, we show in Fig. 2.15 (dashed lines) the maximum reach
allowed by exposure until 2024. In case of the photon studies a selection efficiency of 50%
(due to the a-priori cut) is assumed. Also, the hypothesis that a perfect background rejection
after the detector is upgraded and that the new triggers are fully exploited is taken. These
lines have to be interpreted as a boundary of what we can do in an optimistic case. The
improvement compared to the simple extension of the current data analysis (solid line) until
2024 is significant. The extension of the energy range for current limits below 10 EeV is due
to the new triggers. The predicted hybrid limits include the exposure gained with the ex-
tended duty cycle. The limits are compared to theoretical predictions (photons: GZK fluxes
proton I [53], proton & iron II [133]; neutrinos: AGN [134], Waxman-Bahcall flux [57, 58],
cosmogenic neutrino fluxes [50, 51, 133]).

By 2024 we expect to lower our photon limits to reach the band of even conservative
predictions for GZK photons – or discover ultra-high energy photons. It is expected that
the limits will improve further, mainly at the low-energy end, due to optimized trigger al-
gorithms. If we were able to reject our current photon candidates due to improved analysis
algorithms these limits could be much stronger.

2.3.4 Methods for determining the muonic shower component

There are different methods of measuring the density of muons as function of the lateral
distance. The most direct method, of using detectors sufficiently shielded to absorb the
electromagnetic shower component by, for example, burying them under a layer of soil, is
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estimates based on the increase of 
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not yet included.
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•  Goal: search for cosmic neutrinos 
•  Detection principle: 
▫  ν-induced tau decay in atmosphere generates 

~horizontal extensive air showers. 
      [Fargion astro-ph/99066450, Bertou astro-ph/0104452] 
▫  Issues:  

�  VERY seldom events  
�  Earth-skimming trajectories 
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(Very) inclined EAS radio emission 

2 1017eV tau decay @ origin 
Subsequent shower: 

E = 1.4 1017 eV  
θ = 89.5° 

 

Longitudinal distance [km] Lateral distance [km] 

Shower axis 

ZHAireS Efield computation 
W. Carvalho 
30-80MHz 

Tau  
decay 

max (Efield) 
[µV/m] 

Typical sky  
noise level: 15µV/m 



•   Size of the neutrino detector is a key 
parameter. 

•  >10000 km²? 
 - technical capacity? 

        - topology? 

Ulastai 

a GIANT array may be technically & financialy feasable! 
… How well would it perform? 
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GRAND ν sensitivity study - Setup 

Urumqi 
TREND 

•  Simulation layout of 90’000 antennas over 60’000km² (800m step size square grid) 
•  MC down to τ decay (Eν in  1017 - 1021 eV, θ in [85-95°])  
•  Shower radio emission: 
▫  Not yet validated for  
     very inclined showers 
▫  (Very) time consuming 

•  Preliminar study with  
radio signal parametrization 

 



Neutrino interaction 

Tau decay 
Shower 
radio 
track 

Radio emission cone  
(4.5° for E>30µV/m @ Esh = 2.4 1020 eV) 

Top view (Earth referential) 

3D view (shower referential) 
Shower axis 

Antenna field 
(trig’d antennas) 

Cut view (Earth referential) 3 1020eV neutrino 
2.4 1020eV shower 
θ = 88° 
2114 antennas  
triggered 

Shower axis 

Neutrino interaction 

Tau decay 

Longitudinal axis (km) 
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Shower tagged as 
« detected » if a cluster 
of 8+ antennas is inside 
the radio detection cone.  



GRAND ν sensitivity study - Results 

3.1017 eV 
3.1018 eV 
3.1019eV 
3.1020eV 

Downward 
Going 
(mountains) 

Upward 
Going 

(Earth) 

•  Sensitivities > 0 for zenith values = ±4° around 
horizontal ð Earth-skimming trajectories only. 

•  Mountains are sizable tragets (~40% of total). 
•  Earth becomes opaque at higher energies 

- 60’000km² simulation setup 
- single flavor flux  φ(E)= φ0E-2 

- no candidate in 3 years 
ð 90% CL integral limit: 

φ0 < 8 10-10 - 2 10-9 Gev/cm²/sr/s 

AUGER2015 

3 years (conservative) 

3 years (agressive) 

Single flavor 

IC2013 

Agressive 

Agressive 
Conservative 



Tau flight distance [m] 

1017.5 eV 
1018.5 eV 
1019.5 eV 
1020.5 eV 

GRAND ν sensitivity study - Results 

•  Field of view 
    (JP Lenain) 

•  Angular resolution 
▫  Analytical computation 

assuming 3ns trigger timing precision (no noise).  
▫  Mean = 0.05°: full benefit of extended trigger zone 

& denivelation. 

•  Energy reconstruction 
▫  … is not possible 
▫  But at least we know  Eν>Esh 
▫  Do better thanks to Eν correlation with 

τ time of flight (?) 

Median = 0.02° 
Mean = 0.05° 
f(Δθ>1°) = 0.2% 
… thanks to mountains!  

1h visibility 24h visibility 



Cosmogenic  

neutrinos 

•  GZK neutrinos above 1019.5eV: 

Ahlers et al., arxiv:1208.4181 

UHECRs 
spectrum 

Abbasi et al., astro-ph/1511.02103 

AUGER composition 

Output of GRAND 1st workshop  
(LPNHE, Feb. 2015):  

GRAND should GUARANTEE 
detection of cosmogenic 

neutrinos (and rate of several 
tens/year for reasonnable 

models) 

AUGER2015 

ARA - 3years (/3) 

GRAND 
200’000km²- 3years 

Single flavor 

Kotera  - astro-ph/1009.1382 
cosmogenic  «pessimistic» models 

Kotera  
cosmogenic 

«reasonnable»
models  

p+γ
CMB

             Δ+             π+ + n  
π+                 l + ν

l

Guaranteed flux.
Great tool to study UHECRs. 

IC2013 

~ 10-10 GeV cm-2 s-1 sr-1







GRAND science case 

•  Help find & study sources of violent phenomena in the Universe through 
HE cosmic particle detection. 
▫  Cosmogenic neutrinos 
▫  Neutrino astronomy 
▫  Trans-GZK UHECRs 
 

•  Other topics 
▫  Epoch of Reionization 
▫  Fast Radio Bursts 
▫  Extreme electromagnetic 

atmosphere events (Elfs, Sprites, 
etc.) 

•  GRAND could be a great tool for 
HE astrophysics (if …), it already 
generates significant excitment in 
the community. 

•  «White paper » to be written 
within 1 year (?). 
 



http://particle.astro.ru.nlRadboud University Nijmegen/Nikhef

Radio detection of Horizontal air showers - Neutrinos

Jörg R. Hörandel

•horizontal showers routinely measured with AERA
•idea to build 3000 km2 radio detector at the Pierre Auger 
Observatory
< 10-9 GeV cm-2 s-1 sr-1 (1017 - 1019 eV)

•ideas for 200000 km2 radio array GRAND
< 10-10 GeV cm-2 s-1 sr-1  (1017 - 1019 eV)


