
13th CoSpa , Gent - June 2023Jörg R. Hörandel - Radboud University Nijmegen, Vrije Universiteit Brussel 1

Radio detection of air showers with
AERA, Pierre Auger Radio Detector, GCOS
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Fig. 1. Layout of AERA at the Pierre Auger Observatory and the dense core of LOFAR – drawn to scale.

with an array of 1660 water-Čerenkov detectors and 27 fluorescence telescopes at four locations on
the periphery. The area near the Coihueco fluorescence detector contains a number of low-energy en-
hancements, including AERA. AERA is located in a region with a higher density of water Čerenkov
detectors (on a 750 m grid) and within the field of view of HEAT [13], allowing for the calibration
of the radio signal using super-hybrid air shower measurements, i.e. recording simultaneously the
fluorescence light, the particles at the ground, and the radio emission from extensive air showers.

Since March 2015 AERA consists of 153 autonomous radio detection stations, distributed with
di↵erent spacings, ranging from 150 m in the dense core up to 750 m, covering an area of about
17 km2. Di↵erent types of antennas are used, including logarithmic periodic dipoles and butterfly
antennas, covering the frequency range from 30 to 80 MHz [14, 15].

3. Precision measurement of the radio emission in air showers

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 and the properties
of the radio emission have been measured with high precision. At the Pierre Auger Observatory
air showers are measured simultaneously with various detector systems: radio detectors, fluorescence
light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
in the following. We focus on radio emission in the frequency range 30 � 80 MHz, only one result
(Fig. 3 right) deals with higher frequencies.
Lateral distribution function of the radio signals The footprint of the radio emission recorded at
ground level is not rotationally symmetric [16,18,19], such as e.g. the particle content of a shower, see
Fig. 2 (left). Radio emission is generated through interactions with the Earth magnetic field, which
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Figure 1: (left) Distance to Xmax as a function of the zenith angle for an average Xmax of 669 g/cm2 for

two observation altitudes. The dotted line shows the distance to Xmax where the air shower has emitted

all its radiation energy. (right) Distribution of the energy fluence (in the 30-80MHz band) of an air shower

with 60� zenith angle at an observation altitude of 1564m a.s.l., which corresponds to the height of the

Engineering Radio Array of the Pierre Auger Observatory. Superimposed is the polarization direction of the

geomagnetic and charge-excess emission processes at di↵erent positions in form of arrows.

In the following, we first present the Monte Carlo data set that we used to develop an analytic description92

of the geomagnetic and charge-excess function. Then, we present the geomagnetic and charge-excess functions93

separately and exploit the correlations of the parameters of the functions with the air-shower parameters.94

Finally, we combine the two functions to model the two-dimensional radio signal distribution. Throughout95

this work we follow the maxim of practical usability of this function, i.e., we demand a precise description of96

the data with a su�ciently small number of parameters so that it can be applied to current radio air-shower97

detectors. Following this maxim, we also o↵er a reference implementation in python that is available on98

github [18].99
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FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4⇥ 1017 eV, and a zenith angle of 25� as mea-
sured in individual AERA radio detectors (circles filled with
color corresponding to the measured value) and fitted with
the azimuthally asymmetric, two-dimensional signal distribu-
tion function (background color). Both, radio detectors with
a detected signal (data) and below detection threshold (sub-
threshold) participate in the fit. The fit is performed in the
plane perpendicular to the shower axis, with the x-axis ori-
ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
structed with the Auger surface detector (core (SD)). Bottom:
Representation of the same data and fitted two-dimensional
signal distribution as a function of distance from the shower
axis. The colored and black squares denote the energy flu-
ence measurements, gray squares represent radio detectors
with signal below threshold. For the three data points with
the highest energy fluence, the one-dimensional projection of
the two-dimensional signal distribution fit onto lines connect-
ing the best-fitting impact point of the air shower with the
corresponding radio detector positions is illustrated with col-
ored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution func-
tion. The inset figure illustrates the polar angles of the three
projections. The distribution of the residuals (data versus fit)
is shown as well.

FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Filled circles
denote showers with five or more detected radio signals.

all events in the data set presented here.
In Fig. 2, the value of EAuger

30�80MHz
/ sin2(↵) for each

measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface de-
tector. A log-likelihood fit taking into account threshold
e↵ects, measurement uncertainties and the steeply falling
cosmic-ray energy spectrum [33] shows that the data can
be described well with the power law

EAuger

30�80MHz
/ sin2(↵) = A ⇥ 107 eV (ECR/1018 eV)B . (1)

The result of the fit yields A = 1.58 ± 0.07 and B =
1.98 ± 0.04. For a cosmic ray with an energy of 1EeV
arriving perpendicularly to the Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8MeV, a minute fraction of the energy of
the primary particle. The observed quadratic scaling is
expected for coherent radio emission, for which ampli-
tudes scale linearly and thus the radiated energy scales
quadratically.

Taking into account the energy- and zenith-dependent
uncertainty of ECR, the resolution of EAuger

30�80MHz
/ sin2(↵)

is determined from the scatter of points in Fig. 2. It
amounts to 22% for the full data set. Performing this
analysis for the high-quality subset of events with a suc-
cessful radio detection in at least five radio detectors
yields a resolution of 17%.

The value of A reported here applies for a cosmic-ray
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FIG. 5. (top) The radio-energy estimator Sradio as a function of the
cosmic-ray energy ECR measured with the surface detector. A power
law is fitted to the data using a likelihood approach which takes all
uncertainties and detection efficiencies into account. Green filled cir-
cles denote air showers where the core position has been determined
in the radio LDF fit, i.e., all air showers with at least five stations with
signal. Open circles denote events with less than five stations with
signal and use the SD core position. (bottom) Relative energy reso-
lution: The energy of the radio detector is obtained using the fit in
the left-hand figure. The left histogram contains all air showers, and
the right histogram contains the air showers with at least five stations
with signal (green filled circles). The expected distribution is shown
as a gray shaded area which is computed from the fitted probability
model that describes the fluctuations.

B. Precision and possible improvements of the energy
reconstruction

We have found that the instrumental noise and the envi-
ronmental influences are not the dominant contributions to
our energy resolution. Applying the method described to a
CoREAS Monte Carlo data set [23, 49], including a represen-
tative set of shower geometries as well as shower-to-shower
fluctuations, but no instrumental or environmental uncertain-
ties, a similar energy resolution is obtained for the same de-

tector layout.
The intrinsic limitation in the energy resolution due to

shower-to-shower fluctuations of the electromagnetic part of
the shower is predicted to be smaller than 10% [9, 20] and
we expect that the current energy resolution can be further
improved. Under the condition that the LDF samples the rele-
vant part of the signal distribution on the ground correctly for
all geometries, the energy estimator should only be affected
by the shower-to-shower fluctuations in the electromagnetic
part of the shower. The only additional geometric dependence
is due to the fact that the air shower might not be fully devel-
oped when reaching the ground, i.e., some part of the shower
is clipped away. As the atmospheric depth increases with the
secant of the zenith angle, clipping mostly affects high-energy
vertical showers. Hence, we expect an additional dependence
on the zenith angle. In the future, with larger statistics, this
effect will be parametrized from data and will further improve
the energy resolution. Also, a better understanding of the de-
tector and the environmental effects, such as temperature de-
pendencies, will help to improve the energy reconstruction.

Combined measurements, such as they are possible at the
Pierre Auger Observatory, hold great potential for future im-
provements of the energy resolution due to the anti-correlation
of the energy reconstructed with the radio and surface detec-
tors.

C. The energy content of extensive air showers in the radio
frequency range of 30 to 80 MHz

So far, the energy content of extensive air showers in the ra-
dio frequency range of 30 to 80 MHz has only been measured
at the Pierre Auger Observatory in Argentina. However, our
findings can be generalized by the following consideration.

To obtain a prediction that is independent of the location
of the experiment, i.e., a universal formula to calculate the
radiation energy from the cosmic-ray energy, the calibration
function Eq. (6) can be normalized to the local magnetic field.
We found that it is sufficient to correct only for the dominant
geomagnetic part of the radio emission. This is because the
increase of radiation energy due to the charge-excess emission
is small, as constructive and destructive interference with the
geomagnetic emission mostly cancel out in the integration of
the energy densities over the shower plane, see Eq. (5). For the
average relative charge-excess strength of 14% at AERA [15]
the increase in radiation energy is only 2%. As most locations
on Earth have a stronger magnetic field than the AERA site the
effect of the charge-excess emission on the radiation energy
will be even smaller. Within the statistical accuracy of the
calibration function this effect can be neglected which leads
to the universal prediction of the radiation energy

E30�80MHz =(15.8 ± 0.7(stat) ± 6.7(sys)) MeV

⇥
✓

sin ↵
ECR

1018 eV

BEarth

0.24 G

◆2

,
(7)

where ECR is the cosmic-ray energy, BEarth denotes the lo-
cal magnetic-field strength and 0.24 G is the magnetic-field

� ⇡ 24%
Auger Engineering Radio Array
AERA
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Reconstructing Xmax from the radio footprint

15x Proton 12x IronAntennas

CORSIKAReconstruction Air Shower

Measured
ESD, θ, ϕ, … {Xmax}

6/12

• CORSIKA 7.71 (QGSJetII-04, UrQMD 1.3cr, CoREAS)

Event-specific setup: 

• + AERA station layout + 240 additional ‘star-shape’ stations centered around core (for interpolation)

• + GDAS atmospheres (Global Data Assimilation System) at Auger at time of data

• + Magnetic field model at time of data

Method: Reconstructing Xmax from the radio footprint

p pp pp pp
Fe Fe FeFe

x12

x15

Technical details

Bjarni Pont, for the Pierre Auger Collaboration — UHECR2022 — October 2022B. Pont, UHECR symposium 2022 Auger Engineering Radio Array
AERA
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Reconstructing Xmax from the radio footprint

Proton Iron

Reconstruction SimulationsCORSIKA
{Xmax} Using same reconstruction code 

(includes detector and reconstruction effects) 

Method: Reconstructing Xmax from the radio footprint

Reconstruction Air Shower

Measured
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Reconstructing Xmax from the radio footprint

Minimize

S: energy scaling 
  rcore… : core pos. shift   

Method: Reconstructing Xmax from the radio footprint

Based on Buitink+(2016)

Proton Iron

Reconstruction SimulationsCORSIKA
{Xmax} Using same reconstruction code 

(includes detector and reconstruction effects) 

Reconstruction Air Shower

Measured
ESD, θ, ϕ, …

15x Proton 12x Iron

Minimise to find Xmax of measured shower:

Antennas

Bjarni Pont, for the Pierre Auger Collaboration — UHECR2022 — October 2022 6/12B. Pont, UHECR symposium 2022 Auger Engineering Radio Array
AERA
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Resolution of AERA Xmax method

Preliminary

Auger Fluorescence

Auger Radio

Radio Xmax resolution

Results: Resolution of AERA Xmax method
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Low-energy FD extension

Resolution improves with energy.

• Up to ‘better than 15 g/cm2 ‘


• Trend driven by low SNR at low energy.


Resolution competitive with e.g.: 

• Auger fluorescence 

[arXiv:1409.4809]

Side note:  
High resolution is crucial for 
mass composition studies.

Δ ≈ 100 g/cm2

+

cut

Bjarni Pont, for the Pierre Auger Collaboration — UHECR2022 — October 2022

B. Pont, UHECR symposium 2022 Auger Engineering Radio Array
AERA

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://indico.gssi.it/event/396/contributions/1333/attachments/630/969/Monday_Pont.pdf
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Measured AERA Xmax distribution
'Width of Xmax distribution’‘Mean of Xmax distribution’

Preliminary Preliminary

N=167

150
127

74

33
43

FD

AERA
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Results: Measured AERA Xmax distribution

• ~600 showers after quality and anti-bias cuts.

• In agreement with Auger FD in mean and width.

• (Mixed)-light composition at E=1017.5 -1018.5 eV.

+

Bjarni Pont, for the Pierre Auger Collaboration — UHECR2022 — October 2022

Results: Event-by-event FD vs AERA Xmax

Histogram of AERA-FD difference

Preliminary

8/12

Auger has unique Radio-Fluorescence setup: 

• Xmax of 53 hybrid-showers with AERA and FD;  
(Are independent observations!)


• No significant bias radio Xmax w.r.t. 
fluorescence Xmax.


• Provides independent checks on:  
- Xmax reconstruction methods 
- shower physics (probe different aspects)

Bjarni Pont, for the Pierre Auger Collaboration — UHECR2022 — October 2022

Results: Event-by-event FD vs AERA Xmax

Histogram of AERA-FD difference

Preliminary

8/12

Auger has unique Radio-Fluorescence setup: 

• Xmax of 53 hybrid-showers with AERA and FD;  
(Are independent observations!)


• No significant bias radio Xmax w.r.t. 
fluorescence Xmax.


• Provides independent checks on:  
- Xmax reconstruction methods 
- shower physics (probe different aspects)

Bjarni Pont, for the Pierre Auger Collaboration — UHECR2022 — October 2022
good agreement
shower by shower
fluorescence vs radio

Auger Engineering Radio Array
AERA

B. Pont, UHECR symposium 2022

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://indico.gssi.it/event/396/contributions/1333/attachments/630/969/Monday_Pont.pdf
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Systematic uncertainties on XmaxSystematic uncertainties on the Xmax distribution

11/12

PreliminaryPreliminary

• Basic effects                     : hadronic model in CORSIKA, GDAS atmosphere, Auger SD energy scale 
• Method specific effects   : data selection (acceptance), Xmax reconstruction 
• low-number statistics      : effects of possible outlier values and reconstruction quality cuts 
• Cross-checks                    : residual bias checks with Zen/Az/core/… vs <Xmax> and E 

'Width of Xmax distribution’‘Mean of Xmax distribution’

Bjarni Pont, for the Pierre Auger Collaboration — UHECR2022 — October 2022
Auger Engineering Radio Array
AERA

B. Pont, UHECR symposium 2022

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://indico.gssi.it/event/396/contributions/1333/attachments/630/969/Monday_Pont.pdf
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Horizontal air showers have large footprints in radio emission
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Figure 5: Farthest axis distance at which a radio signal above noise background has been detected as
a function of the air-shower zenith angle. Black dots represent the 50 events that pass the quality cuts
for energy reconstruction, grey diamonds denote the remaining 511 events. The red bars show the
profile of the distribution, i.e., the mean and standard deviation in each 2¶ bin. Please note that, as
the array is significantly smaller than the radio-emission footprints, the mean values might significantly
underestimate the average footprint size.

have been detected above Galactic background noise up to axis distances of 2200 m. Note that the143

signal distribution has not been corrected for asymmetries arising from the charge-excess contribution144

to the radio signal [25]. The illuminated area in the plane perpendicular to the air-shower axis for145

this event amounts to approximately 15 km2. Due to projection e�ects the illuminated area on the146

ground is much larger; a simple projection with a factor of sec(82.8¶) yields an illuminated area of147

approximately 120 km2.148

A look at the total data set of 561 events shows that indeed many events have their impact point149

outside the geometric area of AERA, cf. Fig. 4. This demonstrates that the area illuminated by radio150

signals is typically larger than the instrumented area of 3.5 km2 used in this analysis. The farthest axis151

distance at which a signal above noise has been measured shows a clear increase with increasing zenith152

angle of the air shower, as is shown in Fig. 5. This is in line with the expectations for forward-beamed153

radio emission in the absence of absorption and scattering in the atmosphere as explained above. It154

is also consistent with the observed increase in the number of detected air showers as a function of155

sin2(◊) shown in Fig. 1. A correlation of the farthest distance with the energy of the cosmic ray (not156

shown here) is also observed and can be explained by the expected increase of the detection threshold157

with increasing zenith angle.158

Fig. 6 shows a closer look at another interesting air-shower event, the southernmost one in Fig. 4.159

It has been detected with four antennas at the edge of AERA, the positions of which are in alignment160

with the air-shower axis reconstructed from the surface-detector data. Also, the arrival directions161

reconstructed from the surface-detector and radio data are in agreement, and the signals measured162

in the individual antennas have typical characteristics of air-shower radio signals. The maximum163

axis distance at which the signal has been measured amounts to 2150 m, a value similar to that164

measured in other air showers; i.e., the exceptionally large ground distance arises from projection165

e�ects. Nevertheless, this example illustrates that the ground area illuminated by radio signals can be166

significantly larger than the “particle footprint” on the ground.167
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A. Aab et al., JCAP10(2018)026

JCAP10(2018)026

Figure 6. View of the southern-most event visible in figure 4. The blue to green circles indicate the
measurement with the surface dector, size indicating energy deposit and color encoding arrival time.
Dark-grey circles indicate isolated particle detections rejected in the reconstruction. The radio signal
extends over a significantly larger area than the particle distribution.
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(b) Histogram of the deviations of the simulated
and measured electric field amplitudes in each
individual radio-detector station. The mean de-
viation amounts to �2%, the spread as measured
by the standard deviation is 38%.

Figure 7. Correlation between the CoREAS-simulated and the measured amplitudes of the electric
field pulses (projected onto the horizontal plane) for the 50 measured air showers with a reconstructed
energy.
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Auger Engineering Radio Array
AERA

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://iopscience.iop.org/article/10.1088/1475-7516/2018/10/026
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The Radio Detector of the Pierre Auger Observatory

µ

e/�
e/�

µ

Key science questions
•What are the sources and acceleration 
mechanisms of ultra-high-energy 
cosmic rays (UHECRs)? 

•Do we understand particle acceleration 
and physics at energies well beyond 
the LHC (Large Hadron Collider) scale? 

•What is the fraction of protons, 
photons, and neutrinos in cosmic rays 
at the highest energies? 

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
http://particle.astro.ru.nl/pub/epjconf-uhecr18-06005.pdf
http://particle.astro.ru.nl/pub/jrh-rd-arena18.pdf
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The Radio Detector of the Pierre Auger Observatory

µ

e/�
e/�

µ

•dual polarized radio antenna  
(30-80 MHz) on each SD station 

•1661 positions over 3000 km2  

•mass sensitivity for inclined air 
showers  
radio: e/m  
WCD: muons  

•complementary to SSD/WCD

Tim Huege <tim.huege@kit.edu>4

As part of AugerPrime: Auger Radio Detector

Mount a dual-
polarized radio
antenna (30-80 
MHz) on each SD 
station
1660 radio
antennas over
3000 km2

Mass sensitivity
for inclined air
showers:

radio: em
WCD: muons

Beautifully
complementary
to WCD/SSD

UHECR2022

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
http://particle.astro.ru.nl/pub/epjconf-uhecr18-06005.pdf
http://particle.astro.ru.nl/pub/jrh-rd-arena18.pdf
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Expected number of cosmic rays in 10 years

T. Huege, UHECR symposium 2022
Tim Huege <tim.huege@kit.edu>9

Expected event statistics in 10 years

Integral 
spectrum
from
folding
flux with
aperture
Expect
~4000 
events
beyond
1019 eV

UHECR2022

• integral spectrum 
from folding flux 
with aperture  

•expect ~4000 cosmic 
rays above 1019 eV 

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://indico.gssi.it/event/396/contributions/1329/attachments/685/1062/Friday-Huege.pdf
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Expected mass composition sensitivity

Tim Huege <tim.huege@kit.edu>13

Expected mass composition sensitivity

UHECR2022

see also proof of principle study with
AERA, PoS(ARENA2022)

T. Huege, UHECR symposium 2022

µ

e/�
e/�

µ

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://indico.gssi.it/event/396/contributions/1329/attachments/685/1062/Friday-Huege.pdf
http://particle.astro.ru.nl/pub/jrh-rd-arena18.pdf
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Precision measurement of muon number

T. Huege, UHECR symposium 2022 Tim Huege <tim.huege@kit.edu>14

Prediction for number measurements

Very high-statistics
measurements of muon
number with WCD+RD at 
highest energies
Especially measurement
of the variation of the
muon number with will be
very powerful

UHECR2022

•very precise 
measurement of 
muon number with 
WCD & RD at 
highest energies  

•especially 
measurement of the 
variation of the 
muon number will be 
very powerful

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://indico.gssi.it/event/396/contributions/1329/attachments/685/1062/Friday-Huege.pdf
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Serious logistics effort to get all components to the Observatory
• solar panels - 2000 units
• antenna arms - 6800 parts
• ropes (6 km) and tensioners for the mast
• Al tubes for frame - 13600 parts
• Al plates and antenna foot - 8500 parts
• small parts, u-bolts, nuts, screws, … ~400000 pieces
• housings for digitizers - 2000
• pigtail cables for the LNA - 4000
• housings for LNAs and bottom loads - 12000 parts
• glass fiber antenna masts - 1700
• ferrites - 8500
•mounting brackets for solar panels - 3400 pieces
• L-ground bracket inside the dome - 1700 pieces
• bottom load PCBs - 2000 pieces
• LNAs - 2000 units
• signal cables from LNA to digitizer - 10200 cables
• digital cable from digitizers to UUB - 1700 cables
• fixtures to assemble ferrites - 24 units
• digitizers - 2000 units

—> 6 sea containers, 75 m3 each & several (~5-10) air freight cargos

Pierre Auger Observatory – Radio Detector

PRR electrical components

Production Readiness Review – Radio Detector
Electrical components

Roy Bakker, Peter Dolron, Tomas Fodran, Ugo Giaccari, Jörg R. Hörandel, Tim Huege, Roel
Jordans, Julian Rautenberg, Sjoerd Timmer — January 21, 2022

1 RD PRR

Objective of the Production Readiness Review (PRR) is, according to the Project Management
Plan:

6.4 Production Readiness Reviews
Subsequent to the Critical Design Review and before fabrication of components is started, a
Production Readiness Review is held (at the production site if practical). The review covers work
procedures, the quality plan, tooling readiness, packaging, shipping and production schedule.

Al arms of antenna

glass fiber 
antenna mast

ropes and tensioners

Al tubes of frame

Al plates of frame

LNA housing

bottom load housing

Figure 1: Schematic view of an RD station.
The main components are identified.

The PRR for the RD has been split in two parts:
1 – mechanical parts and 2 – electrical components.
The PRR for the mechanical parts has been suc-
cessfully completed in spring 2021 and most of the
mechanical parts have been delivered to the Ob-
servatory already. The remaining mechanical parts
are in production and will be shipped to the Ob-
servatory in April 2022.

The figure illustrates the set-up of an upgraded sta-
tion of the Pierre Auger Surface Detector.

In particular, already in Malargüe are:
– the antenna arms (the circular structures),
– ropes and tensioners for the mast,
– the AL tubes of the frame,
– the Al plates, including the antenna foot,
– various small parts, like u-bolts, nuts, etc,
– the housing of the digitizers (inside the dome),
– pigtail cables for the LNAs.

Currently in production are:
– the housings of the LNA and the bottom
load,
– the glass fiber antenna mast,
– the mounting brackets for the solar pan-
els,
– the L-ground bracket inside the dome.

v0.1 – January 21, 2022 1

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
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Roll out in field ongoing

aim to complete RD in early 2024

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
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Calibration with Galactic signal

Tim Huege <tim.huege@kit.edu>17

Galactic background measured calibrator

UHECR2022
T. Fodran, ICRC 2022 T. Fodran, ARENA 2022

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://pos.sissa.it/395/270/pdf
https://indico.cern.ch/event/826366/contributions/4886475/attachments/2458090/4214515/ARENA2022-T-Fodran.pdf
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Nice 3-fold event above lg(18.4/eV)

Le Qui Don Nuria Peru

22

Air showers measured with engineering array

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
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beyond 3000 km2?

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
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GCOS - The Global Cosmic Ray Observatory
Multi-messenger astroparticle physics beyond 2030
protons, nuclei, gamma rays, neutrinos, (gravitational waves)

The bias against the exact single bin χ2 distribution is less
than +15% for μi>2, and drops to +5% at expectations of
five events in a bin (Heinrich 2001). If the expected number of
events in an energy bin is less than 1 (μi< 1) it is combined
with alternating adjacent bins. The resulting smallest energy
bin expectations are greater than 2 (μi> 2). The combination of
bins with μi<1 ensures that the bias is positive for all bins
instead of negative for the high energy bins with small
expectations. This bias is smaller than other possible tests, is
present for all locations on the sky map, and is also present in
the MC trials when calculating the global post-trial
significance.

The expected energy spectrum is estimated by the histogram
of events outside the spherical cap (Noff) that is normalized to
the expected background number of events inside the cap (Nbg)
using the method of Li & Ma (1983).

The exposure ration (α= Non/Noff) at each point of the grid
is calculated using a set of 5×107 isotropic MC events. The
background is then estimated using the data as Nbg=αNoff=
α(Nevents − Non). This depends on the data Non inside each cap
bin (Gillessen & Harney 2005).

The lowest energy threshold tested to maximize the pre-trial
significance was 1019.0 eV as the detection efficiency is ∼100%
above this energy. Above 1019.4 eV, there are only 546 events,
which is insufficient statistics for this analysis. The maximum
significance is found to be for energies E�1019.2 eV. This is a
free parameter and the appropriate penalty factor for this scan is
taken as described in Section 6.3.

There are 1332 events above 1019.2 eV in the data set: 1248
with energy 1019.2�E<1019.75 eV, and 84 with E�
1019.75 eV. An energy threshold of 1019.75 eV (more exactly
57 EeV) was used for the TA Hotspot analysis as determined
by the AGN correlation results from the Pierre Auger
Observatory (Abu-Zayyad et al. 2013c).

6. Results

6.1. Density Map

Figure 2(a) shows a projection of the 1332 cosmic-ray events
observed by the SD with energies E�1019.2 eV. The
oversampled number of events, Non, using the 14.03% equal
exposure caps is shown in Figure 2(b). This corresponds to an
average cap size of 30°, as discussed in Section 5.1.

6.2. Local Energy Anisotropy Significance

The pre-trial significance of local relative energy distribution
deviations is calculated using the method of Section 5.2. Inside
each spherical cap bin, the energy distribution of events (Non) is
compared to that outside (Noff) by the Poisson likelihood GOF
test (Equation 1(a)). The μi are the Noff energy histogram
frequencies normalized to the expected number of events (Nbg)
by Equation 1(c). The α parameter is the exposure ratio
described in Section 5.1.2.
Figure 3 shows the resulting local pre-trial energy anisotropy

significance. This is with an energy threshold of E�1019.2 eV
and the 14.03% equal exposure caps. The maximum pre-trial
significance is 7° from the published Hotspot location (Abbasi
et al. 2014a) and corresponds to a 6.17σlocal at 9

h16m, 45°.
The histogram of events inside the cap bin at maximum

significance compared to the expected energies is shown in
Figure 4 with and without the rebinning discussed in
Section 5.2. Individual bin contributions to the statistical
significance show an excess of events E�1019.75eV (27
observed, 8 expected, χ2/dof= 38.1/5), and a “Coldspot”
deficit of events 1019.2�E<1019.75 eV (120 observed, 158
expected, χ2/dof= 40.2/12). This shows that the contribution
to the overall significance from these two energy ranges are
roughly equal. The deficit is larger in magnitude than the
excess because the expectation is Nbg=166.2 with an
observed number of events Non=147.

6.3. Post-trial Significance

To calculate the global post-trial significance, a scan penalty
must be taken for the four exposure ratios (3.35%, 6.04%,
9.58%, and 14.03%) and four energy thresholds (1019.0, 1019.1,
1019.2, and 1019.3 eV) that were tested to maximize likelihood
GOF σlocal of Figure 3.
Isotropic MC sets are made that have the same number of

events as data for each energy threshold. The scanned variables
are applied to each set to create 16 slocal maps. The maximum
σlocal significance on all 16 maps, at any grid point, is
considered as one MC for counting MC sets that have a higher
significance than the data.
The distribution of the maximum σʼs of 2.5×106 MC sets

that are used to calculate the post-trial significance are shown in
Figure 5. There were 232 sets with a significance greater than

Figure 3. Projection of the energy spectrum anisotropy local pre-trial significance, for 14.03% equal exposure spherical cap bins (E � 1019.2 eV). The maximum is
6.17σlocal at 9

h16m, 45° and is 7° from the the Hotspot location of Abbasi et al. (2014a). The dashed curve at decl.=−16° defines the FOV. Solid curves indicate the
Galactic plane (GP) and supergalactic plane (SGP). White and gray hexagrams indicate the Galactic center (GC) and anti-galactic center (Anti-GC).
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The Astrophysical Journal, 862:91 (6pp), 2018 August 1 Abbasi et al.

Interpretation of flux and composition data (i)
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Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

di�erent mass groups have small overlap and the composition becomes heavier as the energy
increases. The estimated non-negligible Fe fraction at the sources is actually required only by the
energy spectrum fit, since it contributes at the highest energies where the mass composition data
are not available, as already noted in [17].

3. E�ect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin a�ect both the energy and the -max mea-
surements. The uncertainty on the energy scale is assumed to be �⇢/⇢ = 14% in the whole
considered energy range [18]. For the -max scale we consider an asymmetric and slightly energy-
dependent uncertainty, ranging from 6 to 9 g cm�2 [13]. An additional systematic e�ect could also
arise from the uncertainties on the -max resolution and acceptance parameters [13], but we verified
that their impact on the fit results is here negligible.

�-max �⇢/⇢ ⇡� ⇡-max ⇡

-14% 52.5 578.3 630.9
�1fsyst 0 71.7 595.2 666.9

+14% 64.9 609.3 674.2
-14% 53.5 581.3 634.8

0 0 60.1 554.8 614.9
+14% 70.6 548.8 619.5
-14% 79.1 714.2 793.3

+1fsyst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The e�ect on the deviance of the
±1 fsyst shifts in the energy and -max scales.

.

Following the same approach used in [2], we take
into account the uncertainty on the energy scale and on
the -max scale by shifting all the measured energies and
-max values by one systematic standard deviation in each
direction. We consider all the possible combinations of
these shifts and their e�ect on the deviance value is sum-
marised in Tab. 3. The dominant e�ect in terms of predic-
tions at Earth is the one arising from the -max uncertainty;
as for the estimated best fit parameters, they are not much
modified when the experimental systematic uncertainties
are considered.

The maximal variations on the predicted fluxes at Earth, obtained by considering all the
configurations of Tab. 3, are shown in Fig. 3. The rather large uncertainty on the predicted total
fluxes (brown band) is due to the ±14% shifts in the energy scale, but it significantly a�ects only

Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the e�ect on
the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the energies and/or the
-max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent the maximal variations induced
by considering all the possible combinations of shifts. The shaded area in the right plot indicates the region where the
-max measurements are grouped in one single energy bin because of the low statistics and thus the mass composition
predictions are mainly driven by the energy spectrum fit.
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are free fit parameters. Our data cannot be described by a Galactic contribution with heavier
mass compositions, e.g. the deviance reaches ⇠ 1000 if a composition dominated by silicon is
assumed. In the second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by di�erent physical parameters.
Even if this scenario exhibits a lower deviance, the di�erence is comparable to the systematic
uncertainties e�ect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

In both the scenarios the high-energy (HE) component exhibits a very hard energy spectrum
at the sources, a relatively low maximum rigidity and a mixed mass composition, dominated by
medium-mass nuclei. On the other hand, the additional low-energy (LE) extragalactic component,
either light or mixed, has a very soft energy spectrum and a very high rigidity cuto�, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; the fit
is actually degenerate with respect to 'cut for values above ⇠ 1019 eV, thus fixing this parameter to
an arbitrarily high value, such as 1024 eV, provides the same best fit results.
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Figure 1: The measured energy spectrum and the estimated best fit results in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to di�erent nuclear species at the top of atmosphere, grouped according to
their mass number: � = 1 (red), 2  �  4 (grey), 5  �  22 (green), 23  �  38 (cyan), � � 39 (blue).
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Figure 2: The first two moments of the -max distributions in each energy bin along with their expected values and the
predictions for pure compositions of 1H (red), 4He (grey), 14N (green), 28Si (cyan), 56Fe (blue).

In Fig. 1 and in Fig. 2 the best fit results obtained in the scenario with two mixed extragalactic
components are shown with the observed energy spectrum and the first two moments of the measured
-max distributions. The observed mass composition below the ankle is mixed and dominated by
protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the
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are free fit parameters. Our data cannot be described by a Galactic contribution with heavier
mass compositions, e.g. the deviance reaches ⇠ 1000 if a composition dominated by silicon is
assumed. In the second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by di�erent physical parameters.
Even if this scenario exhibits a lower deviance, the di�erence is comparable to the systematic
uncertainties e�ect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

In both the scenarios the high-energy (HE) component exhibits a very hard energy spectrum
at the sources, a relatively low maximum rigidity and a mixed mass composition, dominated by
medium-mass nuclei. On the other hand, the additional low-energy (LE) extragalactic component,
either light or mixed, has a very soft energy spectrum and a very high rigidity cuto�, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; the fit
is actually degenerate with respect to 'cut for values above ⇠ 1019 eV, thus fixing this parameter to
an arbitrarily high value, such as 1024 eV, provides the same best fit results.
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protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. E�ect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering di�erent combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their e�ect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter XHIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as ? =
XHIM · ?EPOS + (1 � XHIM) · ?Sibyll. The introduction of XHIM leads to an additional deviance term
⇡HIM = (XHIM � 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

W 3.49 ± 0.02 �1.98 ± 0.10 3.48 ± 0.04 �1.9 ± 0.2 3.66 ± 0.05 �0.93 ± 0.09 3.51 ± 0.06 �0.86 ± 0.10
log10 ('cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
�H (%) 49.87 $ (10�7) 49.39 0.44 44.17 0.38 40.85 $ (10�9)
�He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
�N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
�Si (%) $ (10�6) 7.32 $ (10�7) 4.64 $ (10�5) 2.91 $ (10�6) 11.15
�Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
XHIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
⇡HIM 1.0 0.78 0.69 0.52
⇡� (#� ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
⇡-max (#-max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
⇡tot (# ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using di�erent combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter XHIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in

6

Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three di�erent evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for I < 1 (< = 3.5 and < = 5, respectively), and a
TDE-like evolution with < = �3 for small I [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution e�ect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cuto� of the LE component. If the
HE population has a strong positive evolution (e.g. < = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. E�ect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering di�erent combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their e�ect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter XHIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as ? =
XHIM · ?EPOS + (1 � XHIM) · ?Sibyll. The introduction of XHIM leads to an additional deviance term
⇡HIM = (XHIM � 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

W 3.49 ± 0.02 �1.98 ± 0.10 3.48 ± 0.04 �1.9 ± 0.2 3.66 ± 0.05 �0.93 ± 0.09 3.51 ± 0.06 �0.86 ± 0.10
log10 ('cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
�H (%) 49.87 $ (10�7) 49.39 0.44 44.17 0.38 40.85 $ (10�9)
�He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
�N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
�Si (%) $ (10�6) 7.32 $ (10�7) 4.64 $ (10�5) 2.91 $ (10�6) 11.15
�Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
XHIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
⇡HIM 1.0 0.78 0.69 0.52
⇡� (#� ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
⇡-max (#-max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
⇡tot (# ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using di�erent combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter XHIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three di�erent evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for I < 1 (< = 3.5 and < = 5, respectively), and a
TDE-like evolution with < = �3 for small I [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution e�ect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cuto� of the LE component. If the
HE population has a strong positive evolution (e.g. < = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass

7

Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ⇠ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the e�ects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(⇢ > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of di�erent components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ⇠ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of =  5 representative nuclear
species �, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cuto�:

� (⇢) =
’
�

5� · �0 ·
✓
⇢

⇢0

◆�W
·
8>><
>>:

1, ⇢ < /� · 'cut;

exp
⇣
1 � ⇢

/� ·'cut

⌘
, ⇢ > /� · 'cut.

(1)

where �0 is the normalisation factor, /� is the atomic number of each species � and 5� is the
fraction of � at the energy ⇢0 = 1017.5 eV.

fpd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these e�ects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections fpd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of -max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.

2

Mass composition at Earth

Rcut = 1.4 . . .1.6⇥1018 V

Extragalactic index very hard, but no really good handle on this parameter

Flux suppression superposition

of injection maximum energy 
and propagation energy losses

(Eleonora Guido)

GCOS homepage: http://particle.astro.ru.nl/GCOS
3rd GCOS workshop, Brussels, June 2023

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
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https://indico.iihe.ac.be/event/1729/
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The road ahead as outlined in a Snowmass white paper:

Figure 2.4: Left: The ratio of the TA SD flux (7 years) inside the TA hotspot circle divided by that outside,
plotted against energy. Right: The local pre-trial energy spectrum anisotropy one-sided significance, for
each spherical cap bin of (average) radius 30� and log10(E/eV) > 19.2. The maximum significance is 6.17�

at 139� RA, 45� declination (DEC) [75]. This is 7� from the published TA hotspot location [38].

cycle thru the GZK suppression. The Telescope Array spectrum is shown in Fig. 2.3, overlaid with
the spectra measured by Auger and KASCADE-Grande. The cuto↵ appears in the Telescope Array
data with ⇠ 6� significance. The Telescope Array SD spectrum is in good agreement with that
of Auger, the latter with a +10% adjustment in energy scale (within the combined systematic
uncertainties of both measurements). However, above 1019.3 eV, the two diverge significantly; the
high-energy cuto↵ appears to be at a lower energy in Auger than in observed with Telescope
Array [71].

The Telescope Array collaboration investigated the high energy region where the spectra diverge
(see Fig. 2.3). In the high declination band, 24.8�–90�, the cut-o↵ occurs at a higher energy. In the
lower declination band, �16�–24.8�, where the sky is viewed in common by both experiments, the
cut-o↵ occurred significantly lower in energy. The significance of the di↵erence was ⇠ 4�.

Recently, a flattening in the cosmic ray spectrum was observed in the Auger data between 1.3
and 4.6⇥1019 eV. The same flattening can also be observed with more than 5� significance if one
combines the data of the Telescope Array with that of High Resolution Fly’s Eye (HiRes).

At the lowest energy ranges, monocular FD data has been collected using the TALE telescopes
at the MD FD site since 2014 [72]. From this data, two additional features are clearly seen: a
second-knee like softening of the spectrum at ⇠ 1017.1 eV, and a second ankle like hardening of the
spectrum at ⇠ 1016.2 eV. At the lowest reach of TALE appears to be the cosmic ray knee at about
1015.7 eV. The ratio of energies between the two knees is 1017.1�15.7

' 25, tantalizingly close to the
charge ratio of 26 between iron nuclei and protons.

The TA data is consistent with a light, unchanging composition from 1018.2 eV up to 1019.1 eV,
within statistical uncertainties. Within systematics the results are also in agreement between the
telescope stations [73]. The interpretation of the absolute hXmaxi values is limited by varying
predictions for di↵erent high-energy interaction packages, and it is not possible to distinguish
whether TA hXmaxi data represent protons or helium from these results. On the other hand,
the width of Xmax distributions are far less model dependent. Because reliable measurement of
widths requires about 5⇥ more data than reliable measurements of averages, the energy range was
restricted to 1018.2–1019.1 eV [74]. More data is needed to extend the �(Xmax) measurement to the
GZK cuto↵. The TA⇥4 expansion will provide extra hybrid aperture for this e↵ort.

In 2014, the TA Collaboration reported an indication of an excess in the arrival directions of
UHECRs just o↵ the SGP in the vicinity of Ursa Major [38]. A total of 19 of the 72 TA events
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Figure 2.7: Left: the Auger energy spectrum above 2.5 ⇥ 1018 eV [33]. The red line is a fit to the
data using a smoothed broken power-law. Right: The TA spectrum above 1018.2 eV measured with
SD [122]. The red line is a fit to the combination of the shown data with the FD measurements of
TA and the results from HiRes.

Parameter Pierre Auger Obs. Telescope Array
Eankle / EeV 5.0 ± 0.1 5.4 ± 0.1
Einstep / EeV 13 ± 1 18 ± 1
Ecut / EeV 46 ± 3 71 ± 5

�1 3.29 ± 0.02 3.23 ± 0.01
�2 2.51 ± 0.03 2.63 ± 0.02
�3 3.05 ± 0.05 2.92 ± 0.06
�4 5.1 ± 0.3 5.0 ± 0.4

Table 2.1: The values of the shape of the spectrum in the UHE region, as measured by Auger [33]
and TA [34], are given above. The spectral indices describe the average power-law slope, E

�� ,
between the spectral-break energies. Only statistical uncertainties are given.

in red in the plots, are given in Tab. 2.1. Generally, good agreement is found between the two
experiments, the ankle is determined with high precision and the measurements confirm with
higher statistical significance previous reports of the suppression at highest energies [121, 124, 127].
A new feature has been recently discovered by both collaborations: the instep. It was observed
for the first time by Auger with a significance of 3.9 � [33]. The significance has been calculated
with a likelihood ratio procedure estimating the improvement of the fit with the additional break
at 1019 eV with respect to an old model with a single smooth suppression. This finding was later
confirmed by the TA collaboration, by using a combination of the observations of the SD and FD
of TA along with the measurements from HiRes. With this combination a single power-law model
between the ankle and the suppression is rejected with a 5.3 � significance [122]. The instep feature
is an observation of fundamental importance to constrain astrophysical models and, as shown in
Ref. [128], it can be reproduced by a model with an energy-dependent mass composition (see also
Ch. 4).

The enormous statistical power achieved by both collaborations has allowed for the production

17

Auger ICRC2015

Figure 3.1: Proton-air cross section obtained from di↵erent experiments compared to predictions
obtained from EPOS-LHC, QGSJet-II.04, and Sibyll2.1. Figure adapted from Ref. [41].

3.1.2 Hadronic interactions and the Muon Puzzle in EASs

The muonic component in the air shower is generally used as a probe of the hadronic interactions
during the shower development. Various measurements of atmospheric muons with energies around
1 GeV � 10 GeV have revealed a discrepancy between simulated and observed muon production in
air showers (see also Sec. 2.3.3). A muon deficit in simulations was directly observed for the first
time more than 20 years ago by the HiRes-MIA collaboration [297]. Further indirect evidence for a
muon discrepancy was found by several other air shower experiments, but the situation remained
inconclusive until the Pierre Auger Observatory also reported a muon deficit in simulations in a
direct measurement at even higher cosmic ray energies [43, 44].

The simultaneous comparison of independent air shower observables, such as Xmax and Nµ,
constrain the phase space of hadronic models. Figure 3.2 (left) shows the mean logarithmic
muon number compared to the average shower maximum measured by Auger in air showers at
1019 eV [171, 298]. Also shown are predictions from recent hadronic interaction models for dif-
ferent cosmic ray masses, as well as interpolations (lines), which are clearly inconsistent with the
experimental data. A similar picture can be obtained by comparing the maximum depth of muon
production, X

µ
max, with the electromagnetic shower maximum, Xmax, as shown in Fig. 3.2 (right).

Here, the experimental data is also inconsistent with model predictions for proton and iron showers,
indicating a UHECR mass composition heavier than iron.

These discrepancies are referred to as the Muon Puzzle in astroparticle physics and their
observation led to the formation of the Working group for Hadronic Interactions and Shower
Physics (WHISP) from members of eight (now nine) air shower experiments, to systematically
combine the existing data on muons for the first time [19–21]. The most recent meta-analysis in-
cludes data from HiRes-MIA [297], the Pierre Auger Observatory [173, 55], Telescope Array [147],
the IceCube Neutrino Observatory [91, 92], KASCADE-Grande [299], NEVOD-DECOR [300], the
Yakutsk EAS array [301], EAS-MSU [302], SUGAR [303], and AGASA [304].
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Figure 2.12: 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 [53], SD [192], RD (AERA) [179]; Telescope Array: FD [74] (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) [142]; Yakutsk: Cherenkov [178],
RD [182]; Tunka: Cherenkov [177], RD [181]; LOFAR [180]. Systematic uncertainties of the FD
measurements at 1018.5 eV are indicated for the Pierre Auger (red arrows) and Telescope Array
(blue arrows) data.

186] as shown in Fig. 2.11. Though the published measurements of Xmax [73, 74, 195] 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 [189–191].

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 [196, 197] in both hemispheres.

At energies above the suppression (E > 1019.6 eV), the total number of detected events with a
high-precision measurement with FDs is less than a hundred [195, 53] and therefore the composition
at these energies is still an open question. However, with a reliable identification of the nature of
the UHECRs at these energies a more precise determination of the parameters of astrophysical
models, composition enhanced anisotropy studies, tests of the hadronic interactions at the energies
way beyond human-made accelerators, searches of signatures of LIV, and improved estimations of
the photon and neutrino fluxes will become possible.

These statistical limitations will be overcome by observing UHECRs with the larger exposure
of the upgraded current and next generation detectors. The first step in this direction was made at

24

Figure 3.5: Simulated densities of prompt hadrons (solid lines) in proton-oxygen collisions at 10 TeV
as a function of pseudorapidity. The estimated number of muons that would be produced by the
secondaries in an air shower is also shown (dashed lines). Figure taken from Ref. [8].

3.2 Leveraging colliders to inform hadronic interaction models

To describe the interactions of UHECRs with matter (atmospheric, around the source, and inter-
stellar), the hadron production cross sections for p-p, p-ion, ⇡-p, ⇡-ion, K-ion, and ion-ion collisions
must be known over a wide energy range of center-of-mass energies

p
s from GeV to hundreds of

TeV. Collisions with center-of-mass energy up to
p

s = 13TeV have been studied at the LHC [308].
Collisions between protons, lead ions, and xenon ions have been recorded so far. Collisions of
oxygen ions are planned in the next years [309, 310], which will be an ideal reference for atmo-
spheric interactions. Important data is also collected at the Super Proton Synchrotron (SPS), the
pre-accelerator of the LHC and the Relativistic Heavy-Ion Collider (RHIC). Data on ⇡ and K

collisions is only available at energies up to tens of GeV in
p

s [311–315] because interactions can
only be studied with secondary beams. Since QCD is flavour-blind and the hadron multiplicity
increases fast with

p
s, the flavour and number of valence quarks becomes less important at high

energies [312], however, it would be desirable to confirm this experimentally.

Most experiments do not observe forward production with pseudorapidity of ⌘ > 5 in detail,
since this region is not attractive for discovery and study of new particles. However, this particular
region is the focus for astroparticle physics. This is illustrated in Fig. 3.5, which shows how many
muons would be produced by the secondary particles in a p-O collision at 10 TeV, if the secondaries
would proceed to form an air shower. Forward produced particles have the largest energies in
the fixed-target frame and generate the largest number of particles in the following interactions.
However, collider measurements nevertheless provide crucial information for the understanding of
hadronic interactions during the EAS development.

In the following, it will be discussed how collider experiments inform air shower physics and how
they can help to reduce uncertainties of current hadronic interaction models in order to understand
the discrepancies observed in EAS measurements.
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The road ahead as outlined in a Snowmass white paper:
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Figure 4.2: Characteristic source luminosity versus source number density for steady sources, and
e↵ective luminosity versus e↵ective number density for transient sources assuming a characteristic
time spread t = 3 ⇥ 105 yr. The e↵ective number density for bursting sources is only valid for
the assumed value of t, which corresponds to mean extragalactic magnetic-field strength of 1 nG.
Stronger magnetic fields would imply larger t and hence, larger e↵ective number density. The black
solid line gives the best-fit luminosity density of UHECR sources estimated in Ref. [159]. Dashed
lines bound the parameter space in which sources have luminosity density in the range 0.1 - 10
times the nominal UHECR source luminosity density. The grey dashed line indicates the minimum
UHECR source number density estimated in Ref. [443].

studies have shown that UHECR observations are consistent with a jetted-AGN origin of the bulk
of UHECRs under di↵erent scenarios including shear acceleration, generally based on the idea of
re-acceleration of Galactic CRs [466, 467, 253].

4.2.2.3 Tidal disruption events

It has been argued that sources that satisfy the minimum luminosity requirement from the leading
candidate classes, namely GRBs and jetted AGN, are not su�ciently prevalent inside the GZK
horizon as to supply the observed UHECR flux, leading to the need to consider other types of
transient events [468]. Though this argument depends on the elemental composition of the UHE-
CRs, it is in general true that the power requirement is a hurdle for most theoretical models. An
alternate source population that has been suggested to be able to overcome these constraints are
tidal disruption events that lead to the formation of an accretion disk and jet around a supermas-
sive black hole [469]. Only a handful of jetted tidal disruption events (TDEs) are known to date.
Given the relatively low inferred rate of jetted TDEs, most studies conclude that whether they can
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Figure 4.5: Left: Simulated magnetically-induced aligned of cosmic rays. The top panel shows the
sky view with background events in light blue and source events in black. The size of the circles
proportional to the energy of the cosmic ray. The lower panel illustrates the energy-angle correlation
of cosmic rays along the u-axis shown in the upper panel [498]. Right: Two candidate multiplets
reported by the Pierre Auger Collaboration [499] above an energy threshold of E = 40 EeV. The
cross denotes the inferred infinite-rigidity source position and the size of the circles encode again
the energy of individual events.
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Figure 4.6: Backtracking of charged particles through the Galaxy starting from a regular grid of
initial directions (dots). The resulting directions outside of the Galaxy for particles with a rigidity
of 20 EV are denoted by squares and the lines connecting the initial and final positions were
constructed by performing backtracking at higher rigidities. Each of the letters (a)-(t) denotes a
di↵erent GMF model that describes the sky maps of Galactic synchrotron emission and the rotation
measures of extragalactic radio sources [517].

gration e.g., A
Z +� !

A�1
Z +n, or pion production e.g., p+� ! p+⇡

0 or p+� ! n+⇡
+. These

set a limit on the energy with which nuclei from cosmologically large distance can reach us, known
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Figure 3.8: Constraints on the mass and lifetime of SHDM particles as obtained from the upper
limits on photons [373] (left) and upper limits at 95% C.L. on the e↵ective coupling constant of a
hidden gauge interaction as a function of the mass for a dark matter particle decaying into qq̄ [18]
(right). For reference, the unification of the three SM gauge couplings is shown as the blue dashed
line in the framework of supersymmetric GUTs [374]. Figures taken from Refs. [373, 18].

3.4 Outlook and perspectives: The future of particle physics mea-
surements at UHECR observatories

In order to understand the discrepancies observed in current air shower simulations, both precise
air shower data, as well as dedicated measurements at colliders are required. In the following, the
future prospects for EAS and collider measurements in the next decade will be discussed that will
help to understand multi-particle production in the forward region in order to discover the origin of
the Muon Puzzle and enable detailed studies of elementary particle physics processes with EASs.
Moreover, the perspectives for future searches of macroscopic dark matter and nuclearites with
UHECR observatories will also be discussed.

3.4.1 Air shower physics and hadronic interactions

Previous studies of GeV muons in EASs have been focused on measurements of the average muon
number and very recently the muon number fluctuation (see Sec.3.1). Higher moments of the muon
number distribution have not yet been measured. Similarly to the relation of the Xmax with the
p-Air inelastic cross section, the slope of the tail of the muon number distribution in p-Air showers
is a direct reflection of the high-energy ⇡

0 production cross section [375].
In general, the full event-to-event muon distributions encode important information about dif-

ferent aspects of the hadronic interaction of EASs which will be studied throughout the next decade.
Figure 3.9, for instance, shows the shower-to-shower distribution of Nµ for di↵erent primary masses,
which could potentially be probed in future EAS observatories. A fit of the hadronic model pre-
dictions to the observed Nµ distributions must be consistent with the Xmax fits which have been
used to produce the di↵erent primary abundance. These studies will provide important tests for
current hadronic interaction models and are crucial to further constrain possible explanations for
the Muon Puzzle in EASs [376].
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Figure 4.9: Left: Compilation of the available IGMF constraints. The “gamma-ray cascades” bound
is optimistic and loosely based on Ref. [649]. Figure adapted from Ref. [655]. Right: Cumulative
volume filling factors (i.e., the inverse cumulative distribution function) for various models: Sigl et
al. [656], Dolag et al. [657], the upper-limit models by Alves Batista et al. [507], and the models
by Hackstein et al. [658]. The shaded bands encompass a whole family of models with di↵erent
topological and spectral properties originated through various processes.

The IGMF uncertainties in cosmic voids are even more problematic considering that they fill
about between 20% and 80% of the volume of the Universe, whereas galaxy clusters and filaments,
together, fill the remainder of the volume, with clusters filling . 10�3 [659, 643]. Therefore, cosmic
rays are more likely to be susceptible to the fields in voids. As a consequence, if they are highly
magnetized and UHECR sources are not all local, understanding IGMFs is of utmost importance.

The coherence length of IGMFs is also poorly known and essential for understanding UHECR
propagation, especially in the di↵usive regime. In filaments and galaxy clusters they are generally
bound by the size of these structures, but in voids they can assume any value from a fraction of
a parsec up to the size of the observable universe [621, 655]. The only existing limits are rather
weak, in the range between 10 kpc and 100 Mpc [650].

The helicity of IGMFs, too, can significantly a↵ect the propagation of UHECRs and their
anisotropy [660, 661]. This could have interesting implications for understanding the early Universe,
since processes such as baryogenesis and leptogenesis can leave specific imprints in the helicity of
IGMFs (see e.g., Ref. [621] for details on these connections).

Studies of UHECR propagation in the magnetized cosmic web generally rely on cosmological
N-body simulations, in which a given volume is evolved from early times to the present according
to magnetohydrodynamical prescriptions. Early works [656, 657, 662–664] that studied the prop-
agation of UHECRs in these cosmological volumes obtained seemingly contradictory conclusions
regarding the prospects for identifying the sources of UHECRs. The situation did not improve with
subsequent works, which showed that even the power spectrum of the seed magnetic field can have
an impact on the deflections of UHECRs [507, 658, 665]. The main source of these discrepancies is
the di↵erent filling factors for each cosmological simulation, as shown in Fig. 4.9 (right).

But the situation is not as dire as it may seem: even in the worst-case scenario wherein voids
have ⇠ nG fields, deflections of 50 EeV protons from the majority of sources closer than 50 Mpc
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•Upgrades of the current giant arrays

Chapter 5

The evolving science case:
Defining the new goals for the next decade

5.1 The upgraded detectors

Due to the outstanding progress that has made through the Pierre Auger Observatory, Telescope
Array Project and the IceCube Neutrino Observatory, outlined in Sec. 2.1, it was clear that these
established experiments should be further leveraged through detector upgrades and expansions.
These upgrades are already well into (or finished with) the development and planning stage with
both AugerPrime and TA⇥4 in active deployment. Once completed, each of the following experi-
ments will drive scientific discovery for the next 10-years and beyond.

5.1.1 The AugerPrime upgrade of the Pierre Auger Observatory: 24/7 event-
by-event mass sensitivity

Figure 5.1: Left: one of the AugerPrime SD stations. From top to bottom, the RD antenna,
communication antenna, scintillation detector, and water-Cherenkov detector can be seen. Right:
deployment status of the AugerPrime SD array as of June 10, 2021 (see the text for details).

83

[60, and refs. therein] and on certain exotic scenarios (see e.g.,[9, 270, 532]).
Last, but far from least, as outlined in Sec. 3.4, the combination of information from di↵erent

types of detectors and the resulting separation between the electromagnetic and muonic shower
components is going to be of vital importance for probing hadronic interaction models in kinematic
regimes not accessible to collider experiments [691, 396, 692].

5.1.2 The TA⇥4 upgrade of the Telescope Array Project: Massive exposure in
the northern hemisphere

Figure 5.3: Map of TA⇥4. The new scintillation
counters of TA⇥4 are placed at 2.08 km spac-
ing in two lobes to the northeast and southeast
(red). The currently deployed TA⇥4 SD counters
are shown with larger (red) dots. 12 new FD tele-
scopes have been added to the MD and BR FD
stations overlooking the new SD lobes. The arcs
mark the approximate extent of the coverage of
the new telescopes up to 1018 and 1020 eV.

In 2014, the Telescope Array Collaboration re-
ported an indication of an excess in the ar-
rival directions of UHE cosmic rays (E > 5.7 ⇥

1019 eV) just o↵ the SGP in the vicinity of Ursa
Major [38]. To better understand this, the col-
laboration set about to expand the area of the
SD by a factor of four to ⇠ 3000 km2 with the
addition of 500 new scintillator detectors at a
spacing of 2.08 km. This upgrade, shown in
Fig. 5.3 has therefore been named TA⇥4. The
spacing was optimized to maximize aperture for
detecting showers with E > 1019.3 eV with full
e�ciency, while reducing the overall cost of the
project. The first 257 of the new TA⇥4 SDs
were deployed in 2019 to maximize the aper-
ture for hybrid events. To cover this new area,
twelve new telescopes have already been added
viewing 3-17 � above the TA⇥4 expansion de-
tectors both to calibrate the scintillator array,
with its new spacing, as well as to measure com-
position via hybrid measurement of events at
the highest energies. The deployment of the re-
maining SD stations has been delayed due to
COVID-19, however, plans are presently being
explored on how to quickly complete the array,
with the aim to complete the array in 2023.

Scientific Capabilities

TA⇥4 [23] will increase the area of the surface
of TA from 700 km2 to ⇠ 3000 km2, significantly
accelerating the rate of data collection, especially at the highest energies. With this data it will be
possible to more precisely observe anisotropy features, the energy spectra, and mass composition
in the northern hemisphere at energies above 1019 eV. The expansion of TA composition data will
come both from a further refinement of mass sensitive SD analyses applied to the new 3000 km2

surface array, and an increased hybrid aperture due to the addition of FD sites observing the
atmosphere over the newly instrumented northern and southern lobes of the SD.

The significance of the hotspot after including the data collected through 2020 is about 5� pre-
trial and 3.5� post-trial. While the original brightness seems to not be sustained, the growth of the
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calendar years), possibly preceded by a similar significance milestone in the correlation with the
starburst catalog, if those excesses continue to grow. And with the merged data sets of TA and
Auger, measuring the energy dependence of the dipole anisotropy, identifying or placing limits on
a quadrupole or higher component, and separating the Galactic and extragalactic dipoles, should
all become feasible.

5.6.2 Composition-enhanced anisotropy searches

On the Auger side, much more impactful than merely the growth of statistics will be the full de-
ployment of the upgraded capabilities of the SD array, i.e., AugerPrime [22]. With the upgrade,
AugerPrime will be able to disentangle the electromagnetic and muonic components of the air show-
ers registered by the surface detector on an event-by-event basis, allowing to have mass-sensitive
parameters for each SD event. Additionally, the radio detector array will provide composition con-
straints for large-zenith angle events. Taking data steadily from 2023, AugerPrime should collect
enough events by the end of the decade with individual events’ rigidities determined (with some un-
certainty), to map the composition anisotropy and possibly reveal a component of low-Z UHECRs
which should be particularly useful for source identification.

The data from the Phase 1 of the Auger Observatory indicate that the composition becomes
heavier with increasing energy [188, 194, 172]. However, these results do not rule out a fraction of
light nuclei at the highest energies, which can be expected assuming there is a diversity of source
types. Indeed, some analyses already suggest the presence of a light or proton-like component, see
e.g., Ref. [247]. With AugerPrime, it will be possible to identify the subset of events which are
candidates to be protons or light nuclei and thus the easiest events to use for anisotropy studies,
given that (for a given energy) those are the ones least deflected by the Galactic and extragalactic
magnetic fields. This important new capability of AugerPrime will enable the entire accumulated
Auger Phase 1 data set to be retroactively tagged by mass-composition estimators on an event-
by-event basis, using machine-learning techniques [56] and an approach based on the concept of
air-shower universality [770], calibrated with events detected with AugerPrime.
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Figure 5.14: Map showing the relative cosmic-ray composition detected by the Pierre Auger Ob-
servatory above 1018.7 eV with the FD, in Galactic coordinates. From Ref. [54].
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right, has radio source activity only at the propagating tip. By con-
trast, the positive leader, on the left, has very few, if any, radio sources 
at the tip, consistent with what is expected from a gradually growing 
structure12. Instead, the positive leader is characterized by sources that 
seem to ‘twinkle’ along its length and reveal its shape over time. These 
twinkling sources have been previously reported, but not investigated 
in any detail11,17. We observe that most of the sources on the positive 
leader form small structures that stick out from the likely path of the 
positive leader channel. Eleven such needle-like structures are labelled 
N1 to N11 on Fig. 2. We found similar structures on other positive 
leaders in both the 2016 and 2017 lightning flashes, but none on the 
negative leaders.

LOFAR data allow us perform an in-depth analysis of a single nee-
dle. Figure 3 shows a needle that is about 70 m long and less than 5 m 
wide at the narrowest points. Since this width is comparable to our 
location accuracy, we infer that the intrinsic width of this needle may 
be smaller than 5 m. The left height-versus-time panel of Fig. 3 shows 
five distinct groups of sources. These five groups of sources all occur 
along the needle at an almost regular rate of once per 4–6 ms, and 
illustrate why the sources on the positive leader seem to ‘twinkle’. The 
right panels show a further magnification of one particular twinkle. 
The sources in this twinkle clearly propagate over 55 m, away from the 
positive leader, with an average speed of around 3 × 105 m s−1, similar 
to the propagation speed of negative leaders1. This implies that each 
twinkle is a form of negative breakdown, moving charge away from the 
positive leader body. This picture is substantially different from what 
would be expected.

There are around 75–85 similar needles seen along the positive leader 
in the 2017 flash, and 30–40 in the 2016 flash, all showing the same 
features as N4 in Fig. 2. The better-imaged needles (such as N4) are 
all about 30–100 m long and have multiple twinkles. These twinkles 
tend to occur at an almost regular rate of once per 3–7 ms. Each twin-
kle propagates outwards from the positive leader with speeds around 
3 × 105 m s−1. The needles that have few imaged sources are consistent 
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Fig. 2 | Expanded sections of Fig. 1, with a positive leader on the left and 
a negative leader on the right. The sources on the negative leader come 
almost solely from the imaged tip, while sources on the positive leader 

occur all along the channel. Small needle-like structures on the positive 
leader are labelled N1 to N11. The boxes indicate the region that is detailed 
in Fig. 3. The grey line shows the approximate path of the positive leader.

Fig. 1 | Map of the 2017 flash. Each dot is the location of a radio source. 
Sources from the positive leaders (PL) and negative leaders (NL) are 
shown. When the negative leader connects to ground, it creates a ‘short’ 
that propagates up the lightning channel called a return stroke (RS). The 
boxes indicate the areas that are shown in Fig. 2. Distances are relative to 
the LOFAR core.
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mock data from model

Figure 5.15: A fiducial model for the flux of neutrinos which illustrates the qualitative range of
reasonable possibilities. This model consists of three components: 1) a UHECR-produced peak at
1016 eV giving the best-fit to the high-energy astrophysical neutrino flux consistent with UHECR
data from Auger and IceCube, taken from [252]; 2) a peak at 1018 eV due to GZK-produced
neutrinos assuming a 10% proton fraction above 30 EeV, taken from [249]; and 3) a low-energy
component of neutrinos produced by some non-UHECR sources, tuned to give the best-fit to the
low-energy astrophysical neutrino data. The shown points for IceCube-Gen2 are mock data for
this model for 10 years of combined optical and radio measurements. A number of other plausible
models for the astrophysical neutrino flux based on specific astrophysical source types are explored
e.g., in Refs. [435, 480, 463, 253].

5.7.4 Indirect information on neutral particles from UHECR measurements

One of the most important developments that can be expected to take place in the following decade,
specifically in UHECR measurements, is a more precise determination of composition of UHECR
on an event-by-event basis, with the goal to enable composition enhanced anisotropy studies, par-
ticularly at the highest energies. The Auger upgrade AugerPrime [22], is mostly designed with
this as a main objective. Through it, an increase in statistics by at least an order of magnitude
will be achieved, which will also allow a better establishment of the average composition and, in
particular, that of the highest-energy particles. A more accurate determination of UHECR primary
mass will open new possibilities to select samples of particles with enriched rigidity from a large
fraction of the sky, for which the anisotropy signals are likely to be enhanced and easier to be
detected. The study of composition-driven anisotropies will be crucial in further constraining the
sources of cosmic rays, and the secondary fluxes of neutrinos and photons that could arise from
their interactions with matter and/or radiation.

While mass measurements are already giving an increasingly clearer picture of the composition
becoming heavier as the energy rises in the 3 to 50EeV range, there are no measurements at
the highest energies, yet. Composition inference has been achieved with combined fits of the
spectrum and measurements of the average Xmax and its fluctuations under the hypothesis of a
rigidity limited acceleration at sources (Peters’ cycle) which predicts heavier components at the
highest energies [159]. However, in case that the acceleration mechanism is more complex than
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Figure 1: Diagram summarizing the strong connections of UHECRs with particle physics and
astrophysics, the fundamental objectives of the field (in orange) for the next two decades, and the
complementarity of current and next-generation experiments in addressing them.

observatories o↵er a unique probe of the dark matter mass spectrum near the scale of grand unified
theories (GUTs). The origin of super-heavy dark matter (SHDM) particles can be connected
to inflationary cosmologies and their decay to instanton-induced processes, which would produce
a cosmic flux of ultra-high-energy (UHE) neutrinos and photons. While their non-observation
sets restrictive constraints on the gauge couplings of the DM models, the unambiguous detection
of a single UHE photon or neutrino would be a game changer in the quest to identify the DM
properties. UHECR experiments could be also sensitive to interactions induced by macroscopic
DM or nuclearites in the atmosphere, o↵ering further windows to identify the nature of DM.

Astrophysics at the Energy Frontier The ability to precisely measure both energy and mass
composition on an event-by-event basis simultaneously is critical as together they would give access
to each primary particle’s rigidity as a new observable. Given the natural relationship between
rigidity and magnetic deflection, rigidity-based measurements will facilitate revealing the nature and
origin(s) of UHECRs and enable charged-particle astronomy, the ability to study individual (classes
of) sources with UHECRs. At the highest energies, the classic approach of maximizing exposure
and achieving good energy resolution and moderate mass discrimination may well be su�cient if
the composition is pure or is bimodal comprising a mix of only protons and Fe nuclei, for example.
We already know however that this is not the case at energies below the flux suppression. Thus, a
purposely-built observatory combining excellent energy resolution and mass discrimination will be
complementary to instruments with possibly larger exposure. It is also clear that both approaches
will benefit from the reduction of systematic uncertainties between hadronic interaction models.
UHECRs also have an important role to play in multi-messenger astrophysics, not only as cosmic
messengers themselves but also as the source of UHE photons and neutrinos.
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Energy Cosmic-Ray (UHECR) community and provides recommendations on the strategy to answer
them in the next two decades.
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What is GCOS?

UHECRs observatory covering more than 60,000 km2 (40,000 -80,000 km2)

With 60, 000 km2 we can reach the integrated Auger 2030-exposure in 1 years
AugerPrime expected exposure in 6 months

Targeting very good quality events for energies � 30 EeV (5-fold) and full e�ciency at 10 EeV (3-fold
events)

Resolutions per event: energy better than 10%, muon resolution better than 10%,
Xmax better than 30 g/cm2, and angular resolution better than 1�

Full sky coverage with sites in both hemispheres and surrounded by mountains

What could you do with such a detector?
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GCOS - The Global Cosmic Ray Observatory

I. Maris, UHECR symposium 2022

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://pos.sissa.it/395/027/pdf
http://particle.astro.ru.nl/gcos/index.html
https://indico.gssi.it/event/396/contributions/1385/attachments/689/1068/Ioana_GCOS.pdf
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How to reach the physics case with a ground array?
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two 20,000 km² arrays, �max = 80°, lat. = ±30°

totalnorthsouth

Two arrays can cover the full sky,
and the coverage seems to be most
uniform for � � ±30°.

�at’s why Auger was deployed
at 35° S in the �rst place —
“Auger north” had also been planned.

A. di Ma�eo (INFN Torino) Optimal declinations GCOS Workshop, May 2021 7 / 23
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Telescope Array 
TAx4

Pierre Auger Observatory
Pierre Auger observatory 3000 km2

Haverah Park 12 km2

AGASA 100 km2

Telescope Array 700 km2

TAx4 2800 km2

Volcano Ranch 8 km2

Armando di Matteo

Acceptance/exposure?
What statistics will we need?
E>1019.5 eV  ~100 /yr  (1000 km2 and 2π)

~5% light particles
~50% efficiency
40000 km2

—> 1000 light particles/decade (E>1019.5 eV)

What is realistic in terms of area and number 
of detectors?
10x existing arrays?   —> 40 000 - 60 000 km2

10x number of units? —> 15 000 - 22 000 detectors
                                                  2,0 - 2,5 km spacing

Where: full sky coverage?
—> equator, several sites, … 

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://agenda.astro.ru.nl/event/18/contributions/143/attachments/10/15/intro.pdf
https://agenda.astro.ru.nl/event/18/contributions/145/attachments/35/40/slides-20210520-Armando.pdf
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Spacing - How large is the air shower foot print on the ground?
Spacing: How large is the air-shower footprint on the ground?
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Spacing between detectors cannot be larger than about 2-2.5 km to
reach 100% e�ciency at 10-30 EeV

On an hexagonal grid: 15k-22k detectors for 60000 km2

Need very robust detectors, no maintenance, industrial production
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nested water Cherenkov 
detector

layered water Cherenkov 
detector
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Advanced water Cherenkov detectors
The idea: optical separation of a Water Cherenkov Tank

A water volume responds di↵erent to photons, e± and µ±

photons electrons muons
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prototype measurements at Auger ObservatoryNot only total signal, but also time distributions

time [8 ns]
-160 -140 -120 -100 -80 -60 -40 -20 0 20Si

gn
al

 [V
EM

 p
ea

k]

0

20

40

60

80

100

120

140

top

491 m
319 VEM

time [8 ns]
-160 -140 -120 -100 -80 -60 -40 -20 0 20Si

gn
al

 [V
EM

 p
ea

k]

0

20

40

60

80

100

120  recγ ±e
 trueγ ±e

time [8 ns]
-160 -140 -120 -100 -80 -60 -40 -20 0 20

 S
ig

na
l [

VE
M

 p
ea

k]

0

10

20

30

40

50

bottom
time [8 ns]

-160 -140 -120 -100 -80 -60 -40 -20 0 20Si
gn

al
 [V

EM
 p

ea
k]

0

5

10

15

20

25

30

35  rec±µ
 true±µ

Based on Universality or DNN we can get Xmax
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The idea: optical separation of a Water Cherenkov Tank

A water volume responds di↵erent to photons, e± and µ±

photons electrons muons
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Ioana Maris Antoine Letessier-Selvon  et al., Nucl. Instr. Meth. A 767 (2014) 41–49 

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://www.epj-conferences.org/articles/epjconf/pdf/2019/21/epjconf_arena2018_01003.pdf
https://agenda.astro.ru.nl/event/18/contributions/133/attachments/41/46/IoanaMaris_Segmented.pdf
https://inspirehep.net/literature/1298094
http://particle.astro.ru.nl/gcos/index.html
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Advanced WCD complemented by fluorescence and radio detectors

GCOS Cyclops FD: Small elevation, large area, small pixels

e.g. MACHETE Design J. Cortina et al. APP (2016) 46

• 2 MACHETE rings ! 360� ⇥ 10� FoV
• cost: ⇠ 10 M$ Trinity whitepaper arXiv:1907.08727

• 0.3� pixel, effective aperture 10 m2

• (S/N)FD _
p

A/⌦pix ! (S/N)Cyclops
�
(S/N)Auger =

p
10 m2/0.3�2

.p
3 m2/1.5�2 = 9

! optimization for GCOS needed & check dual use ⌫+UHECR

Nepomuk Otte PoS ICRC19

M. Unger
17

• large spacing of 2,0 - 2,5 km challenging for 
radio detection 

• try to record sufficient information from one 
position 
—> broad frequency range, see e.g. ARIANNA  

• have radio outriggers around SD position

fluorescence  light detection radio detection
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https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl
https://indico.iihe.ac.be/event/1729/contributions/3493/attachments/2121/2650/fd.pdf
https://www.epj-conferences.org/articles/epjconf/pdf/2019/21/epjconf_arena2018_01003.pdf
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Radio detection of air showers with
AERA, Pierre Auger Radio Detector, GCOS

LOPES 
(0,5 km2) 2001

Auger Engineering Radio Array - AERA 
(17 km2) 2010

LOFAR Cosmic Rays 
(5 km2) 2007

Pierre Auger Radio Detector 
(3000 km2) 2023

Global Cosmic Ray Observatory - GCOS 
(60000 km2) 2035

characterize cosmic rays:
-direction
-energy
-mass (particle type)
@~100% duty cycle

• significant progress over last 
two decades

• enables us to look 
optimistically towards the next 
decade and beyond

https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl

