
P.
S.

 S
ha

w
ha

n,
 P

oS
(I

C
H

E
P2

01
8)

69
5

Jörg R. Hörandel
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Understand the origin and 
physics of the highest-energy 
particles in the Universe

28th Symposium on Astroparticle Physics in the Netherlands
Soesterberg, July 2024Cosmic Rays

https://pos.sissa.it/340/695/pdf
http://particle.astro.ru.nl
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for the experimental projects discussed above.  

 

Table 1. Foreseen involvement (in 2006) of tenured senior scientists in the selected 

observational and/or experimental projects that are part of the present strategic plan. 

 

Research Area Institute Scientific Staff Research Interests 

Radio 

Detection 

of Cosmic Rays 

UvA - Amsterdam RAMJ Wijers  

S. Markoff 

LOFAR; compact 

objects (GRB, AGN)  

 ASTRON - Dwingelo H Falcke (& RU) LOFAR, Auger 

 KVI - Groningen JCS Bacelar 

AM van den Berg 

MN Harakeh 

J Messchendorp 

HJ Wörtche 

LOFAR, Auger, 

Westerbork, 

extended air showers 

  

 RU - Nijmegen P Groot  

SJ de Jong 

J Kuijpers  

Ch Timmermans 

(new UD astron.) 

Expertise centre for 

LOFAR/cosmic rays  

Auger  

Deep-sea 

neutrino 

detection 

NIKHEF - 

Amsterdam 

M de Jong 

P Kooijman 

G vd Steenhoven  

E de Wolf 

ANTARES, 

KM3NeT 

 

 UvA - Amsterdam RAMJ Wijers  ν-astronomy; GRBs 

 KVI - Groningen MN Harakeh 

N Kalantar 

H Löhner 

ANTARES, 

KM3NeT 

  

 UU/SRON – Utrecht A Achterberg 

N v Eijndhoven 

J Heise 

ν-astronomy; GRBs 

AMANDA/IceCube 

analysis; KM3NeT 

Gravitational 

wave detection 

NIKHEF - 

Amsterdam 

H vd Graaf 

FL Linde 

LISA electronics 

and analysis 

 VU - Amsterdam JFJ vd Brand 

Tj Ketel 

LISA simulation and 

analysis 

 LU - Leiden G Frossati MiniGRAIL 

 RU - Nijmegen J Kuijpers GW-astronomy 

 SRON - Utrecht A Selig 

M Smit 

ISTM for LISA 

Pathfinder, LISA 

Outreach VU - Amsterdam HJ Bulten HiSparc 

 NIKHEF - 

Amsterdam 

B van Eijk 

JW van Holten 

HiSparc  

 KVI - Groningen J Messchendorp HiSparc 

 LU - Leiden P van Baal HiSparc 

 RU - Nijmegen Ch Timmermans HiSparc 

LOFAR@School 

 UU – Utrecht J Kortland 

GJL Nooren 

HiSparc 

http://www.astroparticlephysics.nl/papers/APP-4.0.pdf
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Cosmic Rays Strategic plan 2014
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γ
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CAN
Committee for
Astroparticle
Physics in
the Netherlands 

Strategic plan for
Astroparticle Physics 
in the Netherlands

2014–2024

March 2014

S t r a t e g i c  P l a n  f o r  A s t r o p a r t i c l e  P h y s i c s  i n  t h e  N e t h e r l a n d s  2 0 1 4 – 2 0 2 4

4

this consists of theoretical physicists working on fundamental 
theories of nature, whereas on the astrophysical side this 
includes scientist working on understanding particle accelera-
tion and propagation, and on accretion physics and relativistic 
outflows, which provide the power for particle acceleration.

To realize the potential and ambitions of Astroparticle 
Physics, as detailed in the current roadmap, the budget for 
Astroparticle Physics is required to be of the order of ten to 
twelve million Euro per annum. More than half of this amount 
is to cover the salary costs of faculty/staff members of the 
research institutes as well as PhD students and postdoctoral 
scientists. A large fraction is for participation in research 
facilities. This fraction will increase somewhat as new research 
facilities enter the construction phase.

The participation in research facilities invariable means that 
the Netherlands are involved in new technical developments, 
needed to stay on the forefront in science. As a result, partici-
pation in international infrastructure not only means scientific 

access to the forefront facilities, but also that the Netherlands 
are involved in high-tech innovations necessary for state-of-
the-art research facilities.

The resources necessary for maintaining an internation-
ally competitive Astroparticle Physics community in the 
Netherlands, is partially provided by the participating research 
institutions, as well as national and European funding bodies 
(including NWO, FOM, NOVA, ERC). Since Astroparticle Physics 
falls in between the NWO divisions of physics on the one hand, 
and physical sciences on the other hand, we recommend to 
establish a long-term, structural, dedicated, interdisciplinary 
funding line for Astroparticle Physics in the Netherlands.

Auger
KMNeT

CTA
XENONT

Virgo

cosmic rays

neutrinos gamma rays

dark matter
gravitational waves

Auger
LOFAR

http://www.astroparticlephysics.nl/papers/astro-roadmap-2014-2024.pdf
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The Alpha Magnetic Spectrometer (AMS-02)

● Particle physics experiment in space 
detecting GeV to TeV cosmic rays on the 
International Space Station since 2011.

● AMS-02 detected so far more than 200 
billion cosmic-ray events.

Activities in the Netherlands (Groningen):
● CR isotopes identification methods
● Deuteron flux measurement (accepted PRL)
● Antideuteron searches 
● interpretation of AMS data

Our team: Manuela Vecchi, Marta Borchiellini

See Marta’s talk tomorrow

The Alpha Magnetic Spectrometer (AMS-02)

● Particle physics experiment in space 
detecting GeV to TeV cosmic rays on the 
International Space Station since 2011.

● AMS-02 detected so far more than 200 
billion cosmic-ray events.

Activities in the Netherlands (Groningen):
● CR isotopes identification methods
● Deuteron flux measurement (accepted PRL)
● Antideuteron searches 
● interpretation of AMS data

Our team: Manuela Vecchi, Marta Borchiellini

See Marta’s talk tomorrow
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The Alpha Magnetic Spectrometer (AMS-02)
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Upgraded Surface Detector of Auger Observatory
radio antenna 30-80 MHz
two orthogonal polarizations
250 MHz sampling

plastic scintillator
120 MHz sampling

read-out electronics 

e/�

µ
µ

e/�

water-Cherenkov detector
120 MHz sampling

. The Surface Array of the Pierre Auger

Observatory consists of 1660 water Cherenkov detec-

tors that sample at the ground the charged particles

and photons of air showers initiated by energetic cos-

,eüg

Argentina is now complete. A large fraction of the

detectors have been operational for more than five
years. Each detector records data locally with timing

obtained from GPS units and power from solar

panels and batteries. In this paper, the performance

and the operation of the array are discussed. We

emphasise the accuracy of the signal measurement,

the stability of the triggering, the performance of

the solar power system and other hardware, and the

: Detector performance, Surface Detector,

The Surface Detector (SD) of the Pierre Auger Ob-

servatory is composed of Water Cherenkov Detectors

with 1500 m

spacing between detectors. In addition to the detectors

Fig. 1: Current deployment status of the array. Tanks

within the shaded area are filled with water and in
operation.

performance, and finally its operation and maintenance

60 km

Pierre Auger Observatory
3000 km2

4 telescope buildings
6 telescopes each

Spring 2008:
water Cherenkov detector array completed
1600 tanks operating

artistic illustration of WCD at hotel
J.R. Hörandel et al, EPJC Web of Conf. 210 (2019) 06005

3000 km2

1660 surface detector stations
24+3 fluorescence telescopes
61 underground muon detectors
150 radio antennas (AERA)

https://www.epj-conferences.org/articles/epjconf/pdf/2019/15/epjconf_uhecr18_06005.pdf
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Upgraded Surface Detector of Auger Observatory
radio antenna 30-80 MHz
two orthogonal polarizations
250 MHz sampling

plastic scintillator
120 MHz sampling

read-out electronics 

e/�

µ
µ

e/�

atmosphere of Earth is transparent in 
30-80 MHz band

water-Cherenkov detector
120 MHz sampling

J.R. Hörandel et al, EPJC Web of Conf. 210 (2019) 06005

https://www.epj-conferences.org/articles/epjconf/pdf/2019/15/epjconf_uhecr18_06005.pdf
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~500 stations Nov 2023 ~1000 stations Mar 2024

~1200 stations June 2024
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~750 positions taking data
installation of digitizers ~7/day
installation of antennas up to ~7/day

number of positions 
with signals in EAS

positions in DAQ

nice horizontal EAS

long-term testing with engineering array extended engineering array st
ar

t m
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oy
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A measured cosmic ray

RD SD

Azimuth (deg) 156.99±0.01 157±0.1

Zenith (deg) 84.7±0.01 84.7±0.1

Energy (EeV) 36.23 	± 	3.34 38.55 	± 	2.92

Core X (km) -19.8 -17.40±0.88

Core Y (km) -8.73 -9.78±0.45

JCAP01(2023)008

ournal of Cosmology and Astroparticle Physics
An IOP and SISSA journalJ

Signal model and event reconstruction

for the radio detection of inclined air

showers

F. Schlüter
a,b,ú

and T. Huege
a,c

aInstitut für Astroteilchenphysik (IAP), Karlsruher Institut für Technologie (KIT),
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

bInstituto de Tecnologias en Deteccion y Astroparticulas (ITeDA),
Universidad Nacional de San Martín (UNSAM),
Av. Gral. Paz 1499, 1650 Buenos Aires, Argentina

cInter-university Institute for High Energies (IIHE), Vrije Universiteit Brussel (VUB),
Pleinlaan 2, 1050 Brussel, Belgium
E-mail: fschluter@icecube.wisc.edu, tim.huege@kit.edu
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Abstract. The detection of inclined air showers (zenith angles ◊ & 65¶) with kilometer-spaced
radio-antenna arrays allows measuring cosmic rays at ultra-high energies (E . 1020 eV).
Radio and particle detector arrays provide independent measurements of the electromagnetic
and muonic shower components of inclined air showers, respectively. Combined, these
measurements have a large sensitivity to discriminate between air showers initiated by lighter
and heavier cosmic rays.

We have developed a precise model of the two-dimensional, highly complex and asym-
metric lateral radio-signal distributions of inclined air shower at ground — the “radio-emission
footprints”. Our model explicitly describes the dominant geomagnetic emission with a rota-
tionally symmetric lateral distribution function, on top of which additional e�ects disturb the
symmetry. The asymmetries are associated with the interference between the geomagnetic and
sub-dominant charge-excess emission as well as with geometrical projection e�ects, so-called
“early-late” e�ects. Our fully analytic model describes the entire footprint with only two
observables: the geometrical distance between the shower impact point at the ground and the
shower maximum dmax, and the geomagnetic radiation energy Egeo. We demonstrate that
with this model, the electromagnetic shower energy can be reconstructed by kilometer-spaced
antenna arrays with an intrinsic resolution of 5% and a negligible bias.

Keywords: cosmic ray experiments, cosmic ray theory, neutrino experiments, ultra high
energy cosmic rays
ArXiv ePrint: 2203.04364

úCorresponding author.

c• 2023 The Author(s). Published by IOP Publishing
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LOFAR Radio cosmic-ray detection with dense arrays

LBAs 
(30 - 80 MHz)

• 10+ years of CR detection at LOFAR
• Confirmation of radio emission mechanisms and 

signal polarization, important step forward in the field
• Detailed reconstruction of radio footprint - energy and 

Xmax

Next up - major upgrade to LOFAR 2.0!

A. Corstanje et al. Phys Rev D 2021

• 10x increase in event rate
• 100% duty cycle
• Increased measurement bandwidth
• Wider energy range

van Haarlem et al. : LOFAR: The Low-Frequency Array

Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

low-frequency radio domain below a few hundred MHz, repre-
senting the lowest frequency extreme of the accessible spectrum.

Since the discovery of radio emission from the Milky Way
(Jansky 1933), now 80 years ago, radio astronomy has made a
continuous stream of fundamental contributions to astronomy.
Following the first large-sky surveys in Cambridge, yielding the
3C and 4C catalogs (Edge et al. 1959; Bennett 1962; Pilkington
& Scott 1965; Gower et al. 1967) containing hundreds to thou-
sands of radio sources, radio astronomy has blossomed. Crucial
events in those early years were the identifications of the newly
discovered radio sources in the optical waveband. Radio astro-
metric techniques, made possible through both interferometric
and lunar occultation techniques, led to the systematic classifi-
cation of many types of radio sources: Galactic supernova rem-
nants (such as the Crab Nebula and Cassiopeia A), normal galax-
ies (M31), powerful radio galaxies (Cygnus A), and quasars
(3C48 and 3C273).

During this same time period, our understanding of the phys-
ical processes responsible for the radio emission also progressed
rapidly. The discovery of powerful very low-frequency coherent
cyclotron radio emission from Jupiter (Burke & Franklin 1955)
and the nature of radio galaxies and quasars in the late 1950s was
rapidly followed by such fundamental discoveries as the Cosmic
Microwave Background (Penzias & Wilson 1965), pulsars (Bell
& Hewish 1967), and apparent superluminal motion in compact
extragalactic radio sources by the 1970s (Whitney et al. 1971).

Although the first two decades of radio astronomy were
dominated by observations below a few hundred MHz, the pre-
diction and subsequent detection of the 21cm line of hydrogen at
1420 MHz (van de Hulst 1945; Ewen & Purcell 1951), as well
as the quest for higher angular resolution, shifted attention to
higher frequencies. This shift toward higher frequencies was also
driven in part by developments in receiver technology, interfer-
ometry, aperture synthesis, continental and intercontinental very
long baseline interferometry (VLBI). Between 1970 and 2000,
discoveries in radio astronomy were indeed dominated by the
higher frequencies using aperture synthesis arrays in Cambridge,
Westerbork, the VLA, MERLIN, ATCA and the GMRT in India
as well as large monolithic dishes at Parkes, E�elsberg, Arecibo,
Green Bank, Jodrell Bank, and Nançay.

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well

2

LORA 
LOFAR Radboud Array 

scintillator detectors

Low Band Antennas (LBA) 
30 - 80 MHz

trigger: 13 of 20 
detectors

buffer 
2 ms read-out

offline analysis 
P. Schellart et al., A&A 560, 98 (2013)

Selection this analysis:  
4+ LBA stations

Superterp:
* diameter ~ 300 m 
* 20 LORA detectors 
* 6 LBA stations  
  (= 6 x 48 antennas) 

* more LBA stations 
around superterp 

2

scintillators
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https://indico.uchicago.edu/event/445/contributions/1233/attachments/288/427/ARENA_mulrey.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.102006
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SKA
• The next generation radio telescope is the Square 

Kilometer Array (SKA), with the 50-350 MHz component 
being built in the Australian Outback

• We will be able to measure the CR radio footprint 
between 1016 - 1018 eV with 10,000+ antennas!

• Deploying now! First data in the next 2 years

• Unprecedented Xmax reconstruction 
(6-8 g/cm2)

• Probe high energy hadronic physics

• Proton / Helium primary separation

• Beamforming - access to very low 
energies

• Can we detect gamma rays?

LOFAR SKA

Radio cosmic-ray detection with dense arrays
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GRAND concept
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Progress in GRAND

Next steps: 
filtering and searching for coincidences with Auger (in GRAND@Auger) or 
signatures of air showers from direction and polarization (in GP13) C
. T

im
m

er
m
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s

GRAND@Auger: 10 antennas 
at the Pierre Auger 
Observatory

GP13: 13 antennas near 
DunHuang, China

prototypes
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Radio Neutrino Observatory - Greenland
• Polar ice has a radio attenuation length ~ kms (natural target!)
• Very sparse instrumentation can be built to cover large areas
• 35 stations deployed over 5 (+/-) years, makes this a possible detection instrument in the next decade
• First stations deployed in 2021
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RET: Radar Echo Telescope

TX

RX

DAQ

𝜈

Amp

TX

RX

DAQAmp

Slide credit:
Enrique Huesca Santiago

• A CR-induced extensive air shower impacting 
a high-altitude ice sheet will also leave an 
ionization trail (secondary cascade). 

• RET-CR: A shallow radar setup can be set 
alongside a surface detection system 
composed of radio antennas and scintillators. 

• Search for coincident signatures of radar 
echoes and surface. 

RET - Cosmic Rays 
(demonstration of technique in nature)

CR
•Instrument a large volume of ice with a radar system.
•A radio transmitter (TX) constantly illuminates the ice.
•A neutrino (𝜈) interacts in the monitored volume, leaving an 
ionization trail.

•The ionization trail will reflect a radio signal, which is 
recorded by the receivers (RX).

RET - Neutrinos

Deployed in 2024!

Phys. Rev. Lett. 124, 091101 (2020) Phys. Rev. D 104, 2021 
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Phys. Rev. D 100, 072003 (2019)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.091101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.102006
https://journals.aps.org/prd/references/10.1103/PhysRevD.100.072003
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Deflection of cosmic rays in magnetic fields
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ABSTRACT
We present a suite of models of the coherent magnetic field of the Galaxy (GMF) based on new divergence-

free parametric functions describing the global structure of the field. The model parameters are fit to the latest
full-sky Faraday rotation measures of extragalactic sources (RMs) and polarized synchrotron intensity (PI) maps
from WMAP and Planck. We employ multiple models for the density of thermal and cosmic-ray electrons in the
Galaxy, needed to predict the skymaps of RMs and PI for a given GMF model. The robustness of the inferred
properties of the GMF is gauged by studying many combinations of parametric field models and electron density
models. We determine the pitch angle of the local magnetic field ((11±1)�), explore the evidence for a grand-
design spiral coherent magnetic field (inconclusive), determine the strength of the toroidal and poloidal magnetic
halo fields below and above the disk (magnitudes the same for both hemispheres within ⇡10%), set constraints
on the half-height of the cosmic-ray diffusion volume (� 2.9 kpc), investigate the compatibility of RM- and
PI-derived magnetic field strengths (compatible under certain assumptions) and check if the toroidal halo field
could be created by the shear of the poloidal halo field due to the differential rotation of the Galaxy (possibly).
A set of eight models is identified to help quantify the present uncertainties in the coherent GMF spanning
different functional forms, data products and auxiliary input. We present the corresponding skymaps of rates
for axion-photon conversion in the Galaxy, and deflections of ultra-high energy cosmic rays.

Keywords: Galactic magnetic field, Galactic physics, Milky Way, Cosmic rays

1. INTRODUCTION

Spiral galaxies are known to be permeated by large-scale
magnetic fields, with energy densities comparable to the
turbulent and thermal energy densities of the interstellar
medium; see e.g. Beck (2016) for a recent review. A good
knowledge of the global structure of these fields is important
for understanding their origin, infering their effect on galac-
tic dynamics, estimating the properties of diffuse motion of
low-energy Galactic cosmic rays, and studying the impact of
magnetic deflections on the arrival directions of extragalactic
ultrahigh-energy cosmic rays. The GMF is also important for
new physics studies, for instance axion-photon conversion in
the GMF or the interpretation of possible signatures of astro-
physical dark matter annihilation.

The determination of the large-scale structure of the mag-
netic field of our Galaxy is particularly challenging since one

michael.unger@kit.edu

gf25@nyu.edu

must infer it from the vantage point of Earth, located inside
the field. Previous attempts to model the Galactic magnetic
field (GMF) are summarized by Jaffe (2019). In this paper,
we focus on the coherent magnetic field of the Galaxy, leav-
ing the study of its turbulent component to the near future.
Following Jansson & Farrar (2012a) (hereafter JF12), we de-
rive the GMF by fitting suitably general parametric models of
its structure to the two astrophysical data sets which are the
most constraining of the coherent magnetic fields: the rota-

tion measures (RMs) of extragalactic polarized radio sources
and the polarized intensity (PI) of the synchrotron emission
of cosmic-ray electrons in the Galaxy.

The relation of these two astrophysical observables to the
magnetic field is detailed in Sec. 2, followed by a description
of the RM and PI data in Sec. 3. The interpretation of this
data relies on the knowledge of the three-dimensional density
of thermal electrons and cosmic-ray electrons in the Galaxy.
We discuss these auxiliary models in Sec. 4. The parametric
models of the GMF investigated in this paper are introduced
in Sec. 5 and the model optimization is described in Sec. 6.
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1. INTRODUCTION

Spiral galaxies are known to be permeated by large-scale
magnetic fields, with energy densities comparable to the
turbulent and thermal energy densities of the interstellar
medium; see e.g. Beck (2016) for a recent review. A good
knowledge of the global structure of these fields is important
for understanding their origin, infering their effect on galac-
tic dynamics, estimating the properties of diffuse motion of
low-energy Galactic cosmic rays, and studying the impact of
magnetic deflections on the arrival directions of extragalactic
ultrahigh-energy cosmic rays. The GMF is also important for
new physics studies, for instance axion-photon conversion in
the GMF or the interpretation of possible signatures of astro-
physical dark matter annihilation.

The determination of the large-scale structure of the mag-
netic field of our Galaxy is particularly challenging since one
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must infer it from the vantage point of Earth, located inside
the field. Previous attempts to model the Galactic magnetic
field (GMF) are summarized by Jaffe (2019). In this paper,
we focus on the coherent magnetic field of the Galaxy, leav-
ing the study of its turbulent component to the near future.
Following Jansson & Farrar (2012a) (hereafter JF12), we de-
rive the GMF by fitting suitably general parametric models of
its structure to the two astrophysical data sets which are the
most constraining of the coherent magnetic fields: the rota-

tion measures (RMs) of extragalactic polarized radio sources
and the polarized intensity (PI) of the synchrotron emission
of cosmic-ray electrons in the Galaxy.

The relation of these two astrophysical observables to the
magnetic field is detailed in Sec. 2, followed by a description
of the RM and PI data in Sec. 3. The interpretation of this
data relies on the knowledge of the three-dimensional density
of thermal electrons and cosmic-ray electrons in the Galaxy.
We discuss these auxiliary models in Sec. 4. The parametric
models of the GMF investigated in this paper are introduced
in Sec. 5 and the model optimization is described in Sec. 6.
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Figure 19. Angular deflections of ultrahigh-energy cosmic rays in the eight model variations derived in this paper and JF12. The cosmic-ray
rigidity is 20 EV (2⇥1019 V). Filled circles denote a grid of arrival directions and the open symbols are the back-tracked directions at the edge
of the Galaxy.

Figure 20. Left: Rigidity threshold such that the angular deflection in the given direction is 20� in all models. Right: Rigidity threshold such
that the model predictions of the angular deflection differ by  20�. (1 EV = 1018 V)

JF12 model are generally within the range of deflections pre-
dicted for the GMF models derived in this work. This is not
the case for the deflections calculated with the GMF model
of Pshirkov et al. (2011), due to the absence of a poloidal
component in that model (c.f., Sec. 7.6).

Current studies of the anisotropies of ultrahigh-energy cos-
mic rays indicate the presence of “hot spots” of cosmic-ray
clusters at intermediate angular scales of 20� (Abbasi et al.
2014; Abreu et al. 2022). For the identification of extragalac-
tic sources related to these overdensities, a precision in back-
tracking through the GMF at least as good as their angular
size, qmax, is needed. Figure 20 aims to illustrate this re-
quirement. In the left panel, we show the minimum rigidity
such that the deflection for a CR arriving in the given direc-
tion is less than qmax = 20� in all 8 models. Requiring that
the deflections in half of the sky are less than qmax = 20�,
according to all of these models, requires the rigidity to be
greater than or equal to R

nocorr
50 = 20 EV.

The minimum rigidity requirement improves considerably
if the arrival directions are corrected for their expected de-
flection in the GMF. The limit on the precision with which
we infer the source position arises from the difference be-
tween the models, and not the overall magnitude of the de-
flection. The differences of predicted deflections within the
model ensemble are smaller than the deflections themselves.
Therefore, as shown in the right panel of Fig. 20, the required
minimum rigidity is lower when the deflections are corrected
for. With corrections, the rigidity quantile at which half of
the sky can be observed at qmax = 20� or better, decreases
to R

corr
50 = 11 EV giving a much greater observational reach.

Note that this discussion is indicative only, since the mini-
mal rigidity requirement may change when random fields are
included in the analysis.

8.2. Axions

Another important application of the model ensemble pre-
sented in this paper is the prediction of the conversion of

need to know rigidity (mass) 
of incoming cosmic rays

R =
E

Z
⇡ E

A/2

https://arxiv.org/abs/2311.12120
https://arxiv.org/abs/2311.12120
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GCOS - Global Cosmic Ray Observatory
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?

2

I. Maris et al, UHECR (2022)

http://particle.astro.ru.nl/gcos/
https://indico.gssi.it/event/396/contributions/1385/attachments/689/1068/Ioana_GCOS.pdf
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nested water Cherenkov 
detector

layered water Cherenkov 
detector

19

GCOS - Global Cosmic Ray Observatory

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

The idea: optical separation of a Water Cherenkov Tank
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prototype measurements at Auger ObservatoryNot only total signal, but also time distributions
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The idea: optical separation of a Water Cherenkov Tank

A water volume responds di↵erent to photons, e± and µ±
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https://www.epj-conferences.org/articles/epjconf/pdf/2019/21/epjconf_arena2018_01003.pdf
http://particle.astro.ru.nl/gcos/
https://agenda.astro.ru.nl/event/18/contributions/133/attachments/41/46/IoanaMaris_Segmented.pdf
https://inspirehep.net/literature/1298094
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Cosmic Rays

GCOS

highest-energy CRsultra-high-energy 
neutrinos

precision EAS physics

„learning“ 
radio detection

precision 
galact. CRs

In NL successful collaboration between 
high-energy physics and astrophysics

2024-2034
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Experiments:
Auger
AugerPrime

TA
TAx4

IceCube
IceCube-Gen2
POEMMA

GCOS
GRAND

Other experiments

Neutral particles
UHE � / � / n  

U
H

E
C

R
s

Particle Physics
A

strophysicsMultimessenger

Source identification 
& charged particle 

astronomy

Source modeling & 
propagation

Other experiments

Theory
Magnetic fields

Accelerators

New particle physics at the 
highest energies incl. 

beyond standard model 
physics 

Anisotropy

Energy

Rigidity

Shower
physics

R threshold (TBD)

Hadronic interaction 
models

Mass

Iterative process

Pin down the shower energy 

observable
to use � as a composition-only

Reduce hadronic

uncertainties
interaction model

E threshold (TBD)

Other messengers

Galactic

*

� / em separation †

* depending on analysis progress
† depending on detector configuration

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.

iv

arXiv: 2205.05845

Submitted to the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Ultra-High-Energy Cosmic Rays

The Intersection of the Cosmic and Energy Frontiers

Abstract: The present white paper is submitted as part of the “Snowmass” process to help
inform the long-term plans of the United States Department of Energy and the National Science
Foundation for high-energy physics. It summarizes the science questions driving the Ultra-High-
Energy Cosmic-Ray (UHECR) community and provides recommendations on the strategy to answer
them in the next two decades.
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GCOS 
The Global Cosmic Ray Observatory

GCOS homepage: http://particle.astro.ru.nl/gcos

Multi-messenger astroparticle physics beyond 2030

Workshop July 2022, Wuppertal (Germany) https://agenda.astro.ru.nl/event/21Figure 2: Upgraded and next-generation UHECR instruments with their defining features, main
scientific goals, and timeline.

Recommendations:

• Even in the most optimistic scenario, the first next-generation experiment will be operational
until around 2030. AugerPrime and TA⇥4 should continue operation until at least 2032.

• IceCube and IceCube-Gen2 provide a unique laboratory to study particle physics in air showers.
For this purpose, the deep detector in the ice should be complemented by a hybrid surface array
for su�ciently accurate measurements of the air showers.

• A robust e↵ort in R&D should continue in detector developments and cross-calibrations for all
air-shower components, and also in computing techniques. This e↵ort should include, whenever
possible, optimized triggers for photons, neutrinos and transient events.

• To achieve the high precision UHECR particle physics studies needed to provide strong con-
straints for leveraging by accelerator experiments at extreme energies, even finer grained cali-
bration methods, of the absolute energy-scale for example, should be rigorously pursued.

• The next-generation experiments (GCOS, GRAND, and POEMMA) will provide complementary
information needed to meet the goals of the UHECR community in the next two decades. They
should proceed through their respective next stages of planning and prototyping.

• At least one next-generation experiment needs to be able to make high-precision measurements
to explore new particle physics and measure particle rigidity on an event-by-event basis. Of the
planned next-generation experiments, GCOS is the best positioned to meet this recommendation.

• As a complementary e↵ort, experiments with su�cient exposure (& 5⇥105 km2 sr yr) are needed
to search for Lorentz-invariance violation (LIV), SHDM, and other BSM physics at the Cosmic
and Energy Frontiers, and to identify UHECR sources at the highest energies.

• Full-sky coverage with low cross-hemisphere systematic uncertainties is critical for astrophysical
studies. To this end, next generation experiments should be space-based or multi-site. Common
sites between experiments are encouraged.

• Based on the productive results from inter-collaboration and inter-disciplinary work, we recom-
mend the continued progress/formation of joint analyses between experiments and with other
intersecting fields of research (e.g., magnetic fields).

• The UHECR community should continue its e↵orts to advance diversity, equity, inclusion, and
accessibility. It also needs to take steps to reduce its environmental impacts and improve open
access to its data to reduce the scientific gap between countries.

vi

9th International Workshop on Acoustic and Radio EeV Neutrino Detection Activities 
7-10 June 2022, Santiago de Compostela

http://particle.astro.ru.nl/gcos
https://pos.sissa.it/395/027/pdf
http://particle.astro.ru.nl/gcos
https://agenda.astro.ru.nl/event/21
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