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1 Introduction
A new interdisciplinary research domain has emerged at the 
interface of physics, astronomy, and cosmology. This field of 
research, which is known as “Astroparticle Physics”, is address-
ing issues that may revolutionize our scientific and philosophi-
cal views on the Universe.

A significant fraction of the energy content of the high-energy 
Universe is made up by relativistic particles, such as ionized 
atomic nuclei, neutrinos, or gamma rays. These cosmic-ray 
particles have energies which exceed the energies available 
at human-made accelerators, such the Large Hadron Collider 
(LHC) by factors of thousands. Presumably, the origins of 
the different particle types are closely related to each other. 
Understanding the origin of cosmic rays and their role in the 
Universe is an important aspect of Astroparticle Physics.

Furthermore, Astroparticle Physics deals with fundamental 
questions to understand the Universe, such as dynamics of 
space time and the detection of gravitational waves. The 
properties of elementary particles are well described by the 
standard model of particle physics. However, there are experi-
mental hints for physics beyond the standard model. A key role 
play the properties of neutrinos. Astroparticle Physics opens a 
unique opportunity to address this issue through astrophysical 
observations, which are complementary to accelerator based 
investigations. While so far most scientific endeavours have 
addressed the nature of normal matter, of which stars, planets, 
and human beings are composed, one of the key subjects of 
Astroparticle Physics is the nature of unknown types of matter, 
which are labelled dark matter.

For the next decade (2014–2024) the Dutch groups involved in 
Astroparticle Physics are seeking for answers to the following 
scientific key questions:

 �What is the origin of cosmic rays?
 �Do we detect gravitational waves and what is the dynamics 
of space time?
 �What is the nature of dark matter?
 �What is the origin of the large-scale structure of the Universe?
 � Is there physics beyond the standard model and what role 
do neutrinos play in it?

The first three are in the focus of the present plan (Sections 
2.1–2.3), the remaining two (Sections 2.4 and 2.5) are addressed 
in close collaboration with the astronomy and high-energy 
physics communities, which implies that resources are shared 
with those communities.

With the present document the CAN intends to give an 
overview on the present activities (year 2014) and to plan the 
activities for the next decade, building on the heritage of the 
2005 strategic plan[2]. Objective of the present document is to 
continue a strong research program on Astroparticle Physics in 
the Netherlands.

National organization
The interest of the Dutch groups in the field of Astroparticle 
Physics is represented by the Committee for Astroparticle 
Physics in the Netherlands (CAN), which has been established in 
2004. It comprises members, representing the different sub-
fields and the institutions involved in Astroparticle Physics in 
the Netherlands. Objective of the committee is to strengthen 
and further develop the field of Astroparticle Physics in the 
Netherlands in research and teaching. The CAN has regular 
meetings, typically at least twice a year. The CAN is organizing 
regular symposia for the Dutch Astroparticle Physics com-
munity since 2004. In March 2014 we will already have the 19th 
Symposium on Astroparticle Physics in the Netherlands. These 
symposia are typically attended by 50 to 100 people, indicating 
the strong interest in Astroparticle Physics in the Netherlands.

Astroparticle Physics is an interdisciplinary field at the interface 
of Physics, Astronomy, and Cosmology. In the Dutch scientific 
landscape the present strategic plan on Astroparticle Physics 
2 Strategic Plan for Astroparticle Physics in the Netherlands, The Committee for 

Astroparticle Physics in the Netherlands (CAN)
 http:// www.astroparticlephysics.nl/ (2005)

Figure 1. Participants attending a session on Astroparticle Physics, organ-
ized by the CAN during the FOM Veldhoven annual meeting of Dutch 
Physics in 2014.

Symposia on Astroparticle Physics in the Netherlands
The CAN is organizing regular symposia to strengthen the 
connections and synergies between the Dutch groups. 
Meetings to date include
APP1 — 26 April 2004, Amsterdam
APP2 — 24 September 2004, Nijmegen
APP3 — 21 January 2005, Leiden
APP4 — 22 April 2005, Groningen
APP5 — 14 October 2005, Utrecht
APP6 — 3 February 2006, Amsterdam
APP7 — 13 October 2006, Nijmegen
APP8 — 8 February 2007, Dwingeloo
APP9 — 12 October 2007, Groningen
APP10 — 5 March 2008, Amsterdam
APP11 — 20 March 2009, Leiden
APP12 — 4 December 2009, Amsterdam
APP13 — 19 March 2010, Nijmegen
APP14 — 19 April 2011, Groningen
APP15 — 3 November 2011, Leiden
APP16 — 10–11 May 2012, Amsterdam
APP17 — 30 May 2013, Nijmegen
APP18 — 23 October 2013, Leiden
APP19 — 27–28 March 2014, Beekbergen

http://www.astroparticlephysics.nl
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BHs that have already consumed any relic material, but it does not have to be. Matter remaining from prior stages 
of the progenitor system could very well still be present. Moreover, the presence of matter is guaranteed when the 
merger involves one or two NSs as shown by GW170817. When this matter sloshes around within the complicated 
contours of spinning space-time it also has a feedback effect on the shape of space-time: matter tells space-time 
how to curve at the same time space-time tells matter how to move. Finally, layered on top of this physics, is the 
complex microphysics of magnetohydrodynamics and particle acceleration, possible nuclear reactions and ultimately 
the creation of light.  
This proposal thus focuses on understanding the physics of the extreme Universe at the confluence of three highly 
interrelated regimes, which form the primary research themes of IMAGES:  

•       probing dynamical space-times with multi-messenger observations (C1); 
•       matter at its extremes – particle, nuclear and plasma physics (C2); 
•       detecting and interpreting the highest-energy fingerprints: light and particle signatures (C3). 

While much work has been done over the last decades to make progress in each of these individual areas, it is at 
the intersection of these regimes where the gaps currently lie. In Section 2.2C we describe in more detail the 
current scientific questions, the challenges we face in answering them, the state-of-the-art methods and synergies 
both within this proposal and with other Dutch and international groups. We will then identify the key areas where 
the Netherlands must either strengthen its approach, or fill strategic gaps in its research palette, in order to position 
the Netherlands as a competitive international player, and our key-objectives on five- and ten-year timescales. 
 

Fig. 3: Gallery of key 
instruments supported 
by IMAGES:  Clockwise 
from top left:  
visualisation of CTA gamma ray detector 
showing the three differently sized telescopes, KM3NeT 
neutrino detector view of underwater detector strings, aerial 
view of Virgo GW detector and photograph of CR detector PAO showing a water Cherenkov detector, a radio 
detector and inset a schematic of upgraded water Cherenkov detector with scintillators and radio antenna.  
 
Tools: multi-messenger observatories and high-performance computing 
 

The study of the energetically most violent objects in our universe is experimentally approached by four 
complementary cosmic messengers: gravitational waves, electromagnetic waves, neutrinos and charged cosmic 
rays. The Dutch astroparticle physics community has leading roles in some of the cutting-edge experiments and 
observatories described in this section. We will also describe a few gaps in our toolbox, for which we request funding 

nation-wide proposal for multi-messenger 
astroparticle physics
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6 (7) staff: S. de Jong, H. Falcke, J. Hörandel, O. Scholten, C. Timmermans, 
                  A. van den Berg, J. Vink (since 2018)
1 PD:         A. van Vliet
4 PhD:       A. Aab, F. Canfora, G. de Mauro, B. Pont

Leadership positions in Pierre Auger collaboration:
S. Bentvelsen member financial board (S. de Jong until 2016)
J. Hörandel collaboration board member
A. van den Berg (now S. de Jong) collaboration board member
J.R. Hörandel radio task leader (A. van den Berg until 2014)
C. Timmermans outreach co-taskleader

Universities involved: 
Nijmegen, Groningen, UvA (since 2018)

GROUP (2017)
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FUNDING (SINCE 2013)
hardware investment:
3.5 M € ERCAdvanced Grant Hörandel, Auger radio upgrade, 2018
2.5 M € NWO-Groot, Auger radio upgrade, 2018
450 k € Nikhef mission, Auger scintillator upgrade (SSD)

personnel:
new since 2013:
1 technician (SSD upgrade) Nikhef
2 PhD projects Nikhef
1 PhD project RU Nijmegen
1 PhD project NWO Top Grant 
1 PD NWO WARP
continuing into reporting period:
6 PhD projects FOM 
1 PhD project NOVA 
1 PhD project NWO
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• Guus van Aar,  On the nature and origin of ultra-high-energy cosmic rays, 2016 (RU Nijmegen)

• Stefano Messina, Extension to lower energies of the cosmic-ray energy window at the Pierre Auger Observatory, 2016 
(Groningen)

• Stefan Jansen, Radio for the masses - Cosmic ray mass composition measurements in the radio frequency domain, 2016 
(RU Nijmegen) 

• Johannes Schulz, Cosmic Radiation - Reconstruction of cosmic-ray properties from radio emission of extensive air 
showers, 2015 (RU Nijmegen) 

• Wendy Docters, Unraveling the mysteries of high-energy cosmic rays using radio detection, 2015 (Groningen)

• Anna Nelles, Radio emission of air showers. The perspective of LOFAR and AERA, 2014 (RU Nijmegen)

• Erik Daniel Fraenkel, From radio pulse to elusive particle, 2014 (Groningen)

• Stefan Grebe, Finger on the pulse of cosmic rays, 2013 (RU Nijmegen)

• Krijn de Vries, Macroscopic modelling of radio emission from ultra-high-energy-cosmic-ray-induced air showers, 2013 
(Groningen)

!8

SUCCESSFULLY FINISHED PHD’S (SINCE 2013)
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PUBLICATIONS (2013 -)

OBSERVATORY

Malargüe, November 2017

2016 was great,
and 2017 even better!

Equalized (and perhaps tie) 
the all time record 
of FAL papers!
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PUBLICATIONS PER YEAR

OBSERVATORY

Malargüe, November 2017

Citations to our work…

Citations per year (self citations excluded)

Summary
inSPIRE commands:
- papers: ”find cn auger and tc p not tc c”
- citations: ”refersto:recid:?????? not cn auger”

Total number of published papers since 2000: 250

Total number of citations (with self-cit.): 10829 (11271)
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2

Note, year 
has not ended, 

yet !

but already 
a new record!

AUGER CITATIONS PER YEAR

2013-now: total 44 articles  
(mass composition, energy spectrum, arrival direction, photons, 
neutrinos, hadronic interactions, …)

Auger general (selection)
• Observation of a Large-scale Anisotropy in the Arrival Directions of Cosmic Rays above 

8*1018 eV 
A. Aab et al. (Pierre Auger Collaboration) 
Science 357 (2017) 1266  

• An Indication of anisotropy in arrival directions of ultra-high-energy cosmic rays 
through comparison to the flux pattern of extragalactic gamma-ray sources  
A. Aab et al. (Pierre Auger Collaboration) 
Astrophysical Journal 835 (2018) L29

• Search for High-energy Neutrinos from Binary Neutron Star Merger GW170817 with 
ANTARES, IceCube, and the Pierre Auger Observatory  
A. Albert et al., ANTARES, IceCube, Pierre Auger, LIGO, VIRGO collaborations  
Astrophysical Journal 850 (2017) L35

• Multi-messenger Observations of a Binary Neutron Star Merger  
B.P. Abbott et al. 
Astrophysical Journal 848 (2017) L12
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PUBLICATIONS (2013 -)
radio group
• Probing the radio emission from air showers with polarization measurements  

A. Aab et al. (Pierre Auger Collaboration) 
Physical Review D 89 (2014) 052002

• Energy Estimation of Cosmic Rays with the Engineering Radio Array of the Pierre Auger Observatory  
A. Aab et al. (Pierre Auger Collaboration) 
Physical Review D 93 (2016) 122005

• Measurement of the radiation energy in the radio signal of extensive air showers as a universal estimator of cosmic-ray energy  
A. Aab et al. (Pierre Auger Collaboration) 
Physical Review Letters 116 (2016) 241101

• Simulation of radiation energy release in air showers  
C. Glaser, M. Erdmann, J.R. Hörandel, T. Huege, J. Schulz 
Journal of Cosmology and Astroparticle Physics 1609 (2016) 024

• Nanosecond-level time synchronization of autonomous radio detector stations for extensive air showers  
A. Aab et al. (Pierre Auger Collaboration) 
JINST 11 (2016) 01018  

• Calibration of the Logarithmic-Periodic Dipole Antenna (LPDA) Radio Stations at the Pierre Auger Observatory using an Octocopter  
A. Aab et al. (Pierre Auger Collaboration) 
JINST 12 (2017) T10005  

• Observation of inclined EeV air showers with the radio detector of the Pierre Auger Observatory  
A. Aab et al (Pierre Auger Collaboration) 
JCAP 10 (2018) 026

Auger Engineering Radio Array
AERA
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MEASURING AIR SHOWERS WITH MULTIPLE TECHNIQUES

SURFACE DETECTOR

FLUORESCENCE DETECTOR

Xmax, Ecal

6

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

RADIO DETECTOR
EXPOSURE

Auger 9.0*104 km2 sr yr

TA 
0.8*104 

km2 sr yr
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2017 HIGHLIGHT

A. Aab et al., Science 357 (2017) 1266

making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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3*104 cosmic raysE>8*1018 eVAnisotropy detected at >5.2 sigma 
dipole amplitude 6.5%

COSMIC RAYS

Observation of a large-scale anisotropy
in the arrival directions of cosmic
rays above 8 × 1018 eV
The Pierre Auger Collaboration*†

Cosmic rays are atomic nuclei arriving from outer space that reach the highest energies
observed in nature. Clues to their origin come from studying the distribution of their
arrival directions. Using 3 × 104 cosmic rays with energies above 8 × 1018 electron
volts, recorded with the Pierre Auger Observatory from a total exposure of 76,800 km2

sr year, we determined the existence of anisotropy in arrival directions. The anisotropy,
detected at more than a 5.2s level of significance, can be described by a dipole with an
amplitude of 6:5þ1:3

"0:9 percent toward right ascension ad = 100 ± 10 degrees and declination
dd = "24þ12

"13 degrees. That direction indicates an extragalactic origin for these ultrahigh-
energy particles.

P
articles with energies ranging from below
109 eV up to beyond 1020 eV, known as cos-
mic rays, constantly hit Earth’s atmosphere.
The flux of these particles steeply decreases
as their energy increases; for energies above

10 EeV (1 EeV ≡ 1018 eV), the flux is about one
particle per km2 per year. The existence of cosmic
rayswith suchultrahigh energies has been known
for more than 50 years (1, 2), but the sites and
mechanisms of their production remain a mys-
tery. Information about their origin can be ob-
tained from the study of the energy spectrum
and the mass composition of cosmic rays. How-
ever, the most direct evidence of the location of
the progenitors is expected to come from studies
of the distribution of their arrival directions. In-
dications of possible hot spots in arrival direc-
tions for cosmic rays with energies above 50 EeV
have been reported by the Pierre Auger and Tel-
escope Array Collaborations (3, 4), but the statis-
tical significance of these results is low.We report
the observation, significant at a level ofmore than
5.2s, of a large-scale anisotropy in arrival direc-
tions of cosmic rays above 8 EeV.
Above 1014 eV, cosmic rays entering the atmo-

sphere create cascades of particles (called exten-
sive air-showers) that are sufficiently large to reach
the ground. At 10 EeV, an extensive air-shower
(hereafter shower) contains ~1010 particles spread
over an area of ~20 km2 in a thin disc moving
close to the speed of light. The showers contain an
electromagnetic component (electrons, positrons,
and photons) and a muonic component that can
be sampled using arrays of particle detectors.
Charged particles in the shower also excite ni-
trogen molecules in the air, producing fluores-
cence light that can be observed with telescopes
during clear nights.
The Pierre AugerObservatory, located near the

city of Malargüe, Argentina, at latitude 35.2°S, is
designed to detect showers produced by primary

cosmic rays above 0.1 EeV. It is a hybrid system, a
combination of an array of particle detectors and
a set of telescopes used to detect the fluorescence
light. Our analysis is based on data gathered from
1600 water-Cherenkov detectors deployed over
an area of 3000 km2 on a hexagonal grid with
1500-m spacing. Each detector contains 12metric
tons of ultrapure water in a cylindrical container,
1.2mdeepand 10m2 inarea, viewedby three9-inch
photomultipliers. A full description of the obser-
vatory, together with details of the methods used
to reconstruct the arrival directions and energies
of events, has been published (5).
It is difficult to locate the sources of cosmic

rays, as they are charged particles and thus in-
teract with themagnetic fields in our Galaxy and
the intergalactic medium that lies between the
sources and Earth. They undergo angular deflec-
tionswith amplitude proportional to their atomic
number Z, to the integral along the trajectory of
themagnetic field (orthogonal to the direction of
propagation), and to the inverse of their energy
E. At E ≈ 10 EeV, the best estimates for the mass
of the particles (6) lead to a mean value for Z be-
tween 1.7 and 5. The exact number derived is
dependent on extrapolations of hadronic physics,
which are poorly understood because they lie
well beyond the observations made at the Large
Hadron Collider. Magnetic fields are not well
constrained bydata, but if we adopt recentmodels
of the galactic magnetic field (7, 8), typical values
of the deflections of particles crossing the galaxy
are a few tens of degrees forE/Z= 10 EeV, depend-
ing on the direction considered (9). Extragalactic
magnetic fields may also be relevant for cosmic
rays propagating through intergalactic space (10).
However, even if particles from individual sources
are strongly deflected, it remains possible that an-
isotropies in the distribution of their arrival di-
rectionswill be detectable on large angular scales,
provided the sources have a nonuniform spatial
distribution or, in the case of a single dominant
source, if the cosmic-ray propagation is diffusive
(11–14).

Searches for large-scale anisotropies are con-
ventionally made by looking for nonuniformities
in the distribution of events in right ascension
(15, 16) because, for arrays of detectors that op-
erate with close to 100% efficiency, the total expo-
sure as a function of this angle is almost constant.
The nonuniformity of the detected cosmic-ray flux
in declination (fig. S1) imprints a characteristic
nonuniformity in the distribution of azimuth
angles in the local coordinate systemof the array.
From this distribution it becomes possible to ob-
tain information on the three components of a
dipolar model.

Event observations, selection,
and calibration

We analyzed data recorded at the Pierre Auger
Observatory between 1 January 2004 and 31
August 2016, from a total exposure of about
76,800 km2 sr year. The 1.2-m depth of the water-
Cherenkov detectors enabled us to record events
at a useful rate out to large values of the zenith
angle, q.We selected eventswith q <80° enabling
the declination range −90° < d < 45° to be ex-
plored, thus covering 85% of the sky.We adopted
4 EeV as the threshold for selection; above that
energy, showers falling anywhere on the array
are detectedwith 100% efficiency (17). The arrival
directions of cosmic rays were determined from
the relative arrival times of the shower front at
each of the triggered detectors; the angular res-
olution was better than 1° at the energies con-
sidered here (5).
Twomethods of reconstruction have beenused

for showers with zenith angles above and below
60° (17, 18). These have to account for the effects
of the geomagnetic field (17, 19) and, in the case
of showers with q < 60°, also for atmospheric ef-
fects (20) because systematic modulations to the
rates could otherwise be induced (see supple-
mentary materials). The energy estimators for
both data sets were calibrated using events de-
tected simultaneously by the water-Cherenkov
detectors and the fluorescence telescopes, with
a quasi-calorimetric determination of the energy
coming from the fluorescencemeasurements. The
statistical uncertainty in the energy determina-
tion is <16% above 4EeV and <12%above 10 EeV,
whereas the systematic uncertainty on the abso-
lute energy scale, common to both data sets, is
14% (21). Evidence that the analyses of the events
with q < 60° and of those with 60° < q < 80° are
consistentwith each other comes from the energy
spectra determined for the two angular bands.
The spectra agree within the statistical uncer-
tainties over the energy range of interest (22).
We consider events in twoenergy ranges, 4EeV<

E < 8 EeV and E ≥ 8 EeV, as adopted in previous
analyses [e.g., (23–25)]. The bin limits follow those
chosenpreviously in (26, 27). Themedian energies
for these bins are 5.0EeVand 11.5EeV, respectively.
In earlier work (23–25), the event selection re-
quired that the station with the highest signal
be surrounded by six operational detectors—a
demanding condition. The number of triggered
stations is greater than four for 99.2%of all events
above 4 EeV and for 99.9% of events above 8 EeV,
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of
_1.7 s with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg2 at a luminosity distance of �

�40 8
8 Mpc and with component masses consistent with neutron stars. The

component masses were later measured to be in the range 0.86 to 2.26 :M . An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at _40 Mpc) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (1M2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ∼10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position _9 and _16 days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV/optical/near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

Key words: gravitational waves – stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models. Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical interpretation of X-ray emission from
ScorpiusX-1(Giacconi et al. 1962; Shklovsky 1967) and of
radio pulsars(Gold 1968; Hewish et al. 1968; Gold 1969).

The discovery of a radio pulsar in a double neutron star
system by Hulse & Taylor (1975) led to a renewed interest in
binary stars and compact-object astrophysics, including the
development of a scenario for the formation of double neutron
stars and the first population studies (Flannery & van den

Heuvel 1975; Massevitch et al. 1976; Clark 1979; Clark et al.
1979; Dewey & Cordes 1987; Lipunov et al. 1987; for reviews
see Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the first firm evidence(Taylor &
Weisberg 1982) of the existence of gravitational waves(Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of general relativity(Damour & Taylor 1991, 1992;
Taylor et al. 1992; Wex 2014). Merging binary neutron stars
(BNSs) were quickly recognized to be promising sources of
detectable gravitational waves, making them a primary target
for ground-based interferometric detectors (see Abadie et al.
2010 for an overview). This motivated the development of
accurate models for the two-body, general-relativistic dynamics
(Blanchet et al. 1995; Buonanno & Damour 1999; Pretorius
2005; Baker et al. 2006; Campanelli et al. 2006; Blanchet
2014) that are critical for detecting and interpreting gravita-
tional waves(Abbott et al. 2016c, 2016d, 2016e, 2017a, 2017c,
2017d).

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 https://doi.org/10.3847/2041-8213/aa91c9
© 2017. The American Astronomical Society. All rights reserved.

Original content from this work may be used under the terms
of the Creative Commons Attribution 3.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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SEARCH FOR INTERMEDIATE-SCALE UHECR ANISOTROPIES
8

Figure 3. Top to Bottom: Observed excess map - Model excess map - Residual map - Model flux map, for the best-fit parameters
obtained with SBGs above 39EeV (Left) and �AGNs above 60EeV (Right). The excess maps (best-fit isotropic component sub-
tracted) and residual maps (observed minus model) are smeared at the best-fit angular scale. The color scale indicates the number
of events per smearing beam (see inset). The model flux map corresponds to a uniform full-sky exposure. The supergalactic
plane is shown as a solid gray line. An orange dashed line delimits the field of view of the array.
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1 km

>2000 antennas

153 antennas

Auger Engineering Radio Array
AERA

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

2
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MEASUREMENT OF THE RADIATION ENERGY IN THE RADIO SIGNAL OF EXTENSIVE 
AIR SHOWERS AS A UNIVERSAL ESTIMATOR OF COSMIC-RAY ENERGY 6

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.
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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. 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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Figure 6: View of the southern-most event visible in Fig. 4 (with same symbol definition as in Fig. 3).
The radio signal extends over a significantly larger area than the particle distribution. The azimuth
angles reconstructed from the radio signals and particle-detector measurements agree to within better
than 0.5¶. The zenith angle reconstructed with the particle detectors amounts to 83¶, while the zenith
angle determined from the arrival times of the radio signals corresponds to 87¶. The low number
of radio antennas with signal and their approximate alignment along a line perpendicular to the
air-shower axis likely limit the zenith-angle resolution of the radio measurement in this particular case.

3.2 Comparison with simulations168

For the subset of 50 events with a surface-detector reconstruction of the cosmic-ray energy, we have169

made a direct comparison with the associated CoREAS-simulations. In Fig. 7a, we compare the170

simulated pulse amplitude as predicted for a given antenna station with the measured pulse amplitude171

in that antenna station. Only antenna stations for which both the measured and simulated signals172

have been successfully determined and both signals pass the signal-to-noise cut are used in this173

comparison. There is a clear correlation even though there is significant scatter. Fig. 7b shows a174

histogram of the corresponding relative deviation between simulated and measured amplitudes. On175

average, the simulations underpredicts the measured amplitudes by 2%, which is well inside the176

systematic uncertainty of ≥ 20% arising from the 14% uncertainty in the absolute energy scale of177

the Pierre Auger Observatory [26] and the ≥ 10 ≠ 15% absolute calibration uncertainty of the two178

di�erent types of AERA antennas [12, 13]. (We note that these antenna calibration uncertainties were179

determined for zenith angles up to 60¶ [13] and work is currently ongoing to quantify the uncertainties180

at larger zenith angles.) The scatter of 38% is larger than observed for near-vertical air showers,181

however this is explainable by the increased uncertainty of the core position reconstruction for inclined182

air showers, which is important input to the CoREAS simulations. There is thus still significant room183

for improvement when employing a detailed reconstruction of the radio signals of inclined air showers.184
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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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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range

maximum rigidity photo disintegration
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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The Pierre Auger Observatory (POA) in Argentina is the largest observatory for cosmic rays15,16. It compri-
ses of a surface-detector array17 and a fluorescence detector18 as illustrated in Fig. 3, left. The surface detec-
tor (SD) is equipped with over 1600 water-Cherenkov detectors (WCDs) arranged in a triangular grid with 
1500 m spacing, detecting photons and charged particles at ground level. This 3000-km2 array is overlooked 
by 24 fluorescence telescopes grouped in units of six at four locations on its periphery. Each telescope covers 
30° in azimuth and elevations range from 1.5° to 30° above the horizon. The fluorescence detector (FD) 
measures the ultraviolet fluorescence light induced by the energy deposit of charged particles in the atmos-
phere and thus measures the longitudinal development of air showers. Whereas the surface detector has a 
duty cycle near 100%, the fluorescence telescopes operate only during dark nights and under favourable 
meteorological conditions, leading to a reduced duty cycle of about 12%. 
Recent enhancements of the PAO include a sub-array of surface-detector stations with a spacing of 750 m 
and three additional fluorescence telescopes with a field of view from 30° to 60°, co-located at the Coihueco 
fluorescence detector site, in Fig. 3, left on the left side of the array. Co-located with these enhancements is 
the Auger Engineering Radio Array (AERA).19,20,21 It comprises 153 autonomously operated antenna 
stations, covering an area of 17 km2. It records the radio emission from extensive air showers in the 
frequency range from 10 – 80 MHz at nearly 100% duty cycle. Two antenna types are employed: logarithmic 
periodic dipole antennas and butterfly antennas. An AERA station, equipped with a butterfly antenna is 
shown in Fig. 3, right. 
At present, the Auger Collaboration is preparing a major upgrade of the observatory10 in order to elucidate 
the elemental composition and the origin of the flux suppression at the highest energies, to search for a flux 
contribution of protons up to the highest energies, and to study air showers and hadronic multi-particle pro-
duction. The upgrade comprises of a plastic scintillator plane above the existing water Cherenkov detectors 
to sample the shower particles with two detectors, having different responses to muons and electromagnetic 
particles; an upgrade of the electronics of the surface detector stations, with a faster sampling rate and an 
increased dynamic range; an underground muon detector to provide a direct measurement of muons in air 
showers, covering an area of 24 km2, co-located with the enhancements (described above) and AERA; and a 
change of the operation mode for the fluorescence telescopes, increasing their duty cycle to 20%. 
 

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

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

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

 
Radio detection of air showers with LOFAR and AERA. In addition to the standard air shower detection 
techniques, recently a new and complementary method to measure air showers has been established by my 
group: the radio detection of air showers. In the last years we have established the radio technique as a tool to 
infer cosmic-ray properties. LOFAR combines a high antenna density and a fast sampling of the measured 
voltage traces in each antenna. This yields very detailed information for each measured air shower. 
Therefore, we have measured the properties of the radio emission with high precision22,23,24. At the PAO we 
cross-calibrate the radio technique with established detection methods. In the following some highlights of 
recent results are reviewed, which form the basis for the proposed AdG. Most results are obtained in the 
frequency range from 30 to 80 MHz. 
We have used the LORA particle detector array in the LOFAR core to measure the all-particle energy 
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HOOFDSTUK 1. WAT IS KOSMISCHE STRALIN
G?
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HOOFDSTUK 2. BETROUWBAAR METEN

0, 12. Dit wordt meestal procentueel weergegeven als een meetonzekerheid van 12%.
Uit wat we hierboven besproken hebben blijkt dat als we vier keer zo veel metingen
doen, de relatieve onzekerheid een factor twee kleiner wordt.

2.9 De meting van muonen op aarde

We willen graag het begrip dat we over metingen en onzekerheid hebben gekregen toe-
passen op de meting van het aantal muonen met behulp van een detector. Er is wel
een verschil met het werpen van dobbelstenen, immers een dobbelsteen geeft in een
worp maximaal één ”zes”, terwijl in een tijdsinterval, hoe klein we dat ook kiezen, er
in principe meerdere muonen op aarde kunnen komen. We kunnen de resultaten van
de voorgaande secties alleen gebruiken als we de tijdsintervallen oneindig klein maken,
oftewel dat we het aantal tijdsintervallen oneindig groot moeten maken. In formule

P (k) =
N !

k!(N � k)!

⇣ µ

N

⌘k
(1� µ

N
)N�k

wil dat zeggen dat N oneindig groot moet zijn.
Bovenstaande formule is dan te herschrijven als:

P (k) =
µk

k!
lim

N!1

N !

Nk(N � k)!

(1� µ
N )N

(1� µ
N )k

en het is vervolgens te bewijzen dat de kansverdeling beschreven wordt door de volgende
formule:

P (k) =
µk

k!
e�µ

waarbij e het grondtal van de natuurlijke logaritme is (e ' 2, 71828...). Deze kansver-
deling wordt de Poisson distributie genoemd, naar Siméon Poisson die deze verdeling in
de negentiende eeuw ontdekte. De eigenschappen van deze verdeling worden wiskundig
onderbouwd in bijlage F. Uit het voorgaande volgt simpel dat de verwachtingswaarde
van de Poisson distributie gelijk is aan µ, en dat de variantie gegeven wordt door

V = µ.

De onzekerheid in een meting van een variable die zich volgens de Poisson verdeling
gedraagt ten opzichte van de verwachtingswaarde wordt dan gegeven door

� =
p
µ,

ofwel de wortel uit de verwachtingswaarde. Nu geldt zeker dat we de verwachtingswaarde
niet van te voren weten, dus nemen we aan dat het gemiddelde van een meetserie een
goede maat voor de verwachtingswaarde is. Het volgende voorbeeld laat zien hoe we
met de Poisson verdeling in de praktijk omgaan.
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HOOFDSTUK 5. BRONNEN VAN KOSMISCHE STRALING

waarbij B de grootte van het magneetveld is dat de deeltjes vasthoudt, en R de grootte

van het versnellingsgebied. Als voorbeeld, de Large Hadron Collider (LHC) is de krach-

tigste versneller die door mensen is gemaakt. Deze LHC heeft magneten die een veld

van 8,4T produceren, en een straal van ongeveer 4 km (zie figuur 5.3). Dit geeft een

maximale energie van 10TeV voor protonen. Het doel van deze versneller is het laten

botsen van protonen van een energie van 7TeV.

Michael Hillas was de eerste die met behulp van bovenstaande relatie een grafiek maakte

van de maximale energie die een astronomische object in een enkel kosmisch deeltje kan

stoppen. Dit soort plaatjes wordt dan ook Hillas-plots genoemd, en ze laten zien dat

het heel lastig is om in te zien wat de bronnen van de hoogste energie kosmische stralen

kunnen zijn, er zijn immers maar weinig mogelijkheden. Het is wel duidelijk dat we die

buiten ons melkwegstelsel moeten zoeken. Daarbinnen vinden we wel bronnen van meer

voorkomende, maar lager energetische kosmische straling.
5.4 Galactische bronnen: Exploderende sterren

Figuur 5.4: Links: Crab nevel. Rechts: Beeld SNR in gammastraling

Ongeveer eens in de 50 jaar explodeert er een ster, en ontstaat een supernova. Hierbij

wordt het materiaal van de ster met grote snelheid (tot wel 10% van de lichtsnelheid)

de ruimte in geslingerd. De schokgolf van het sterremateriaal neemt ook interstellaire

materie mee, en zo ontstaat er een uitdijende wolk van materie om de positie van de

originele ster, dit wordt met een Engelse term een supernova remnant genoemd (SNR).

Een voorbeeld hiervan is de Crab-nevel, te zien in figuur 5.4. Na een eeuw of twee is de

wolk van materie ongeveer een lichtjaar in doorsnede (de afstand die het licht in één jaar

aflegt, ongeveer 1016m), waarna de wolk begint af te koelen en er veel straling uitkomt.

De geschatte grootte van het magneetveld van een SNR is ongeveer 10�8T en je kunt
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SUMMARY

The NL are member in the Pierre Auger collaboration since 2005. 
The NL group pioneered the radio detection technique and established the radio detection of air 
showers as standard tool. 

The Radio Upgrade of the observatory with the recent ERC Advanced Grant and the NWO-Groot 
subsidy is a key contribution to the observatory. 
In addition, the NL group contributes to the scintillator upgrade of the observatory. 

The NL group has high impact and visibility on international scale. 

We need a modest amount of resources (operations costs, PhD students, post docs) to sustain this 
success for the next decade.


