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Observing the ultra-high-energy Universe
Halzen and Kheirandish Searches for Cosmic Ray Sources

FIGURE 3 | The spectral flux (φ) of neutrinos inferred from the 8-year upgoing track analysis (red solid line) with 1σ uncertainty range (shaded range) and the 7-year

HESE analysis (magenta data) compared to the flux of unresolved extragalactic gamma ray sources (Ackermann et al., 2015) (blue data) and ultra-high-energy cosmic

rays (Aab et al., 2015) (green data). We highlight the various multimessenger interfaces: (A) The joined production of charged pions (π±) and neutral pions (π0) in

cosmic-ray interactions leads to the emission of neutrinos (dashed blue) and gamma rays (solid blue), respectively. (B) Cosmic ray emission models (solid green) of the

most energetic cosmic rays imply a maximal flux (calorimetric limit) of neutrinos from the same sources (green dashed). (C) The same cosmic ray model predicts the

emission of cosmogenic neutrinos from the collision with cosmic background photons (GZK mechanism). Figure from Ahlers and Halzen (2018), permission: Elsevier.

ray accelerators, and this is exactly what one neutrino did on
September 22, 2017.

IceCube detects muon neutrinos, a type of neutrino that leaves
a well-reconstructed track in the detector roughly every 5 min.
Most of them are low-energy neutrinos produced in the Earth’s
atmosphere, which are of interest for studying the neutrinos
themselves, but are a persistent background when doing neutrino
astronomy. In 2016, IceCube installed an online filter that selects
from this sample, in real time, very high energy neutrinos that
are likely to be of cosmic origin (Aartsen et al., 2017d). We
reconstruct their energy and celestial coordinates, typically in
less than 1 min, and distribute the information automatically via
the Gamma-ray Coordinate Network to a group of telescopes
around the globe and in space for follow-up observations. These
telescopes look for electromagnetic radiation from the arrival
direction of the neutrino, searching for coincident emission that
can reveal its origin.

The tenth such alert (Kopper and Blaufuss, 2017), IceCube-
170922A, on September 22, 2017, reported a well-reconstructed
muon neutrino with an energy of 290 TeV and, therefore, with
a high probability of originating in an astronomical source. The
Fermi telescope detected a flaring blazar aligned with the cosmic
neutrino within 0.06 degrees. The source is a known blazar, a
supermassive black hole spitting out high-energy particles in
twin jets aligned with its rotation axis which is directed at
Earth. This blazar, TXS 0506+056, had been relatively poorly
studied until now, although it was identified by EGRET as
the preeminent source for observation of two photons with
energies above 40 GeV (Dingus and Bertsch, 2001). Observations
triggered by the neutrino alert yielded a treasure trove of
multiwavelength data. An optical telescope eventually measured

its distance (Paiano et al., 2018), which was found at redshift
of 0.34. Its large distance points to a special galaxy, which
sets it apart from the ten-times-closer blazars, such as the
Markarian sources that dominate the extreme gamma-ray sky
observed by NASA’s Fermi satellite. Getting all the elements of
this multimessenger observation together has been challenging.
Attempts to explain the broadband multiwavelength spectrum
of the source indicate a subdominant hadronic emission for the
coincident observations. The hadronic contribution to the high-
energy emission is constrained by the X-ray flux expected in
conventional models for blazars. For details, see (Gokus et al.,
2018; Keivani et al., 2018; Murase et al., 2018; Sahakyan, 2018;
Zhang et al., 2018; Cerruti et al., 2019; Gao et al., 2019).

TXS 0506+056 was originally flagged by the Fermi (Tanaka
et al., 2017) and Swift (Keivani et al., 2017) satellite telescopes.
Follow-up observations with the MAGIC air Cherenkov
telescope (Mirzoyan, 2017) identified it as a rare very high energy
blazar with the potential to produce the very high energy neutrino
detected by IceCube. The source was subsequently scrutinized
in X-ray, optical, and radio wavelengths. This is a first, truly
multimessenger observation: none of the instruments could have
made this breakthrough independently. In total, more than 20
telescopes observed the flaring blazar as a highly variable source
in a high state (Aartsen et al., 2018a).

It is important to realize that nearby blazars like theMarkarian
sources are at a redshift that is ten times smaller, and therefore
TXS 0506+056, with a similar flux despite the greater distance,
is one of the most luminous sources in the Universe. It likely
belongs to a special class of blazars that accelerate proton beams
as revealed by the neutrino. This explains the fact that a variety
of previous attempts to associate the arrival directions of cosmic
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1. DETECTING COSMIC NEUTRINOS

The highest energy radiation reaching us from the universe is not radiation at all; it is cosmic rays,
high-energy nuclei that are mostly protons, except possibly at the end of the spectrum. We do not
know where they come from or how they are accelerated to such extreme energies. However, with
the compelling evidence for a distant blazar as the source of a very high energy muon neutrino,
neutrinos have provided a breakthrough in solving this puzzle (Aartsen et al., 2018a,b).

The rationale for searching for cosmic ray sources by observing neutrinos is straightforward:
in the vicinity of neutron stars and black holes, the gravitational energy released in the accretion
of matter accelerates protons or heavier nuclei, which subsequently interact with gas or ambient
radiation to produce neutrinos originating from the decay of pions and other secondary particles1.
When accelerated, protons interact with photons; for instance, both neutral and charged pion
secondaries are produced. While charged pions decay into three high-energy neutrinos and
antineutrinos, neutral pions decay and create a flux of high-energy gamma rays. These photons,
referred to as pionic photons, are distinguished from photons radiated by electrons that may
be accelerated along with the cosmic rays. Pionic photons are what provide the motivation for
multimessenger observations.

The search for high-energy astrophysical neutrinos led to the development of large scale
detectors: DUMAND in the Pacific Ocean, NT200 in Lake Baikal, AMANDA at the South Pole,
and ANTARES in the Mediterranean Sea. These detectors use highly transparent natural water
or ice as a Cherenkov medium that is then instrumented with photomultipliers; see (Katz and
Spiering, 2012). The Cherenkov light patterns radiated by secondary charged particles produced by
neutrinos interacting inside or near the instrumented volume encode the flavor, energy, and arrival
direction of the neutrino. Based on the expectation that cosmic accelerators may produce similar
energies in cosmic rays, gamma rays, and neutrinos, it had been anticipated that the construction of
a cubic-kilometer, gigaton-scale detector would be sufficient tomake a first detection of high-energy
neutrinos of cosmic origin.

The IceCube Neutrino Observatory (Aartsen et al., 2017c) transformed one cubic kilometer of
natural ice into a Cherenkov detector, operating as the world’s premier neutrino detector above
energies of approximately 10 GeV. IceCube was constructed between 2004 and 2010 near the

1It is worth mentioning that other scenarios could lead to particle acceleration, such as Poynting flux in neutron stars.
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1. DETECTING COSMIC NEUTRINOS

The highest energy radiation reaching us from the universe is not radiation at all; it is cosmic rays,
high-energy nuclei that are mostly protons, except possibly at the end of the spectrum. We do not
know where they come from or how they are accelerated to such extreme energies. However, with
the compelling evidence for a distant blazar as the source of a very high energy muon neutrino,
neutrinos have provided a breakthrough in solving this puzzle (Aartsen et al., 2018a,b).

The rationale for searching for cosmic ray sources by observing neutrinos is straightforward:
in the vicinity of neutron stars and black holes, the gravitational energy released in the accretion
of matter accelerates protons or heavier nuclei, which subsequently interact with gas or ambient
radiation to produce neutrinos originating from the decay of pions and other secondary particles1.
When accelerated, protons interact with photons; for instance, both neutral and charged pion
secondaries are produced. While charged pions decay into three high-energy neutrinos and
antineutrinos, neutral pions decay and create a flux of high-energy gamma rays. These photons,
referred to as pionic photons, are distinguished from photons radiated by electrons that may
be accelerated along with the cosmic rays. Pionic photons are what provide the motivation for
multimessenger observations.

The search for high-energy astrophysical neutrinos led to the development of large scale
detectors: DUMAND in the Pacific Ocean, NT200 in Lake Baikal, AMANDA at the South Pole,
and ANTARES in the Mediterranean Sea. These detectors use highly transparent natural water
or ice as a Cherenkov medium that is then instrumented with photomultipliers; see (Katz and
Spiering, 2012). The Cherenkov light patterns radiated by secondary charged particles produced by
neutrinos interacting inside or near the instrumented volume encode the flavor, energy, and arrival
direction of the neutrino. Based on the expectation that cosmic accelerators may produce similar
energies in cosmic rays, gamma rays, and neutrinos, it had been anticipated that the construction of
a cubic-kilometer, gigaton-scale detector would be sufficient tomake a first detection of high-energy
neutrinos of cosmic origin.

The IceCube Neutrino Observatory (Aartsen et al., 2017c) transformed one cubic kilometer of
natural ice into a Cherenkov detector, operating as the world’s premier neutrino detector above
energies of approximately 10 GeV. IceCube was constructed between 2004 and 2010 near the

1It is worth mentioning that other scenarios could lead to particle acceleration, such as Poynting flux in neutron stars.
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Observing the ultra-high-energy Universe

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

wi cos ai

ba ¼ 2
N

XN

i¼1

wi sin ai ð1Þ

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

XN

i¼1
wi. The weights, wi , 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
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bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
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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 CRs
E>8*1018 eV

Anisotropy detected at >5.2 sigma
dipole amplitude 6.5%

6

Reconstruction of the dipole above 8 EeV
Combination of the Rayleigh analyzes to extract the dipole amplitude:

in right ascension → sensitive only to the orthogonal component to the Earth’s axis
in azimuth angle   → projection along the Earth’s axis

Longitude l = 233°, Latitude b = -13°

Amplitude                    d=6.5−0.9

+1.3
%

Implication on the origin of the UHECR:

  Dipole direction far away from the Galactic center (~125°). Above 40 EeV, no anisotropies associated 
with Galactic plane or Galactic center
  2MRS dipole x GMF deflection → observed dipole? 
  

Galactic center

Galactic plane

Extragalactic origin of the highest energy cosmic rays

4

sky map of cosmic rays

matter from other galaxies

The existence of such particles imposes immediate, yet 
to be answered questions:  
• What are the physics processes involved to produce 
these particles?  
• Are they decay or annihilation products of Dark Matter?   
If they are accelerated in violent astrophysical 
environments:  
• How is Nature being able to accelerate particles to such 
energies?  
• What are the sources of the particles? Do we 
understand the physics of the sources?  
• Is the origin of those particles connected to the 
recently observed mergers of compact objects – the 
gravitational wave sources?  
The highly-relativistic particles also provide the unique 
possibility to study (particle) physics at it extremes:  
• Is Lorentz invariance (still) valid under such 
conditions? How do these particles interact?  
• Are their interactions described by the Standard Model 
of particle physics?  
When the energetic particles interact with the 
atmosphere of the Earth, hadronic interactions can be 
studied:  
• What is the proton interaction cross section at such 
energies?

https://www.science.org/doi/10.1126/science.aan4338
https://www.science.org/doi/10.1126/science.aan4338
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Keywords: cosmic ray experiments, cosmic ray theory, particle acceleration, ultra high
energy cosmic rays
ArXiv ePrint: 2211.02857

c• 2023 The Author(s). Published by IOP Publishing

Ltd on behalf of Sissa Medialab. Original content from

this work may be used under the terms of the Creative Commons

Attribution 4.0 licence. Any further distribution of this work must

maintain attribution to the author(s) and the title of the work,

journal citation and DOI.

https://doi.org/10.1088/1475-7516/2023/05/024

JC
AP
05
(2
02
3)
02
4

ournal ofCosmology and Astroparticle Physics
An IOP and SISSA journal J

Constrainingthesourcesof

ultra-high-energycosmicraysacross

andabovetheanklewiththe

spectrumandcompositiondata

measuredatthePierreAuger

Observatory

ThePierreAugercollaboration
E-mail:spokespersons@auger.org

ReceivedNovember13,2022
RevisedMarch2,2023
AcceptedMarch30,2023
PublishedMay10,2023

Abstract.Inthisworkwepresenttheinterpretationoftheenergyspectrumandmass
compositiondataasmeasuredbythePierreAugerCollaborationabove6◊10

17
eV.Weuse

anastrophysicalmodelwithtwoextragalacticsourcepopulationstomodelthehardening
ofthecosmic-rayfluxataround5◊10

18
eV(theso-called“ankle”feature)asatransition

betweenthesetwocomponents.Wefindourdatatobewellreproducedifsourcesabove
theankleemitamixedcompositionwithahardspectrumandalowrigiditycuto�.The
componentbelowtheankleisrequiredtohaveaverysoftspectrumandamixofprotons
andintermediate-massnuclei.Theoriginofthisintermediate-masscomponentisnotwell
constrainedanditcouldoriginatefromeitherGalacticorextragalacticsources.Tothe
aimofevaluatingourcapabilitytoconstrainastrophysicalmodels,wediscusstheimpact
onthefitresultsofthemainexperimentalsystematicuncertaintiesandoftheassumptions
aboutquantitiesa�ectingtheairshowerdevelopmentaswellasthepropagationandredshift
distributionofinjectedultra-high-energycosmicrays(UHECRs).
Keywords:cosmicrayexperiments,cosmicraytheory,particleacceleration,ultrahigh
energycosmicrays
ArXivePrint:2211.02857

c•2023TheAuthor(s).PublishedbyIOPPublishing

LtdonbehalfofSissaMedialab.Originalcontentfrom

thisworkmaybeusedunderthetermsoftheCreativeCommons

Attribution4.0licence.Anyfurtherdistributionofthisworkmust

maintainattributiontotheauthor(s)andthetitleofthework,

journalcitationandDOI.

https://doi.org/10.1088/1475-7516/2023/05/024

JCAP05(2023)024

Figure 1. Scenario 1. Left: the generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: the
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components. For comparison, also the electron-poor spectrum measured by KASCADE-
Grande [59] is shown (see the text for details).

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)
cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following
figures and tables we only show the results obtained in the case of pure nitrogen.5

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The
HE component has a very hard energy spectrum (“ < 0), a rather low rigidity cuto� and a
mass composition dominated by medium-mass elements. The LE component exhibits a very
soft energy spectrum, requiring a larger estimated source emissivity than that of the HE one
and a rigidity cuto� which is much higher than that of the HE component. The estimated
generation rate at the sources and the corresponding best-fit energy spectra at Earth together
with the measured data are shown in figure 1. Figure 1 (right) also shows the end of the
electron-poor spectrum measured by KASCADE-Grande [59], as a blue band including all
the systematic uncertainties and the dependence on the HIMs. This shows that the Galactic

5
A discussion about the possible explanations for such a Galactic contribution can be found in section 3.3.
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soft energy spectrum, requiring a larger estimated source emissivity than that of the HE one
and a rigidity cuto� which is much higher than that of the HE component. The estimated
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Figure 3. Scenario 1. First two moments of the Xmax distributions as predicted by the best-fit
results, along with the measured values and the predictions for pure compositions of various nuclear
species according to Epos-LHC (dashed lines).

spectrum resulting from our best fit is in reasonable agreement with these measurements.
Besides, one should consider that the electron-poor subsample given by KASCADE-Grande
is obtained by using a selection criterion which depends on the hadronic interaction model
and lies between the CNO group and silicon, hence in any case it provides only a lower bound
to a Galactic contribution like the one preferred by our data.

In figure 2, the Galactic contribution and the partial extragalactic ones are grouped
according to the mass number. In figure 3 the predicted first two moments of the Xmax

distributions are shown as a function of the energy and compared with the measured ones.
The shaded grey area indicates the energy region where energy-by-energy estimates of the
mass composition are not available (i.e. above the median of the highest energy bin used for
Xmax data) and mass predictions are mainly based on the shape of the all-particle spectrum.

We notice that in our Scenario 1 the proton component is included through a free
parameter in the HE mixed component, while in [55] protons, being supposed to be generated
from in-source interactions, are included only in the LE one; however, a much softer LE
spectrum with respect to the HE component is found in both analyses. In our Scenario 1,
the proton fraction of the HE component is found to be negligible and therefore the scenario
is consistent with [55].

The rigidity cuto�s of the two extragalactic populations were fitted independently of
each other; the best-fit value of the HE component is estimated to be much lower than that
of the LE one. Imposing a smaller rigidity cuto� for the LE component would worsen the fit.
For example, requiring the two components to have the same rigidity cuto�, as hypothesized
in [55], would increase the deviance by �D = +28 (from 586 to 614), mainly due to a
worsening of the energy spectrum fit. However, note that such a di�erence is smaller than
the one caused by the systematic uncertainties, which is illustrated in section 4, so neither
configuration can be strongly preferred over the other. Further details will be discussed in
section 3.3.

3.2 Scenario 2: two mixed extragalactic populations

An alternative way to describe the data in the energy region of interest is assuming that
the ankle around 1018.7 eV is due to the superposition of two extragalactic components, one
dominating at LE and the other at HE. We assume that the two components are both ejected
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Figure 1. Scenario 1. Left: the generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: the
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components. For comparison, also the electron-poor spectrum measured by KASCADE-
Grande [59] is shown (see the text for details).

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)
cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following
figures and tables we only show the results obtained in the case of pure nitrogen.5

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The
HE component has a very hard energy spectrum (“ < 0), a rather low rigidity cuto� and a
mass composition dominated by medium-mass elements. The LE component exhibits a very
soft energy spectrum, requiring a larger estimated source emissivity than that of the HE one
and a rigidity cuto� which is much higher than that of the HE component. The estimated
generation rate at the sources and the corresponding best-fit energy spectra at Earth together
with the measured data are shown in figure 1. Figure 1 (right) also shows the end of the
electron-poor spectrum measured by KASCADE-Grande [59], as a blue band including all
the systematic uncertainties and the dependence on the HIMs. This shows that the Galactic

5
A discussion about the possible explanations for such a Galactic contribution can be found in section 3.3.
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Figure 3. Scenario 1. First two moments of the Xmax distributions as predicted by the best-fit
results, along with the measured values and the predictions for pure compositions of various nuclear
species according to Epos-LHC (dashed lines).

spectrum resulting from our best fit is in reasonable agreement with these measurements.
Besides, one should consider that the electron-poor subsample given by KASCADE-Grande
is obtained by using a selection criterion which depends on the hadronic interaction model
and lies between the CNO group and silicon, hence in any case it provides only a lower bound
to a Galactic contribution like the one preferred by our data.

In figure 2, the Galactic contribution and the partial extragalactic ones are grouped
according to the mass number. In figure 3 the predicted first two moments of the Xmax

distributions are shown as a function of the energy and compared with the measured ones.
The shaded grey area indicates the energy region where energy-by-energy estimates of the
mass composition are not available (i.e. above the median of the highest energy bin used for
Xmax data) and mass predictions are mainly based on the shape of the all-particle spectrum.

We notice that in our Scenario 1 the proton component is included through a free
parameter in the HE mixed component, while in [55] protons, being supposed to be generated
from in-source interactions, are included only in the LE one; however, a much softer LE
spectrum with respect to the HE component is found in both analyses. In our Scenario 1,
the proton fraction of the HE component is found to be negligible and therefore the scenario
is consistent with [55].

The rigidity cuto�s of the two extragalactic populations were fitted independently of
each other; the best-fit value of the HE component is estimated to be much lower than that
of the LE one. Imposing a smaller rigidity cuto� for the LE component would worsen the fit.
For example, requiring the two components to have the same rigidity cuto�, as hypothesized
in [55], would increase the deviance by �D = +28 (from 586 to 614), mainly due to a
worsening of the energy spectrum fit. However, note that such a di�erence is smaller than
the one caused by the systematic uncertainties, which is illustrated in section 4, so neither
configuration can be strongly preferred over the other. Further details will be discussed in
section 3.3.

3.2 Scenario 2: two mixed extragalactic populations

An alternative way to describe the data in the energy region of interest is assuming that
the ankle around 1018.7 eV is due to the superposition of two extragalactic components, one
dominating at LE and the other at HE. We assume that the two components are both ejected
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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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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
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most constraining of the coherent magnetic fields: the rota-
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of cosmic-ray electrons in the Galaxy.
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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
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. 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
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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

atmosphere of Earth is transparent in 
30-80 MHz band
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Upgraded Surface Detector of Auger Observatory

1660 surface detector stations (3000 km2)
24+4 fluorescence light telescopes
60 underground muon detectors
150 antennas Auger Engineering Radio Array
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Radio Emission in Air Showers
Mainly: Charge separation in 
geomagnetic field 
 
 
Theory predicts additional mechanisms:
excess of electrons in shower: 
charge excess
superposition of emission due to 
Cherenkov effects in atmosphere

polarization of radio signal
geomagnetic Askaryan e+e+e+

e+ e-

e-

e-

e-

e-e+

e- drift

e+ drift

air shower

atmospheric nucleus

cosmic ray

coherent 
radio pulse

deflection of particles
in geomagnetic field

Be-

e+



Jörg R. Hörandel - Radboud University, VU Brussel - Vulcano workshop 2024 13

Radio Emission in Air Showers
Mainly: Charge separation in 
geomagnetic field 
 
 
Theory predicts additional mechanisms:
excess of electrons in shower: 
charge excess
superposition of emission due to 
Cherenkov effects in atmosphere

polarization of radio signal
geomagnetic Askaryan

Figure 1: (left) Distance to Xmax as a function of the zenith angle for an average Xmax of 669 g/cm2 for

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

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

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

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

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

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

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

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

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

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

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

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

github [18].99

4

C. Glaser

footprint of shower on the ground

A. Nelles
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Radio Detector of the Pierre Auger Observatory

• close to ideal p-Fe separation 

• increase sky coverage and 
overlap with TA  

• RD/WCD has different systematic 
effects as compared to SSD/WCD  

• clean measurement of e/m 
shower component 
—> independent energy scale

• increasing measurements of e/m 
and µ components for inclined 
showers by an order of magnitude

extend mass sensitivity to inclined showers  ✓ > 60�
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Radio Detector of the Pierre Auger Observatory

• close to ideal p-Fe separation 

• increase sky coverage and 
overlap with TA  

• RD/WCD has different systematic 
effects as compared to SSD/WCD  

• clean measurement of e/m 
shower component 
—> independent energy scale

• increasing measurements of e/m 
and µ components for inclined 
showers by an order of magnitude

with respect to the geomagnetic field by dividing it
by sin2ðαÞ. This normalization is valid for all incoming
directions of cosmic rays except for a small region around
the geomagnetic-field axis. In particular, it is valid for all
events in the data set presented here.
In Fig. 2, the value of EAuger

30–80 MHz=sin
2ðαÞ for each

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

EAuger
30–80 MHz=sin

2ðαÞ ¼ A × 107 eVðECR=1018 eVÞB: ð1Þ

The result of the fit yields A ¼ 1.58$ 0.07 and
B ¼ 1.98$ 0.04. For a cosmic ray with an energy of
1 EeV arriving perpendicularly to Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8 MeV, a minute fraction of the energy of the
primary particle. The observed quadratic scaling is expected
for coherent radio emission, for which amplitudes scale
linearly and thus the radiated energy scales quadratically.
Taking into account the energy- and zenith-dependent

uncertainty of ECR, the resolution of EAuger
30–80 MHz=sin

2ðαÞ 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 successful radio

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
measured in individual AERA radio detectors (circles filled
with color corresponding to the measured value) and fitted
with the azimuthally asymmetric, two-dimensional signal dis-
tribution function (background color). Both radio detectors with
a detected signal (data) and those below the detection threshold
(subthreshold) participate in the fit. The fit is performed
in the plane perpendicular to the shower axis, with the x axis
oriented along the direction of the Lorentz force for charged
particles propagating along the shower axis ~v in the geo-
magnetic field ~B. The best-fitting impact point of the air shower
is at the origin of the plot, slightly offset from the one
reconstructed 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 fluence measurements, and 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
connecting the best-fitting impact point of the air shower with
the corresponding radio detector positions is illustrated with
colored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution function.
The inset 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. Solid circles
denote showers with five or more detected radio signals.
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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

– 6 –

JCAP 10 (2018) 026

extend mass sensitivity to inclined showers  ✓ > 60�

https://www.google.com/search?client=safari&rls=en&q=PRL+116+(2016)+241101&ie=UTF-8&oe=UTF-8
https://iopscience.iop.org/article/10.1088/1475-7516/2018/10/026
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Antenna assembly

XLF
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Transport to position
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Station 
assembly
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500 stations Nov 2023 1000 stations Mar 2024

1200 stations May 2024
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RD calibration concept
thermal cycling (aging)
LNA & digitizer

Temperaturetests RD-FE

J. Rautenberg, BU Wuppertal PRR - 24.01.2022 2

Setup for temperature-tests at BUW
● 2x Climate-chamber (Binder MK53)

● Tower of 12 FakeUUB (MachXO2-7000HE), 
USB controlled, 
power-distribu-on switchable

● Lab-Power-supply (QJ3305P, USB)

● Signal-generator (Agilent 33250A, USB)

● Small PC for DAQ

● Spli6er / DC-blocker board 1→24 (custom)

● Readout with USB-hubs

● Addi-onal Temperature (DS18B20 on Arduino) 

end-to-end calibration in lab
LNA & digitizer

Pierre Auger Observatory – Radio Detector

PRR electrical components

Figure 2: Test and verification of the digitizers at Radboud University. A dedicated calibration
and test fixture as been developed to test the functionality and calibrate the digitizers. The
left-hand plot shows more details.

A dedicated device has been developed to test and calibrate the digitizers. The digitizer beards
are inserted in the device. Test points are automatically connected via spring-loaded pins. Thus,
no cables need to be connected. The digitizers are powered up and a basic functionality test is
conducted. A scanner reads the bar code with an unique serial number on each PCB. For the
mass production, the test device will be given to GE in order to conduct an acceptance test at
GE.

The device also contains functionality to calibrate the analogue chain of the digitizers. The pre-
production units have been calibrated at RU after the temperature cycling at Wuppertal, see
below. For the mass production the calibration will be conducted at RU after the temperature
cycling.

4 Temperature cycling

A dedicated set-up has been developed at Wuppertal for the temperature cycling of the RD
electronics. We use MachXO2-7000HE boards as UUB emulators to read out 12 digitizers in
parallel. The emulators are connected via USB to a computer. The power distribution is
switchable. Power is provided by a lab power supply QJ3305P, also USB controlled. An Agilent
33250 A signal generator is used, controlled via USB.

The performance of the voltage regulators has been verified for one board in particular. During
a temperature variation of �T = 100 K a small variation of the currents has been observed, see
figure. All voltages on the board have been stable, as illustrated in Fig. 4.

The procedure of temperature cycling is very similar to the procedure for the UUBs. The
procedure is illustrated in Fig. 5. First, the boards are undergoing a 24 h burn-in phase during

v0.1 – January 21, 2022 3

Improvements with respect
actual model

1. New antenna model (32-sided polygon) increase the VEL  

2. New ferrite model |Z| varies with frequency reduce cables influence on antenna sensitivity                               

3. Cable radius changed 0.7cm -> 0.2cm reduce cables influence on antenna sensitivity 

4. New frame  for the antenna  Less re-radiated radiation of the plate add with the radiation of the loop itself 

5. WCD modelled as an octagon  Shape of the WCD (with the Surface model) does not influence antenna sensitivity

Conclusions 

14

Thanks to Tomás for the S-parser 
and the Nec output reader! 

simulation of antenna pattern
NEC

45 
 

 
Figure x.10,  Patterns, YZ antenna, 50 MHz. 

 
  

in-situ calibration with 
reference antennaGalactic emission

Figure 26: Sidereal modulation of the power of the radio-signal background in measurements (left)
and in simulations (right) as a function of local sidereal time (LST) and frequency over a period of 12
days. The simulated data are obtained using a model of the radio sky which is propagated through
our detector model. Ambient (non-galactic) noise extracted from measurements has been added
to the simulated signal for a one-to-one comparison to the measured values. The increased power
between 12 h and 24 h arises from the Galactic center in the field of view of the antennas. The increased
power at 20 h and below 40 MHz in the measured data is caused by intermittent anthropogenic signals
present during the data-taking period.

• Measurements of the directional response of the full signal chain using a radio-
calibration source mounted on a drone. This is also used to evaluate the accuracy
of the simulation studies.

• Measurements of the radio emission from the Milky Way as a calibration source to
provide an absolute calibration. This is also used to evaluate the accuracy of laboratory
measurements of the hardware response to radio signals.

The latter two will together form a complete calibration of the RD. Further details are given
below on the current and planned implementation of the calibration:

• The directional calibration of our full signal chain by drone-mounted radio sources will
provide us with a quantitative estimation of the reconstruction uncertainties. The cali-
bration procedure will borrow from similar measurements for the AERA detector [109],
but it now includes higher accuracy in drone positioning and the ability to aim the ref-
erence antenna for a stable operation. Some early data have been obtained with drone
flights at a deployed RD station to test the reconstruction pipeline and improve the
efficiency of the procedures. The first full measurements are planned for later in 2023,
to coincide with the deployment timeline of the RD. The measurements at multiple
stations will allow us to quantify variations in the hardware from manufacturing and
deployment. The measurements nearly horizontal to the antenna mast will allow us
to validate our antenna simulations in the regime where reflections off the ground
become important. These are generally more difficult to model. Measurements at
multiple points in time will allow us to evaluate our modeling of the effect of changing
ground conditions (permittivity and reflectivity effects).

• We use sky models (constructed from multiple radio-sky surveys [110]) of the galactic
emission in the 30 to 80 MHz frequency band to provide an absolute calibration. Fig. 26

46

absolutely calibrated signals

atmospheric electric field

max.buesken@kit.edu

1.5 years in E-Field data

● Thunderstorm-heavy periods in austral summer clearly visible

window is optionally available to allow for the reduc-
tion of spectral distortion in the presence of stronger sig-
nals. To reduce the resource requirements on the FPGA,
the FFT unit is used to capture a power spectrum from
one channel at a time, alternating the channel between
successful captures. Once captured, the FFT results are
accumulated to build up sensitivity for the calibration.
The number of accumulations is configurable, by de-
fault 8192 spectra are accumulated for each channel. If
there are no noise peaks in the environment this should
take 2 seconds. The processed spectral data is available
for each ⇡0.24 MHz over the full 0 MHz to 125 MHz
range. Only part of this data will be required for cali-
bration so individual bins of the spectral data are avail-
able for download to the UUB. At the UUB selected
frequency bins of this background noise information are
then added into the global Auger housekeeping infor-
mation data stream.

6.4.2. Trigger

Do we want to mention the radio trigger already???!?!

6.5. Thermal cycling

Julian: thermal cycling of digitizer!?!

6.6. Hardware calibration

7. Monitoring

Julian/Sjoerd: parameters provided to the data base!?!

8. Calibration

Bjarni: calibration description!?!

8.1. Galactic emission

describe procedure, Tomas et al, based on Katie

8.2. Reference antenna

9. Expected performance

Tim: compact version of Felix Schlüter key results!?!

10. First data

10.1. background spectra

10.2. implementation in analysis software

10.3. air showers

11. Outlook

trigger

Figure 12: The filter amplifier characteristics with their uncertainty
bounds. Shown after calibration of the first 989 front-end boards of
the Radio Detector.

9

the „muon 
peak“ for 
radio
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21 EeV   86° zenith angle

}~30 km
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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
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Hybrid measurements RD-WCD

Figure 42: Left: Measurement of the radio emission from an extensive air shower at a zenith angle of
75� with the Radio Detector. The reconstructed energy agrees within 10% with the one reconstructed
with the surface detector. Right: First data set of air showers measured with the Radio Detector (N8
referring to the first hexagon of 8 detector stations, N38 referring to the super-hexagon of 38 detector
stations) and comparison of the energy reconstructed from radio and surface detector data.

as compared to hadronic ones becomes evident.

Radio measurements. The Auger Radio Detector, with its 1660 antennas on an area of
3000 km2 builds on a decade of experience gathered with the Auger Engineering Radio
Array (AERA), an array of autonomous radio detector stations covering an area of 17 km2.

With AERA, radio detection has been demonstrated to provide an accurate measurement
of the electromagnetic energy of air showers [126, 127] as well as, with a dense-enough grid
of antennas, allowing an accurate measurement of the depth of shower maximum of air
showers [128]. As such, radio detection is an interesting alternative to fluorescence detection,
being inherently less dependent on atmospheric conditions, operating continuously during
the day and at night, and not suffering from any relevant detector aging [112].

Figure 41 displays a preliminary measurement of the number of muons #19 in inclined
showers (determined by applying the standard reconstruction of inclined air showers for
 > 60� in the SD-1500 array on data measured with the SD-750 array) as a function of the
energy of the electromagnetic component determined by AERA. The probed energy range fills
the gap between measurements performed with the UMD [52] and inclined showers [51, 53],
and reaches down to 1017.5 eV. The RD will allow us to extend this analysis to energies well
beyond 1019 eV (shadowed region in Fig. 41).

Since May 2023, a total of 38 radio detectors have been running stably and taking air-
shower data in a super-hexagon configuration covering approximately 70 km2. The Radio
Detector has been fully characterized and integrated seamlessly within the Offline analysis
framework. Tailor-made reconstruction algorithms have been implemented [129] as well,
i.e., we are fully ready to perform calibrated analyses of RD data as they become available.
Indeed, first cosmic-ray events have been measured successfully and are showcased in Fig. 42.

With the recently developed radio-interferometric technique [130, 131], exploiting the
coherence of the radio signals after propagation through the refractive index gradient of

59

measurement of e/m energy by RD

—> full end-to-end verification of complete chain
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for the radio detection of inclined air

showers
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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
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RD expected physics contributions
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Figure 55: Integrated number of cosmic-ray shower events expected to be detected with the Radio
Detector (RD) for a measurement period of 10 years. Blue points denote all detected events, red points
only those in bins of energy and zenith angle for which the detection efficiency is at least 97%. For
comparison, the number of inclined air showers measured within Phase I simultaneously with the
WCDs and FDs is shown with a green square [53], and the total statistics of air showers measured
with FDs worldwide at energies of 1019.4 eV and higher is shown in with a yellow arrow [62].

Observatory. Unprecedented sensitivities to UHE photons and neutrinos were thus an
important design goal. Still, the observation of photons or neutrinos above ⇠100 EeV would
imply the existence of either completely new physical phenomena, or particle acceleration
mechanisms heretofore never seen or imagined. However, there are also good arguments for
dark matter (DM) to be superheavy, such as the value of the instability energy scale in the
SM that ranges between 1010 and 1012 GeV [159, 160]. The SM can therefore be extrapolated
without encountering inconsistencies that would make the electroweak vacuum unstable
up to such energy scales where new physics could arise, giving rise to a mass spectrum
of superheavy particles. As final decay byproducts of such particles, UHE photons and
neutrinos could therefore provide evidence for superheavy DM.

In the next decade, the upgraded Observatory will be uniquely powerful in searching
for UHE photons and neutrinos that could lead to a serendipitous discovery of DM. The
current flux upper limits can be converted into lower limits on the particle lifetime �X as a
function of its mass "X. In this way, the filled gray region in Fig. 56 corresponding to the
exclusion region in the plane (�X ,"X) is obtained. The hatched blue area is a projection
of the region of the parameter space that will be explored with the cumulative sensitivity
by 2035. The large gain for "X . 1011 GeV is expected from the completion of the UMD
array that will enhance significantly the sensitivity to photons between 1016 to 1017 eV. Also
shown in Fig. 56 as the hatched red region is the “ceiling” due to UHE photons produced
from cosmic ray interactions in the galactic disk that may mask photons from DM decay [33].
The ceiling corresponds to values of �X beyond which the scotogenic photon fluxes would be
overwhelmed by cosmogenic ones.

The search for photons at the highest energies also makes it possible to test different
models of Lorentz-invariance breaking. Processes that are classically forbidden might instead
be allowed in the case of Lorentz symmetry breaking, e.g. vacuum Cherenkov radiation,
spontaneous photon emission, or electron-positron pair production. The last process is
particularly interesting for Auger since the distances traveled by high-energy photons in
extragalactic space can change in the case of LIV. In the subluminal scenario the mean free path
would increase, and consequently the expected cosmogenic flux at the top of the atmosphere

77

integrated # of cosmic rays

Figure 45: Expectation for the measurement quality when combining data from the RD and WCDs
over 10 years assuming the mass composition scenario in Ref. [19]. Expectations for the mean number
of muons (upper panel) and their fluctuations (lower panel) are represented with open markers and are
based on Monte Carlo simulations (error bars are statistical uncertainties only). The simulated result
for the mean number of muons is also shown with an ad-hoc scaling factor to match the muon excess
as measured by Auger in [51] and Supplemental material, and not reproduced by the simulations.
For comparison, the green solid markers represent measurements from Phase I with the FD and the
WCDs. Statistical (systematic) uncertainties of the FD+WCD measurements are represented by the
error bars (square brackets).

Using the increase in statistics, the positions of the breaks in the elongation rate [9]
and whether they coincide with features in the energy spectrum can be investigated. This
is shown in Fig. 46 right. The expected significance of the breaks in the elongation rate
is expected to reach above 5� (red). Additionally, the significance for identifying the last
break at 30 EeV, possibly connected to the cut-off, will rise (blue). Considering the increased
sensitivity obtained with AugerPrime when re-analyzing Phase I data and the improved
hybrid calibration of the SD due to the increase in hybrid statistics, the discovery of the
potential third break is within reach in the period up to 2035 (green).

Arrival directions including information on the primary mass. The correlation of UHECR
arrival directions with the flux pattern expected from the catalogs of host galaxies can be
evaluated for AugerPrime, taking into account the continued operation of the WCD array.
The growth of the signal in the Centaurus region, quantified by the excess of events with
respect to the isotropic expectation, and the growth of the test statistic of the starburst model
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Measurements of the 
highest-energy cosmic rays

Stay tuned for 
new insights into 
the origin of the 
highest-energy 
particles in the 
Universe
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