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Abstract: Nature is providing particles with energies exceeding 1020 eV. Their existence imposes imme-
diate questions: Are they ordinary particles, accelerated in extreme astrophysical environments, or are they
annihilation or decay products of super-heavy dark matter or other exotic objects? The particles can be used
to study physics processes at extreme energies: Is Lorentz invariance still valid? Are the particles inter-
acting according to the Standard Model or are there new physics processes? The particles can be used to
study hadronic interactions (QCD) in the kinematic forward direction: What is the cross section of protons
at
p
s > 105 GeV? If the particles are accelerated in extreme astrophysical environments: Are their sources

related to those of high-energy neutrinos, gamma rays, and/or gravitational waves, such as the recently
observed mergers of compact objects?

To address these questions, a next-generation observatory will be needed after 2030 to study the physics
and properties of the highest-energy particles in Nature. It should have an aperture at least an order of
magnitude bigger than the existing observatories. We aim for a detector system with an area of 40 000 km2

or more and all-sky coverage.
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Scope of the workshop: 
 

To discuss UHE multi-messenger astroparticle 
physics after 2030  
- What physics do we want to do with UHE particles* 

after 2030? 
* protons, nuclei, neutrinos, gamma rays  

- What requirements follow from the physics case for 
an observatory? 

- How and where would we want to build such an 
observatory?

Fe
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Physics and origin of the highest-energy particles in Nature
Nature is providing particles with energies exceeding 1020 eV. 
Their existence imposes immediate questions: 
- Are they ordinary particles, accelerated in extreme astrophysical 

environments, 
- or are they annihilation or decay products of super-heavy dark 

matter or other exotic objects? 
The particles can be used to study physics processes at extreme 
energies: 
- Is Lorentz invariance still valid? 
- Are the particles interacting according to the Standard Model or 

are there new physics processes? 
The particles can be used to study hadronic interactions (QCD) in 
the kinematic forward direction: 
- What is the cross section of protons at √s > 105 GeV? 
If the particles are accelerated in extreme astrophysical 
environments: 
- Are their sources related to those of high-energy neutrinos, 

gamma rays, and/or gravitational waves, such as the recently 
observed mergers of compact objects? 
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calculate a full-band energy flux of (4.59 ± 0.14stat
+0.17
�0.13sys,Ae↵

) ⇥
10�5 MeV cm�2 s�1. The best-fit broken power-law prefactor6 is
(3.64±0.15)⇥10�13 cm�2 s�1 MeV�1. In the lower-energy band,
we find a photon index of 2.70 ± 0.02stat

+0.05
�0.03sys,Ae↵

, and in the
higher band, 2.31 ± 0.07stat

+0.01
�0.04sys,Ae↵

. This provides corroborat-
ing evidence for a spectral hardening by �� ⇠ 0.4 above the
break energy. Comparisons of these results to the Cen A core
spectrum from the 3FGL catalogue (Acero et al. 2015) are not
meaningful, since their analysis did not include modelling of the
Cen A core spectrum as a broken power law. Using the mod-
ified WMAP template we observe a consistent photon index
in the lower and upper bands, respectively, of 2.68 ± 0.03 and
2.26 ± 0.07, and using the Parkes template, 2.67 ± 0.03 and
2.29 ± 0.07. We also tested for a log-parabola spectral shape
using a likelihood ratio test, analogous to Signif_Curve in
the 3FGL catalogue, which Acero et al. (2015) calculated as
2.3�, and found a TScurve = 4.5, or ⇠2.1�. The power-law
index that we observe above the spectral break is consistent
with the index above 10 GeV found in the 3FHL catalogue
(Ajello et al. 2017).

Finally, we tested for variability of the Cen A core both
above and below the break energy (2.8 GeV) by calculating
light curves using a single power-law spectral model for each.
Below the break, we divided the data into 64 45 day bins
and calculated flux variability using the method described in
Nolan et al. (2012) Sect. 3.6, with systematic correction factor
f = 0.02. Keeping the power-law index fixed to 2.70, we cal-
culate 0.09� ( �2 = 47.3 with 63 d.o.f.) significance for flux
variability. Above the break, we divided the data into nine-
month bins. Keeping the power-law index fixed to 2.31, we
do not see evidence for flux variability (1.9�, �2 = 16.6 with
9 d.o.f.).

4. Discussion

4.1. Beyond a single-zone SSC description of the �-ray core
SED of Cen A

The proximity and the diversity of the radio structures asso-
ciated with the activity of its core make Cen A an ideal lab-
oratory to investigate radiative processes and jet physics. In
this regard, an improved characterisation of its SED is impor-
tant in distinguishing which emission component is likely to
dominate the observed radiation. Earlier investigations (e.g.
Chiaberge et al. 2001) suggested that the SED of the core of Cen
A (i.e. the central source unresolved with radio, infrared, hard
X-ray, and �-ray instruments) up to sub-GeV energies appears
remarkably similar to that of blazars. In a ⌫–⌫F⌫ plot, the SED
seems well represented by two broad peaks, one located in
the far-infrared band and the other in the �-ray band at ener-
gies ⇠0.1 MeV. The SED as known prior to 2009 was satis-
factorily described by a single zone, homogeneous SSC model
assuming the jet to be misaligned (i.e. lower Doppler boosting
compared to blazars). The detection of VHE and HE � rays
from Cen A by H.E.S.S. and Fermi-LAT has started to compli-
cate this simple picture. If the available (non-contemporaneous)
H.E.S.S. and Fermi-LAT data are added, a single zone SSC
model is no longer able to adequately account for the overall
core SED of Cen A (see also Roustazadeh & Böttcher 2011;
Petropoulou et al. 2014; Abdo et al. 2010a). The SSC spectral
component introduced earlier (Chiaberge et al. 2001) appears
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scitools/source_models.html#BrokenPowerLaw

Fig. 3. SED of Cen A core with model fits as described in text. The
red curve corresponds to an SSC component designed to fit the radio
to sub-GeV data. The blue curve corresponds to a second SSC com-
ponent added to account for the highest energy data. The black curve
corresponds to the sum of the two components. SED points as derived
from H.E.S.S. and Fermi-LAT data in this paper are shown with open
circles. Observations from the radio band to the MeV �-ray band are
from TANAMI (⇧), SEST (N), JCMT (.), MIDI (O), NAOS/CONICA
(/), NICMOS (⇤), WFPC2 (⌥), Suzaku (4), OSSE/COMPTEL (⌅). The
acronyms are described in Appendix B.

to work well only for the radio band to the MeV �-ray
band.

Moreover, the detection of VHE � rays compatible with a
power law up to ⇠5 TeV raises the principal challenge of avoid-
ing internal (i.e. on co-spatially produced synchrotron photons)
�� absorption in a one-zone SSC approach. Interferometric
observations with the MID-infrared Interferometeric instru-
ment (MIDI) at the Very Large Telescope Interferometer array
(Meisenheimer et al. 2007) showed that the mid-infrared (MIR)
emission from the core of Cen A is dominated by an unre-
solved point source <10 mas (or <0.2 pc). Abdo et al. (2010a)
have argued that the MIR and VHE emission cannot originate
in the same region, since the VHE emission would be strongly
attenuated due to �� interaction with mid-infrared (soft) pho-
tons. The strength of this argument depends on how well pos-
sible Doppler boosting e↵ects can be constrained, that is, on
inferences with respect to the inclination and the bulk flow
Lorentz factor of the sub-parsec scale jet in Cen A. It could
be shown by extending the argumentation from Section 5.2 of
Abdo et al. (2010a) that the ��-attenuation problem might be
alleviated if the sub-parsec jet were inclined at 11�, that is,
slightly below the lower limit of the angular range ✓ ⇠ 12��45�
allowed by recent Tracking Active Galactic Nuclei with Aus-
tral Milliarcsecond Interferometry (TANAMI) monitoring con-
straints on the sub-parsec scale jet (Müller et al. 2014). Motions
with the Doppler factors required to avoid �� attenuation
(�D > 5.3), however, have not yet been observed on sub-parsec
scales.

The previously mentioned considerations, along with the evi-
dence for a clear hardening of the HE spectrum of Cen A,
make a single-zone SSC interpretation for its overall SED
very unlikely. Alternative scenarios, where the TeV emis-
sion from the high energy Cen A core is associated with
the presence of an additional emission component is instead
favoured.
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ABSTRACT

Centaurus A (Cen A) is the nearest radio galaxy discovered as a very-high-energy (VHE; 100 GeV–100 TeV) �-ray source by the High Energy
Stereoscopic System (H.E.S.S.). It is a faint VHE �-ray emitter, though its VHE flux exceeds both the extrapolation from early Fermi-LAT obser-
vations as well as expectations from a (misaligned) single-zone synchrotron-self Compton (SSC) description. The latter satisfactorily reproduces
the emission from Cen A at lower energies up to a few GeV. New observations with H.E.S.S., comparable in exposure time to those previously
reported, were performed and eight years of Fermi-LAT data were accumulated to clarify the spectral characteristics of the �-ray emission from
the core of Cen A. The results allow us for the first time to achieve the goal of constructing a representative, contemporaneous �-ray core spectrum
of Cen A over almost five orders of magnitude in energy. Advanced analysis methods, including the template fitting method, allow detection in
the VHE range of the core with a statistical significance of 12� on the basis of 213 hours of total exposure time. The spectrum in the energy range
of 250 GeV–6 TeV is compatible with a power-law function with a photon index � = 2.52 ± 0.13stat ± 0.20sys. An updated Fermi-LAT analysis
provides evidence for spectral hardening by �� ' 0.4 ± 0.1 at �-ray energies above 2.8+1.0

�0.6 GeV at a level of 4.0�. The fact that the spectrum
hardens at GeV energies and extends into the VHE regime disfavour a single-zone SSC interpretation for the overall spectral energy distribution
(SED) of the core and is suggestive of a new �-ray emitting component connecting the high-energy emission above the break energy to the one
observed at VHE energies. The absence of significant variability at both GeV and TeV energies does not yet allow disentanglement of the physical
nature of this component, though a jet-related origin is possible and a simple two-zone SED model fit is provided to this end.

Key words. gamma rays: galaxies – radiation mechanisms: non-thermal

1. Introduction

Active galaxies host a small, bright core of non-thermal emis-
sion. At a distance of d ' 3.8 Mpc, Centaurus A (Cen A) is
the nearest active galaxy (Israel 1998; Harris et al. 2010). Its
proximity has allowed for a detailed morphological analysis over
angular scales ranging from milli-arcseconds to several degrees
(1� ' 65 kpc). A variety of structures powered by its active
galactic nucleus (AGN) have been discovered using observa-
tions in radio (e.g. Hardcastle et al. 2003, 2006; Horiuchi et al.
2006; Müller et al. 2014), infrared (e.g. Brookes et al. 2006;
Meisenheimer et al. 2007), X-ray (e.g. Kraft et al. 2002;
Hardcastle et al. 2003), and �-ray (e.g. Abdo et al. 2010a,b;
Yang et al. 2012) bands. These structures include a radio emit-
ting core with a size of 10�2 pc, a parsec-scale jet and counter-
jet system, a kiloparsec-scale jet and inner lobes, up to giant
outer lobes with a length of hundreds of kiloparsecs.

Based on its radio properties, Cen A has been classified
as a radio galaxy of Fanaro↵-Riley type I (Fanaro↵ & Riley
1974). According to AGN unification schemes, radio galaxies
of this type are thought to correspond to BL Lacertae (BL Lac)
objects viewed from the side, the latter showing jets aligned
along the line of sight and corresponding to a subclass of blazars
(Urry & Padovani 1995). BL Lac objects are the most abundant
class of known extragalactic very-high-energy (VHE) emitters1,
and exhibit double-peaked spectral energy distributions (SEDs).
It is commonly thought that their low-frequency emission in
the radio to ultraviolet (and X-ray, for high-peaked BL Lacs)
band is synchrotron emission from relativistic electrons within a
blob (zone) moving at relativistic speeds in the jet. Synchrotron
self-absorption implies that the lower-frequency observed radio
emission cannot be produced by a compact blob, and is likely
produced by synchrotron from a larger jet component. The
high-energy emission (hard X-ray to VHE �-ray) from high-
peaked BL Lac type objects has been satisfactorily modelled
as synchrotron self-Compton (SSC) radiation resulting from the
inverse Compton upscattering of synchrotron photons by the
same relativistic electrons that produced the synchrotron radia-
tion (Maraschi et al. 1992; Bloom & Marscher 1996), although
other more complex models (involving e.g. external inverse
Compton emission, hadronic interactions, or multiple zones) are
conceivable (Reimer & Böttcher 2013).

At a few tens of keV to GeV photon energies, Cen A was
detected by all instruments on board the Compton Gamma-
Ray Observatory (BATSE, OSSE, COMPTEL, and EGRET;

1
http://tevcat.uchicago.edu/

the acronyms are described in Appendix B.) in the period
1991–1995 revealing a high-energy peak in the SED at an
energy of ⇠0.1 MeV (see Kinzer et al. 1995; Steinle et al. 1998;
Sreekumar et al. 1999). An earlier investigation found that it
is possible to fit the data ranging from the radio band to the
�-ray band using a single-zone SSC model (Chiaberge et al.
2001), but this implies a low flux at VHE. High-energy and
VHE �-ray observations are thus important to test the valid-
ity of the SSC scenario for modelling of the SED of radio
galaxies.

The discovery of Cen A as an emitter of VHE � rays
was reported on the basis of 115 h of observation (labelled
data set A in this study) with the High Energy Stereoscopic
System (H.E.S.S.) performed from April 2004 to July 2008
(Aharonian et al. 2009). The signal from the region containing
the radio core, the parsec-scale jet, and the kiloparsec-scale jet
was detected with a statistical significance of 5.0�. In this paper,
we refer to this region as the Cen A �-ray core. Subsequent sur-
vey observations at high energies (HE; 100 MeV–100 GeV) were
performed by the Large Area Telescope (LAT) on board the
Fermi Gamma Ray Space Telescope (FGST) launched in June
2008 (Atwood et al. 2009). During the first three months of sci-
ence operation, started on August 4, 2008, Fermi-LAT confirmed
the EGRET detection of the Cen A �-ray core (Abdo et al. 2009).
Spectral analysis and modelling based on ten months of Fermi-
LAT observations (Abdo et al. 2010a) suggested the high-energy
�-ray emission up to ⇠10 GeV to be compatible with a single
power law, yet indicated that a single-zone SSC model would
be unable to account for the (non-contemporaneous) higher
energy TeV emission observed by H.E.S.S. in 2004–2008. The
analysis of extended Fermi-LAT data sets has in the meantime
provided increasing evidence for a substantial spectral break
above a few GeV (Sahakyan et al. 2013; Brown et al. 2017).
This supports the conclusion that the TeV emission observed in
2004–2008 with H.E.S.S. belongs to a distinct, separate spectral
component.

In this paper, we present the results of long-term observations
of the Cen A �-ray core performed both with H.E.S.S. and with
Fermi-LAT. These include new (more than 100 h) VHE obser-
vations of the Cen A �-ray core with H.E.S.S. (data set B) per-
formed when the FGST was already in orbit. We report results of
the spectral analysis of the complete H.E.S.S. data set (Sect. 2)
with an exposure time that is twice that used in the previously
published data set A, as well as an update (Sect. 3) of the spec-
trum of the Cen A �-ray core obtained with Fermi-LAT at GeV
energies. The results are discussed and put into wider context in
Sect. 4.
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Cen A

Multi-messenger studies of (potential) sources

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 39 EeV (left)
and γAGNs above 60 EeV (right). The excess maps (best-fit isotropic component subtracted) 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.

(FITS files for this figures are available.)
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the source, the integral being set by its flux attenuated above
the chosen energy threshold, and the angular width—or search
radius101—being a free parameter common to all sources. No
shift of the centroid position is considered, avoiding depend-
ence on any particular model of the Galactic magnetic field in
this exploratory study. After mixing the anisotropic map with a
variable fraction of isotropy, as in Abreu et al. (2010), the
model map is multiplied by the directional exposure of the
array and its integral is normalized to the number of events.
The model map thus depends on two variables aimed at
maximizing the degree of correlation with UHECR events: the
fraction of all events due to the sources (anisotropic fraction)
and the rms angular separation between an event and its source
(search radius) in the anisotropic fraction.

We perform an unbinned maximum-likelihood analysis, where
the likelihood (L) is the product over the UHECR events of the
model density in the UHECR direction. The test statistic (TS) for
deviation from isotropy is the likelihood ratio test between two
nested hypotheses: the UHECR sky model and an isotropic
model (null hypothesis). The TS is maximized as a function of
two parameters: the search radius and the anisotropic fraction.
We repeat the analysis for a sequence of energy thresholds.

For a given energy threshold, we confirmed with simulations
that the TS for isotropy follows a 2c distribution with two degrees
of freedom, as expected (Wilks 1938), directly accounting for the
fit of two parameters of the model. As in Aab et al. (2015b), we
penalize the minimum p-value for a scan in threshold energy, by
steps of 1 EeV up to 80 EeV, estimating the penalty factor with
Monte-Carlo simulations. The p-values are converted into
significances assuming 1-sided Gaussian distributions.

4.2. Single Population against Isotropy

Previous anisotropy studies (e.g., Aab et al. 2015b) have
considered a scan in energy threshold starting at 40 EeV, where
the observed flux reaches half the value expected from lower-
energy extrapolations, but as shown in Figure 1, there is a
maximum in the significance close to this starting point.
Therefore we have evaluated the TS down to 20 EeV.

The TS is maximum for SBGs above 39 EeV (894 events),
with or without attenuation. For γAGNs, the TS is maximum
above 60 EeV (177 events) after accounting for attenuation.
As shown in Figure 1, left, attenuation mildly impacts SBGs
that are nearby: we obtain TS=24.9/25.5/25.7 for scenarios

A/B/C, respectively. The impact is more pronounced for
γAGNs, a larger attenuation reducing contributions from
distant blazars: we obtain a maximum TS of 15.2/9.4/11.9
for scenarios A/B/C. Shifting the energy scale within
systematic uncertainties ( 14%o ) affects the maximum TS
by±1 unit for γAGNs,±0.3 for SBGs.
Penalizing for the energy scan, the maximum TS obtained

for SBGs and γAGNs within scenario A corresponds to 4.0s
and 2.7s deviations from isotropy, respectively. As shown in
Figure 2 (left), the maximum deviation for γAGNs is found at
an angular scale of 7 2

4n-
+ and a 7 4%o fraction of anisotropic

events. For SBGs, a stronger deviation from isotropy is
uncovered at an intermediate angular scale of 13 3

4n-
+ and an

anisotropic fraction of 10 4%o . The systematic uncertainty
induced by the energy scale and attenuation scenario is at the
level of 0.3% for the anisotropic fraction and 0°.5 for the search
radius obtained with SBGs.
For Swift-BAT and 2MRS sources attenuated within scenario

A, we obtain maximum TSs of 18.2 (3.2s) above 39 EeV and
15.1 (2.7s) above 38 EeV, respectively (see Figure 1, right).
These correspond to values of the best-fit parameters of 12 4

6n-
+

and 7 %3
4

-
+ for Swift-BAT, 13 4

7n-
+ and 16 %7

8
-
+ for 2MRS.

The different degrees of anisotropy obtained from each
catalog can be understood from Figure 3 (top) showing a
UHECR hotspot in the direction of the CentaurusA/M83/
NGC4945 group. The γAGN model ( 60 EeV> ) and Swift-
BAT model ( 39 EeV> ) are dominated by CentaurusA, which
is 7n and13n away from NGC4945 and M83, respectively. The
starburst model additionally captures the UHECR excess close
to the Galactic South Pole, interpreted as contributions from
NGC1068 and NGC253, yielding an increase in the
anisotropy signal from 3s~ to 4s. Additional diffuse
contributions from clustered sources in the 2MRS catalog are
not favored by the data, resulting in the smaller deviation from
isotropy.

4.3. Composite Models against Single Populations

To compare the two distinct gamma-ray populations above
their respective preferred thresholds, we investigate a compo-
site model combining contributions from γAGNs and SBGs,
adopting a single search radius and leaving the fraction of
events from each population free. The TS in this case is the
difference between the maximum likelihood of the combined
model and that of the null hypothesis of a single population at

Figure 1. TS scan over the threshold energy for SBGs and AGNs (left) and Swift-BAT and 2MRS sources (right), including attenuation (lighter dashed lines) or not
(darker solid lines).

101 Inverse square root of Fisher’s concentration parameter.
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INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
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photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
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omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-
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diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-
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observatories around the world measuring
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muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
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2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric
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the detected g-ray flux from the blazar
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surements of the source have also
been completed at x-ray, optical, and
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tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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emission from that direction in data prior to 2017,
as discussed in a companion paper (26).

High-energy g-ray observations of
TXS 0506+056

On 28 September 2017, the Fermi Large Area
Telescope (LAT) Collaboration reported that the
direction of origin of IceCube-170922A was con-
sistent with a known g-ray source in a state of
enhanced emission (16). Fermi-LAT is a pair-
conversion telescope aboard the Fermi Gamma-
ray Space Telescope sensitive to g-rays with energies
from 20MeV to greater than 300 GeV (27). Since
August 2008, it has operated continuously, pri-
marily in an all-sky survey mode. Its wide field
of view of ~2.4 steradian provides coverage of the
entire g-ray sky every 3 hours. The search for pos-
sible counterparts to IceCube-170922Awas part of
the Fermi-LAT collaboration’s routinemultiwave-
length, multimessenger program.
Inside the error region of the neutrino event,

a positional coincidence was found with a pre-
viously cataloged g-ray source, 0.1° from the best-
fitting neutrino direction. TXS 0506+056 is a
blazar of BLLacertae (BLLac) type. Its redshift of
z ¼ 0:3365T0:0010was measured only recently
based on the optical emission spectrum in a
study triggered by the observation of IceCube-
170922A (28).

TXS 0506+056 is a known Fermi-LAT g-ray
source, appearing in three catalogs of Fermi
sources (23, 24, 29) at energies above 0.1, 50, and
10 GeV, respectively. An examination of the
Fermi All-Sky Variability Analysis (FAVA) (30)
photometric light curve for this object showed
that TXS 0506+056 had brightened consider-
ably in the GeV band starting in April 2017 (16).
Independently, a g-ray flare was also found by
Fermi ’s Automated Science Processing [ASP (25)].
Such flaring is not unusual for a BLLac object and
would not have been followed up as extensively if
the neutrino were not detected.
Figure 3 shows the Fermi-LAT light curve and

the detection time of the neutrino alert. The light
curve of TXS 0506+056 from August 2008 to
October 2017was calculated in bins of 28 days for
the energy range above 0.1 GeV. An additional
light curve with 7-day bins was calculated for the
period around the time of the neutrino alert. The
g-ray flux of TXS 0506+056 in each time bin was
determined through a simultaneous fit of this
source and the other Fermi-LAT sources in a
10° by 10° region of interest along with the
Galactic and isotropic diffuse backgrounds, using
a maximum-likelihood technique (25). The inte-
grated g-ray flux of TXS 0506+056 forE> 0.1 GeV,
averaged over all Fermi-LAT observations span-
ning 9.5 years, is ð7:6 T 0:2Þ $ 10% 8 cm% 2 s% 1. The

highest flux observed in a single 7-day light curve
bin was ð5:3 T 0:6Þ $ 10% 7 cm% 2 s% 1, measured in
the week 4 to 11 July 2017. Strong flux variations
were observed during the g-ray flare, themost prom-
inent being a flux increase from ð7:9 T 2:9Þ$
10% 8 cm% 2 s% 1 in the week 8 to 15 August 2017
to ð4:0 T 0:5Þ $ 10% 7 cm% 2 s% 1 in the week 15 to
22 August 2017.
The Astro-Rivelatore Gamma a Immagini Leg-

gero (AGILE) g-ray telescope (31) confirmed the
elevated level of g-ray emission at energies above
0.1 GeV from TXS 0506+056 in a 13-day window
(10 to 23 September 2017). The AGILEmeasured
fluxofð5:3 T 2:1Þ $ 10% 7 cm% 2 s% 1 is consistentwith
the Fermi-LAT observations in this time period.
High-energy g-ray observations are shown in

Figs. 3 and4.Details on theFermi-LAT andAGILE
analyses can be found in (25).

Very-high-energy g-ray observations of
TXS 0506+056

Following the announcement of IceCube-170922A,
TXS 0506+056 was observed by several ground-
based Imaging Atmospheric Cherenkov Tele-
scopes (IACTs). A total of 1.3 hours of observations
in the direction of the blazar TXS 0506+056
were taken using the High-Energy Stereoscopic
System (H.E.S.S.) (32), located in Namibia, on
23 September 2017 [Modified Julian Date (MJD)
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Fig. 3. Time-dependent multiwavelength observations of TXS
0506+056 before and after IceCube-170922A. Significant variability of
the electromagnetic emission can be observed in all displayed energy
bands, with the source being in a high-emission state around the
time of the neutrino alert. From top to bottom: (A) VHE g-ray
observations by MAGIC, H.E.S.S., and VERITAS; (B) high-energy g-ray
observations by Fermi-LAT and AGILE; (C and D) x-ray observations by
Swift XRT; (E) optical light curves from ASAS-SN, Kiso/KWFC, and
Kanata/HONIR; and (F) radio observations by OVRO and VLA. The red

dashed line marks the detection time of the neutrino IceCube-170922A.
The left set of panels shows measurements between MJD 54700
(22 August 2008) and MJD 58002 (6 September 2017). The set of
panels on the right shows an expanded scale for time range
MJD 58002 to MJD 58050 (24 October 2017). The Fermi-LAT light
curve is binned in 28-day bins on the left panel, while finer 7-day bins
are used on the expanded panel. A VERITAS limit from MJD 58019.40
(23 September 2017) of 2:1 $ 10% 10 cm% 2 s% 1 is off the scale of the plot
and not shown.
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INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪

RESEARCH

The IceCube Collaboration et al., Science 361, 146 (2018) 13 July 2018 1 of 1

The list of author affiliations is available in the full
article online.
*The full lists of participating members for each
team and their affiliations are provided in the
supplementary materials.
†Email: analysis@icecube.wisc.edu
Cite this article as IceCube Collaboration et al.,
Science 361, eaat1378 (2018). DOI: 10.1126/
science.aat1378

Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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Abstract

The Advanced LIGO and Advanced Virgo observatories recently discovered gravitational waves from a binary
neutron star inspiral. A short gamma-ray burst (GRB) that followed the merger of this binary was also recorded by
the Fermi Gamma-ray Burst Monitor (Fermi-GBM), and the Anti-Coincidence Shield for the Spectrometer for the
International Gamma-Ray Astrophysics Laboratory (INTEGRAL), indicating particle acceleration by the source.
The precise location of the event was determined by optical detections of emission following the merger. We
searched for high-energy neutrinos from the merger in the GeV–EeV energy range using the ANTARES, IceCube,
and Pierre Auger Observatories. No neutrinos directionally coincident with the source were detected within ±500 s
around the merger time. Additionally, no MeV neutrino burst signal was detected coincident with the merger. We
further carried out an extended search in the direction of the source for high-energy neutrinos within the 14 day
period following the merger, but found no evidence of emission. We used these results to probe dissipation
mechanisms in relativistic outflows driven by the binary neutron star merger. The non-detection is consistent with
model predictions of short GRBs observed at a large off-axis angle.

Key words: gamma-ray burst: general – gravitational waves – neutrinos

1. Introduction

The observation of binary neutron star mergers with multiple
cosmic messengers is a unique opportunity that enables the
detailed study of the merger process and provides insight into
astrophysical particle acceleration and high-energy emission
(e.g., Faber & Rasio 2012; Bartos et al. 2013; Berger 2014;
Abbott et al. 2017a). Binary neutron star mergers are prime
sources of gravitational waves (GWs; e.g., Abadie et al. 2010),
which provide information on the neutron star masses and spins
(e.g., Veitch et al. 2015). Kilonova/macronova observations of
the mergers provide further information on the mass ejected by
the disruption of the neutron stars (e.g., B. Abbott et al. 2017,
in preparation; Metzger 2017).

Particle acceleration and high-energy emission by compact
objects are currently not well understood (e.g., Mészáros 2013;
Kumar & Zhang 2015) and could be deciphered by combined
information on the neutron star masses, ejecta mass, and
gamma-ray burst (GRB) properties, as expected from multi-
messenger observations. In particular, the observation of high-
energy neutrinos would reveal the hadronic content and
dissipation mechanism in relativistic outflows (Waxman &
Bahcall 1997). A quasi-diffuse flux of high-energy neutrinos of
cosmic origin has been identified by the IceCube observatory
(Aartsen et al. 2013a, 2013b). The source population producing
these neutrinos is currently not known.

On 2017 August 17, the Advanced LIGO (Aasi et al. 2015) and
Advanced Virgo (Acernese et al. 2015) observatories recorded a
GW signal, GW170817, from a binary neutron star inspiral (Abbott
et al. 2017b). Soon afterward, Fermi-GBM and INTEGRAL

detected a short GRB, GRB 170817A, from a consistent location
(Abbott et al. 2017a; Goldstein et al. 2017; Savchenko et al. 2017).
Subsequently, ultraviolet, optical, and infrared emission was
observed from the merger, consistent with kilonova/macronova
emission. Optical observations allowed the precise localization of
the merger in the galaxy NGC 4993, at equatorial coordinates

J2000.0 13 09 48. 085h m sa =( ) , J2000.0 23 22 53. 343d = - n ¢ ´( )
(Abbott et al. 2017c; Coulter et al. 2017a, 2017b), and at a
distance of ∼40Mpc. At later times, X-ray and radio emissions
were also observed (Abbott et al. 2017c), consistent with the
expected afterglow of a short GRB at high viewing angles (e.g.,
Abbott et al. 2017a).
High-energy neutrino observatories continuously monitor

the whole sky or a large fraction of it, making them well suited
for studying emission from GW sources, even for unknown
source locations or for emission prior to or after the GW
detection (Adrián-Martínez et al. 2016a; Albert et al. 2017a). It
is also possible to rapidly analyze the recorded data and inform
other observatories in the case of a coincident detection,
significantly reducing the source localization uncertainty
compared to that provided by GW information alone.
In this Letter, we present searches for high-energy neutrinos

in coincidence with GW170817/GRB 170817A by the three
most sensitive high-energy neutrino observatories: (1) the
ANTARES neutrino telescope (hereafter ANTARES; Ageron et al.
2011), a 10 megaton-scale underwater Cherenkov neutrino
detector located at a depth of 2500 m in the Mediterranean Sea;
(2) the IceCube Neutrino Observatory (hereafter IceCube;
Aartsen et al. 2017), a gigaton-scale neutrino detector installed
1500 m deep in the ice at the geographic South Pole,
Antarctica; and (3) the Pierre Auger Observatory (hereafter
Auger; Aab et al. 2015b), a cosmic-ray air-shower detector
consisting of 1660 water-Cherenkov stations spread over an
area of ∼3000 km2. All three detectors joined the low-latency
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Summary. — This paper discusses the relation between the study of the fluxes of
cosmic rays, gamma rays and neutrinos, and the connection of these observations
with the newly born field of gravitational wave astronomy.

1. – Multi–messenger astrophysics

The discovery of cosmic rays at the beginning of the 20th century was the first glimpse
of what is now known as the “High Energy Universe”, the ensemble of the astrophysical
objects, environments and mechanisms that generate or store very high energy particles.
In recent years our understanding of these phenomena has made great progress thanks
to studies performed using three “messengers”: cosmic rays, gamma rays and neutrinos.
Cosmic rays (CRs) are relativistic, electrically charged particles of different types: pro-
tons, nuclei, electrons, with smaller but very important contributions of antiprotons and
positrons. The studies of these three messengers are intimately connected, and should
be considered as the three faces of a single scientific field.

The relation between CRs , γ’s and ν’s is simple: the dominant source of high energy
γ’s and ν’s is emission from CR particles. Gamma rays can be generated by relativistic
hadrons (protons and nuclei) or charged leptons (electrons and positrons). In the first
case the emission mechanisms are bremsstrahlung and Compton scattering (where the
targets are the soft photons that form the radiation fields in the medium where the e∓ are
propagating). In the second case the photons are generated in the decay of neutral pions
(π0→ γγ) and other unstable mesons created in the inelastic interactions of relativistic
protons and nuclei, with a target that can be a gas of ordinary matter, or a radiation field.
The hadronic mechanism is also a neutrino source, because the final state of hadronic
interactions also contains particles that decay into ν’s. The dominant channel is the
chain decay of charged pions (π+ → µ+νµ → (e+νeνµ)νµ and charge conjugate modes).
The rates of production of the three pion states are approximately equal, and therefore
the ν and γ emissions are of approximately the same size.

The only significant source of CRs that exists with certainty is the acceleration of
electrically charged particles in astrophysical objects (or better “events”, since in many
cases the sources are transient). The interactions of these accelerated primary CR par-
ticles (p, e− and most nuclei) can then generate gamma rays and neutrinos, and also
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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
ScorpiusX-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(Einstein
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 gravitational 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
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In 15 years of data taking, the Pierre Auger Observatory has observed no events beyond 1011.3 GeV.
This null result translates into an upper bound on the flux of ultrahigh-energy cosmic rays, implying
Jð>1011.3 GeVÞ < 3.6 × 10−5 km−2 sr−1 yr−1, at the 90% C.L. We interpret this bound as a constraint on
extreme-energy photons originating in the decay super-heavy dark matter (SHDM) particles clustered in the
Galactic halo. Armed with this constraint, we derive the strongest lower limit on the lifetime of hadronically
decaying SHDMparticles withmasses in the range 1014 ≲MX=GeV≲ 1016.We also explore the capability of
NASA’s future Probe of Extreme Multi-Messenger Astrophysics mission to search for SHDM signals.

DOI: 10.1103/PhysRevD.99.103016

I. INTRODUCTION

For the time being, a sovereign objective of the particle
physics program is to ascertain the connection between
dark matter (DM) and the Standard Model (SM). Existing
data constrain the majority of DM to be nonbaryonic, cold
or warm, and stable or long lived [1]. There are many ways
to accommodate these constraints, and so feasible DM
candidates with a very large range of masses and interaction
strengths have been proposed [2].
For many decades, the favored models characterized the

DM as a relic density of weakly interactingmassive particles
(WIMPs) [3–6].1 However, LHC experiments have run
extensive physics searches for WIMP signals which have
returned only null results [11,12]. In addition, a broadWIMP
search program has been developed with direct and indirect
detection methods, which so far have given unsatisfactory
answers [13–24]. Despite the fact that a complete exploration
of theWIMP parameter space remains the highest priority of
the DM community, there is now a strong motivation to
explore alternatives to the WIMP paradigm.
Among the well-motivated ideas for what DM could be,

the WIMPzilla hypothesis postulates that DM is made of
gravitationally produced (nonthermal relic) superweakly

interacting supermassive X-particles [25–33]. As a matter
of fact, the gravitational production of super-heavy dark
matter (SHDM) at the end of inflation may be taken as the
only experimentally verified DM production mechanism
because the observed cosmicmicrowave background (CMB)
fluctuations have precisely the same origin. At the end of
inflation, a fraction of fluctuations is not stretched beyond the
horizon but remains as X-particles because the inflation
slows down. The weakness of the gravitational interaction
naturally explains the tiny initial abundance of WIMPzillas.
Indeed, for such an abundance to be cosmologically relevant
today, the X-particles must be supermassive.
On an entirely separate though somewhat related note,

the surprising absence of any signals of new physics at the
LHC experiments [34] seems to indicate that nature does
not care too much about our notion of naturalness. Indeed,
the required fine-tuning of SM fundamental parameters to
accommodate the 15 orders of magnitude between the
electroweak and the Planck scales may soon become a
reality. Of course, the only reason one may try to incor-
porate such a shocking idea is that the existence of life may
actually be contingent on this wicked conspiracy [35].
Namely, the weak and QCD scales come about just very
close to one another, so that a plethora of atoms can exist to
exchange energy over extremely long timescales, assem-
bling the building blocks for life and durable habitats where
it can thrive [36–39].2 An additional, though not so severe,

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

1For a precise calculation of the WIMP relic abundance, see
[7,8]; partial wave unitarity dictates an upper bound on the WIMP
mass ≤ 110 TeV [9,10].

2Investigations in string theory have applied a statistical ap-
proach to the enormous “landscape” of vacua present in the theory
[37].Remarkably, this huge number ofmetastablevacua,Oð10500Þ,
can also accommodate the more severe fine-tuning required to
characterize the SM with a small cosmological constant [40,41].
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a detailed description of the photon directional exposure to
the Auger Collaboration. On the other hand, it is important
to note that the contribution from the nucleon flux to the all-
particle intensity would tend to compensate any possible
reduction in the photon exposure. Indeed, we can derive a
lower limit on τX using only the nucleon flux expected from
the X-decay. A rough estimate of such a limit can be
obtained through a rescaling of the results shown in Fig. 3
by the γ=N ratio. An additional compensation can be
picked up by using also the Telescope Array (TA) obser-
vations. TA has accumulated an exposure of approximately
8; 300 km2 sr yr without observation of events above
1011.3 GeV [89]. After removing the band of declination
common to both experiments, this becomes an approx-
imately 10% effect.

III. POEMMA DISCOVERY REACH

In line with our stated plan, we now estimate the
sensitivity of next generation UHECR experiments to
detect signals of WIMPzillas. At present, the most
advanced concept in pursuit of this objective is
POEMMA [90]. POEMMA will comprise two satellites
flying in loose formation at 525 km altitudes, with stereo-
scopic UHECR observation mode and monocular Earth-
limb viewing mode. In stereo fluorescence mode, the two
detectors view a common immense atmospheric volume
corresponding to approximately 1013 tons of atmosphere.
The stereo mode yields roughly an order of magnitude
increase in yearly UHECR exposure compared to that
obtainable by ground observatory arrays and 2 orders of
magnitude compared to ground fluorescence observations.
In the limb-viewing mode, POEMMA reaches nearly 1010

gton. The stereoscopic sensitivity of POEMMA to probe
the lifetime of SHDM is shown in Fig. 3. Detection of an

extreme-energy photon would be a momentous discovery.
If this were the case, POEMMA could be switched into
limb mode to rapidly increase statistics.
It is also noteworthy that cosmic-ray showers initiated by

extreme-energy photons develop, on average, deeper in the
atmosphere than air showers of the same primary energy
initiated by protons [91]. This is portrayed through the
observable Xmax, which describes the atmospheric column
depth at which the longitudinal development of a cosmic-
ray shower reaches the maximum. Of particular interest
here, for energies E ≳ E 0, the average Xmax of photon and
proton showers differs by more than 100 g=cm2 [92]. Ergo,
while the expected monocular performance of POEMMA
to identify the UHECR primary (ΔXmax ∼ 100 g=cm2)
is not as accurate as that for the stereo mode
(ΔXmax ≲ 30 g=cm2), it is still sufficient to characterize
the γ=N ratio.
We now comment on the impact of the adopted DM

profile in our calculations. Because we are averaging over
the entire field of view of the experiments, the selection of
the DM profile carries only a very small effect. This is
visible in Fig. 1, where we show that the differences
between the DM halo profiles are evident for angles
θ ≲ 10°. Indeed, the deviation from our results when
considering the Burkert profile rather than the canonical
NFW is about 10%. Because the Galactic Center is well
within the field of view of Auger, the limit on τX is slightly
relaxed when considering the Burkert profile. One the other
hand, the POEMMA sensitivity that averages over the
orbital period is increased.

IV. CONCLUSIONS

Thus far, the various ongoing efforts to produce or detect
WIMPs have not given us any promising clues, and
moreover, as of today, there have been no definitive hints
for beyond SM physics at any accessible energy scale. This
rather unexpected situation has motivated a new approach
to understand the particle nature of DM. If the Universe is
fine-tuned, then the natural mass range for the dark
sector would be the Planck scale. Such SHDM can arise
from string theory or other high-energy phenomena,
and the observed DM abundance can be successfully
produced during the inflationary epoch. We have
studied the constraints on SHDM models given by
recent UHECR observations. For masses in the range
1014 ≲MX=GeV≲ 1016, we derived the strongest
(95% C.L.) limit on the lifetime of hadronically decaying
SHDM particles. We also explored the prospects for
WIMPzilla discovery with future observations of
UHECRs. We end with an observation: in five years of
data collection, POEMMA (in the limb-viewing mode) will
have the potential to accumulate an unprecedented expo-
sure (approximately 106 km2 sr yr) and become the ulti-
mate WIMPzilla hunter.

FIG. 3. Lower limit on the lifetime of SHDM particles together
with the stereoscopic τX sensitivity (defined by the observation of
one photon event above 1011.3 GeV in five years of data
collection) of Probe of Extreme Multi-Messenger Astrophysics
(POEMMA). The previous limit on τX derived in Ref. [77] is also
shown for comparison.
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In the last years a general consensus has emerged on the use of ultra-high energy cosmic rays
(UHECR) data as a powerful probe of the validity of special relativity. This applies in particular
to the propagation of cosmic rays from their sources to Earth, responsible for energy suppressions
due to pion photoproduction by UHE protons (the Greisen-Zatsepin-Kuzmin limit) and photodis-
integration of UHE nuclei (the Gerasimova-Rozental limit). A suppression in the flux of UHECRs
at energies above 40 EeV – as expected from both these interactions – has been established ex-
perimentally beyond any doubt by current experiments. However, such an observation is still not
conclusive on the origin of the suppression. In particular, data from the Pierre Auger Observatory
can be interpreted in a scenario in which the suppression is due to the maximum acceleration
energy at the sources rather than to interactions in the background radiation. In this scenario,
UHECR data can no longer yield bounds on Lorentz invariance violations which increase the
thresholds for interactions of nuclei on background photons, in particular through modification
of the dispersion relations. Here we argue in turn that the study of UHECRs still represents an
opportunity to test Lorentz invariance, by discussing the possibility of deriving limits on violation
parameters from UHECR phenomena other than propagation. In particular we study the modifi-
cations of the shower development in the atmosphere due to the possible inhibition of the decay
of unstable particles, especially neutral pions.

The 34th International Cosmic Ray Conference,
30 July- 6 August, 2015
The Hague, The Netherlands
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We explore the possibility to geometrize the interaction of massive fermions with the quantum 
structure of space–time, trying to create a theoretical background, in order to explain what some recent 
experimental results seem to implicate on the propagation of Ultra High Energy Cosmic Rays (UHECR). 
We will investigate part of the phenomenological implications of this approach on the predicted effect 
of the UHECR suppression, in fact recent evidences seem to involve the modification of the GZK cut-
off phenomenon. The search for an effective theory, which can explain this physical effect, is based 
on Lorentz Invariance Violation (LIV), which is introduced via Modified Dispersion Relations (MDRs). 
Furthermore we illustrate that this perspective implies a more general geometry of space–time than 
the usual Riemannian one, indicating, for example, the opportunity to resort to Finsler theory.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Recent experimental observations, conducted on Ultra High En-
ergy Cosmic Rays (UHECR), hint the possibility that the predicted 
Universe opacity to the propagation of this kind of highly ener-
getic particles may be modified. Since the work of Coleman and 
Glashow (1999), many attempts of introducing LIV to justify such 
experimental evidences have been made, but this presents rele-
vant difficulties, because currently there is no consistent theory 
of Quantum Physics and General Relativity. One of the greatest 
challenges in formulating such a unified theory is the impossi-
bility of obtaining the energies needed to probe space–time at 
the Planck scale. In fact it is commonly believed that the Planck 
energy E P =

√
h̄c5G−1 and the Planck length λP =

√
Gh̄c−3 rep-

resent the energy and the length scales separating the classical 
theory of gravity from the quantized one. Nevertheless, Planck-
scale effects can possibly manifest themselves at lower energies 
as tiny violations of conservation laws. Several candidates quan-
tum gravity theories have been proposed, such as loop quantum 
gravity, string theory, non commutative geometry, extensions to 
the Standard Model etc. These different models share the features 
of considering a modification of the dispersion relation (energy-
momentum relation) of an elementary particle E2 − p2 = m2 to the 

* Corresponding author.
E-mail address: marco.torri@unimi.it (M.D.C. Torri).

form E2 − (1 − f (p))p2 = m2 with f (p) = ∑
k=1 αk(E P )pk . Direct 

consequence of this modification is the violation of the Lorentz In-
variance (LI) of the physical model studied. While LI as a global 
symmetry is a fundamental assumption of special relativity and 
the associated standard quantum field theory (standard model), it 
is not fundamental in General Relativity, in which the symmetry of 
space–time is given by classes of diffeomorphisms and LI is pro-
moted from global to local symmetry as in a gauge theory. Global 
Lorentz invariance is an approximate symmetry that emerges in 
particular solutions of the Einstein field equations, in particular 
at low energies. So, even if there are no definitive evidences to 
sustain departures from LI, there are consistent hints indicating 
that Lorentz Invariance Violation can be a theoretical consequence 
of quantum gravity.

To illustrate the scheme followed in this work, first we will in-
troduce the concept of Modified Dispersion Relations (MDRs) as 
phenomena characterizing the quantum structure of space–time. 
Then we will obtain the geometry implied by the MDRs, intro-
ducing Finsler structures. We will illustrate some basic concepts 
of Finsler geometry to demonstrate the possibility to calculate the 
metric of the space–time starting from the metric of momentum 
(cotangent) field. After this we will introduce a minimal extension 
to the Standard Model, as an effective theory of the interaction of 
high energy particles with the quantum structure of space–time. 
In conclusion we will use this theory to determine the effects of 
quantum space on the propagation of Ultra-High Energy Cosmic 
Rays (UHECR), exploring some effects on their phenomenology.

https://doi.org/10.1016/j.jheap.2018.01.001
2214-4048/© 2018 Elsevier B.V. All rights reserved.
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Abstract: Motivated by experimental indications of a significant presence of heavy

nuclei in the cosmic ray flux at ultra high energies (& 1019 eV), we consider the e↵ects

of Planck scale suppressed Lorentz Invariance Violation (LIV) on the propagation of

cosmic ray nuclei. In particular we focus on LIV e↵ects on the photodisintegration of

nuclei onto the background radiation fields. After a general discussion of the behavior

of the relevant quantities, we apply our formalism to a simplified model where the LIV

parameters of the various nuclei are assumed to kinematically result from a single LIV

parameter for the constituent nucleons, ⌘, and we derive constraints on ⌘. Assuming

a nucleus of a particular species to be actually present at 1020 eV the following

constraints can be placed: �3 ⇥ 10�2 . ⌘ . 4 for 56Fe, �2 ⇥ 10�3 . ⌘ . 3 ⇥ 10�2

for 16O and �7⇥ 10�5 . ⌘ . 1⇥ 10�4 for 4He, respectively.

Keywords: cosmic ray theory, quantum gravity phenomenology, ultra high energy

cosmic rays.ar
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Additional physics cases

• (Hadronic) interactions/particle 
physics at extreme energies  

• Geophysics, elves, atmospheric 
phenomena, …  

• What else? 
Think out of the box… 
E.g. LOFAR key science project Cosmic Rays  
—> detailed investigations of lightning

10 51. Plots of Cross Sections and Related Quantities

Figure 51.6: Total and elastic cross sections for pp and pp collisions as a function of laboratory
beam momentum and total center-of-mass energy. ‡el is computed using the nuclear part of the
elastic scattering amplitude [126]. Corresponding computer-readable data files may be found at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI – IHEP, Protvino,
August 2019.)
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right, has radio source activity only at the propagating tip. By con-
trast, the positive leader, on the left, has very few, if any, radio sources 
at the tip, consistent with what is expected from a gradually growing 
structure12. Instead, the positive leader is characterized by sources that 
seem to ‘twinkle’ along its length and reveal its shape over time. These 
twinkling sources have been previously reported, but not investigated 
in any detail11,17. We observe that most of the sources on the positive 
leader form small structures that stick out from the likely path of the 
positive leader channel. Eleven such needle-like structures are labelled 
N1 to N11 on Fig. 2. We found similar structures on other positive 
leaders in both the 2016 and 2017 lightning flashes, but none on the 
negative leaders.

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

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

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

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

Evidence for an intermediate-scale energy spectrum anisotropy has been found in the arrival directions of ultra-
high energy cosmic rays for energies greater than 1019.2 eV in the northern hemisphere using 7 years of
Telescope Array surface detector data. A relative energy distribution test is done comparing events inside
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The bias against the exact single bin χ2 distribution is less
than +15% for μi>2, and drops to +5% at expectations of
five events in a bin (Heinrich 2001). If the expected number of
events in an energy bin is less than 1 (μi< 1) it is combined
with alternating adjacent bins. The resulting smallest energy
bin expectations are greater than 2 (μi> 2). The combination of
bins with μi<1 ensures that the bias is positive for all bins
instead of negative for the high energy bins with small
expectations. This bias is smaller than other possible tests, is
present for all locations on the sky map, and is also present in
the MC trials when calculating the global post-trial
significance.

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

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

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

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

6. Results

6.1. Density Map

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

6.2. Local Energy Anisotropy Significance

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

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

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

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

6.3. Post-trial Significance

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

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

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

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

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

CR anisotropy
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Abstract

Evidence for a large-scale supergalactic cosmic-ray multiplet (arrival directions correlated with energy) structure is
reported for ultra-high-energy cosmic-ray (UHECR) energies above 1019eV using 7 years of data from the
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(with a mean of 26°). The mean galactic magnetic field
deflection expectation for UHECR protons with energies
E�26EeV (the average data wedge energy threshold) is
~- 15° for the various models in Farrar & Sutherland (2019),

and the expected dispersion around the mean is <10° for
E�10EeV.

The result of rotating into galactic coordinates and plotting
the τ at each grid point for the 10 years of data is shown in
Figure 17(a). The negative curvature of the average τ with
respect to galactic latitude (Gb), shown in Figure 17(b), could
suggest that possible magnetic deflections from apparent
sources closer to the galactic plane are influenced by galactic
magnetic fields with different directions from the average
extragalactic fields. This behavior is consistent with the average
widening of the wedge bins near the galactic plane shown in
Figure 18.

Additionally, no apparent galactic structure of multiplets is
found by the method in Section 6.1 when rotating the galactic
coordinates by 90°. This is shown in Figure 19 by the average τ
in equal solid angle bins of galactic longitude (Gl) centered on
the intersection between the galactic plane (GP) and the
supergalactic plane (SGP). This rotation is where the correla-
tions appear to have the most galactic symmetry according to
Figure 17(a) though the resulting correlation curvature a from
the fit is 18% of the supergalactic curvature result.

8. Summary

Intermediate-scale energy–angle correlations inside spherical
cap sections, or “wedges,” have been shown to have a ∼4σ
correlation with the supergalactic plane. Seven years of TA
data have a 4.2σ posttrial significance, and the 10 years of data
significance is 4.1σ posttrial. These results may be evidence of
large-scale extragalactic magnetic diffusion of UHECR from
sources within the local LSS as there does not appear to be a
galactic correlation structure.
Additionally, the highest significance single energy–angle

correlation has increased from a pretrial 4.6σ significance (in
the 7 years of data) to 5.1σ (in the 10 years of data) with no
new scan of wedge parameters. This correlation lies directly
over the TA Hotspot, and its origin point is consistent with the
starburst galaxy M82 being a source of these events. This result
is consistent with other results assuming magnetic deflection
such as He et al. (2016) and with the starburst galaxy
overdensity anisotropy study of Aab et al. (2018b).

Figure 17. Ten years of data result shown in galactic coordinates. (a) Hammer–
Aitoff galactic projection of the correlation strength τ for all grid points.
Negative correlations expected for magnetic deflections are not apparent
around the galactic plane. (b) Mean τ inside equal solid angle bins of galactic
latitude (Gb). The resulting correlation structure curvature is a=
−6.7× 10−5.

Figure 18. The mean wedge width inside equal solid angle bins of galactic
latitude (Gb) for the 10 years of data result. Wider bins are consistent with
larger random field deflections near the galactic plane.

Figure 19. Ten years of data result shown in galactic coordinates for the mean
τ inside equal solid angle bins of galactic longitude (Gl) centered on the
intersection between the galactic plane (GP) and the supergalactic plane (SGP).
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1

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 39 EeV (left)
and γAGNs above 60 EeV (right). The excess maps (best-fit isotropic component subtracted) 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.

(FITS files for this figures are available.)
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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s
atmosphere, obtained with the best-fit parameters for the reference model using the procedure de-
scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum
is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model
(brown) versus pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue), dashed lines. Only the energy
range where the brown lines are solid is included in the fit.

H He N Si γ

He −0.78

N −0.61 −0.01

Si −0.43 −0.08 +0.75

γ −0.26 −0.32 +0.80 +0.89

log10(Rcut/V) −0.59 +0.00 +0.93 +0.84 +0.86

Table 2. Correlation coefficients among fit parameters (SPG model, EPOS-LHC UHECR-air inter-
actions) as derived from the mock simulated sets.

Including the systematics as nuisance parameters in the fit, we obtain the results in
table 3. Here the average value and uncertainty interval of the model parameters include
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Cosmogenic neutrinos are produced when ultrahigh-energy cosmic rays (UHECRs) interact with
cosmological photon fields. Limits on the diffuse flux of these neutrinos can be used to constrain the
fraction of protons arriving at Earth with energies E p ≳ 30 EeV, thereby providing bounds on the
composition of UHECRs without fully relying on hadronic interaction models. We show to which extent
current neutrino telescopes already constrain this fraction of protons and discuss the prospects for
next-generation detectors to further constrain it. Additionally, we discuss the implications of these limits for
several popular candidates for UHECR source classes.
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Understanding the composition of ultrahigh-energy cos-
mic rays (UHECRs) is crucial to elucidate their origin, which
remains an open problem in astrophysics. This is especially
true at the highest energies (E ≳ 30 EeV) as there protons
are expected to point back to their sources, while heavier
nuclei might still be deflected significantly by Galactic and
extragalactic magnetic fields (see e.g., Refs. [1,2]). However,
due to the small flux of cosmic rays at these energies and the
dependence on hadronic interaction models, it is challenging
to determine the composition reliably. The Pierre Auger
Observatory and the Telescope Array (TA) have nonetheless
been able to provide first indications of what the composition
at these energies might be [3–6]. Efforts to improve on
this are underway with planned upgrades of both Auger
(AugerPrime) [7] and TA (TAx4) [8].
The measurements by Auger indicate that the depth of the

shower maximum (X max)—a proxy for the composition—
favors the interpretation of a very light composition at
∼2 EeV, dominated by protons, with the average mass
composition increasing with energy after that. This increase
seems to stop, however, at an energy of ∼50 EeV [9], which
might be an indication for a subdominant light component at
these energies. TA’s measurements of X max are compatible
with the results found by Auger within uncertainties [10].
However, as TA has collected a smaller number of cosmic
rays and is also less sensitive to the composition than Auger,
a larger range of composition scenarios (even a pure-proton
case [6]) is still possible in the northern hemisphere.

Additionally, predictions by different air-shower simu-
lation models leave room for varying interpretations of the
data. State-of-the-art hadronic-interaction models such as
Sibyll2.3c [11], EPOS-LHC [12] and QGSJetII-04 [13]
have been designed taking into account LHC data.
However, the required extrapolation in energy and phase
space to simulate UHECR air showers leaves room for
disagreement. The current problems include a significantly
larger hadronic component, which manifests itself as a
surplus of muons at ground compared to the simulations
[14–16]. An interaction-model independent probe of the
composition is, therefore, very desirable.
We present here a new method to constrain the compo-

sition, in particular, the fraction of protons at Earth (f), at
E ≳ 30 EeV without relying on air-shower observables.
This method is based on the (non)observation of cosmo-
genic neutrinos.
Cosmic-ray interactions with the cosmic microwave

background (CMB) and the extragalactic background
light (EBL) can produce neutrinos of cosmogenic origin.
Additionally, unstable atomic nuclei, produced during
photodisintegration or photopion production, may undergo
nuclear decay and produce cosmogenic neutrinos.
Recently, much effort has been put into interpreting

the spectrum and composition measurements in terms
of simple astrophysical models. To this end, the main
ingredients needed relate to source properties: spectral
index, maximal energy attainable, abundance of each
nuclear species, luminosity, distribution, and evolution.
The combined spectrum-composition fits performed in*arjen.van.vliet@desy.de
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Note that for 17.5≲ logðE ν=eVÞ≲ 18.5 the neutrino
spectrum is roughly unaffected by the choice of α and Emax,
provided that the latter is not too low. This is shown in
Fig. 1 for the specific case of f ¼ 1.0 and m ¼ 3.0, but
similar behavior is seen for other values of m and f. These
neutrino spectra can straightforwardly be scaled down to
get the results for smaller proton fractions, neglecting the
subdominant contribution to the cosmogenic neutrino flux
from heavier nuclei. So, if we focus on this energy range,
the only two parameters that still have a significant effect
on the expected cosmogenic neutrino flux are m and f.
In Fig. 2 the proton fraction is plotted as a function of the

source evolution parameter. Here each shaded area corre-
sponds to a particular level of the cosmogenic neutrino flux
at E ν ¼ 1 EeV and encloses all of the combinations of m
and f that yield that flux level. The width of the shaded
areas results from varying α and Emax within the indicated
ranges.
Auger and IceCube have set their current upper limits

on the neutrino flux at E ν ¼ 1 EeV to E 2
νdN=dE ν ≃

10−8 GeV cm−2 s−1 sr−1, which corresponds to the yellow
band in Fig. 2. Therefore, it can be concluded that, at the
moment, sources following a strong source evolution,
m≳ 6.0, that would produce a proton fraction of f ≳ 0.27
are already ruled out.
Furthermore, future neutrino experiments will scan a

significant region of the parameter space shown in Fig. 2.
ARA [21], ARIANNA [22] and GRAND200k [23] will
nominally reach sensitivities of E 2

νdN=dE ν ∼ 10−9–
10−10 GeVcm−2 s−1 sr−1. A nondetection of cosmogenic
neutrinos with a sensitivity of ∼10−9 GeVcm−2 s−1 sr−1

would constrain the proton fraction to f ≲ 0.20 for

m≳ 3.4. A sensitivity of ∼10−10 GeVcm−2 s−1 sr−1 would
give the sameconstraintonf form≳ −0.2.Additionally, this
shows that, for realistic source evolutions and only small
amountsofprotonsat thehighest energies, these experiments
have a strong potential for measuring a cosmogenic neutrino
flux at E ν ≈ 1 EeV.
While the composition and source evolution are degen-

erate quantities [48], a prior on one of these two can be
chosen to determine the other. One way to do this is by
focusing on specific candidates for UHECR source classes.
AGN, for example, can be subdivided into different classes
with different redshift evolutions for z < z1, according to
their luminosities: medium-low luminosity AGNs (MLL),
medium-high luminosity AGNs (MHL), and high lumi-
nosity AGNs (HL) (low luminosity AGNs are not expected
to be able to accelerate cosmic rays up to ultrahigh energies
[49]). In Table I the constraints on f are given for these and
other possible source classes in case no neutrinos are
detected at E ν ≈ 1 EeV for different flux levels. Only for
high synchrotron peaked BL Lacs (HSP) will it be difficult
for ARA, ARIANNA and GRAND to constrain the proton
fraction (depending on the values of α and Emax).
While the reconstruction of neutrino showers does

require some understanding of high-energy interactions
with the atmosphere, the problem of uniquely identifying
the composition of a cosmic ray is evaded by using
neutrinos. Therefore, the method for determining the
fraction of protons in UHECRs proposed here does not
suffer from the large uncertainty in predicting X max from
different hadronic interaction models.
Additionally, this method can be used to determine the

evolution of UHECR sources by combining the cosmogenic
neutrino measurements with UHECR composition

FIG. 1. Simulated single-flavor cosmogenic neutrino (νþ ν̄)
spectra [assuming a ðνe∶νμ∶ντÞ ¼ ð1∶1∶1Þ flavor ratio] for pure-
proton scenarios with m ¼ 3.0 and f ¼ 1.0. The corresponding
cosmic-ray curves are normalized to the Auger spectrum [43] at
E 0 ¼ 1019.55 eV. For reference, we also show the IceCube 6-yr
HESE data [44] and the Auger [45,46] and IceCube [47]
differential 90% C.L. upper limits for single-flavor neutrinos
and half-energy-decade fluxes.

FIG. 2. Observable fraction of protons f at ultrahigh energies as
a function of the source evolution parameter m. Three different
single-flavor flux levels at a neutrino energy of E ν ¼ 1 EeV are
shown, corresponding roughly to the current sensitivity of Ice-
Cube and Auger (yellow), and upper (red) and lower (green)
ranges for the expected sensitivity of ARA, ARIANNA and
GRAND200k.
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How big and where do we want to build GCOS?
Acceptance/exposure?
What statistics will we need?
E>1019.6 eV  ~500 /yr  (1000 km2 and 2π)

~5% light particles
~50% efficiency
40000 km2

—> 5000 light particles/decade (E>1019.6 eV)

simple estimate yields that the particles could originate from less than a dozen of sources29.
Location To identify the sources, all-sky coverage would be desirable. This can be achieved by a split
observatory with sites in the northern and southern hemisphere, which would also allow to distribute the
efforts needed to build and operate the observatory. Alternatively, a single array can achieve nearly full sky
coverage, provided it has 2⇡ acceptance and is located near the equator.
Angular resolution To identify the cosmic-ray sources it is desired to isolate light particles at the highest
energies, which are expected to point back to their respective sources. Neutral particles, such as photons and
neutrinos would be ideal candidates, since they are not affected by any magnetic fields inside our outside the
Milky Way. Also protons (with charge Z = 1) are expected to be only marginally (< few degrees) deflected
by magnetic fields at extreme rigidities30–32. Thus, a next-generation detector should have an angular reso-
lution for the arrival direction similar to the one of existing observatories16;20 around 1�.
Energy resolution At energies above 1019.6 eV the energy spectrum of cosmic rays is steeply falling25;33.
It is therefore crucial for an observatory to have a good energy resolution in order to cleanly measure the
properties of cosmic rays34. It is important to reduce upward fluctuations in the energy measurement to a
minimum. An energy resolution of 10% to 15%, similar to the one achieved by the current experiments
seems to be a realistic target.
Particle type/mass resolution The most critical issue will be to identify the type of the incoming particle
since the nature of the air showers limits the achievable resolution. The measurable quantities are only pro-
portional to the logarithm of the nuclear mass A of the primary particle. One needs to measure the ratio of
the electromagnetic to the muonic shower components with a resolution around 15% or, alternatively, the
depth of the shower maximum with a resolution better than 20 g/cm2 in order to achieve a resolution in lnA
of 0.8 to 116;35.
Multi-Messenger sky observations Observing the high-energy Universe with all messengers (cosmic rays,
neutrinos, gamma rays, gravitational waves) will be a key to fully understand (astro)physical processes un-
der extreme conditions. The design of the future observatory will be optimized for maximum impact on
muti-messenger (astro)physics, with optimal sensitivities for cosmic rays, neutrinos, and gamma rays.
Example design Potential designs of detectors have been discussed recently36;37. As an exemplary illustra-
tion we sketch a potential design as part of a Global Cosmic Ray Observatory38. Most critical will be a good
mass resolution. This necessitates the measurement of several air shower components simultaneously. A
promising approach is the use of segmented water Cherenkov detectors39;40. They will be used to measure
the muonic component for all air showers with full sky coverage. The will also measure the electron-to-
muon ratio for vertical showers. Radio antennas on top of the detector, e.g. similar to the ones from the
Auger Radio Detector18;41, will provide a calorimetric measurement of the electromagnetic shower compo-
nent with high precision. In particular, this will allow to measure the electron-to-muon ratio for horizontal
air showers. Fluorescence detectors could be included42–45 to measure the calorimetric shower energy and
the depth of the shower maximum, or, also a large stand-alone array of fluorescence detectors could be an
option. A possible implementation is illustrated in Figure 1:41;46 About 10 000 detector stations are arranged
with about 2 km spacing on an area of 200⇥ 200 km2 complemented by fluorescence detectors.

radio antenna

segmented water 
Cherenkov detector

(a) The telescope frame, showing four PMTs at the
focus of a 1.6 m diameter segmented mirror. The sup-
port structure is made from aluminium profiles. The
UV filter can be seen attached to the periphery of the
camera box.

(b) The dimensions of the FAST prototype telescope’s
optical system. Da is the diameter of the telescope
aperture, Di is the side length of the square camera
box, Dm is the diameter of the primary mirror, and l is
the mirror-aperture distance.

Figure 1: The mechanical and optical design of the full-scale FAST prototype telescopes.

2. The FAST prototype telescopes

2.1. Telescope design
A lensless Schmidt-type optical design was adopted for the full-size FAST prototype [15].

In a typical Schmidt telescope a corrector plate is placed at the entrance aperture (located at the
mirror’s radius of curvature, a distance of 2 f , where f is the focal length) to facilitate the control of
o�-axis aberrations: coma and astigmatism. The coarse granularity of the FAST camera, having
only four PMTs each covering an angular field-of-view of � 15�, allows the requirements on
the size and shape of the telescope’s point spread function to be relaxed. The FAST prototype
telescope therefore forgoes the use of a corrector plate, utilises a reduced-size mirror, and uses a
shorter distance between the mirror and the camera relative to a regular Schmidt telescope, with
the entrance aperture located closer to the focal surface.

The dimensions of the FAST prototype telescope are shown in Fig. 1b. An octagonal aperture
of height 1.24 m is located at a distance of 1 m from a 1.6 m diameter segmented spherical mirror
(radius of curvature � 1.38 m). The design fulfils the basic FAST prototype requirements, with
an e�ective collecting area of 1 m2 after accounting for the camera shadow, and a field-of-view of
30� � 30�.

4

fluorescence 
telescope

200 km

20
0 

km

40000 km2

3000 km2

Fig. 1. This map shows the overview of the TA site. Each green circle in the northeast and southeast corre-
sponds to the planned location of each TA�4 SD. The spacing of TA�4 SD is 2.08 km. The red circle in the
west shows the location of TA SD. The spacing of TA SD is 1.2 km. The 2 fan shapes drawn with black lines
describe the expected field of view from TA�4 FDs. 4 telescopes of FD will be built in the north Middle Drum
site and 8 telescopes of FD will be built in the south Black Rock site. The overlap of the locations of SD and
the field view of FD enables SD and FD hybrid observation.

4. Summary and Future Prospects

The assembly of first 173 TA�4 SD is in progress. We found that the assembled TA�4 SDs show
number of photo electrons with smaller di�erence than TA SDs from the calibration of single muons.
We also found that PMTs of TA�4 SDs have wider linear range than TA SDs and the ADC of the
electronics limits the range. We already finished assembling 100 SDs. These SDs will be deployed in
winter 2017. The construction of TA�4 FDs will be started also in 2017. The assembled TA�4 SDs
seem to realize the expected data quality for now. These detectors will enables us to study highest
energies in more detail in the near future.
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Telescope Array 
TAx4

Pierre Auger Observatory

Figure 1: Exemplary illustration of a next-
generation cosmic-ray experiment, covering an area
of 40 000 km2 with an array of segmented water-
Cherenkov detectors and radio antennas46 as well
as fluorescence telescopes. For comparison, the
circumference of the existing observatories is indi-
cated.
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What is realistic in terms of area and number of 
detectors?
10x existing arrays?   —> 40 000 - 50 000 km2

10x number of units? —> 10 000 - 20 000 detectors
                                                  1.6 - 2 km spacing

see also K-H Kampert at High-Energy neutrino and cosmic-ray astrophysics, Weizmann Institute (2017)
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a b s t r a c t 
We investigate two recent parameterizations of the galactic magnetic field with respect to their impact on 
cosmic nuclei traversing the field. We present a comprehensive study of the size of angular deflections, 
dispersion in the arrival probability distributions, multiplicity in the images of arrival on Earth, variance 
in field transparency, and influence of the turbulent field components. To remain restricted to ballistic 
deflections, a cosmic nucleus with energy E and charge Z should have a rigidity above E/Z = 6 EV. In view 
of the differences resulting from the two field parameterizations as a measure of current knowledge in 
the galactic field, this rigidity threshold may have to be increased. For a point source search with E / Z ≥
60 EV, field uncertainties increase the required signal events for discovery moderately for sources in the 
northern and southern regions, but substantially for sources near the galactic disk. 

© 2016 Elsevier B.V. All rights reserved. 
1. Introduction 

The origin of cosmic rays still remains an unanswered funda- 
mental research question. Cosmic ray distributions of various as- 
pects have been measured, most notably the steeply falling spec- 
trum up to the ultra-high energy regime with cosmic ray energies 
even exceeding E = 100 EeV [1,2] . 

For ultra-high energy cosmic rays, deflections in magnetic fields 
should diminish with increasing energy, such that directional cor- 
relations should lead to a straight-forward identification of acceler- 
ating sites. However, even at the highest energies the arrival distri- 
butions of cosmic rays appear to be rather isotropic. Only hints for 
departures from isotropic distributions have been reported, e.g., a 
so-called hot spot [3] , and a dipole signal [4] . At least with the ap- 
parent isotropy, limits on the density of extragalactic sources were 
derived which depend on the cosmic ray energy [5] . 

A recent determination of ultra-high energy cosmic ray compo- 
sition from measurements of the shower depth in the atmosphere 
revealed contributions of heavy nuclei above ∼5 EeV [6,7] . This ob- 
servation may explain the seemingly isotropic arrival distribution 
as deflections of nuclei in magnetic fields scale with their nuclear 
charges Z . 

Obviously, when searching for cosmic ray sources, a key role is 
therefore attributed to magnetic fields. The galactic field in partic- 
ular is strong enough to displace original arrival directions of pro- 
tons with energy E = 60 EeV by several degrees from their original 
arrival directions outside the galaxy [8] . The displacement angles 
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for nuclei even reach tens of degrees [9] . The knowledge on the 
extragalactic magnetic fields is much less certain, but is likely to 
be less important than the galactic field [10] and is not studied in 
this contribution. 

To identify sources of cosmic rays, rather precise corrections 
for the propagation within the galactic magnetic field are needed 
which in turn can be used to constrain the field [11] . Beyond this, 
effects of lensing caused by the galactic field have been studied 
which influence the visibility of sources and the number of im- 
ages appearing from a single source [12] . The influence of turbu- 
lent contributions to the galactic field has also been studied in the 
context of lensing [13] and nuclear deflections [14] . 

In previous directional correlation analyses of measured cosmic 
rays, only the overall magnitude of deflections was taken into ac- 
count, e.g. [15] , or corrections for cosmic ray deflections were ap- 
plied using analytic magnetic field expressions reflecting the spiral 
structure of our galaxy [16] . 

Recently, parameterizations of the galactic magnetic field have 
been developed which are based on numerous measurements of 
Faraday rotation [17,18] , and in addition polarized synchrotron ra- 
diation for the second reference. Based on directional characteris- 
tics and the field strength of the parameterizations, deflections of 
cosmic rays are predicted to depend strongly on their arrival di- 
rection, charge and energy. In the following we will refer to the 
regular field with the bisymmetric disk model of the first refer- 
ence as the PT11 field parameterization, and to the regular field of 
the latter as the JF12 field parameterization, respectively. 

Angular distributions of cosmic rays in these galactic field pa- 
rameterizations have been studied before, e.g., with respect to gen- 
eral properties of the JF12 parameterization [19] , specific source 
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Fig. 13. Angular distance δ of cosmic rays after deflections in JF12 and PT11, a) for 
rigidity R = 60 EV in the three regions separated by galactic latitudes ± 19.5 °, b) as 
a function of rigidity. The curve depicts the median values. 

Fig. 14. Probability density functions reflecting arrival distributions of cosmic rays 
after traversing the PT11 galactic magnetic field (red contours) or the JF12 field 
(blue contours), respectively. The contours denote 68% and 95% levels. The incoming 
cosmic ray distributions were centered at the directions denoted by the star sym- 
bols and Fisher distributed with a Gaussian width of 3 °; rigidity a) R = 20 EV, b) 
R = 60 EV. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
the overlap increases as expected. The number of images is also 
reduced at larger rigidity. 

This implies that, at large rigidities, the agreement of the two 
field parameterizations is sufficiently large to investigate the im- 
pact of the field uncertainties on a point source search which we 
present in the following section. 

4.3. Simulated point source search 
For our simulated search for origins of cosmic rays we study 

separately sources in the three regions of the galaxy (latitude ±
19.5 °). In each region we repeatedly simulate ten sources and de- 
mand the cosmic rays to follow a Fisher probability distribution 
with a Gaussian width of 3 °. 

We also simulate isotropically distributed cosmic rays with full 
sky coverage as a background contribution. In the following we 
perform multiple analyses with sets of 500 cosmic rays for which 
we vary the contribution of signal cosmic rays, i.e. cosmic rays ar- 
riving from the ten sources, between signal fraction f s = 0% and 
f s = 100% . 

To quantify the analysis sensitivity we use the log-likelihood 
function 
ln L (a ) = N ∑ 

i =1 ln [ a P (R i , l ′ i , b ′ i ) + (1 − a ) B ] . (2) 
The sum refers to all simulated N = 500 cosmic rays. Parameter 
a denotes the anticipated fraction of signal cosmic rays from the 
sources when analyzing the data, and the isotropically distributed 
cosmic rays are assumed to contribute with (1 − a ) correspond- 
ingly. The probabilities P ( R , l ′ , b ′ ) represent the anticipated arrival 
probability distributions for cosmic rays with rigidity R which orig- 
inate from the sources and are expected to be observed in direc- 
tions ( l ′ , b ′ ) on Earth. They were obtained using the lensing tech- 
niques. The background probability B corresponds to the inverse 
number of pixels for which we used the above N pix = 49 , 152 pix- 
els of approximately 1 °. 

As the test statistics we use the likelihood ratio 
t = 2 ln L (a ) 

L (a = 0) (3) 
which approximately follows a χ2 distribution with 1 degree of 
freedom [35] . For each anticipated signal fraction a we repeat the 
simulation of cosmic ray sets 10 0 0 times and determine the av- 
erage maximum t max . The significance by which isotropic arrival 
distributions can be excluded is then estimated by converting the 
integral ∫ ∞ 

t max χ2 dt above t max to Gaussian standard deviations σ . 
In the analysis we use as the simulated scenario the JF12 arrival 

probability distributions P ( R , l ′ , b ′ ) to describe cosmic ray deflec- 
tions. To obtain a benchmark for a best-case scenario, where the 
field and the cosmic ray rigidities are perfectly known, we first an- 
alyze cosmic rays with rigidity R = 20 EV by using the JF12 field, 
here representing the true field. Note that this scenario returns op- 
timistic results as we neglect deflections in the small-scale random 
field and demand sources to be located in one of the three galactic 
regions exclusively. 

In Fig. 15 a we show the significance σ as a function of the sig- 
nal fraction f s of the simulated sample. With perfect knowledge of 
the galactic field a signal fraction of f s = 5% is sufficient for a 5 σ
discovery (full curves). 

To take into account uncertainties in the galactic field as en- 
coded in the two different parameterizations, we then perform the 
analysis with the PT11 arrival probability distributions instead of 
the true JF12 probability distributions. As the results are slightly 
dependent on the exact directions of the sources, we repeat the 
analyses nine times in each region and present the average result- 
ing values. 

In Fig. 15 a we show the significance σ of a deviation from 
isotropic arrival distributions as a function of the average signal 
fraction f s for the three regions (dashed curves). A signal fraction 
of f s = 14% is sufficient for a 5 σ discovery for the northern and 
southern regions, and slightly larger for the disk region ( f s = 18% ). 
When compared to the above best-case scenario, the field uncer- 
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1. Introduction 

The origin of cosmic rays still remains an unanswered funda- 
mental research question. Cosmic ray distributions of various as- 
pects have been measured, most notably the steeply falling spec- 
trum up to the ultra-high energy regime with cosmic ray energies 
even exceeding E = 100 EeV [1,2] . 

For ultra-high energy cosmic rays, deflections in magnetic fields 
should diminish with increasing energy, such that directional cor- 
relations should lead to a straight-forward identification of acceler- 
ating sites. However, even at the highest energies the arrival distri- 
butions of cosmic rays appear to be rather isotropic. Only hints for 
departures from isotropic distributions have been reported, e.g., a 
so-called hot spot [3] , and a dipole signal [4] . At least with the ap- 
parent isotropy, limits on the density of extragalactic sources were 
derived which depend on the cosmic ray energy [5] . 

A recent determination of ultra-high energy cosmic ray compo- 
sition from measurements of the shower depth in the atmosphere 
revealed contributions of heavy nuclei above ∼5 EeV [6,7] . This ob- 
servation may explain the seemingly isotropic arrival distribution 
as deflections of nuclei in magnetic fields scale with their nuclear 
charges Z . 

Obviously, when searching for cosmic ray sources, a key role is 
therefore attributed to magnetic fields. The galactic field in partic- 
ular is strong enough to displace original arrival directions of pro- 
tons with energy E = 60 EeV by several degrees from their original 
arrival directions outside the galaxy [8] . The displacement angles 
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for nuclei even reach tens of degrees [9] . The knowledge on the 
extragalactic magnetic fields is much less certain, but is likely to 
be less important than the galactic field [10] and is not studied in 
this contribution. 

To identify sources of cosmic rays, rather precise corrections 
for the propagation within the galactic magnetic field are needed 
which in turn can be used to constrain the field [11] . Beyond this, 
effects of lensing caused by the galactic field have been studied 
which influence the visibility of sources and the number of im- 
ages appearing from a single source [12] . The influence of turbu- 
lent contributions to the galactic field has also been studied in the 
context of lensing [13] and nuclear deflections [14] . 

In previous directional correlation analyses of measured cosmic 
rays, only the overall magnitude of deflections was taken into ac- 
count, e.g. [15] , or corrections for cosmic ray deflections were ap- 
plied using analytic magnetic field expressions reflecting the spiral 
structure of our galaxy [16] . 

Recently, parameterizations of the galactic magnetic field have 
been developed which are based on numerous measurements of 
Faraday rotation [17,18] , and in addition polarized synchrotron ra- 
diation for the second reference. Based on directional characteris- 
tics and the field strength of the parameterizations, deflections of 
cosmic rays are predicted to depend strongly on their arrival di- 
rection, charge and energy. In the following we will refer to the 
regular field with the bisymmetric disk model of the first refer- 
ence as the PT11 field parameterization, and to the regular field of 
the latter as the JF12 field parameterization, respectively. 

Angular distributions of cosmic rays in these galactic field pa- 
rameterizations have been studied before, e.g., with respect to gen- 
eral properties of the JF12 parameterization [19] , specific source 
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simple estimate yields that the particles could originate from less than a dozen of sources29.
Location To identify the sources, all-sky coverage would be desirable. This can be achieved by a split
observatory with sites in the northern and southern hemisphere, which would also allow to distribute the
efforts needed to build and operate the observatory. Alternatively, a single array can achieve nearly full sky
coverage, provided it has 2⇡ acceptance and is located near the equator.
Angular resolution To identify the cosmic-ray sources it is desired to isolate light particles at the highest
energies, which are expected to point back to their respective sources. Neutral particles, such as photons and
neutrinos would be ideal candidates, since they are not affected by any magnetic fields inside our outside the
Milky Way. Also protons (with charge Z = 1) are expected to be only marginally (< few degrees) deflected
by magnetic fields at extreme rigidities30–32. Thus, a next-generation detector should have an angular reso-
lution for the arrival direction similar to the one of existing observatories16;20 around 1�.
Energy resolution At energies above 1019.6 eV the energy spectrum of cosmic rays is steeply falling25;33.
It is therefore crucial for an observatory to have a good energy resolution in order to cleanly measure the
properties of cosmic rays34. It is important to reduce upward fluctuations in the energy measurement to a
minimum. An energy resolution of 10% to 15%, similar to the one achieved by the current experiments
seems to be a realistic target.
Particle type/mass resolution The most critical issue will be to identify the type of the incoming particle
since the nature of the air showers limits the achievable resolution. The measurable quantities are only pro-
portional to the logarithm of the nuclear mass A of the primary particle. One needs to measure the ratio of
the electromagnetic to the muonic shower components with a resolution around 15% or, alternatively, the
depth of the shower maximum with a resolution better than 20 g/cm2 in order to achieve a resolution in lnA
of 0.8 to 116;35.
Multi-Messenger sky observations Observing the high-energy Universe with all messengers (cosmic rays,
neutrinos, gamma rays, gravitational waves) will be a key to fully understand (astro)physical processes un-
der extreme conditions. The design of the future observatory will be optimized for maximum impact on
muti-messenger (astro)physics, with optimal sensitivities for cosmic rays, neutrinos, and gamma rays.
Example design Potential designs of detectors have been discussed recently36;37. As an exemplary illustra-
tion we sketch a potential design as part of a Global Cosmic Ray Observatory38. Most critical will be a good
mass resolution. This necessitates the measurement of several air shower components simultaneously. A
promising approach is the use of segmented water Cherenkov detectors39;40. They will be used to measure
the muonic component for all air showers with full sky coverage. The will also measure the electron-to-
muon ratio for vertical showers. Radio antennas on top of the detector, e.g. similar to the ones from the
Auger Radio Detector18;41, will provide a calorimetric measurement of the electromagnetic shower compo-
nent with high precision. In particular, this will allow to measure the electron-to-muon ratio for horizontal
air showers. Fluorescence detectors could be included42–45 to measure the calorimetric shower energy and
the depth of the shower maximum, or, also a large stand-alone array of fluorescence detectors could be an
option. A possible implementation is illustrated in Figure 1:41;46 About 10 000 detector stations are arranged
with about 2 km spacing on an area of 200⇥ 200 km2 complemented by fluorescence detectors.

radio antenna

segmented water 
Cherenkov detector

(a) The telescope frame, showing four PMTs at the
focus of a 1.6 m diameter segmented mirror. The sup-
port structure is made from aluminium profiles. The
UV filter can be seen attached to the periphery of the
camera box.

(b) The dimensions of the FAST prototype telescope’s
optical system. Da is the diameter of the telescope
aperture, Di is the side length of the square camera
box, Dm is the diameter of the primary mirror, and l is
the mirror-aperture distance.

Figure 1: The mechanical and optical design of the full-scale FAST prototype telescopes.

2. The FAST prototype telescopes

2.1. Telescope design
A lensless Schmidt-type optical design was adopted for the full-size FAST prototype [15].

In a typical Schmidt telescope a corrector plate is placed at the entrance aperture (located at the
mirror’s radius of curvature, a distance of 2 f , where f is the focal length) to facilitate the control of
o�-axis aberrations: coma and astigmatism. The coarse granularity of the FAST camera, having
only four PMTs each covering an angular field-of-view of � 15�, allows the requirements on
the size and shape of the telescope’s point spread function to be relaxed. The FAST prototype
telescope therefore forgoes the use of a corrector plate, utilises a reduced-size mirror, and uses a
shorter distance between the mirror and the camera relative to a regular Schmidt telescope, with
the entrance aperture located closer to the focal surface.

The dimensions of the FAST prototype telescope are shown in Fig. 1b. An octagonal aperture
of height 1.24 m is located at a distance of 1 m from a 1.6 m diameter segmented spherical mirror
(radius of curvature � 1.38 m). The design fulfils the basic FAST prototype requirements, with
an e�ective collecting area of 1 m2 after accounting for the camera shadow, and a field-of-view of
30� � 30�.

4

fluorescence 
telescope

200 km

20
0 

km

40000 km2

3000 km2

Fig. 1. This map shows the overview of the TA site. Each green circle in the northeast and southeast corre-
sponds to the planned location of each TA�4 SD. The spacing of TA�4 SD is 2.08 km. The red circle in the
west shows the location of TA SD. The spacing of TA SD is 1.2 km. The 2 fan shapes drawn with black lines
describe the expected field of view from TA�4 FDs. 4 telescopes of FD will be built in the north Middle Drum
site and 8 telescopes of FD will be built in the south Black Rock site. The overlap of the locations of SD and
the field view of FD enables SD and FD hybrid observation.

4. Summary and Future Prospects

The assembly of first 173 TA�4 SD is in progress. We found that the assembled TA�4 SDs show
number of photo electrons with smaller di�erence than TA SDs from the calibration of single muons.
We also found that PMTs of TA�4 SDs have wider linear range than TA SDs and the ADC of the
electronics limits the range. We already finished assembling 100 SDs. These SDs will be deployed in
winter 2017. The construction of TA�4 FDs will be started also in 2017. The assembled TA�4 SDs
seem to realize the expected data quality for now. These detectors will enables us to study highest
energies in more detail in the near future.

3■■■
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Telescope Array 
TAx4

Pierre Auger Observatory

Figure 1: Exemplary illustration of a next-
generation cosmic-ray experiment, covering an area
of 40 000 km2 with an array of segmented water-
Cherenkov detectors and radio antennas46 as well
as fluorescence telescopes. For comparison, the
circumference of the existing observatories is indi-
cated.

3

How big and where do we want to build GCOS?

Pierre Auger observatory 3000 km2

Haverah Park 12 km2

AGASA 100 km2

Telescope Array 700 km2

TAx4 2800 km2

Volcano Ranch 8 km2
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How would we build GCOS?
Detector array with mass sensitivity and ~100% duty cycle
—> measurement of e/m and muonic component

water Cherenkov detector
* 3 dim —> 2π acceptance
* segmented/nested  
     —> e/m & mu separation

radio antenna
* e/m component
* absolute energy scale

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

see also I. Maris, JRH, R. Engel and others at UHECR2018, Paris (2018) 

JRH, EPJ Web of Conferences 216 (2019) 01003
nested water Cherenkov 

detector
segmented water Cherenkov 

detector
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What resolution(s) do we require for GCOS?

spacing: 
GPS accuracy (ionospheric distortions): 

Ne

Nµ
⇡ 35.1

✓
E0

A PeV

◆0.15

electromagnetic
hadronic

muonic
shower components

11 λi
30 X0

JRH, Mod. Phys. Lett. A 22 (2007) 1533 

• Average depth of shower maximum Xmax 
Simple Heitler model of (hadronic) showers

• Ne-Nµ ratio

or lg

✓
Ne

Nµ

◆
= C � 0.065 lnA

JRH, Nucl. Instr. and Meth. A 588 (2008) 181

J. Matthews, Astropart. Phys. 22 (2005) 387

� lnA ⇡ 0.8

ΔlnA ~ 1
!Δ Xmax ~ 36 g/cm2  
!Δ (Ne/Nµ) ~ 16%

in „best“ experiments
4-5 groups in ln A

Mass (ln A)

c�t

|{z}
d

d ⇡ 2 km

angular resolution

Rigidity R =
E

Z
=

E

Z = f(lnA)
Z ⇡ A

2
R resolution / ln

Direction —> arrival time

PoS(ICRC2017)558

Uncertainties in the Magnetic Field of the Milky Way Michael Unger
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R = 10 EV

Figure 2: Backtracking of charged particles at different rigidities from a regular grid of initial directions (dots) through
different models of the coherent GMF. The resulting directions outside of the Galaxy are denoted by squares and the
letters correspond to the models listed in Table 1. The sky maps are in Galactic coordinates and the particle rigidities
indicated in corners of each panel.

random fields that contribute to the polarized intensity, but not to the rotation measures. Further
studies concerning the impact of cosmic-ray electrons will be shown in [13], in particular the effect
of using a more detailed three-dimensional source distribution of relativistic electrons.

4. Application to Charged Particle Astronomy

Taken together, the variations of model assumptions explained in the last section lead to an
ensemble of models for the Galactic magnetic field, each of which is compatible with the current
data on the rotation measures from extragalactic radio sources and the synchrotron emission in the
microwave band. This ensemble of models can be considered as a provisional estimation of the
uncertainty of our knowledge of the GMF, and used to propagate the uncertainty in our knowledge
of the GMF to any kind of calculation involving the magnetic field of the Galaxy, by repeating
the calculation for each of the models. The variations of the results give a lower limit on the
propagated uncertainty, in the absence of further input to select among or discard some of the GMF
model variations.

As an example we present here the uncertainties in the arrival direction of ultrahigh energy
cosmic rays, induced by uncertainties of the coherent component of the GMF. (See [24] for a
discussion concerning the impact random component of the GMF on deflections and [25] for a
comparison of deflections using two models of the coherent GMF.) For this purpose we performed
a backtracking of charged particles through each of the GMF models listed in Table 1. The results
are shown in Fig. 2 for particle rigidities R (rigidity = energy/charge) of 10, 20, 30 and 60 EV.
As can be seen, for very large rigidities (e.g. protons with energies of 6⇥ 1019 eV), the overall
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Workshop structure

Monday
* Lessons learned from existing observatories until 2030  

TA, Pierre Auger observatory, multi-messenger/IceCube
* Theory, source models/scenarios, propagation

Tuesday
* Magnetic fields and deflection of UHE particles 
* Multi-disciplinary science  

Geophysics, hadronic interactions, fundamental physics

Wednesday * Discussion UHE physic case
* Experimental techniques - R&D

Thursday

* Multi-messenger experimental techniques
* Discussion ground arrays vs space observatories
* Discussion what can we hope to learn from GCOS?
* Next steps, white paper, follow up workshop, …
* ICRC contribution and proceedings

Friday * additional discussions as needed

Each presentation followed by discussion time!
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GCOS - The Global Cosmic Ray Observatory
Brainstorming workshop May 2021

We would like to make the slides available on indico for 
future reference.

To all presenters:
There are two possibilities to upload your slides.
1. Make an indico account on our system and send me an email. I will 

assign the correct rights and you can upload the slides yourself.
2. Send me the slides as pdf and I will upload them.
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GCOS - The Global Cosmic Ray Observatory
Brainstorming workshop May 2021

We are many colleagues here in the zoom room.  
Please obey the following rules:

1. Please mute your microphone until the chair gives the floor to you.
2. The session chair will handle the Q&A after each talk in their session and 

keep the time.
3. Please raise your hand to ask a question and wait for the chair to give you 

the floor.
4. Once the speaker replies to your question, you will be allowed one 

immediate follow-up to foster the discussion as appropriate. The 
discussion can continue beyond that if there are no other hands raised.
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GCOS - The Global Cosmic Ray Observatory
Brainstorming workshop May 2021

We wish you an interesting workshop 
with fruitful discussions!

Rafael Alves Batista, Antonella Castellina, Ralph Engel, Toshihiro Fujii,  
Jörg R. Hörandel, Charles Jui, Lu Lu, Ioana Maris, Shoichi Ogio, 

Takashi Sako, Fred Sarazin


