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Fig. 1. All-particle energy spectrum of cosmic rays as measured directly with detectors above the atmosphere and with air shower detectors. At low

energies, the flux of primary protons is shown.

Fig. 2. Abundance of elements in cosmic rays as a function of their nuclear charge number Z at energies around 1 GeV/n, normalized to Si = 100 [40].

Abundance for nuclei with Z ⌥ 28 according to [41]. Heavy nuclei as measured by ARIEL 6 [42,43], HEAO 3 [44], SKYLAB [45], TIGER [46], TREK/MIR [47,

48], as well as UHCRE [49]. In addition, the abundance of elements in the solar system is shown according to [50].

decreases as a function of energy, which is frequently explained in Leaky Box models by a rigidity-dependent2 decrease of

the path length of cosmic rays in the Galaxy ⇥(R) = ⇥0(R/R0)
�⌥ . Typical values are ⇥0  10–15 g/cm2, ⌥  0.5� 0.6, and

R0  4 GV as reference rigidity.

Cosmic-ray particles are assumed to propagate in a diffusive process through the Galaxy, being deflected many times

by the randomly oriented magnetic fields (B � 3 µG). The nuclei are not confined to the galactic disc, they propagate in

the galactic halo as well. The scale height of the halo has been estimated with measurements of the 10Be/9Be-ratio by the

ISOMAXdetector [52] to be a fewkpc. The abundance of radioactive nuclei in cosmic raysmeasuredwith the CRIS instrument

yields a residence time in the Galaxy of about 15⇤ 106 years for particles with GeV energies [53].

2 Rigidity is defined as particle momentum divided by its charge R [V] = p/z.
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CRPropa [ 29].
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

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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Follow-up of GW170817 with PAO (neutrinos)
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and 2017 even better!

Auger in predefined ±500 s window as  
sensitive as IceCube
Paper accepted by ApJL
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2016 was great,
and 2017 even better!

Lucky August… 
several GW observations kept us busy….
GW170817 particularly exciting because of 
EM counterpart observed 1.7 s after GW  
with radio ranging out to 2 weeks

Lucky for Auger: NSNS-Merger right in the  
narrow spot of Auger!
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Multi-messenger Observations of a Binary Neutron Star Merger

LIGO Scientific Collaboration and Virgo Collaboration, Fermi GBM, INTEGRAL, IceCube Collaboration, AstroSat Cadmium Zinc
Telluride Imager Team, IPN Collaboration, The Insight-Hxmt Collaboration, ANTARES Collaboration, The Swift Collaboration, AGILE
Team, The 1M2H Team, The Dark Energy Camera GW-EM Collaboration and the DES Collaboration, The DLT40 Collaboration,
GRAWITA: GRAvitational Wave Inaf TeAm, The Fermi Large Area Telescope Collaboration, ATCA: Australia Telescope Compact
Array, ASKAP: Australian SKA Pathfinder, Las Cumbres Observatory Group, OzGrav, DWF (Deeper, Wider, Faster Program), AST3,
and CAASTRO Collaborations, The VINROUGE Collaboration, MASTER Collaboration, J-GEM, GROWTH, JAGWAR, Caltech-
NRAO, TTU-NRAO, and NuSTAR Collaborations, Pan-STARRS, The MAXI Team, TZAC Consortium, KU Collaboration, Nordic
Optical Telescope, ePESSTO, GROND, Texas Tech University, SALT Group, TOROS: Transient Robotic Observatory of the South
Collaboration, The BOOTES Collaboration, MWA: Murchison Widefield Array, The CALET Collaboration, IKI-GW Follow-up

Collaboration, H.E.S.S. Collaboration, LOFAR Collaboration, LWA: Long Wavelength Array, HAWC Collaboration, The Pierre Auger
Collaboration, ALMA Collaboration, Euro VLBI Team, Pi of the Sky Collaboration, The Chandra Team at McGill University, DFN:
Desert Fireball Network, ATLAS, High Time Resolution Universe Survey, RIMAS and RATIR, and SKA South Africa/MeerKAT

(See the end matter for the full list of authors.)
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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(Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of general relativity(Damour & Taylor 1991, 1992;
Taylor et al. 1992; Wex 2014). Merging binary neutron stars
(BNSs) were quickly recognized to be promising sources of
detectable gravitational waves, making them a primary target
for ground-based interferometric detectors (see Abadie et al.
2010 for an overview). This motivated the development of
accurate models for the two-body, general-relativistic dynamics
(Blanchet et al. 1995; Buonanno & Damour 1999; Pretorius
2005; Baker et al. 2006; Campanelli et al. 2006; Blanchet
2014) that are critical for detecting and interpreting gravita-
tional waves(Abbott et al. 2016c, 2016d, 2016e, 2017a, 2017c,
2017d).

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

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

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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Search for High-energy Neutrinos from Binary Neutron Star Merger GW170817
with ANTARES, IceCube, and the Pierre Auger Observatory

ANTARES Collaboration, IceCube Collaboration, The Pierre Auger Collaboration,
and LIGO Scientific Collaboration and Virgo Collaboration

(See the end matter for the full list of authors.)

Received 2017 October 15; revised 2017 November 9; accepted 2017 November 10; published 2017 November 29

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

The Astrophysical Journal Letters, 850:L35 (18pp), 2017 December 1 https://doi.org/10.3847/2041-8213/aa9aed
© 2017. The American Astronomical Society.

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

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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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

6
https://fermi.gsfc.nasa.gov/ssc/data/analysis/

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

Rayleigh analysis in right ascension

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

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

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

XN

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

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

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

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

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

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

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

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

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

Anisotropy detected at >5.2 sigma
dipole amplitude 6.5%COSMIC RAYS

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

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

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

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

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

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

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

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

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

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

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

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

Event observations, selection,
and calibration

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

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

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

(charged) cosmic rays

neutrinos

gamma rays

dark matter

gravitational
waves

3-K microwave
background

2
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Literature
Particles & Cosmos: Stanev

Astroparticle Physics:  
Tom Gaisser, Cosmic rays and particle physics  
Cambridge University Press (2016)
 
 + primary literature (journal articles)
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Astroparticle Physics
2919/20

1. Historical introduction - basic properties of cosmic rays
2. Hadronic interactions and accelerator data
3. Cascade equations
4. Electromagnetic cascades
5. Extensive air showers
6. Detectors for extensive air showers
7. High-energy cosmic rays and the knee in the energy spectrum of 

cosmic rays
8. Radio detection of extensive air showers
9. Acceleration, Astrophysical accelerators and beam dumps
10. Extragalactic propagation of cosmic rays
11. Ultra-high-energy energy cosmic rays
12. Astrophysical gamma rays and neutrinos
13. Neutrino astronomy
14. Gamma-ray astronomy
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Student talks
• Students will present selected topics, based on journal 

publications.
• Learn how to derive information from primary literature.
• Presentation followed by discussion and questions. 
• 60 min presentation, 15 min discussion
• You are expected to participate in discussions and ask 

questions.
• Your presentation + interaction will be part of your grade.
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Student talks
• Air showers - Matthews Heitler model
• Radio detection of air showers
• CR anisotropy at TeV energies, IceCube/Top, HAWC
• the knee in the energy spectrum of cosmic rays
• Detectors for UHE CRs, Auger, TA
• Auger proton-air cross section
• GZK effect and the end of the CR spectrum, Auger, TA
• CR mass composition at highest energies, Auger, TA
• CR anisotropy at highest energies, Auger, TA
• IceCube neutrino astronomy
• KM3NeT project ARCA+ORCA
• H.E.S.S. TeV gamma-ray astronomy galactic center emission
• H.E.S.S. TeV gamma-ray astronomy galactic plane survey
• Cherenkov Telescope Array - CTA
• XENON dark matter search
• LIGO + Virgo gravitational waves



lecture 1

Historical introduction 
Basic properties of Cosmic Rays
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Discovery of Radioactivity

Henri Becquerel Marie & Pierre Curie

Nobel Prize 
1903
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a new electrometer 
for static charges
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Sir J.J.Thomson
Nobel Prize 1906

Conduction of electricity through gases (1928):

It would be one of the romances of science if these 
obscure and prosaic minute leakages of electricity from 
well-insulated bodies should be the means by which the 
most fundamental problems in the evolution of the cosmos 
came to be investigated.
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Detector used by 
Wilson to 
investigate 
ionization of air 

“the continuous production of ions in dust-free 
air could be explained as being due to 
radiation from sources outside our 
atmosphere, possibly radiation like Röntgen 
rays or cathode rays, but of enormously 
greater penetrating power” 

�20

Credit Alex MacDonald

C T R Wilson, Proc Roy Soc A 68 (1901) 151 
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on the origin of 
gamma radiation in the 

atmosphere

the radiation originates 
from the soil

maybe a small contribution 
from the atmosphere
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~1910

I = I0e
�µL

1909: Soddy & Russel:
attenuation of gamma rays 
follows an exponential law

Theodor Wulf
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Discovery of Cosmic Rays
Viktor Franz Hess           7. August 1912
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FIGURE 1. Left: Electrometer after Th. Wulf [5]. Right: Two grandsons of V.F. Hess revealing a plaque
to commemorate the discovery of cosmic rays on August 7th, 2012, close to the presumed landing site
of V.F. Hess in Pieskow close to Berlin. It reads: "To commemorate the discovery of cosmic rays. On
7 August 1912 landed the Austrian physicist Victor F. Hess with a hydrogen balloon close to Pieskow.
On the journey from Lower-Bohemia he reached an altitude of 5300 m and he proved the existence of
a penetrating, ionizing radiation from outer space. For the discovery of cosmic rays V.F. Hess has been
awarded the Nobel Prize in Physics in 1936. The participants of the symposium ’100 years cosmic rays’,
Bad Saarow-Pieskow, 7 August 2012".

origin of the gamma radiation in the atmosphere" [7] he describes a survey, conducted in
Germany, the Netherlands, and Belgium, where he measured the intensity of the radia-
tion in various places. He finds an anti-correlation between the radiation intensity and the
ambient air pressure. His explanation sounds today rather exotic: one observes less ra-
diation at higher pressure, since the radioactive air is pressed back into the soil/ground.1
He summarizes his article [7]: "The contents of this article is best summarized as fol-
lows. We report on experiments, which prove that the penetrating radiation is caused
by radioactive substances, which are located in the upper layers of soil up to a depth
of about 1 m. If a fraction of the radiation originates in the atmosphere, it has to be so
small, that it can not be detected with the present apparatus."

To prove this theory, Wulf carried an electrometer to the top of the Eiffel tower in
Paris ("Observations on the radiation of high penetration power on the Eiffel tower") [8].
However, his measurements were not conclusive. At 300 m above ground he observed
less radiation, but the radiation level did not vanish completely, as expected for a purely
terrestrial origin.

1 From a present point of view, in which the pressure effect is explained due to a variation of the absorber
column density in the atmosphere, one may wonder that observing a pressure dependency has not led to
the conclusion that the radiation penetrates the atmosphere from above.

53
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on the observation of 
the penetrating 

radiation during 7 
balloon campaigns

hydrogen!

altitude intensity
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radiation with high 
penetration power 
impinges onto the 
atmopshere from 

above

no change during 
solar eclipse

hence, Sun can be 
excluded as origin

Nobel Prize 1936
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Absorption in 
the atmosphere

E. Steinke, Z. f. Physik 48 (1928) 647

absorption measurements 
compatible with assumptiom of 

isotropic flux of cosmic rays

Intensity as function of zenith angle
for different altitudes

in
te

ns
ity

atmospheric overburden
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Barometric 
effect

E. Steinke, Z. f. Physik 64 (1930) 48

siderial modulation of 
cosmic rays

anti-correlation with 
pressure

-> barometric effect

annual modulation of 
cosmic rays

pressure

in
te

ns
ity
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E. Regener Phys. Z. 34 (1933) 306

Absorption in Lake Constance 1928
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Ionization chamber with electrometer read-out
automatic each hour, up to 8 days

E. Regener Phys. Z. 34 (1933) 306

Absorption in Lake Constance 1928
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Absorption in Lake Constance 1928

equivalent depth (of water)
from top of the atmosphere E. Regener Phys. Z. 34 (1933) 306

low-radiation 
underground 
laboratories
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Three pioneers of Cosmic Ray research  
Regener demonstrates his balloon electrometer  

(Immenstaad/Lake Constance, August 1932).

Hess Steinke Regener
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Kolhörster
A new electrometer
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Kohlhörster - balloon flight 13. May 1934

10000 m3

~111000 ft3

26.3 m

2 layers cotton 
fabric with 

rubber layer in 
between

gondola
2.3 m x 1.8 m

hydrogen!
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Kohlhörster - balloon flight 13. May 1934

Dr. Schrenk

Masuch

Measurements of the cosmic-
ray intensity (Höhenstrahlung) 
up to 12000 m
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W. Bothe & W. Kolhörster, Z. f. Phys. 56 (1929) 751

W. Bothe
Nobel Prize 1954

coincidence technique

GM tube

absorber

absorber thickness

the nature of the „high-
altitude radiation“

co
in

c.
/m

in
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three-fold coincidences of 
the ultra rays from vertical 

direction in the stratosphere

G. Pfotzer, Z. f. Phys. 102 (1936) 23
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14.6 km10.17.45.33.6

Hess 1912         

Pfotzer maximum

air pressure
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Latitude 
effect
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MAGNETIC LATITUDE AND LONGITUDE EFFECT OF COSMIC RAYS 831 

f i l l ed  w i t h  a r g o n  of 45 a t m .  e n c l o s e d  in  a n  a r m o u r  of 8 cm.  i ron .  T h e  
e l e c t r o d e  w a s  c o n n e c t e d  w i t h  a L i n d e m a n n e l e c t r o m e t e r .  T h e  

t 

eL~ 

L 
Itil]IAH OIEAH. 

-~P£tY.  

1,9 ° o c~. ~, \ \ • 
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, , , , .  /,6o ~,~ 
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Fig.  I. Records  of the  va r ia t ion  of Cosmic Radi -  
a t ion  with l a t i t ude  on two different  routes  under  

different  shielding with different  ins t ruments  
× .................. × resul ts  wi th  i n s t r umen t  D open 

( A m s t e r d a m - - B a t a v i a )  
(Lj, L 2, L 3, L.l) resul ts  wi th  in s t rumen t  D 1 open 

( B a t a v i a - - A m s t e r d a m )  
l -  1= Resul ts  1928 and 1929. 

c o m p e n s a t i o n  c h a r g e  on  t h e  e l e c t r o d e  w a s  g i v e n  b y  a c o n s t a n t  
c a p a c i t y  w i t h  a n  i n c r e a s i n g  v o l t a g e ,  g i v e n  b y  a p o t e n t i o m e t e r  of 
200 000 o h m ,  t u r n e d  b y  a c lock ,  d u r i n g  a n  hour .  T h e  s a m e  c lock  

R E S U L T S  OF T H E  D U T C H  COSMIC R A Y  
E X P E D I T I O N  1933 

n .  THE MAGNETIC LATITUDE EFFECT OF COSMIC RAYS 
A MAGNETIC LONGITUDE EFFECT 

by J. CLAY, P. M. VAN ALPHEN and C. G. 'T HOOFT 
Natuurkundig Laboratorium, Amsterdam 

S u m m a r y  

T h r e e  d i f f e r e n t  m e t h o d s  for  r e c o r d i n g  t h e  c o s m i c  r a d i a t i o n  c o n t i n u -  
o u s l y  a re  d e s c r i b e d .  T h e  t h i r d  h a d  a n  a c c u r a c y ,  s u c h  t h a t  t h e  m e a n  
d i f f e r e n c e  o v e r  2 4  h o u r s  f r o m  t h e  m e a n  v a l u e  w a s  0, 18°,'o a t  t h e  a e q u a t o r  
a n d  0,50°,~ a t  50 ° la t .  

T h e  r e s u l t s  were  g i v e n  for  t w o  r o u t e s  on t h e  n o r t h e r n  a n d  t w o  ove r  t h e  
s o u t h e r n  h e m i s p h e r e  w i t h  d i f f e r e n t  s h i e l d i n g .  F r o m  t h i s  r e s u l t s  a "longi- 
tude e//ecl" w a s  f o u n d  w h i c h  is c a u s e d  b y  t h e  e x c e n t r i c i t y  of t h e  e a r t h ' s  
m a g n e t i s m .  

T h e  d i f f e r e n c e s  of t h e  i o n i s a t i o n  v a l u e s  a t  d i f f e r e n t  l o c a t i o n s  on  t h e  
e a r t h  c a n  be  e x p l a i n e d  q u a l i t a t i v e l y  a n d  q u a n t i t a t i v e l y  as  f a r  as  t h e  
m a g n e t i c  p a r t i c u l a r i t i e s  of t h e  e a r t h  a re  k n o w n .  

1. The accurate results, obtained by hour recording of the radi- 
ation of cosmic rays between Amsterdam and Batavia in 1932 1) 
showed that there was an asymmetry of the intensities on both sides 
of the magnetic aequator of which we did not know the origin. Per- 
haps it was accidental, perhaps the magnetic co6rdinates were not 
well chosen, as could be expected since the point of magnetic latitude 
zero from calculation by use of the reduced magnetic poles did 
not agree with the value of maximum horizontal force. 

The expedition of September 1933 gave us the occasion for ob- 
taining definite information. 

1) J. C l a y  andH.  P. B e r l a g e .  DieNaturwissenschaften°O,p. 687,1932. 
J. C 1 a y. Proc. Roy. Ac. te Amsterdam 35, p. 1282, 1932. 

journey from Holland to Java
intensity variies with latitude

cosmic rays are 
charged particles

J. Clay et al., Physica 1 (1934) 376; 2 (1935) 183

Clay: Latitude Effect 
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~1930 

Compton: World-wide survey of intensity of radiation
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1931-34 A.H. Compton 12 expeditions ! ~100 locations

cosmic rays are charged particles
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~1937 East-West Effect of Cosmic-Ray Intensity

higher intensity from the west
cosmic rays are mostly positively charged

Rossi and others
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~1930 „elementary particles“:

(1932)

(1897) (1905/26)

p n
e- γ

charged neutral

(1919) Chadwick

Discovery of new particles in cosmic rays
~1930 – 1950

birth of elementary particle physics

cloud chamber
C.T.R. Wilson
Nobel Prize 1927

Einstein

Rutherford

Thomson
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Nobel Prize 1936

6 mm Pb

B=1,5 T

e+

e+
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P.M.S. Blackett
Nobel Prize 1948

10 t electromagnet
30 cm cloud chamber

pair production
γ! e+  e-

E = mc2

γ

1933 Blackett & Occhialini
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Electromagnetic Cascades B. Rossi 1933

γ ! e+ e-

e+/- ! γ
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1939 B. Rossi: life time

Chicago

Denver

Echo Lake

Mt. Evans

life time τ ~ 2 µs µ ! e + ...

Discovery of the Muon

1937 Anderson & Neddermeyer:     µ in cloud chamber
mµ ~ 200 me

PDG: ⌧ = 2.197 µs
µ� ! e�⌫̄e⌫µ
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Guest book research station Jungfraujoch (E. Flückiger)

P. Auger et al., Comptes renduz 206 (1938) 1721

P. Auger  
Jungfraujoch
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P. Auger et al., Comptes renduz 206 (1938) 1721

coupled 
„high-altidute rays“

Kolhörster
discovery of air showers
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Extensive Air Shower
Proton 1015 eV:
on ground
106 particles
 80% photons
 18% electr./positr.
1.7% muons
0.3% hadrons

π0 np π+
π-

electromagnetic hadronic muonic
shower component

γ
γ µ-

e-

µ+

µ-

e+
e-

e- e+γ

e+
e- γ

e+

γ

e+ e- γ

e-

π+

p
π-

p n
π-

π-

p
n

n

p
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~ 1950 large detector arrays
to measure extensive air showers

B. Rossi
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P. Auger

1943
The 
University 
of Chicago

1942
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1939
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emulsion 
chambers at 
high-altitude 
lab above 
Innsbruck 
(Austria)

nuclear 
interactions
a „star“
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JANUARY, 1941 REVIEWS OF MODERN PH YSICS VOLUM E 13
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I. EARLY HISTORY OF THE DIRECT
PHOTOGRAPHIC METHOD

A N alpha-particle striking a photographic
plate at glancing incidence alters the grains

of silver bromide in its path. After development
of the plate, microscopic investigation reveals
each alpha-track as a minute trail of discrete
silver grains. The discovery of this efkct by
M. Reinganum (R1)' in 1911 probably stemmed
from the researches of 0. MOgge on pleochroic
halos, from the photographic investigations of
S. Kinoshita, and from certain cloud-chamber
experiments of C. T. R. %'ilson.
In 1909, while studying the radioactive prop-

erties of various minerals, Mugge (M6) strewed
some tiny crystals of zircon over a moist photo-
graphic plate. After twenty-6ve days the plate
was developed and examined under a microscope.
Black spots were observed where the zircon
particles had fallen, and emerging from these
spots were rows of black dots. MOgge correctly
attributed this phenomenon to the radioactivity
of the mineral. He did not, however, identify
the radiation producing the series of dots as
alpha-particles.
Working in Rutherford's laboratory in 1910,

Kinoshita (K1) showed that a halide grain is
rendered developable when struck by a single
alpha-particIe. This observation was based upon
photometric density studies, and upon micro-
scopic counts of the number of silver grains on a
' A letter and a number, e.g. (Ri), refer to an original

paper. A list of references is given at the end of this
monograph.

plate previously exposed to a suitable radioactive
source. Kinoshita suggested that the photo-
graphic action of an alpha-particle is due to the
ionization of silver halide molecules in the grains.
That Kinoshita failed to detect tracks as such
may be ascribed to the fact that in his experi-
ments alpha-rays were incident upon the plate
at small angles with the normal, rather than at
glancing angles. The projection of each track,
viewed microscopically, would thus appear as a
single dot.
Reinganum's attempt to produce such tracks

in a photographic emulsion may have been
inspired by a discovery of C. T. R. Wilson
(W13). Early in 1911 Wilson had succeeded in
making visible by photographic means the paths
of single alpha-particles in his cloud chamber.
In 1912 W. Michl (M5) confirmed and ex-

tended Reinganum's 6ndings. He measured the
track length and number of grains per track for
alpha-particles of diferent range, and concluded
that both quantities are linear functions of the
air range of the alphas used. The average track
of a polonium alpha-particle, consisting of eight
grains, was found to be 23 microns long. From
this value the range in air was computed to be
3.8 cm, in good agreement with the Geiger value,
3.77 cm. Reinganum had reported a number of
deflections in his tracks which he had attributed
to scattering. Michl contended that most of these
bent or curved tracks—which were more nu-
merous near the edges of his own plates—can be
explained by the particular way in which the
emulsion contracts upon drying.



Jörg R. Hörandel, APP 2019/20 �60

1947 Discovery of the Pion

C.F. Powell
Nobel Prize 1950

Pion: nuclear interaction
decay   π+/- ! μ+/- ! e+/-

  π0   ! γγ

mπ ~ 280 me
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1941 protons (M. Schein)
1948 heavy nuclei (Brandt & Peters)

End 1940s plastic balloons
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2.1 The Discovery of Cosmic Rays 5

Fig. 2.2. V.F. Hess in his balloon gon-
dola
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Kolhörster 1913/14
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Fig. 2.3. Measured intensity of ioniza-
tion as function of altitude obtained by
Hess [6] and Kolhörster [7]. The units for
the ordinate are ion pairs generated in
1 cm3 air at standard pressure and tem-
perature per second. The value measured
at ground level has been subtracted [8].
For comparison, also the values obtained
by Pfotzer [9] are shown, normalized to
the values by Kolhörster

intensity should have been reduced by a factor of two every 80 m. During
the years 1909 to 1911 K. Bergwitz and A. Gockel extended the measure-
ments to larger altitudes by means of balloons. They reached altitudes up to
4500 m. The expected decrease of intensity, assuming the Earth’s crust as
the source could not be confirmed, but the experiments were not conclusive
due to instrumental insufficiencies.

From April to August 1912 V.F. Hess conducted seven ascends in balloons
carrying electrometers, see Fig. 2.2. Some of them were hermetically sealed
and were kept at constant pressure of the launch site, others were open to
the outside and consequently had ambient pressure during the flights [6]. The
decisive flight has been conducted on August 7th, 1912. At 6:12 a 1680 m3

hydrogen-filled balloon named ”Böhmen” (Bohemia) launched from Aussig in
Austria and ascended to a maximum altitude of 5350 m. The balloon landed
at 12:15 close to Pieskow 50 km east of Berlin. During the first 200 m of
the ascent Hess recorded a depression of the ionization and a strong increase
at higher altitudes. At 5300 m the intensity was about 270% of the ground-
level value. The results are shown in Fig. 2.3. Hess concluded in his report
[6]: ”The results of my observations are explained best by the assumption
that a radiation of very great penetrating power enters our atmosphere from
above. The penetration power is large enough to cause ionization in closed
volumes even in the lowest layers. Neither at night nor during a solar eclipse
a reduction of the radiation has been observed. Consequently, most likely,
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Fig. 2.5. Left : Counter telescope used by Pfotzer, consisting of nine Geiger-Müller
tubes arranged in three layers and operated in threefold coincidence [9]. Right :
Counting rate as function of altitude as obtained by Pfotzer with the sketched
apparatus (left scale) and van Allen using a single G-M tube on a V-2 rocket [17]
(right scale)

10 m water equivalent of atmosphere but also to reach even larger absorber
depths up to 250 m.

In the early 1930ies E. Regener and G. Pfotzer developed in Stuttgart
devices with automatic read-out to record the intensity variations at high
altitudes, both, ionization chambers and the newly available Geiger-Müller
tubes have been used as detection devices [14, 15, 16]. In a typical apparatus a
single Geiger-Müller tube was connected to an automatic counter, which was
capable to record impulses up to 100 Hz [16]. The number of impulses, the
temperature, and the pressure were recorded on a photographic plate every
4 min. The photographic plate was rotated with an electromagnet after each
exposure, this mechanism allowed up to 75 registrations. The apparatus was
enclosed in a protective gondola made from cellophane and aluminum foil.
Having a total weight of 6 kg the instrument was carried by 4 rubber balloons
up to about 30 km. The radiation intensities obtained were in agreement with
values measured with an ionization chamber (read out with an electrometer)
and they concluded that the specific ionization is independent of altitude.

The development of a vacuum tube coincidence circuit by B. Rossi in
1930 [18] allowed to construct telescopes with fast coincidences. The resolv-
ing time was of the order of 0.01 s in the early experiments by Bothe and
Kolhörster. With vacuum-tube circuits of increasing sophistication the re-
solving time has been reduced eventually to considerably less than 1 µs. In
1935 G. Pfotzer used nine Geiger-Müller tubes operated in three-fold coinci-
dence, i.e. a cosmic radiation telescope with automated read-out up to alti-
tudes of 30 km. A photograph of the apparatus is shown in Fig. 2.4, Fig. 2.5
(left) illustrates the telescope schematically. A maximum of the intensity at
80 mm Hg (∼ 100 g/cm2) or about 18 km has been found [9], the so called
”Pfotzer maximum”. At higher altitudes the coincidence rate decreases to
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• 1932  e+  Anderson
• 1937  µ   Anderson/  

                           Neddermeyer
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• 1947 K   Rochester,  

                       Butcher, Powell
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75 MeV 450 MeV
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Van Allen Belts
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Van Allen Belts
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John Simpson (Chicago)

1958 PIONEER 2
1959 EXPLORER 6
subsequently, more than 20 other space missions                      
including:  IMP1-8; OGO 1,3,5  - Earth orbit 
                   PIONEER 5,6,7 - Solar orbit; 
                   PIONEER 10,11 - out of Solar System
                   ULYSSES  - out of ecliptic plane (Jupiter flyby) 

Precission 
measurements of CR 
abundances
dE/dx vs. E technique with 
solid state detectors in 
space

• Elemental composition of cosmic rays
• Isotopic composition
• Measurement of anomalous cosmic rays
• Particles and fields in the Heliosphere
• Planetary magnetospheres
• Solar modulation to outer Heliosphere

solid circles: 
   70-280 MeV/n 
open circles:  
    1 -2 GeV/n 
open diamonds: 
    solar system

abundance compilation 
J. Simpson 
(1983)



Jörg R. Hörandel, APP 2019/20 �70

Formation of the chemical composition
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Relative abundance of elements at Earth

abundance of elements in CRs and solar system mostly similar

but few differences, e.g. Li, Be, B  —> important to understand propagation of 
cosmic rays in Galaxy  —> column density of traversed matter

primary cosmic rays generated at source            e.g. p, He, Fe
spallation products —> secondary cosmic rays, e.g. Li, Be, B
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Age of cosmic rays

10Be ! 10B + e-   (τ=2.4 106 a)

cosmic
rays

calibration

τ = 17*106 a

10Be 10B

e-
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10 g/cm2

5 g/cm2

Λ(E) ~ E-0.6 + Λ0

B/C-ratio

Path length
of cosmic rays

spallation

C  !  B + n + p

g/cm2
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Walter Baade Fritz Zwicky

1934 Supernovae

Origin of Cosmic Rays?
1927 R.A. Millikan: „death cries of atoms“ E=mc2 γ

1978 R.D. Blanford, J.P. Ostriker: acceleration at strong shock front
(1st order Fermi acceleration)

1949 E. Fermi: acceleration at magnetic clouds

1933 Regener: E density in CRs ~ E density of B field in Galaxy
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Beyond the boundaries of our Solar System

Voyager 2: 20 August 1977
Voyager 1: 5 September 1977
Kenedy Space Center

Voyager

�T = c d ⇡ 17 h

February 2012: Voyager 1: 119.7 AU from Sun
                           Voyager 2:  97.7 AU from Sun

passage through termination shock ended
Voyager 1: 94 AU, December 2004
Voyager 2: 84 AU, August 2007
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The heliosphere is a shield that 
excludes >75% of the Galactic 
Cosmic Rays with >70 MeV

Mainly >70 MeV protons Termination shock

August 25th, 2012
Interstellar Space

Galactic Cosmic Rays 
and the Heliosphere

Voyager 1, launched
September 5th, 1977


